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ABSTRACT 

We have measured the electrical resistivity and the elastic and inelastic neutron scat- 

tering cross-sections of the itinerant antiferrornagnets FeGe2 and Fe(Ge,96Ga.04)2. 

FeGez h a s  a tetragonal structure with a collinear antiferromagnetic phase below 

Tc-rc = 263 K, and an incommensurate spin density wave (SDW) phase between 

Tc-rc and the Néel temperature (289 K). The ordering wavevector is along the a-axis 

and the moments are terromagnetically aligned along the c-axis. 

We determined the phase diagram of FeGez for basal plane fields up to 16 T 

using resistivity rneasurements. The incommensurate phase is much more stable (up 

to - 30 T) in a magnetic field than theory predicts (1 7'). Quantum oscillations 

appeared in the resistivity below 4 K for a c-axis magnetic field above 7 T. The 

resulting effective carrier m a s  is 0.45 f .O5 me, and the frequency is 190 f LO T. 

We used elastic neutron scattering to study the rnagnetic phases of Fe(Ge.96Ga.04)2. 

Tc-Ic = 183 K and this transition is clearly first-order. The low-temperature phase 

consists of a commensurate SDW with a long-wavelength modulation along the a-axis 

with weaker magnetic scattering reflections which are not displaced along the a-axis. 

Resistivity measurements show that the low-field commensurate phase is destroyed .. 
at  temperatures below 20 K by a 12 T basal-plane magnetic field. 

Inelastic neutron scattering on FeGe2 at 11 K up to energy t r a d e r  E = 540 meV 

shows magnon dispersion that is well described by a classical Heisenberg spin-wave 

model. The exchange constant along the c-ais, SJFM = 68 f 5 meV, is 15 times 

higher t han along the a-axis, S JaFM = 4.4 f 1 .OmeV, making FeGez a unique example 

of a quasi-one-dimensional itinerant rnagnet. Up to 350 meV the c-axis magnon 



linewidth can be described by F(E)  = (2.7 f .6) x 1 0 - ~ r n e ~ - ' ~ *  (E2 dependence 

of a hydrodynamic rnodel). We measure values several orders of magnitude larger 

than localised models predict, presumably due to itinerant effects which also lead to 

a continuum of scattering above - 350 meV. At higher temperatures the peak height 

and lifetime of the c-axis magnons decrease, changing rapidly between Tc-rc and TN. 

Magnon-like excitations persist to  600 or 700K as might be expected for a 1-D system 

without long- range order. 
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Chapter 1 

Introduction 

We have studied the magnetic and transport properties of the itinerant magnetic 

compound FeGea using resistivity and neutron scattering (elastic and inelastic) and 

have studied a gallium-doped compound in the same manner. The underlying elec- 

tronic structure ultimately determines these properties since the magnetism largely 

resides on the electrons and the rnovement of electrons dominates the transport in 

metals. Our experiments are aimed at a number of questions dealing with the mag- 

netic behaviour. How is the magnetic order afFected by temperature and applied 

magnetic fields? Can we relate the electronic structure to the magnetic behaviour? 

What are the magnetic interactions in the system and the excitations? In each case 

we compare our results to related compounds and theoretical predictions. 

As a starting point for theoretical predictions we introduce some of the basic 

concepts of electronic structure and explain how it can account for the enormous range 

of transport and magnetic properties observed in solid state systems. The electron 

itself is a light (m. = 9.11 x 10-*'g), negatively charged (e = -4.80 x IO-'' esu) spin-: 

particle with a magnetic moment ps = 9.27 x 10-21erg G-'. This m a s  is roughly 2000 

times lighter than that of a proton or neutron and the magnetic moment is roughly 

2000 times higher. The low mass means that electrons are much more mobile than the 

nuclei. The interaction strength, given by the electric charge, has the same magnitude 

as that of a proton. Sometimes the interaction with the crystal ions dominates over 

the mobility. These electrons are localised and can be associated with a particular 
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ion. The natural approach to this situation is from the viewpoint of atomic orbitals. 

Converseiy, if the electrons are itinerant and can move throughout the crystal the 

soiutions to Schrcdinger's equation are energy bands of nearly-free electrons where 

the crystal momentum, a wavevector, becomes the appropriate quantum label for the 

orbital. 

Since the electron is a jemion (half-integer spin) it obeys Pauli's exchsion princi- 

ple which states that no two fermions may have the same set of quântum numbers or 

share the same orbital. Electrons in three dimensions have three independent spatial 

quantum numbers and one spin quantum number. For itinerant electrons, a point 

in 3-D wavevector space can be assigned to each orbital and the orbitals are filled 

with electrons up to some maximum energy. At zero temperature a11 orbitals below 

the F e m i  energy are occupied and al1 orbitals above are empty. The Fermi sur- 

face separates occupied states from unoccupied states in this wavevector space. The 

bandstructure at the Fermi energy determines whether a particular system is a metal 

or an insulator (a transport property). If the Fermi energy intersects a band, then 

the system is metallic since electrons can move to the nearby unoccupied orbitals in 

response to an applied electric field. If the Fermi surface does not intersect a band, 

i.e. the Fermi energy lies in a gap, then the system is an insulator for a large gap 

and a semiconductor for a small gap. For a large gap, the localised view is a better 

starting point. (The electrons still move in bands but the orbitals have little overlap 

between the ions.) 

Effects of magnetism have long been observed in certain materials as repulsion and 

attraction. Eady concepts of magnetism in solids arose after the relationship between 

electricity and magnetism was established and the electron was discovered. Ampere's 

law states that moving charges generate magnetic fields; orbiting and "spinningn 

electrons are the natural source of these magnetic fields. If the electrons occupy 

atomic orbitals, then the angular momentum of the orbitals and the electron spin 

both contribute to the magnetic moment. 

A proper treatment of the electronic states and the associated magnetism involves 

the solution of a many-body problem. An approximation which atternpts to account 
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for the many-body effects is given by the Hartree-Fock equations. These equations 

include electron-electron interactions with a mean-jeld approach. In principle, the 

solution for al1 of the electron orbitals or bands can be used to calculate the potential 

energy of any one electron by combining al1 of the rest to give the mean field. In 

practice one starts with an estimated set of orbitais, calculates the potential, then 

recalcuiates the orbitals until a self-consistent solut ion is obtaiiied. There are two 

terms in the electron-electron potential energy. The first, and most obvious effect, is 

that the electrons repel each other (a positive energy) through the Coulomb interac- 

tion. Often the Coulomb potential is modified in metals to account for screening (the 

electrons move to "screenn out the field of a bare charge). The second term negatively 

adjusts the earlier energy to account for electrons of the same spin naturally avoiding 

each other due to Pauli's exclusion principle. This contribution is referred to as the 

ezchange interaction since it is calculated by exchanging the orbitals of electrons wi th 

the same spin quantum number and then integrating the modified electron-electron 

interaction. 

The exchange interaction, because it involves the electron spin, can lead to mag- 

netic effects even when there is no direct spin-spin interaction included in the Hamil- 

tonian. Again itinerant versus localised aspects are important. Direct exchange refers 

to localised moments interacting directly with each other through slight overlap of 

the orbitals. Superexchange still pertains to localised moments but the interactions 

are now mediated through other non-magnetic ions. This picture works quite well for 

magnetic insulators. Indirect exchange describes localised moments which interact 

t hrough the itinerant band electrons. Rare-earth met als and rnagnetic impurities in 

conductors fall into this category. 

If magnetic moments exist and their interactions are sufficiently st rong, t hen mag- 

netic order often develops below some temperature. In the simplest mode1 each mag- 

netic moment interacts with each of the other moments in the system through a dot 

product with some interaction constant. The signs of the interaction constants de- 

termine whether ferromagnetic (FM) or antiferromagnetic (AFM) order is preferred 

(parade1 and antiparallel dignment of moments respectively ). The magnetic st ruc- 
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ture, like the crystal structure, is often described in terms of the spatial periodicity 

&ng a wavevector. If the ratio of crystal periodicity to magnetic periodicity is 

irrationd, then the magnetic stmct ure is incornmensurate. These structures can usu- 

ally be viewed as a long-wavelength modulation of a simple cornmensurate magnetic 

structure (e.g. al1 moments parallel or near-neighbours anti-parallel). Incommensu- 

rate spiral and helix structures often result in rare earths as well [l]. In this case the 

exchange is indirect and so is related to the size of the Fermi surface, not the atornic 

spacing. 

Often the quantities of experimental interest are the interaction constants which 

give the strengths of the microscopic interactions. The magnetic order (FM versus 

AFM) and the transition temperature give some idea about the interaction constants 

but not specific values. The constants can be determined explicitly by measuring 

the magnetic excitations and thejr dispersion (energy versus wavevector relation). 

The model mentioned in the previous paragraph is the Heisenberg model and has 

propagating low-energy excitations called spin waves or magnons. The Iifetime of the 

magnons is determined by the energy decay into other modes of the system. In the 

strict Heisenberg model this decay is zero at zero temperatures and is dominated by 

magnon-magnon scattering at higher temperatures. (The AFM insulator RbMnF3 

is a good exarnple (2, 3, 41.) A further feature that is related to FeGe2 is reduced 

dimensionality. If the interactions in different directions are sufficiently different then 

one dimension could dominate the excitations at higher energies. CsNiF3 is often 

given as an example of a 1-D ferromagnet [5].  These systems cm support excitations 

which are spin-wave-like ( propagating) even when no magnetic order exists. 

Itinerant exchange is the final case where bot h the magnetic moments and the 

interactions arise from the electrons at the Fermi surface. The most extreme case of 

itinerant exchange would be magnetism in a Hartree-Fock electron gas. This case has 

at t racted considerable theoretical attention [6]. Despite severd early results to the 

contrary, it appears that the true state of the 3-D gas is non-magnetic for al1 densities. 

One interesting result, which is relevant to this study, is that the one-dimensional case 

with short-range (Dirac 6-function) interactions has a ground state with a periodic 
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modulation of the spin density (71. These solutions are referred to as spin density 

waves (SDW); a t  high densities the ordering wavevector is 2kF where kF is the Fermi 

surface radius. This will likely give an incomrnensurate magnetic structure, since we 

have not yet made any reference to the crystal lattice. Overhauser [7] suggested that 

this would also be a solution for higher dimensions but a proper treatment shows that 

SDW solutions are not preferable to non-magnetic states for the Hartree-Fock gas in 

2-D or 3-D. 

SDW are not ubiquitous in metallic systems as Overhauser first proposed. No- 

tably alkali metals and noble metals with nearly-free electrons are non-magnetic. It 

is still insightful to ask why such an instability would exist at 2kF. The tendency of 

a system to undergo a magnetic transition is given by the susceptibility. The sus- 

ceptibility is the coefficient of linear response to an applied perturbation (such as 

a staggered magnetic field) and diverges at a phase transition (an infinitely small 

perturbation produces a non-zero response). For an electron gas i t is given by the 

Lindhard susceptibility [8]. It is a sum civer wavevector transfers f, between occu- 

pied and unoccupied states, divided by the energy ciifference of the states. Hence, 

the dominant contribution occurs when the change in energy is zero (constant en- 

ergy). Since the Fermi surface is a surface of constant energy and is the boundary 

between occupied and unoccupied states, the terms in the Lindhard susceptibility are 

maximised when q' connects two parts of the Fermi surface. The shape of the Fermi 

surface is the next most important factor since parts of the Fermi surface which are 

separated by nearly identical j"s combine in the sum. This phenornenon is known as 

nesting. A spherical Fermi surface nests to itself (se l /  nesting) when tj is a diameter 

and equal in magnitude to 2kF. This corresponds to the original SDW instability 

pointed out by Overhauser. 

The possibility of nesting and subsequent development of SDW order remains for 

real itinerant systems. Interactions with the crystal lat tice can change the shape of 

the Fermi surface frorn spherical to a shape more favourable for nesting. Chromium 

is the prototypical example 191. Magnetic order develops below the first-order Néel 

transition. There is ample evidence that this magnetic phase is a spin density wave 
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(periodic magnetisation in a delocalised electron gas). The magnetic moments in 

chromium are completely delocalised and reside on the conduction electrons. The 

magnetic order is independent of the lattice and remains incommensurate for al1 tem- 

peratures. Studies of the Fermi surface (experimental and theoretical) have found a 

geometry and size that match with if, providing strong evidence for nesting. Another 

important connection to SDW behaviour is the effect of doping. Adding elements on 

either side of the periodic table from chromium should change the electron concentra- 

tion, and the size of the Fermi surface. These effects are well documented in several 

chromium alloys [IO]. There are magnetic excitations in the chromium systerns but 

they are not spin waves (so a localised mode1 fails). The excitations continue to very 

high energies [ I l ]  and exist wi thout magnetic order. 

Mott-Hubbard systems (121 can also show SDW ordering. These systems display 

a metal-insulator transition upon doping or a change in atomic spacing and are cor- 

related. The correlations refer to a many-body effect that is not accounted for by 

the Hartree-Fock equations, namely, that due to Coulomb repulsion even electrons of 

opposite spin tend to avoid each other. For large Coulomb repulsion the correlations 

can lead to large effective masses for the carriers and coupling between the charge and 

spin degrees of freedom. In Mott-Hubbard systems, for example, the parent insulat- 

ing phase is AFM but would be metallic if the rnagnetism and the correlations were 

not present. (Ni0 is a good example.) This magnetically induced insulating phase 

is present even at  temperatures where the long-range magnetic order disappears. A 

contrasting aspect of certain Mott-Hubbard systems is that the system can make 

the transition to a metal but the correlations preserve the AFM order. This AFM 

order is a SDW. For exomple in Vz-,O3 [13], the magnetic order is incommensurate 

and strongly affected by doping as expected for a SDW. Again in the metallic phase 

the excitations are not spin waves. High-Tc superconducting oxides, which may be 

described by a Mott-Hubbard theory [14], demonstrate a proximity to a SDW tran- 

sition (151 and may d s o  belong to this class of systems. Suggestions tbat the SDW 

instability may be related to the anomalous normal-state properties [16] and the su- 

perconductivity itself [l?, 18, 19, 201 have stimulated renewed research into SDW 
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systems. 

Besides SDW order, itinerant systems can also show FM order. Notably iron and 

nickel have magnetism which resides in the hybridised d bands. Recent measurements 

would also include the Mott-Hubbard system L~.ssSro.i5MnOs in this category 1211. 

These systems are best described by the Hubbard Hamiltonian [22] which accounts 

for band electrons (split into different spin bands by the development of FM order) 

and onsite Coulomb repulsion. In the low-energy, low-temperature limit, the Hub- 

bard mode1 has spin-wave solutions, like the Heisenberg model for localised moments. 

(In fact, many of the original descriptions for ferrornagnetism used a direct-exchange 

model which is often associated with a localised, insulating system.) Although the 

Heisenberg model can describe the dispersion, it fails to account for the lifetime of 

the excitations, where electron-magnon collisions are significant. (Calculations of the 

lifetime shows that the details of the energy bands are significant [23] and neither Rat 

bands nor free-electron bands account for the experimental observations.) At high 

energies t hese discrete excitations are gradually replaced by the Stoner continuum of 

particle-hole excitations across the Fermi surface. The spin-wave-like solutions disap- 

pear when the long-range magnetic order disappears above the Curie temperature. 

FeGez shares and also contrasts the properties of many of these systems. Unlike 

chromium, iron, and nickel which have cubic syrnmetry, FeGe2 is tetragonal (a  stretch 

or compression of a cube along the c-axis which maintains four-fold symmetry in the 

basal plane, normal to the c-axis). As temperature decreases FeGe2 undergoes a 

second-order Néel transition at TN = 289 K to an incornmensurate AFM state. The 

incornmensurate ordering wavevector and the metallic, d band nature of the moments 

suggest that this is a SDW state. At Tc-rc = 263 K there is a further, smooth 

transition to a cornmensurate SDW. This low-temperature magnetic structure has FM 

alignrnent along the c-axis and AFM alignrnent in the basal plane and is therefore a 

collinear ant iferromagnet ( t wo magnet ic sublat tices). The ordering wavevector lies in 

the basal plane along the a-axis direction. The magnetic ordering and the transition 

temperatures have been measured via elastic neutron scattering [24]. These two phase 

transitions have also been observed in resistivity [25, 261, ultrasonic attenuation (271, 



heat capacity 124, 281, and AC susceptibility [29] studies. 

One of the remarkable features of FeGez is the sharp difference between the mag- 

netic order dong the c-axis and along the a-axis. Along the c-axis, the spacing be- 

tween iron atoms is very close to that in elemental iron and there are very strong FM 

interactions due to d-orbital overlap. In the basal plane, weaker AFM superexchange 

interactions are mediated by the coaduction electrons. This difference manifests itself 

as a dramatic directional dependence or anisotropy in the system. Although mod- 

est in the transport properties (factor of two difference in resistivity) the magnetic 

interactions parallel and perpendicular to the c-axis are quite different as was first 

seen by Holden et al. 1301. These neutron-scattering rneasurements (up to 44 meV en- 

ergy transfer) showed spin-wave excitations with a large degree of anisotropy between 

the a-axis and c-axis. The c -a i s  magnon can have such high energies that only a 

small part of the dispersion relation could be measured. The magnons also appeared 

broadened in energy even when magnon-magnon scattering is negligible, indicating 

itinerant effects in the Iifetime. 

We began by investigating the stability of the incommensurate SDW state in a 

magnetic field applied in the basal plane [31]. Theory predicts 1321 that the incom- 

mensurate SDW is stable up to a critical magnetic field of 1 T. By using resistivity 

measurements on single crystals of FeGe2 we  were able to measure the magnetic phase 

diagram and compare to the theory. We also investigated the transport a t  low tem- 

peratures and in high magnetic fields to learn more about the Fermi surface geometry. 

These measurements are compared to previous observations 1331 and bândstructure 

theory [34]. 

We a150 studied the effect of doping. Preliminary studies made by Kunnmann et 

al. [35] showed that gallium and arsenic doping tended to respectively expand and 

reduce the temperature range of the incommensurate SDW. Our particular crystal had 

light (4 at%) gallium doping. Since use of doping has been established in other SDW 

materials which have transitions which are driven by Fermi-surface nesting [IO] we 

hoped to quantify this effect in FeGe2. Once again we used resistivity rneasurements 

to detect the phase transitions and used elastic neutron scattering to determine the 



magnetic structure as a function of temperature. 

We extended the earlier inelastic neutron-scattering measurements to higher en- 

ergies (using a spallation neutron source) and higher temperatures. In this way we 

continued measuring the c-axis magnon dispersion and also determined the lifetime as 

a function of energy and of temperature (particularly in the different phases). These 

measurements determined the  interaction constants in the different direct ions and al- 

lowed cornparison of the locaiised versus itinerant aspects of the magnetic behaviour. 



Chapter 2 

Experiment al Techniques 

We now describe the experirnental techniques used for our study of FeGe*. Primar- 

ily these consisted of resistivity measurements in a magnetic field, elastic and inelastic 

neutron scattering with a reactor source, and inelastic scattering using a spallation 

source. 

2.1 Resistivity Measurements 

We began our rneasurements using large single crystals which were prepared at  the 

Ural Polytechnical University by A.Z. Menshikov by arc-melt ing. The parent crystals 

had been the subject of neutron-scattering studies [30, 361 where their single-crystal 

properties were verified and the directions of the crystal axes were determined. We 

used Laue photography at the University of Toronto to accurately align the mounted 

crystals before cutting the samples using spark erosion. Laue photography allowed 

the use of the same mount for alignment and cutting and achieved the required 

accuracy for the resist ivity measurements. The Laue photographs confirmed that 

we had well-defined single crystals. The resulting samples were shaped like match 

sticks, typically 0.5 mm in height and width, and between 3 and 7 mm in length. 

Resistivity measurements were made along the length of the samples. We refer to 

the samples by the crystal direction that is parallel to the length e.g. the c-axis 

crystal. Although we attempted to cut the samples as rectangular prisms, the height 
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and width varied as much as 10% over the length of the sample. Absolute resistivity 

measurements at room temperature were made with Cpoint resistance rneasurements 

using an LR-700 AC resistance bridge at  a frequency of 16 Hz. Two of the current 

contacts and one voltage contact were made using silver paint. The other voltage 

contact was made via a razor blade attached to a micrometer drive. By moving this 

voltage contact with the micrometer we were able to effectively measure the resistance 

of the sarnple as a function of length with greater precision than a silver paint contact 

would allow. We show our results for a c-axis crystal with a rectangular cross section 

of 0.66(5) x 0.76(5) mm in Fig. 2.1. The position variable in Fig. 2.1 decreases wi th 

increasing length, leading to a difference in sign for the slope. For a sample witli a 

uniform cross-sectional area A, and length 1, the simple formula for the resistance 

R = results in a room ternperature resistivity p ,  of 167 f 17 pR cm €rom a slope 

of % = 3.33 f 0.03 R m-l. Similar measurements were made for the other resistivity 

samples. 

The sarnples were then mounted on one of two resistivity probes. The first design 

was a 4 x 13 x 57 mm slab of oxygen-free copper (higher thermal conductivity than 

normal copper). It was used for the first group of measurernents at temperatures 

above 77 K. The heating power was provided by a 30 R carbon resistor attached to 

the slab with GE varnish. Temperatures were measured using a mode1 P l  platinum 

resistance thermometer from Scient ific Instruments, Inc. wit h a room temperature 

resistmce of 113 R. This ternperature sensor was cylindncal and was inserted into 

a hole running Lengthwise in the slab using vacuum grease (Apiezon N)  for a good 

thermal contact. Magnetoresistance effects were avoided in t his thermometer by 

operating only above liquid nitrogen ternperature. This probe could hold up to three 

samples at once. The second resistivity probe was designed to work with the Heliox 

sorption pumped 3He insert [37]. We could obtain temperatures as low as 270 mK with 

this setup. This probe was also made with oxygen-free copper and accommodated 

the P 1 sensor. Alternatively, we could use the exist ing carbon-glass t hermometers 

on the Heliox. (The carbon-glass thermometers were undected by magnetic fields.) 

This probe also uses the heater on the Heliox and holds up to 5 samples a t  one 
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Figure 2.1: Resistance of FeGez as a function of the voltage contact position along 
the length. The slope dong with the dimensions of the crystal gives a resistivity of 
167 17 p n  =cm. The position variable decreases with increasing lengt h (the distance 
between the voltage contacts) leading to a change in sign for the slope. 
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time. In both cases the samples were mounted using GE varnish and a small piece 

of cigarette paper to electrically insulate the sample from the copper mount. The 4- 

point electrical contacts were made with silver paint. The wires were kept in twisted 

pairs and were secured to the mount by GE varnish and to the probe by Teflon tape. 

This reduced any spurious voltage readings which could be caused by moving wires 

in a magnetic field (from induced electromotive force). The resistance measurements 

were made using the previously mentioned bridge. An Oxford 16/18 T 50 mm bore 

superconducting magnet (at the University of Toronto's high magnetic field facility) 

generates the vertical magnetic field. 

2.2 Neutron Scattering 

Neutron scattering formed the basis for our experimental determination of rnagnetic 

structures and dynamics. It is an extrernely effective technique for studying magnetic 

materials because of the neutron's sensitivity to magnetism (via its magnetic mo- 

ment), its penetrating ability, and energy and wavevector (momentum) ranges that 

are well matched to condensed-matter systerns. The most significant limitation to 

neutron scattering is the considerable expense of high-flux facilities. Here we briefly 

describe two neutron sources, nuclear reaclors and spallation sources. We also ex- 

plain the operation of the instruments used at the respective facilities: a triple-axis 

neutron spectrometer and a direct geornetry time-of-flight spectrometer. The main 

purpose of both spectrometers is to rneasure the scattered neutron flux as a function 

of wavevector transfer and energy transfer, and hence to deduce the partial differential 

cross-section. 

2.2.1 Triple- Axis Neutron Scatt ering 

A nuclear reactor produces neutrons through various fission processes. Some of these 

neutrons sustain the c h a h  reaction but there are many surplus neutrons. They are 

very energetic (several MeV) when produced via fission and rnust be thermalised or 

moderated to lower their energy before they can be used for condensed-matter exper- 
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iments where the relevant energy scale is rneV (9 orders of magnitude lower). This 

is often achieved using water or heavy water, which contain hydrogen or deuterium 

nuclei and can easily transport heat out of the reactor core. The water or heavy 

water acts as a moderator. (The original purpose of the moderator was to control 

the rate of the fission reaction.) Both nuclei have a large incoherent cross-section 

and can exchange energy with the neutrons. After numerous collisions the neutrons 

achieve a Maxwellian energy distribution [38] characteristic of the temperature of the 

moderator. At the NRU reactor in Chalk River the moderator is heavy water at 

290 K giving the Maxwellian distribution in Fig. 2.2. The preferred range of incident 

neutron energies is between 5 and 45 meV (roughly half of the peak flux). A cooled 

sapphire or beryllium filter is often inserted to eliminate neutrons at  the low or high 

end of the energy spectrum respectively. 

Our measurements at NRU were made using a triple-axis neutron spectrometer 

shown schernatically in Fig. 2.3. This instrument was developed by Bertram Brock- 

house at  Chalk River Laboratories. Lt benefits from a conceptually simple design as 

well as low requirements For computat ion and data acquisition elect ronics. The user 

may quickly change the instrument configuration and independently specify, over a 

large range, the wavevector or rnomentum transfer 0, and the  energy transfer E, of 

the rneasured neutrons. and E are determined by the energy and wavevector of - -. 
the neutrons incident and scattered from the sample: Ei, Ili, Er, and kf respectively. 

Conservation of rnomenturn and energy require that 0 and E are defined by 

The incident and final wavevectors and energies ase deterrnined by setting the various 

angles in the spectrometer. The monochromator and analyser use Bragg sca ttering 

lrom a single crystal to set Ei and Er. This also detennines ~ l c > l  and 1 kfl since the 
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Energy (meV) 

Figure 2.2: Maxwellian distribution of energies of neutrons at 290 K. P( E )  dE is the 
probability of finding a neutron with energy E over a range dE. The total energy 
integral is 1. We can express the temperature in energy units using Boltzmann's 
constant, giving kBT = 25 meV, which is close to the peak of probability. This 
distribution is often given versus velocity rather t han energy. 
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energy of a neutron is related to its wavevector k by 

E 2.072 k2 ( units of meV and A-'), (2.4) 

where h (1.055 x IO-*' ergs-') is Planck's constant divided by 2n, rn is the m u s  of 

the neutron (1.675 x 10-24 g), and k is the magnitude of the neutron wavevector. 

(We denote magnitudes of vector quantities by dropping the vector symbol so T a IPI.) 

Since the prefactor in equation 2.4 is of order unity, the neutron is well matched to 

phenomena on the length scale of A and energy scale of meV, appropriate for many 

condensed-matter structures and dynamical systems. For the sake of cornparison the 

equivalent expression for X-rays is E = 2 x 106k. 

Bragg scattering is a simple way to think about scattering from a set of equally 

spaced crystal planes. Following Fig. 2.4 we can derive Bragg's Law of scattering 

nA = 2d sin O ,  (2.5) 

2 n for wavelength X = ,, integer n, interlayer spacing d, and angle of reflection O. 

Bragg's Law is simply the condition for constnictive interference, namely the extra 

path length 2dsin 0 is equal to an integer nurnber n of wavelengths. The planes to 

which we have referred are made up of the scattering centres in the crystal. Assump- 

tions include identical angles of incidence and reflection (using specular reflection as 

a guide) and elastic scattering, so the wavelength is unchangecl upon scattering. For 

specific values of 0 and d only k's satisfying Bragg's condition are scattered through 

the total angle 28. We have denoted these angles at the rnonochromator and analyser 

in Fig. 2.3 by the subscripts "Mn and "A". In this way, the orientation of the single 

crystals ( through 8M and B A )  selects the direction as well as the magnitudes of & 
and l i a  The collimators are also used to determine and control the direction of the 

wavevect ors, 

There are two general limitations with single-crystal monochromators and analy- 
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sers. The first is that the number of neutrons scattered from the crystal, even when 

the Bragg condition is met, only approaches 50% of the total number at the desired 

wavelength. At first glance one might think this problem could be solved by using 

a larger single crystal as a monochrornator to scatter more neutrons. Unfortunately, 

this leads to the possibility of multiple Bragg scattering and extinction which cause 

loss of scattered intensity at the desired angle. This can be an important consider- 

ation for "perfect" crystals (the crystal planes are al1 perfectly aligned) where the 

possibility of several Bragg reflections exists. Usually there is a mosaic spread or a 

slight misalignment of the scattering planes throughout the crystal so only a srnall 

piece of the crystal precisely matches Bragg's Iaw. In terms of overall reflectivity, the 

mosaic is offset by the natural divergence of the neutron beam. If the spread in the 

incident neutron angles matches the mosaic of the crystal, then al1 of the neutrons 

satisfy the Bragg condition for some part of the crystal and the scattering is opti- 

mised. The divergence of the beam is limited by the collimators as well as the narrow 

path the neutron must follow in order to reach the detector. The mosaic can occur 

naturally or can be introduced by plastic deformation. 

The second disadvantage of single crystals is that there is the possibility of higher- 

order scattering, i.e. if X satisfies Bragg's law, then $, 4, $ . . . also satisfy Bragg's law 

for the same d and O .  There are several approaches to limit higher-order contamina- 

tion. Often pyrolytic graphite and certain other materials are used as filters, allowing 

high transmission at certain A's but close to zero transmission for 2 and 3. This 

restricts the user to specific A's. In practice either ki or kf is fixed to the filter wave- 

length. One can also work at higher incident energies so there will be few neutrons 

with shorter wavelengths in the Maxwellian tail. 

There are two adjustable angles which are used to determine the directions of &, 
&, and relative to the crystd. The sarnple is oriented on the $-table which rotates 

the crystal axes relative to Ci. 4 is defined as the angle from Zi tto the spectrorneter 

axis q which is usually aligned with one of the principal crystal axes. The entire 

detector d r u  can be rotated around the sample table so one may select any particular 

scattering angle 4 €rom the sample. # sets the direction of lf relative to  &. The sign 
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monochromator 
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sample, collimators 

Figure 2.3: Schematic diagram of a triple-axis neutron spectrometer. An approximate 
scale appears at the lower left. 

Figure 2.4: Diagram for derivation of Bragg's Law of scattering. There is constructive 
interference when the extra path length is equal to an integer number of wavelengths. 
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convention used at the Chalk River facility is that clockwise angles are positive and 

when looking towards the reactor a neutron which scatters to the left is positive. 

One further important aspect of using a triple-axis spectrometer is resolution [40], 

especially when making inelastic measurements. No direct mention of how accurately 

and E are detemined has been made so far. Several instrument characteristics 

enter into this question: sizes and mosaic spreads of the monochromator, analyser, 

and sample crystals, size of beam tube and detector, sizes, spacings, and lengths of 

collimators, and the various angles. Al1 of these are important to the determination of 

the ~esolution ellipsoid. The ellipsoid is similar to a 4-dimensional error bar. It defines 

how much a particular neutron can deviate from Q and E and still scatter into the 

detector with 50% relative probability. One set of coordinates in the 4-dimensional 

space which allows for simpler calculation of the ellipsoid is (QII, QI, Qz, E). QII and 

QI refer to cornponents parallel and perpendicular to d, Q, is the component out 

of the scattering plane, and E is the energy component of the resolution. Although 

the ellipsoid can be calculated in terms of these coordinates the principal axes of the 

ellipsoid are, in general, not along any of t hese coordinate axes. The deviations in 

and E are now coupled. As an example of coupled deviations suppose the deviation 

in QII is 0.05 A-' and the dope of the ellipsoid in the E - QII plane is 10 m e ~ A ,  then 

the most probable deviation in E is 0.5 meV rather than zero. For a diffuse cross- 

section, i.e. the characteristic energy and wavevector width of the feature you wish to 

measure is large, one can increase the intensity by increasing the size of the ellipsoid 

(decreasing the instrumental resolution). A diffuse cross-section also allows for the 

possibility of focusing which will be discussed in Chapter 5. The number of measured 

neutrons is a convolut ion of the resolution ellipsoid (instrument ) and the cross-sect ion 

(physics of sample). One of the  g e a t  benefits of using a triple-axis spectrometer is 

that the collimators and the sizes, mosaics, and d-spacings of the monochromator 

and analyser crystals are easily changed. The w r  can thereby obtain a favouroble 

balance of resolution and intensity. 
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2.2.2 Q-Space and the Laue Conditions 

Now that we have described how Q and E are determined for a triple-axis spectrorn- 

eter, we can relate this to the properties of the sample. The wavevecton exist in 

what is known as Q-space or reciprocal space [41]. (We will comment on the E CO- 

ordinate in Subsection 2.2.4.) The sample is represented in Qspace by the reciprocal 

lattice, a Fourier transform of the real lattice. The following description relates to 

crystal diffraction, the interference phenomenon between the periodic lat tice of the 

crystal and the wave-like neutron beam. A description of crystal diffraction in terms 

of Qspace is often used in neutron scattering, less so in X-ray scattering. 

The primary feature of a crystal is that it is repeated or periodic in space. The 

periodic array is known as the lattice. Since al1 the lattice points are identical al1 
O 

positions are relative and we usually refer to the translation vector T between lattice 

points. The periodicity states that the crystal must be invariant under al1 translations 

R - 9 = nlZ+ n2b + n3C, (2.6) 

O 

where ni, n2, n~ are al1 integers and a, b, c'are the fattice vectors. The lattice vectors 

rnay be any set of non-parallel or linearly independent vectors in real space. 5? ore 

often given in the  short form [nln2ns]; a negative sign is designated by an overbar such 

as [110]. Directions in real space are often given in this form. A crystal structure 

results upon attaching a repeated basis to each lattice point. The unit ce11 with 
4 

edges a, b, C is also a repeated unit. I t  is sometimes useful to use a unit ce11 which 

contains more than one lattice point in order to preserve an underlying symmetry. 

(For example the standard face-centred cubic unit ce11 contains 4 lattice points and a 

body-centred cubic unit ce11 contains 2. Both possess a cubic symmetry that would not 

be obvious £rom the p7imitive lattice vectors which would give a unit ce11 containhg 

one lattice point.) The basis for the crystal is often given as ratios of the standard 

lattice vectors. (NaCl, for example, has a face-centred cubic lattice and a basis of N a  

at 000 and Cl at ?:+). 

Periodic phenornena are usually easier to physically describe in terms of Fourier 
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transformations [42]. (Often a second-order linear differential equation can be con- 

verted to an algebraic equation.) The lattice "function" that we wish to transform 

can be represented by a set of zero-width Dirac delta-functions occurring at  the points 

given by T. For a function f (fi), the Fourier transforrn F(G)  is given by 

where f? is a position and i is the irnaginary nurnber \/=I. The integral is over al1 

space. The lattice function is 

f (2) cc C6(R - T ) .  
f 

We can find the normalisation factor by integrating over a primitive unit ce11 and re- 

quiring that the integral be one (one lattice point). In this interpretation f represents 

the density of lattice points. Since this is a primitive ce11 only one f will be in the 

range of the integral. We calculate the integral by using the property of &functions 

when integrated in a product with a function g(f?), 

provided that f is contained in volume V. The integral is zero otherwise. This gives 

a normalisation factor of one upon integration of the lattice function over the unit 

cell. This 6-function relation also helps us calculate the Fourier transform, 

This sum is non-zero only if 6 satisfies 
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for al1 values of T .  To see how this make sense, suppose that the exponential was not 

equal to one. Then the exponential is complex and can be represented by a vector of 

unit length in the cornplex plane. Since the 5? form a periodic array the surn consists 

of an infinite number of such vectors al1 in different directions. The total surn would 

be zero. If the argument is a multiple of 2 x ,  then each term would be 1 ( a  vector 

dong the real mis) and the surn is equal to the nurnber of 5? (infinite). The surn itself 

thereby acts like a 6-function. 

The solution is that the set of G which satisfy equation 2.1 1 also forrn a periodic 

lattice, the reciprocal lattice, given by 

where h, k, and 1 are integers and Â, &, 6 are defined by 

If we calculate the dot product of T and G, many terms vanish because of the cross 

products. ( F -  (r' x R) = O for al1 7 and fi because the cross product is perpendicular 

to F, causing the dot product to vanish.) The only remaining terms cancel with the 

denominators to leave 2x times a product of integers, satisfying equation 2.11. The - 6 

lengths of A, B,  and 6 give the reciprocal-lattice units which are denoted a*, b*, and cm 

respectively. The 6 have the dimensions of wavevectors, so that the reciprocal lattice 

can be represented in Q-space as shown in Fig. 2.5. The angles of the triple-axis 

spectrorneter with respect to & and & are also showo in this figure. Following this 

geornetry the equations for the coordinates of 0, C, and 7, in terrns of A-' are 

C, = ki sin 11 - kr sin($ - #), (2.14) 

These coordinates are often rescaled in terms of the reciprocd-lattice units. 
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Figure 2.5: Scattering wavevector and angles in &space as they occur in the scattering 
plane of the spectrorneter. The solid points are reciprocal-lat tice points. The Laue 
condition (equation 2.19) for constructive interference is satisfied if 0 joins a pair of 
reciprocal-lattice points and ki = kf (elastic scattering). 



The conditions for elastic reflection are closely linked to  the reciprocal lattice. 

Rat her t han assuming planes of scat tering and equal angles of reflect ion and incidence 

we will just look at the condition for constructive interference between any two points 

in the crystal. The point of observation is sufficiently far away from the crystal that 

the incident and scattered neutrons can be viewed as plane waves. 

Consider the interference of scattering from two identical points in the crystal, 

separated by sorne f, at sorne instant in tirne. (This constrains us to elastic scattering 

since we are assuming the waves always maintain the same phase difference, which will 

be impossible if they have different frequencies.) The incident plane wave is h(F) a 

eà&.; and we observe scattering at  the distant location Fo, of the forrn +r (Fa) oc e'h.'~. 

Suppose that the first scattering point is at r' = O. The amplitude of the scattered 
8.6 .& wave at Fo is proportional to $i(0)$r(Fo) oc e . The phase factor for the scattering 

due to  the  second point is proportional to the phase factor of the incident wave, edski, 

and the phase dong the path to the final point of observation R, e i d ' k  The path 70 - 
must be equal to the path 5? + fi, so eid'$ = eifG-').gr. The terrn involving Fo is 

constant for different 9, and does not contribute to the interference. The rernaining 

relative phase factor and condition for constructive interference (phase factor equal 

to 1 )  is 
4 4 4 

exp(i T ki) exp+ T &) = exp(i T Q) = 1, (2.16) 

where n is an integer. For the crystal as a whole must satisfy this condition for al1 

possible T. 
The above condition on for constructive interference is identical to the require- 

ment that G be a reciprocaf-lattice veetor. The resuiting Laue condition for scattering 

is that 0 is equal to a reciprocal-lattice vector (any of the G). There are several - 4 

ways to represent this geornetrically. Starting from ki - kf = G and elastic scattering 

(ki = kf ), WC find ki = 14 - G1. The squue of this equality yields 
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Subtract k: and divide the result by G to obtain 

where G = G/G is the unit vector dong  G. We dernonstrate this condition geornet- 

rically in Fig. 2.6. The cornponent of ki along 6 rnust be equal to haif of G. So the 

end of Li rnust lie in a plane that is the perpendicular bisector of G. 
In mathematical terms the reciprocal lattice is the dual space representation of the 

crystal lattice. Under this transformation planes in real space become the points in 

reciprocal space. Going from reciprocal space to real space, the h,  k, and 1 components 

in reciprocal space, usually written as (hkl) with the overbar convention, become the 

Miller indices of a group of equally spaced, parallel planes. In the same way we used 

f to refer to directions in real space, the Miller indices are often used to refer to 

directions in reciprocal space. (Notice that the concept of "a direction" is maintained 

in the transformation and for orthogonal lattice vectors [100] 11 (IOO).) The (hkl) 

planes are perpendicular to with plane spacing 27r/G. This relationship between 

(hkl) and 6 allows us to describe reciprocal space in terrns of ( h k l ) ,  a cornmon 

convention in neutron scattering. We can generate the appropriate group of planes 

from the plane which contains the origin and its nearest neighbour, which intersects 

the lattice vectors at  $, $, and f. These three intersection points define the orientation 

of the plane and its distance from the origin. So the (210) plane intersects at  +a, 8, 
and is parallel to C (no intersection). Bragg scattering is possible if these planes 

match the crystal planes. Higher-order scattering is obtained by higher multiples of 

the Miller indices. From this viewpoint Bragg scattering is a consequence of the Laue 

conditions. 

The Laue formulation easily extends to the full crystal lattice with the basis. 

Although the Laue conditions are necessory for elastic scattering €rom a crystal t hey 

are not sufficient. Again, the main question is the relative phase of scattering from 

separated points in real space. Suppose there is a basis of j atoms attached to each 

lattice point and each atom has a position given by 5. We allow the atoms to be 
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Figure 2.6: A geometrical representation of the Laue scat tering condition. The plane 
-b 

shown in grey intersects the recyrocal-lattice vector G at its midpoint and is perpen- 
dicular to G. The endpoint of ki also lies in this plane. 



2.2 Neu tron Scat tering 27 

different so each has a scattering amplitude Jj* The relative contribution of each is 

proportional to f j  and its phase factor is e x p ( i 5  0). The Laue condition = G 
is necessary for scattering from the lattice. The total summed contribution from the 

atoms of the basis is the structure factor, 

SG = C fjexp(iTj . G). 

Although So is cornplex, in general, the scattering intensity is proportional to lSolZ 

and hence the scattering intensity has a real value. 
7 As an example calculation of Sc, consider a tetragonal lattice Ü = az, 6 = a;, and 

4 4 ? ?  
4 

c = ck. 2, 3,  and k are unit vectors along the x, y, and r axes and a and c are the 
3. 

2n? lattice parameters. The reciprocal lattice is also tetragonal: A = ~ 1 ,  B = 57, and 

6 = C E .  Construct the crystal by using the four identical atorn ba i s  ( fj = 1) with 

rj expressed in unit ce11 dimensions aac: 000, $;O, OO?, and ah:. For scattering a t  

( h k l )  we calculate the following structure factor: 

If either h + k or 1 is odd, then one of the factors is zero and t here is no scat tering. 

(The reflection is systematically absent .) The physical explanation for an absent 

reflect ion is that there are intervening planes which cause destructive interference. If 

we consider the (100) planes, then between these planes there is an identical plane 

composed of the atoms at  if O and f ki. The reflection from t his plane destructively 

interferes to  cancel the contribut ion of eit her of its neighboun. 

The above explanation also applies to scat tering from an extended distribution 

of scatterers. The sum is replaced by an integrd over the unit cell. This leads to 

the atomic f o n  factor. It is important in X-ray diffraction where the scattering 

cornes from the electrons. The magnetic form factor, which is related since magnetic 
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scattering arises from the electrons, is described wi t h the inelastic cross-section in 

Subsection 2.2.4. 
4 

Since al1 of the scattering vectors Q measured by a triple-axis spectrometer are 

confined to a 2-dimensional plane one can only look at a family or zone of different 

reflections. In Qspace, the Miller indices of this zone al1 occur in a plane defined 

by axes C and 71: the scattering plane of the spectrometer, as shown in Fig. 2.5. 

In general, by changing the 3-D orientation of the single-crystal sample, one could 

study any plane of Q-space containing (000) but often one chooses an orientation 

where the symmetry of the crystal is exploited to obtain the maximum information. 

If the crystal is oriented such that Ë (the reciprocal lattice vector associated with 

the L index) is out of the scattering plane then there is no cornponent of Q along &; 
only (h01) reflections are observed. For the tetragonal crystal described above, we 

can orient the a and c-axes so they are parallel to the 5 and p axes with distances 

measured in a' and c' units respectively. The Miller indices (hOl) correspond directly 

to the coordinates of the triple-axis spectrometer (C ,  q )  as given by the rescaling of 

equations 2.14 and 2.15. 

2.2.3 Spallation-Source Neutron Scatt ering 

The spirit of making measurements using a spallation source does not change frorn 

making triple-axis measurements; we are still interested in the scattering intensity as 

a function of Q and E. The rnost drastic change, frorn an experirnental viewpoint, 

is that Q and E are independent parameters when using a triple-axis spectrorneter. 

Operation of the spectrometer involves setting various angles to measure the scatter- 

ing intensity at a particular Q and E. In contrast, the rnethods for rneasunng E are 

quite different for a spallation source. The HET (High Energy Transfer) spectrome- 

ter is a time-of-jight instrument that measures the scattering intensity on a group of 

hypersurfaces in 4-dimensional (O, E) space, using multiple fixed detectors. 

A spallation source [43, 441 differs £rom a reactor in the nuclear process used to 

produce the neutrons. In a reactor the neutrons are produced by nuclear fission in 

uranium isotopes. The spda t ion  reaction uses a beam of accelerated, high-energy 
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protons directed at a heavy-metal target. The neutrons are then liberated from 

the nuclei (a bit like Uchipping off" neutrons from the nuclei). At the ISIS spallation 

source at Rutherford-Appleton Laboratories, the accelerator produces 50 pulses of 800 

MeV protons per second. Each pulse lasts 0.4 ps for an average current of roughly 200 

BA and 2.5 x 1013 protons per pulse. The overall power at ISIS is 200 p A  x 800 MeV 

= 160 kW compared to - 100 MW for NRU. The average neutron flux is a factor of 

100 smaller compared to a reactor but the peak flux is many times higher. One great 

benefit of this pulsed source is that the detector electronics count incident neutrons 

only in a brief interval after the pulse, rather than continuously. This makes the 

experiment relatively insensitive to slow neutron background compared to a triple- 

axis spectrometer. The unique benefit is that the neutrons entering the spectrometer 

are undermoderated; the neutrons have only partially thermalised. The result is a 

Maxwellian distribution combined with a higher energy epithenal flux which will 

have many neutrons at  higher energies. This extends the range of usable incident 

energies up to 2000 meV from the ideal 45 rneV typical for a reactor. 

The source at ISIS supports several different spectrorneten. We used the HET 

spectrometer shown schematically in Fig. 2.7. The neutrons are produced in the 

target and then pass through the moderator (H20 at 316 K positioned 1.5 cm from 

the target). The proton pulse and the neutron beam travel through evacuated tubes 

and chambers to prevent unwanted reactions and scattering. The beam intensity 

is subsequently measured by a monitor (a low-efficiency detector). There are some 

neutrons that are still moving very rapidly (energies - MeV) because they have not 

interacted with the surroundings at all. There is also an intense "Rashn of y-rays 

corning from the target when hit by the proton pulse. Both of these would tend to 

saturate the detectors and expose the sample area to rather intense radiation. The 

fast neutrons would also contribute significantly to the noise as t hey thermalise in the 

spectrometer. The more useful thermal neutrons are moving much slower than the 

high-energy radiation. The purpose of the nimonic chopper (composed of a nickel- 

molybdenum alloy) is to block the beam line in the first instants after the pulse hits 

the target, preventing the high-speed radiation from reaching the sarnple. It then 
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Figure 2.7: Schematic of HET chopper spectrometer at ISIS along with the times and 
distances that determine the neutron energies. t 2  and t l  + t3 are measured directly 
and Li, L2, and L3 are used to calculate t3  and Er. 
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opens again as the slower thermal neutrons arrive. 

At this point the neutrons have a wide range of energies (a  "whiten beam). One 

kind of spectrorneter (indirect geornetry or crystal analyser spectrometer) uses a white 

beam of neutrons and then selects out a particular final energy using a crystal anal- 

yser, similas to the analyser in a triple-wis spectrometer. HET, on the other hand, 

is a direct geometry or chopper spectrometer. In this configuration one uses a Fermi 

chopper as a monochromator to select out a specific incident energy. The Fermi chop- 

per acts as a gate, which can be opened or closed for specific time intervals. It is 

composed of a set of collimator blades mounted on a high-speed rotor with a vertical 

axis. As the blades spin they eventually corne in line with the incident white beam 

and at this instant neutrons may pass through the collimator to the sample. The 

blades are slightly curved behind the direction of rotation so that neutrons passing 

through the rotating blades see a straight path as the chopper spins. We can use 

the chopper as a monochromator since we know when the neutrons are created in 

the target. If the chopper is open soon after the pulse, then faster, high-energy neu- 

trons are transmitted; a larger phase lag transmits the slower neutrons. The chopper 

also affects the energy resolution since there is a window of time when neutrons are 

transmitted rather than an instant. One of the simplest ways to  control the size of 

this window is to change the speed of the rotor. If the blades move faster, then the 

time for which the chopper transmits neutrons is decreased. In practice, for a 5û 

Hz proton pulse rate, one operates the chopper at some multiple of 50, Say 250 or 

500 Hz. There is a trade-off between the amount of resolution and the amount of 

flux. For each different value of Ei one could in general use a different chopper speed 

or possibly select a different chopper (with a different blade spacing and radius) to  

control full-width half-maximum (FWHM) energy resolution AE. The spectrometer 

is unable to resolve energy features significantly srnaller than AE.  A good estimate 

of AE for the different choppers is given by the program CHOP, available at ISIS. 

A E  can also be approximated by 



2.2 Neutron Scat t ering 32 

where is an adjustable parameter used to fit to CHOP. Al1 energies are given in 

units of meV. In Fig. 2.8 we plot this expression for ri = 0.015 and Ei = 120 meV. 

The resolution is convoluted with the cross-section and becomes very important when 

determining the energy width inherent in a measured excitation. The minimum value 

of AE is also useful for choosing an appropriate size for the energy bins for this par- 

ticular setting of chopper speed. We want sufficient neutrons in the bins to obtain 

acceptable statistics, but do not wish to sacrifice any information about the E depen- 

dence of the cross-section. We chose a bin size of 1 meV for the chopper configuration 

in Fig. 2.8. 

A second moni tor detects the neutron pulse as i t leaves the Fermi chopper. Its pur- 

pose is two-Md. The measured intensity gives the overall number of neutrons going to 

the sample; this is used to scale the resulting scattered intensity. It also measures the 

arriva1 time of the pulse, crucial in determining the energy of the neutrons before and 

after scattering. The sarnple can be rotated about the t,b axis, changing the angle of Zi 
relative to the crystal axes. Most of the beam is unaffected by the sample and passes 

right through to the third monitor. By knowing the distance between the second and 

third monitor and the elapsed time between the pulse arrivals, one can calculate very 

precisely the velocity, and hence the energy of the neutrons. For a typical neutron 

energy of 120 meV, the velocity is v = @Ë/m = 3400 m/s. The distance between 

the two monitors is roughly 10 m so the delay between the two pulses is 3 ms. The 

timing electronics can resolve this time to a high accuracy (tens of ps). The phasing 

of the chopper can usually be set so that the nominal Ei is within 1% of the true 

incident energy. 

Alternatively, some neutrons may be scattered by the sample into a detector a t  an 

angle q5 as shown in Fig. 2.7. HET has nearly 400 detectors fixed in banks a t  various 

angles and distances from the sample. They are spread out over large solid angles and 

many are not in the horizontal plane. This makes HET extremely useful for studying 

powder samples (its original purpose) where the scattering occurs in rings. One may 

then sum the different detectors having the same # angle (a ring) to improve the 

stotistics. It is also quite useful for our experiments when we are able to align a high 
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Figure 2.8: Estimate of FWHM inelastic energy resolution of the HET chopper spec- 
trometer for Ei = 120 meV and adjustable parameter ri = 0.015. This value of q was 
chosen to best fit the inelastic resolution generated by the CHOP program. 
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symmetry direction along the beam, giving us some azimuthal symmetry from the 

single crystal. (If, for exarnple, we have a tetragonal crystal with its a-axis along the 

incident beam, then we can use the two-fold symmetry to sum the detectors to the 

left and right and separately sum the upper and lower detectors.) 

The measurement of E is depicted in Fig. 2.7. The detectors are al1 connected to  

timing electronics. Monitor #2 starts the timing cycle and times-of-flight are mea- 

sured relative to it. Then each detector collects the raw data as a neutron histogram 

versus the time, t l  + t 3 .  As previously mentioned, monitor #3 rneasures the straight 

through pulse arriving at t2 .  By knowing the values of Li and LI we Côn calculate the 

initial velocity vi and the time it takes the neutrons to reach the sample, t l  = 2t2. 
This is subtracted from the histogram time at the detector to give the time from 

sample to detector, t3. L3 (sample-detector distance) for that detector gives the final 

velocity vf. 

We can now calculate 0 and E. E is sirnply given by the difference between initial 

and final kinetic energies, 

The raw data can now be put into E-bins rather than a time histograrn. We usually 

chose a bin size that is half of the lowest A E  so no physical information is sacrificed 

in the binning. The magnitudes of initial and final wavevector are ki = q / h  and 

kf = vr/h. 8 again cornes from the geornetry of Fig. 2.5 where we know # (as well as 

the azimuthal angle O )  for each detector and the orientation of the reciprocal lattice 

relative to &. 
As stated earlier one of the biggest differences between the time-of-flight and 

triple-axis techniques is the coupling of Q and E. A triple-axis spectrometer allows 

one to choose from a wide variety of Q ' s  and E's independently and the various angles 

are changed to use the single detector to rneasure that (Q, E) point. With HET there 

are rnany detectors and each rneasures along a curved trajectory in (0, E) space. The 
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4 -b 

where the second terrn is sirnply Er. If & = O and Q = ki, then E = Ei (lirniting 

case of scattering a neutron with no kinetic energy ). The condition for E = O (elastic 

scattering) is 

= hi, as expected, and the appropriate Q's fa11 on a circle of radius ki cen- 

tred at  &. The other constant-energy contours are circles centred at  & with radii 

J 2 i / t ~ .  The full circle corresponds to al1 possible directions of & in the 

plane. Since the detectors only cover sorne of the angles the constant-energy contours 

become arcs. Each arc corresponds to a bank of detectors. The hypersurfaces in 

(Q, E) space scanned by each bank of detectors are easy to visualise using a Toby 

plot. A Toby plot is essentially the same as Fig. 2.5 except that E is also varying 

and there are many possible @S. Each detector has a certain q5 and different arriva1 

times correspond to different lengths of B. The resulting set of @s plotted with the 

reciprocal lattice of the crystai forms the Toby plot. Fig. 2.9 shows a Toby plot 

appropriate for HET's horizontal detectors a t  L3 = 4 m (inner banks) and L3 = 2.5 m 

(outer banks). (Notice that "inner" and "outer" refer to angle relative to Zi, not the 

distance from the sample.) The reciprocal lattice is the (hO1) zone appropriate for our 

crystal which has (100) oriented 17O clockwise relative to & in the horizontal plane 

of HET. The Q units in this plot are given in A-'. The &angles for the detectors in 

the horizontal banks of HET and the kinematic equations for Q. and Q, relative to  

this reciprocal lattice are given in Appendix A. 

Also shown on the Toby plot are the contours of constant energy forming arcs 

about &. The apex of the Toby plot is E = Ei, Q = Zi. By increasing Ei, one can 

extend the range of 0's rneasured as well as the magnitude of E at any particular 

0. A E  and the available flux also change, as mentioned previously. The other 

experimental variable is 11, which changes the orientation of the Toby plot relative 

to the underlying reciprocal lattice. ($ values are measured relative to (100) for our 

experimental setup.) In practice, one often exploits the translat ional symmetry of 
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Figure 2.9: A "Toby" plot for Ei = 120 meV and = -17O for the horizontal banks 
of HET and the reciprocal lattice of FeGez in the (hOl) plane. The circular contours 
are the constant-energy surfaces which run from E = -10 to 110 meV. The  Qspace 
units are in kL denoted by U ~ A - L " .  We have included only nuclear scattering points 
(h + 2 is even). 
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the reciprocd lattice to make measurements at several 'identical" parts of Qspace 

a t  different energies. Consider for example in Fig. 2.9 the reciprocal-lattice points 

a t  Q, = 2.5 A-' at Q, = 0, 2, 4 A-' (or (002), (202), and (402) in terrns of ( h k l ) ) .  

By translationai symmetry of the reciprocal lattice, each of these points should be 

identical physically, and each is being measured at a successively higher E. Combining 

the results is similar to measuring several E points at one O. The crystol symmetry 

of the lattice can also be very important, as mentioned earlier, to sum different groups 

of detectors to improve statistics and reduce counting times. 

2.2.4 The Scattering Cross-Section 

Here we offer only a brief outline of exactly what it is that neutron spectrometers 

rneasure while probing (0, E) space and how it relates to the underlying physics of the 

sample. We have already mentioned the Laue conditions and the geometric structure 

factor and how they relate to  the crystal structure through diffraction. We now 

introduce some more general concepts which can be extended to  inelastic scat tering. 

Al1 the instruments rneasure the partial differential cross-section, which refers to 

the number of neutrons scattered per unit incident flux into a solid angle do, with 

energy between Ef and Er + dE'. The units are barns (an area of IOa2' cm2) per 

meV per steradian. The detectors only count a certain percentage of these scattered 

neutrons, depending on their efficiency. The partial differential cross-section or sirnply 

the cross-section is [45] 

where N is the nurnber of nuclei in the sarnple, 1 (&l Y, l & )  l2 is the average of the square 

of the interaction potential 6 over the scattering sites j ,  hw is the energy transfer, 

and s(Q,w)  is the scattering junction. For a chopper spectrometer the kf/ki and N 

dependence are rernoved numerically since neither parameter gives any new physical 

information about the sample. The detector efficiency is inferred by using a vanadium 

reference sample which h a .  a well-known cross-section. For a triple-axis spectrometer 
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the signal is normalised by a monitor which measures the incident Aux. This will 

remove the l /ki  dependence; kf is usually kept constant and is included as a factor 

in the fitting procedure. Absolute scattering may be determined by cornparison to a 

feature which has a known cross-section (often an acoustic phonon). 

The interaction potential (&&I&) is a kinematic factor arising frorn Fermi's 

golden rule. For nuclear scattering it is independent of and depends oaly on 

the specifics of the scattering nucleus (angular momentum and number of protons 

and neutrons). The situation is more complicated for magnetic scattering. The mag- 

netism resides on the electrons, which are spread out. Since the electron wavefunction 

changes over a distance on the order of the wavelength we must include the square 

of the Q' dependent fonn factor IF@) 1 2 ,  which is the Fourier transforrn of the spin 

density. A similar term mises for X-ray scattering where the interaction occurs pri- 

rnarily with the electrons. For a roughly Gaussian spin density, F ( @ )  is roughly 

Gaussian as well, decreasing to O at high Q. It is usually normalised to F ( 0 )  = 1. 

The rnagnetic interaction depends on the rnagnetic moment of the scattering atom 

that is perpendicular to Q (a  cross prodiict) [46] and also enters the cross-section as a 

squared term. Both of these terms are averaged over al1 of the atoms in the system. 

Averaging over the different domains, spin-wave polarisations, and the polarisations 

of the neutrons elirninates the Q-dependence of the second terrn. 

The scattering function depends on the correlations in the spontaneous fluctua- 

tions of the quantum-mechanical operators of the system. These operators correspond 

to the physical observables in the classical lirnit. Comrnon operaton which couple to 

the neutron beams through 6 are the positions of the nuclei and the spins of the elec- 

trons. The variables Q and w couple to their Fourier conjugates in the fluctuations. 

So an elastic (E = O )  experiment measures the correlation at an infinite time (struc- 

ture) and an inelastic experiment measures correlations at finite tirnes (dynarnics). In 

a sirnilar way coherence refers to the spatial correlation. Perfectly coherent scattering 

would arise from perfect, long-range order of identical scatterers. Deviations from 

this perfect order cause broadening in 9. Incoherent scattering is not peaked in 0 
and is always present due to the random distribution of scattering amplitudes which 
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arise through different isotopes, impurities, and nuclear spins (nuclear scattering). 

Thermal motion of the atoms (a distribution in position) also leads to incoherent 

scattering. It is recognised as scattering which is peaked at E = O with a resolution 

lirnited width and no Q dependence. Incoherent scattering is not included in our 

mode1 for the cross-section and it forms part of the background. 

In the case of the magnetic-structure measurements one essentiall y measures mag- 

netic Laue scattering, a Fourier transform of the periodic magnetic structure. The 

scattering is sharply peaked at the corresponding to the fundamental periodicity 

of the rnagnetic structure. The width in Q of the scattering peak, K ,  is inversely pro- 

portional to the domain size for a spectrometer with perfect resolution. In practice, 

the finite spectrometer resolution dominates the peak width for a domain bigger than 

200 lattice spacings. 

A fundamental result is that the scattering function arising from the fluctuations 

is related to the dynamic response, measured by susceptibility [47]. We first need to 

define the susceptibility. Suppose we have an isolated system in thermal equilibrium, 

which displays a linear response Â ( t )  to a perturbation in the Harniltonian Êh(t) .  Â 
d 

and B are quantum-mechanical operators. (There are implicit Q arguments in these 

operators which describe their spatial periodicity.) The average of Â(1) is 

where (Â) is the thermal equilibrium average without the perturbation and t$aa(t) 

is the response function. Equation 2.28 defines the response function and states that 

the value of A(t )  at a later time is given by an integral of response over previous 

times and depends linearly on h(t)  in this perturbation approach. The generalised 

svsceptibility X A B  (Q, W )  is defined as 

00 

X A B  (0, W )  = - ürn 1 dtq5As ( t )  exp(-iut - e t ) .  (2.29) 
c-O+ O 

Notice that this is a non-conventional one-sided Fourier transform but X A B  is still 

sensitive to frequency dependence in &&). The role of e in this expression is that 
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the monochromatic perturbation exp(-iwt) is turned on slowly (positive t values in 

the integral refer to past times). When the perturbation is a magnetic field and the 

response is rneasured as magnetisation, we have the generalised magnetic susceptibiZity 

X(C& w ) .  The in-phase response of the systern is given by the real cornponent x'. The 

imaginary component X" corresponds to the out-of-phase response and also to  energy 

absorption and dissipation. Causality requires that these two components are not 

independent but are related through Kramers-Kronig relations [48]. Knowledge of 

either X" or X' at al1 frequencies allows calculation of the other component. 

The major result forming the basis of our neutron scattering measurements is that 

the dissipation X" is directly related to the fluctuations ~(0, w )  by the fluctuation- 

dissipation theorem [49], 

where n(w) + 1 is a detailed balance jactor (described in the next section). For many 

problerns X" is an easier quantity to calculate than s(Q, w )  and has a sirnpler phys- 

ical interpretation. Peaks or poles in the generalised susceptibility occur when the 

dynamical equations of the system have a solution at a specific energy Aud and 

wavevector 0, i.e. i t  is a natural excitation of the system. When these natural exci- 

tations are magnetic and have an oscillatory, propagating nature they are called spin 

waves. They are the analogue of the longitudinal and transverse sound waves that 

are the corresponding free solutions for vibrations of the crystal lattice. In general, 

the free oscillations are not stable solutions of the full Hamiltonian and decay over 

some lifetime as their energy goes into other modes of the system. This decay can 

be seen as a series of inelastic scattering events occurring with other excitations in 

the system. The decay leads to an inherent damping in the excitation. If we mea- 

sure the excitation spectmm versus energy, then I' is the linewidth or darnping and 

the lifetime of the excitation is fiII'. The scattering function is convoluted with the 

resolution function of the instrument so the overall energy width of the excitation 

is a combination of I' and the instrumental resolution. To deconvolve these effects 
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and determine l? it is necessary to use a mode1 for the lineshape. We modelled the 

spin-wave modes of the system as damped simple harmonic oscillators (DSHO) with 

s(Q, E =  LW) given by 

where wd is the frequency of spin-wave oscillation for wavevector 0 and E is the en- 

ergy transfer [47]. In equation 2.31 î corresponds to the half-width at half-maximum 

for well-defined excitations (the case where P < h q ) .  From the point of view of 

quantum mechanics and the resulting wave-particle duality, a wave-like excitation 

with a non-zero lifetime can act like a particle, known as a magnon for spin-wave 

excitations. So the inelastically scattered neutron creates (positive E) or annihilates 

(negative E) a magnon, conserving both momentum and energy before and after the 

collision. A phonon is the analogue for crystal vibration. The choice of a DSHO line- 

shape is based on its well-defined convergence properties (compared to a Lorentzian). 

The measured data and fitting procedure is sufficiently coarse that it is not possible 

to distinguish between DSHO, Lorentzian, and Gaussian lineshapes. 

A thermal factor, n(w)+l, enters into the scattering function with the DSHO term 

(equation 2.31). This thermal factor accounts for the principle of detailed balance for 

a group of oscillators (bosons) a t  some initial temperature T. Detailed balance can 

be stated in terms of the scattering functions (where E = hw and ks is Boltzmann's 

constant) as 

and predicts different rates for annihilation and creation [50]. For temperatures which 

are low compared to the excitation energy there is much more scattering due to 

creation rather than annihilation. If kBT » E, then the rates of absorption and 

creation should be the same. We accounted for detailed balance by including a Bose 
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thermal population term in the scattering law for magnon creation, 

Apart from detâiled balance this population term guarantees that the partial differ- 

ential cross-section is always positive since x", as  written in equation 2.31, is an odd 

function of E. 

The dispersion relation wq for the spin waves caa be calculated from the Hamil- 

tonian for the magnetic system. As we mentioned in Chapter 1 we used a Heisenberg 

mode1 for antiferromagnets [51] where the interaction energy between two spins is 

proportional to their dot product, 

Vector quantities are in boldface. The sum m is over one magnetic sublattice (Le. the 

lattice of parallel spins), and the sum n is over the other sublattice. r connects spins on 

different sublattices ( AFM), and R connects spins on the same sublat tice (FM). s are 

the quantum-mechmical spin operators. The JaFM(r) and JFM(R) are the exchange 

interactions which act between the sublattices and vithin the sublattices respectively. 

We considered nearest neighbours only, Ieaving JAFM and JFM as positive constants 

descri bing the nearest-neighbour interactions. (The negative sign for FM interactions 

is included in the final expressions.) We also used a classicd approximation with 

the assumption t hat the spins are aligned either parallel or anti-parallel to a fixed z- 

direction (the magnetic moment direction). For a large, classical moment the quantum 

mechanical operator s can be approxirnated by the oumber S. 

We find wd by looking for normal modes of the system. Following Appendix B 
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we find two degenerate spin-wave modes with dispersion 

We have expressed 0 in terms of (hkl). The periodicity of hwd arising frorn the 

magnetic structure restricts the  physically relevant 0 to the magnetic Bdlouin zone 

(to be described in Chapters 3 and 5). 

There is another term arising from this calculation (see Appendix B) which States 

that the spin waves are most intense near a magnetic scattering peak in reciprocal 

space and weakest at a nuclear scattering peak. This term is sometimes known as the 

matrix element but it is referred to here as the amplitude factor, 

It contains the same periodic functions as the expression for hwG. 



Chapter 3 

Transport Properties and Magnetic 

Phase Diagram of FeGes d 

3.1 Theoretical Background 

Much of t his chapter involves some fairly basic notions of transport in metallic systems 

and spin-density-wave ordering. We introcluceci these topics in Chapter 1 and develop 

them in more detail here. 

3.1.1 Transport and Electronic Structure in Metals 

The defining characteristic of a metal is that it has electrons which are able to move 

throughout the material rather than being confined to specific atoms. The transport 

properties refer to how these electrons move under the application of electric and 

magnetic fields. 

Electrons are fermions and obey the Pauli exclusion principle: no more than 

one fermion can occupy a certain quantum state, so that each state contains O or 1 

fermion. Most rnetals, in the grossest approximation, behave as a degenerate quantum 

gas of non-interacting, free fermions. The occupancy f of a state with energy e at a 
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temperature T is given by the Fenni-Dirac distribution [5S], 

where p is the chernical potential. (Note the similarity to equation 2.33 which, when 

rearranged, is the equivalent expression for bosons with p = O.) Suppose that the 

temperature is quite small. If a < p, then f % 1 and if e > p ,  f c O.  So c = p is a 

threshold energy between occupied and empty states [52] .  For a degenerate gas this 

energy is referred to as the Fermi energy CF; it depends on the density and the m a s  

of the fermions. In Fig. 3.1 we plot f versus c for various values of temperature. The 

part of the distribution which deviates from O or 1 occurs over a region roughly kBT 

wide. 

For a free, non-interacting gas of electrons we can find the solution of Schrcdinger's 

equation. This gives the energy levels or orbitals which are labelled by quantum num- 

bers corresponding to the momentum or wavevector of the orbital: k ,  k , .  In the 

degenerate limit al1 of the orbitals are filled up to CF. Viewed in the three-dimensional 

Qspace (see Section 2 3 ,  plotting the wavevectors of the occupied orbitals, this 

degenerate electron gas is represented by a sphere of radius tF = J2m,cF/h which 

is filled inside and empty outside. The constant-energy manifold at ÉF in Qspace 

which separates occupied from unoccupied states is the Fermi surface. 

We can calculate CF by requiring that the total nurnber of filled states equals the 

number of fermions in the system. Such a calculation can be done by integrating in 

energy up to CF over the density of states in Q-space. The result is 

where N is the number of electrons and V is the volume. For typical electron con- 

centrations in metals c~ is several eV. Hence the smearing of the Fermi surface is 

quite minor (kBT = 26 meV at 300 K) and the surface remains a sharp boundary at 

room temperature. The transport properties are determined by the electrons in this 
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Figure 3.1: The Fermi-Dirac distribution function for several values of k s T / p  plotted 
venus € / p .  For ksT < p d l  states below É = p are filled and al1 of those above 
are empty. This cutoff between occupied and unoccupied states is the Fenni energy. 
Increasing temperature smears the boundary. 



smeared region since they are the only ones which are free to move to  unoccupied 

neighbouring orbitals. Al1 other electrons me unable to respond to the applied fields. 

Several important modifications are made to this model for use in r ed  systems. We 

have ignored the periodicity of the crystal so far. The lattice of positive ions can be 

taken into account, maintaining the one-electron approach, by including a potential- 

energy term in the Schrodinger equation for an electron orbital [53]. Bloch 's theorem 

states that solutions must have the special forrn 

where u#) = uz(T + p) has the same periodicity as the lattice [54]. 

The potential energy in Schriidinger's equation may be expanded in a Fourier 

series using the reciprocal-Iattice vectors. This periodicity restricts the physically 

relevant L which appear in Bloch's theorern. Certain energy ranges n o  longer have 

a propagating solution as they did for the free electron case. We can understand 

this concept by considering the Laue conditions for an electron, which can elastically 

scatter through any reciprocai-lattice vector. If the end of & lies on the plane that is a 

perpendicular bisector of a reciprocal-lattice vector, then elastic scattering is possible. 

These planes define the Brillouin zone [55, 561. (Not related to the "zone" of reflec- 

tions descri bed earlier.) Geometrically one constructs the Brillouin zone by s tarting 

with the central point in the reciprocal lattice. Now draw the vectors connecting 

to al1 other points and the set of planes which are perpendicular bisectors of these 

vectors. The enclosed volume containing the central point defines the jrst Brillouin 

zone. The volume enclosed by the next set of planes, not counting the first Brillouin 

zone, defines the second Brillouin zone, and so on. The zone nurnber is given by the 

smallest nurnber of planes that must be crossed to return to the first plus one. Each 

Brillouin zone has the same volume and may be translated back piece by piece to 

the first using the reciprocal-lat tice vectors. Such a transformation is made possible 

by the periodicity of the reciprocal lattice. This is referred to as the reduced zone 

scheme. The procedure for constructing the first Brillouin zone is identicd to that 
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for constructing the Wigner-Seitz unit ce11 in real space [57]. Since it is a "unitn ce11 

it can be used as a repeated unit to fill al1 of real space. The Wigner-Seitz ce11 is also 

primitive and contains only one reciprocal lattice point. 

There are different approaches for electrons that are tightly bound t.o the ions and 

those that are nearly free. The main result, in both cases, is that the energies c i ( k )  of 

the orbitals as a function of the crystal momentum form energy bands, labelled here by 

fi2 k2 the index i. Previously we just had one, continuous, free-electron band e ( i )  = , . 
As before, the electrons fill up the bands to e~ and the electrons at  the Fermi surface 

determine the transport properties, wit h one important difference. If a band crosses 

the Fermi energy, or the Brillouin zones are not al1 completely full or completely 

empty, then the material is a conductor since scattering into neighbouring energy 

states is possible. This need not be the case because of the energy gaps between the 

zones. If the Fermi energy occurs in a gap, then the band below is completely filled 

and the band above is completely empty, or alternatively, one zone is completely full 

and the next is completely empty. The electrons in such a system are unable to move 

throughout the crystal in response to electric fields. In a semiconductor, the energy 

gap is small and the temperature smearing allows for some conduction. Insulating 

compounds have a large energy gap and conduction is not possible. (In this case the 

concept of a Fermi surface is not defined.) 

Physically each Brillouin zone describes the group of k's (crystal mornenta) which 

are used to  label the functions in Bloch's theorem. They are distinct or irreducible 

subject to the lattice periodicity since no translation by G', the symmetry operation 

of the lattice in Q-space, lies within any one zone. Depending on the relative size 

of the reciprocal lattice and kF, the spherical free-electron Fermi surface could span 

several distinct zones. The Fermi surface is broken up with the zones. If one remains 

in the same indez zone, then c i ( t )  for other L outside of the central region can be 

found by simply translating through any reciprocal lattice vector. This implies that 

each zone is repeated around every reciprocal lattice point: the repeated zone scheme. 

If the bands are continuous and differentiable in any one zone this periodicity implies 

that the bands must approach the zone with $ = 0, and that the Fermi surface must 
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intersect perpendicular to the zone boundary. Hence, the shape of the Fermi surface 

necessarily changes from spherical where it intersects the zone boundary. When this 

happens in the free-electron band an energy gap opens. These gaps are the physical 

effect of the periodic potential of the lattice. The deviation away from the free- 

electron band depends on the strength of the interactions with the crystal lattice. 

The Fermi surface now consists of several sheets in the different zones. The sign of 

the curvature of these sheets determines whether the charge transport due to that 

bit of Fermi surface appears to occur with negatively charged carriers (electrons) or 

positively charged carriers (holes). The curvature tensor (second derivat ive of c i (k ) )  

determines the effective mass tensor of the charge carrier. 

Consider the topology of the Fermi sheets in the repeated zone scheme. If a carrier 

is moving Uin Qspace" in a certain direction along a Fermi sheet which extends to the 

zone boundary, then it may be possible for the carrier to  move arbitrarily far away 

from its original position by passing from one repeated unit to another (provided this 

orbit is not on a closed "pocket" a t  the zone boundary). This is known as an open 

orbit. If the sheet does not reach the zone boundary and the carrier remains confined 

within a limited region of Qspace, then this is a dosed orbit. 

The previous discussion has dealt with some of the basic features of electronic 

structure for a free-electron gas or neady-free electron metals as related to transport. 

Let us continue by specifically discussing electrical conduction. If E, are the com- 

ponents of the electric field applied to the conductor and jB is the resulting current 

density, then the conductivity tensor, a,p, is defined to be 

with surnmation over the repeated index p. Determination of o,p is a complicated 

problem and involves the correlation of the current operator to the current operator in 

a different direction at a later time (the Kubo formula). Often a semi-classical treat- 

ment through the Boltzmann transport equation [58,59] is used as an approximation. 

This approach balances the changes in the Fermi distribution fL through diffusion 
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(from temperature gradients), applied fields, and scattering. Impurities, phonons, 

and magnons are the main sources of scattering. The simplest semi-classical mode1 

for the transport assumes that the effect of the scattering is given by a relaxation time 

r. A free current decays in this characteristic time. In this simple picture the Fermi 

surface acts as though displaced by erE lh  in Q-space. The resulting conductivity is 

where the integral is perforrned over the Fermi surface and GE = V, c ( i )  is the group 

velocity of the electrons at  the Fermi surface with appropriate components cr and P. 
For many materials and no applied magnetic field, Cao is diagonal if the components 

are along high-symmetry directions. One can then define oc,, O,, and O,, for the 

different directions. The inverse of a is the resistivity p. The appropriate expression 

i s 

3.1.2 Spin Density Waves 

In addition to the crystal field, electron-electron interactions were also neglected in 

our free, non-interacting electron picture. It might seem a bit surprising that we have 

considered electrons, which interact strongly over long ranges through Coulomb forces, 

to  be non-interacting. The validity of this assumption results from the background 

charge of positive ions and the ability of the mobile electrons to screen the Coulomb 

interactions, remarkably reducing their range. 

The simplest approach (Hartree) [60] is to t reat the elect ron-electron interactions 

and the crystal lattice using an average background potential (a mean field) in the 

one-electron Schrodinger equation. Since the potential energy experienced by one 

electron orbital is determined by the rest of the occupied orbitals, these equations 

must be solved self-consistently. This is sometimes referred to as the self-consistent 

field approach. One important correction is to account for the antisymmetry of the 

overall fermion wavefunction (Hartree-Fock) so that exchasge of any two electrons 



changes the sign of the wavefunction. This leads to the exchange interaction which 

contributes an integral operation performed over exchanged orbitals of like-spins. It 

is a negative correction to  the energy of an electron gas because electrons of the same 

spin tend to avoid each other (Pauli exclusion) giving a lower electrostatic energy. The 

spin dependence of the exchange term can lead to different densities and distributions 

of spin-up and spin-down electrons (magnetic states). 

A simple spin density wave (SDW) arises from allowing a non-uniform spin density 

in an electron gas (no underlying crystal, electrons fully itinerant) with a uniform 

charge density [6]. If we had a uniform spin density, then the gas would have full 

translationai and rotational symmetry. Now suppose that the gas has the reduced 

symrnetry property that different locations, r'and r'+ are related by a rotation of 

the coordinate axes by 4 -  i about a unit vector û. There is a periodic translation 

vector f (now referring to the magnetic properties rather than the crystal lattice) 

where the rotation about û is = 2n and the coordinate axes are returned to their 

original orientation. Al1 sites separated by are equivalent. Utilising this periodic 

syrnmetry, if there is a finite rnagnetisation vector M(F)  arising from the spin density 

of the electrons we find 

ivi(F) = Al(r '+ Y). 

This periodic rnagnetisation and the symmetry relation define a simple SD W with 

wavevector f given by the symmetry. 

Since the gas is invariant under translation and exp(i f 3 = 1, q is a re- 

ciprocal lattice vector. If the appropriate Laue condition (with non-zero magnetic 

structure factor) is satisfied, new neutron scattering peaks, magnetic satellites, offset 

from crystal scattering peaks by 4, appear. The appearance of magnetic satellite 

peaks is the signature of the development of magnetic order. (Not only SDW order 
4 -0 4 

but any periodic T suffices. In the case of ferromagnetism, where Tmagnetic = fiatticer 

the magnetic and crystal scattering peaks coincide.) As mentioned in Subsection 2.2.4 

the scattering intensity of a satellite is proportional to the square of the component 

of M perpendicular to the mornenturn transfer (= g,,,t,i + 3. Meauring severd 
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satellites gives information about the orientation of 6, $, and M. A simple spiral 

or helical structure is an example of a simple SDW with û II Q, which looks like an 

instantaneous view of a circularly polarised electromagnetic wave. More complicated 

SDW states are combinations of simple SDW states with different û7s and {'S. Corn- 

bining simple SD W7s of different relative phases could generate "linearly" polarised 

structures rat her t han spi rais, similar to superpositions of circularly polarised light. 

Non-sinusoidal magnetic structure can be described using higher harmonies which 

produce higher-order satellites. 

We have discussed SDW states with reference to an electron gas with no underlying 

crystal structure. In a strict sense then the SDW is a property of an electron gas, 

where the electrons are completely free to rnove and there is no need for to be 

cornmensurate with the lattice spacing of the crystal. Consider the ground state of the 

degenerate electron gas where exchange dominates the electron-electron interactions. 

We mentioned in Chapter 1 that Overhauser [7] proposed a SDW solution with q = 

2kF. The reason for this particular q is it corresponds to a peak in the Lindhard 

magnetic susceplibility ~ ( g 7  [SI. It will be peaked when a transfers an electron from 

an occupied state to an unoccupied state with the same energy, i.e. across the Fermi 

surface. When q is a Fermi-surface diameter many states contribute with the same ij' 

since the opposite sides of the Fermi surface are parallel (an effect of the geometry). 

This peak in ~ ( q ' )  corresponds to the 4 where the system is most unstable to formation 

of a SDW since this represents the largest energy decrease through a self-stabilising 

magnetic structure. This phenornenon is known as Fermi-surface nesting. Self-nesting 

occurs if the two nested pieces of Fermi surface lie on the sarne sheet. Nesting is 

maximised when there are two large pieces of Fermi surface that are nearly parallel 

and separated by 4. 
In the elect ron-gas limit of magnetism, where the electrons are completely de- 

localised or itinerant (e.g. chromium [9] and its alloys [IO]) Fermi-surface nesting 

drives the SDW ordering. In contrast, the rare earths are examples of localised, 

although metallic, magnetic systems [l]. The f electrons are tightly bound to the 

parent atoms and the crystal field interactions are strong, much stronger than the 
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corresponding effect for d electrons in the transition metals. Incornmensurate struc- 

tures are still possible since the magnetic interaction between the ions is mediated by 

the conduction elect rons (indirect exchange). Competi t ion between these interactions 

leads to complex magnetic structures in the rare earths with several commensurate 

and incommensurate phases. The magnetic behaviour of FeGez has features of both 

localised and purely itinerant magnetism. We will demonst rate t hat the transition 

to the incommensurate SDW appears to be driven by Fermi-surface nesting (itin- 

erant exchange). The effect of the crystal lattice is also significant and causes the 

incommensurate SDW to become commensurate at lower temperatures. 

3.2 Basic Properties of FeGez 

FeGep is a metallic system with a body-centred tetragonal, CuA12 crystal structure. 

A tetragonal lattice has lattice vectors a;, al (both of which compose the a-axes), 

and c z  (the c-axis) with a not equal to c. These axes are mutually perpendicular and 

the plane perpendicular to the c-axis is the basal plane. The body-centred symmetry 

implies that the basis is attached to points 000 and # in the unit c d .  The ba i s  

is composed of iron atoms at 000 and +O and germanium atoms at [O. l58,0.658, il, 
[0.842,0.342, $1, [0.658,0.842, $1, and [0.342,0.158, a]. The symmetry group is D:; and 

space group I4/rncm [24]. The crystal structure is shown in Fig. 3.2. The germanium 

atoms are positioned on a square rotated by f 20.2O relative to the unit cell. A 

glide transformation (arising from the body-centred symmetry) from layer to layer of 

germanium atoms maps the clockwise rotation to the counterclockwise rotation. At 

roorn temperature the length of each a-axis is 5.908 A and the length of the c-axis is 

4 . 9 5 ~ 4  [NI. There is a large difference between the spacing of neighbouring iron atoms 

along the caxis (2.478 A) and in the basal plane (4.178 A along the [Il01 direction). 

This difference is the underlying cause of the drarnatic magnetic onisotropy. The 

c-axis spacing is very close to the nearest-neighbour spacing in pure iron (2.86 A). 
The magnetic interaction in this direction is likely due to overlap of d orbitals (direct 

exchange) as it is in pure iron and is ferromagnetic (favours parallel alignment). The 
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Figure 3.2: The body-centred tetragonal crystal structure of FeGe2. We show the 
unit cell defined by the iron atoms (O) with the c-axis in the vertical direction. The 
germanium atoms (a) lie in the basal plane with a $ide transformation connecting the 
neighbouring layers. The unit cell dimensions along the a-axis and c-axis are sirnilar 
(so the structure does not "look" tetragonal) but the iron spacing is quite different 
in the basal plane and along the c-axis. 

Figure 3.3: The low-temperature magnetic structure of FeGez. The arrows represent 
the magnetic moments associated with the iron atoms. Each moment is ferromag- 
netically aligned (solid lines) with its neighbours along the c - a i s  and antiferromag- 
netically aligned (dashed lines) with its neighbours in the basal plane. The resulting 
structure is ferromagnetic chahs along the c-axis digned oppositely to nearest neigh- 
bours. Note that the specific arrow direction in the plane is arbitrary and is only 
meant to show relative alignment. 



high Curie temperature in pure iron (1043 K )  reflects the strength of this interaction. 

The magnetic interaction in the basal plane, on the other hand, is likely mediated by 

the conduction electrons (a combination of itinerant and indirect exchange). There 

may also be some superexchange mediated through the germanium atoms. 

The low-temperature magnetic structure is shown in Fig. 3.3. As expected there 

is FM alignment along the c-axis. The basal-plane interaction appears to be AFM for 

near neighbours as seen for indirect (rare earths) and itinerant (chromium) exchange. 

The structure can be simply viewed as FM chains running along the c-axis with 

each c h i n  aligned opposi tely to i ts four neighbouring chains, giving two magnetic 

sublattices. Notice that this breaks the body-centred symmetry since the moments 

associated with iron atoms at  [O001 and [f !&] are now antiparallel. The magnetic 

moment lies in the basal plane with a value of 1.2 ps [24]. Neither powder studies 

nor single-crystal studies [61] have been able to give the exact orientation of the 

moment in the basal plane. A polarised neutron study would be required for such a 

determination. Viewed as a SDW the periodic magnetic vector 5? can be dong any of 

four directions with length "a" since al1 of these atoms are magnetically equivalent. 

Possible values of ij for the magnetic satellites are ( H O  0) and (O Il 0). The structure 

factor for the body-centred tetragonal structure only has peaks for h + k + 1 even (such 

as (110) and (002)) so magnetic satellites occurs at h+k odd and 1 even. The magnetic 

zone is half the size of the Billouin zone in the basal plane and identical along the 

c-axis. 

At high temperatures the incommensurate SDW in FeGe2 may be viewed as a 

long-wavelength periodicity in the basal plane superimposed on the simple AFM 

structure. At TN the deviation from the cornmensurate structure is q = 0.05 a' and 

5? is 2*(0.05 a')-' = 20 a. (So after 10 lattice spacings the SDW would be 180" out 

of phase with the simple low-temperat ure AFM structure.) Four magnetic satellites 

develop in the incommensurate phase near the (100) position along the (100) and 

(010) directions. This group of peaks represents the deviation £rom the simple AFM 

structure which has only the single peak at (100) and is similar to spin ordering 

observed in Cro.95V0.05 [Il], LaZ-rSrrNiOl 1621, V2-& [Cl], and La2-zSrzCuOr [15] 
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The SDW ordering in the latter 3 cases ( Mott-Hubbard systems) is coupled to charge- 

density-wave ordering and refiects a strong coupling between spin and charge degrees 

of freedom. 

3.3 Magnetic Phase Diagram of FeGez 

Our results for the resistivity, p(T), of FeGe2 between 0.3 and 300 K in zero magnetic 

field for current i along the [100], [110], and (0011 directions are shown in Fig. 3.4. 

The resistivity ratio, p(300 K)/p(0.3 K), is 50 for al1 three crystal directions indicating 

a relatively high-purity sample. There is roughly a factor of two difference between the 

c -a i s  and the basal-plane directions, and a moderate difference (15 %) between the 

basal-plane direct ions. We expect the anisotropy in FeGe2 because of the dissimilar 

iron spacings in the two different directions and the planes of germanium atoms 

parallel to the basal plane. 

TN and Tc-ic are well resolved as anomalies in the resistivity in both the [Il01 

and [IO01 directions, giving values of 289 f 2 K and 263 f 2 K respectively. These 

temperatures agree with other phase-transi tion measurements, notably neutron scat- 

tering [24]. The phase transitions can also be seen as anomalies in the c-axis data but 

are quite subtle, especially the commensurate-incornmensurate transition. It is not 

surprising t hat the [O011 direction is relatively insensitive to the transitions since the 

< of the SDW is in the basal plane. The initial magnetic ordering makes a difference 

to p 11 [OOl],  but the commensurate-incommensurate transition has little effect on 

carriers rnoving along the c-axis. 

Much of the uncertainty ( f 2  K in the transition temperatures) which comes 

from the resistivity measurements is due to lack of a full t heoretical model. Such a 

model would predict p(T) from first principles and include scattering from phonons, 

magnons, and impurities as well as the different bandstructure associated with each 

of the magnetic phases. TN and Tc-Ic would be included as adjustable parameters 

in the model that would be used to fit p(T) (and ultimately the magnetic field de- 

pendence of the resistivity). The high temperatures make it dificult to accurately 
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Figure 3.4: Resistivity as a function of temperature in zero field h m  0.3 K to 300 K. 
Measurements for i 11 [100], [110], and [O011 are shown. Note the anisotropy between 
the in-plane and out-of plane directions: the room temperature resistivities differ by 
a factor of 2. The inset highiights the  phase transitions observed in measurements 
dong [110]. 
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calculate al1 of the scattering. The observed anomalies are certainly associated with 

the phase transitions but occur over a temperature range of 4 K or so. Notably 

the Néel transition exhibits a local maximum, inflection point, and a local minimum. 

Without the aforementioned mode1 it is not possible to Say which feature corresponds 

exactly to TN. For consistency we chose TN as the inflection point and Tc-rc as the 

knee of the p(T) curve (discontinuity in the second derivative). These choices give 

transition temperatures which agree with those established by other methods. The 

resistivities themselves are in fair agreement with previous measurements made by 

Krentsis et al. (251; at  room temperature we obtained p[loq = 72 f 8 pR - cm compared 

to 80 f 3 p R  cm, and p p , ]  = 167 f 17 pR cm compared to 140 f 5 pR cm. 

We proceeded to make measurements of the magnetic phase diagram for basal- 

plane fields. We measured the resistivity along [110], with the applied magnetic field 

f? along [Il01 and [100]. In principle w e  could rneasure the magnetic phase diagram 

by setting f7, performing a temperature sweep of the resistivity, and rneasuring the 

shifts in the anomalies to obtain the field dependence of the transition temperatures. 

In practice these temperature sweeps were time consuming and the data were not 

of very high quality. The Néel temperature could still b e  determined in al1 of the 

temperature sweeps taken at poH = 5 T, 10 T, and 15 T but rneasurement of Tc-rc 

from these temperature sweeps was difficult and unreliable. 

The best way to measure the C-IC phase boundary was using magnetic-field sweeps 

at constant temperature. These data sets for fi 11 [Il01 are shown in Fig. 3.5. The 

lowest curve on the plot was taken below Tc-Ic at 260 K and should be considered 

a reference with a smooth 1% increase in the resistivity with a magnetic field of 16 

T. The next curve is taken just above the zero-field Tc-rc at 263.6 K and a clear 

anomaly is visible at 3.7 T that is not seen in the previous curve. So a basal-plane 

magnetic field induces a cornmensurate-incornmensurate transition. This anomaly is 

reproduced at  higher temperatures for successively higher values of magnetic field, 

mapping out the C-IC phase boundary. We chose the boundary to be the inflection 

point on the p (poH)  curve. Both increasing and decreasing magnetic-field sweeps 

were performed. There was no difference (due to hysteresis) between increasing and 
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Figure 3.5: Set of magnetic-field sweeps dong [110] near the lower transition temper- 
ature Tc, showing the phase boundary. The temperatures are, from the bottorn to the 
top: 260, 263.6, 264, 265, 266.1, 267, 267.7, 268.5, and 269 K. Transitions are shown 
by arrows. Notice the difference in the curve a t  260 K where no transition is present. 
The uncertainty in poH at the transition is 0.2 T. The curves have been offset for 
sake of clarity; the T = 260 K and the T = 264 K curve have not been shifted. The 
other curves have been shifted up or down by 0.25 p 0  - cm for each step away from 
264 K. 
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decreasing fields sweeps. The increase in resistivity going into the cornmensurate 

phase is likely due to the formation of a magnetic zone boundary, cornmensurate 

with the Brillouin zone, causing increased carrier scattering ( Umkiapp processes), or a 

change in the carrier-magnon scattering in the basal plane. This increase makes sense 

upon consideration of the zero-field resistivity curve in the commensurate phase (Fig. 

3.4); p(T) in the incornmensurate phase (above 263K) is less than the extrapolation of 

the lineax variation of the resistivity from the low-temperature commensurate phase. 

The resulting rnagnetic phase diagram for l? 11 [110] is shown in Fig. 3.6. Results 

were identical within experimental uncertainty for I? II [100]. In the highest rnagnetic 

field achieved (16 T), Tc-Ic is shifted upward by 6 K and TN is decreased by 1.5f O J K .  

We have extrapolated the magnetic phase boundaries wi t h polynomials, 

where Hc and Tc are the critical magnetic field and temperature, i.e. where a11 three 

phases coincide. Hpb and Tpb are the magnetic field and temperature along the phase 

boundaries. For magnetic fields above Hc the incornmensurate phase is unstable at  

al1 temperatures; only the commensurate and non-magnetic phases are present. fl, 

and Tc are the two adjustable constants in the extrapolation. A fit to the points along 

the phase boundhes yields poHc = 30 T and Tc = 285 K. 

Although this extrapolation is not based on a physical theory and the phase dia- 

gram does not reach up to Hc, the essential point remains the same: the incommen- 

surate phase is stable up to roughly 30 T. This is in sharp contrast to the theory of 

Tarasenko et al. [32] which predicts Hc = 1 T for a basai-plane magnetic field. (This 

is also predicted to be a tricritical point.) The reason for this discrepancy is not 

clear. The theoreticd approach of Tarasenko et al. uses a free-energy expansion in 

powers of the sublattice magnetisation, and a subsequent Landau-Khalatnikov anal- 

ysis predicts the stability of the phases as a function of temperature and magnetic 
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Figure 3.6: Magnetic phase diagram of FeGe2 for d 1 1  [LiO] constructed frorn 
magnetic-field sweeps in Fig. 3.5 and temperature sweeps (not shown). Solid lines 
are used in our experimental range up to 16 T. The dashed lines are a simple extrap- 
olation to higher fields (see text). The phase diagrams for fields along [Il01 and [100] 
are identical within experimental uncertainty. 
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field. This analysis finds that the incommensurate SDW phase contains two distinct 

phases (longitudinal SDW and transverse SDW) separated by a first-order transition. 

The longitudinal SDW phase has a magnetic moment 6 oriented along ij and the 

transverse SDW phase has ni I 4. This extra transition would be required if the Néel 

transition were second-order [24] and the C-IC transition were first-order u p  to H, 

[28], since two phase boundaries of different order cannot coincide at  (Tc, H,). The 

predicted longitudinal phase is quite stable in a rnagnetic field (poHc = 30 T )  but 

only exists over a 20 mK temperature range below TN. This would make it virtually 

invisible to experiment. The transverse phase is then present over most of the IC 

temperature range but is destabilised in a 1 T applied magnetic field. 

The analysis of Tarasenko et al. contains several approximations concerning the 

magnetic anisotropy that are not strictly true, which might explain its failure to 

describe the observed phase diagram. The basal plane is assumed to have zero 

anisotropy, so the moments are free to choose any orientation, and the basal plane 

and c-axis are assumed to have infinite anisotropy, completely confining the moments 

to  the basal plane. However, in the basal plane there must be some preferred direc- 

tion for 5. There is sorne anisotropy between [IO01 and [110] in the resistivity data. 

Recent neutron-scattering measurements also show some basal-plane anisot ropy [63]. 

There is certainly a large degree of anisotropy (a factor of 15) between the basal 

plane and c-axis in the neutron-scattering measurements (discussed in Chapter 5) 

which probe the magnetic interactions directly [36]. Measurements of the magnetic 

susceptibility [29] show moderate anisotropy between the different directions (between 

[100] and [Il01 below Tc-rc and between (1101 and [O011 at  temperatures above and 

below TN). Another uncertain element of the theory is the estimation of the cou- 

pling constants between the magnetic field and the  fluctuations which appear in the 

Landau-Khalatnikov equations of motion. Our new data and some concepts intro- 

duced by Corliss et al. [24] should lead to a better prediction for H, and a better 

description of the magnetic phases in the incommensurate SDW region. This re- 

finement would be useful in dealing with similar compounds exhibiting C-IC phase 

transitions such as gallium- or arsenic- doped FeGe2 [35, 641, Cr + 0.2 a t  % V (651, and 



possi bly the previously ment ioned high-Tc oxides. 

3.4 Magnetoresistance of FeGe2 

We dso performed low-temperature (0.3 K)  magnetoresistance measurements for cur- 

rent dong [110] and [O011 for transverse and longitudinal magnetic fields up to 16 T. 

Magnetoresistance measurernents in pure metallic systems at low temperature yield 

information about the electronic bandstructure a t  the Fermi energy, notably the topol- 

ogy of the Fermi surface. 

A proper description of magnetoresistance is quite involved and will not be deait 

with here. ( A  semiclassical derivation of magnetoresistance is found in Ref. [66]. See 

also [67] and [68].) The main results can be summarised. Suppose a metallic system 

is carrying an electric current and a magnetic field d is applied perpendicular to this 

current, t hen the charge carriers are subject to the Lorentz force 2, 

(in Gaussian units) where q is the charge of the carrier and c is the speed of light. 

This force is perpendicular to both the velocity Gand d and causes deflection of the 

carriers from their original path. The strength of this deflection is characterised by 

the cyclotron /requency w,, 
q H  

WC = - 
mSc' 

where m' is an effective m a s .  The magnetic field is likely to have the greatest effect 

on the resistance if the charge carriers are greatly deflected before scattering from an 

impurity, phonon, or magnon in the relaxation time T .  The condition for magnetore- 

sistance effects is then w,r » 1 and magnetoresistance increases with applied field. It 

sat urates unless the nurnber of electrons and holes (essent ially electrons with negative 

effective mass) is equal (a  compensated material, not discussed in this treatment) or 

if there is an open orbit along the direction of the current flow. In the repeated zone 

scheme an open orbit results from a Fermi sheet which touches the edge of the zone 



and one can move along this sheet axbitrarily far away from the central zone. k can be 

changed by the magnetic field without limit, so no saturation occurs. The resistivity 

increases with the square of the applied magnetic field 1661. 

The magnetoresistance measurements were performed on the same (1 101 and [O011 

crystals that were used in the resistance measurements at higher temperature. A 

temperature of 0.3 K was used for magnetic fields up to 16 T applied perpendicular 

and parallel to the current direction. The results are shown in Fig. 3.7 where we have 

plotted the change in resistivity divided by its value in zero field. There is substantial 

magnetoresistance for both of the transverse measurements and no sign of saturation. 

The longitudinal magnetoresistance is expected to be quite weak compared to the 

transverse effect since the Lorentz force just causes caïriers to orbit in  corkscrew 

fashion independent of the velocity along the magnetic field direction. This is what 

we observed. Al1 sets of data from 1 to 16 T could be described using a power law: 

These fits are shown in Fig. 3.7. Other fits, such 

over this range but the logarithmic aspects of 

sensitivi ty over this small number of decades. For 

(3.12) 

as polynomials, were less successful 

the power-law fit likely reduce its 

an open orbit the exponent a should 

be  equal to 2 for transverse magnetoresistance [66]. in fact a quadratic fit describes 

the measured points for both cases over the res t ricted field range pB H > 10 T. Over 

the entire field range we see behaviour intermediate to open and closed orbits with 

neither saturation nor H2-dependence of the magnetoresistance. This could anse 

from some combination of open and closed orbits cornplicated by sample impurities. 

Bandstruct ure calculations [34] show a Fermi surface with several sheets with closed 

orbits along [110] or [O011 but an open orbit along the FX or [IO01 direction near the 

(001) face of the zone boundary. 

We mentioned earlier that magnetoresistance effects would be greatest at low 

temperatures where the relaxation time is long. A rough estimate of the temperature 

dependence of the traverse magnetoresistance can be made from Fig. 3.8 for current 
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Magnetic Field (T) 

Figure 3.7: Magnetoresistance Ap/pH=o  data for i 11 [Il01 and [OOL] for longitudinal 
and transverse d. The solid lines are power laws A p / p H , o  oc Ha for fields greater 
than 1 T with a values, from top to bottom, . 41 (5 ) ,  1.54(5), 0.79(6), and 0.48(6). 
The uncertainties arise from the variation in fit over different magnetic field ranges. 
Some data points have been omitted for clarity. 
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Figure 3.8: Variation in magnetoresistance with temperature for i 11 [O011 and 2 (1 
[1 IO]. On this plot we can compare the magnetoresistaoce to the increase in resistance 
with temperature; a temperature of 70 K is roughly equivalent to a field of 10 T. Note 
how magnetoresistance decreases as T decreases. 
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dong [O011 where we have shown p(T) for various magnetic fields. We see that 

magnetoresistance remains unaffected up to 30 K and is still significant in a 10 T 

field up to 60 K. At this point the phonon scattering is large enough to reduce r and 

reduce the  magnetoresistance. 

3.5 Quantum Oscillations of FeGe2 

Magnetoresistance measurements provide one way to gain information about the or- 

bits at the Fermi surface. It is possible to make much more direct measurements, 

again using large magnetic fields on high-purity materials at low temperatures. In 

this limit the carriers show direct effects of the Ferrni-surface geometry through quan- 

tisation of electron levels. 

3.5.1 Quantum Oscillations 

Once again consider the situation where the magnetic field is sufficiently high and 

the relaxation time is sufficiently long that w,r » 1. Following Bohr's argument for 

the energy levels of a hydrogen atom, we require that a whole number of deBroglie 

wavelengths must occur over the length of the circular electron orbit arising from 

the applied magnetic field. This imposes a quantisation condition on the allowed 

electron energies and the Fermi sphere breaks up into Landau levels. In Qspace 

these appear as cylindrical sheets, with axes parallel to fi for free electrons. The 

spacing between these levels increases as magnetic field increases, and the levels move 

outward in Qspace relative to the Fermi surface. This causes changes in the density 

of available states at the Fermi surface which, as we have mentioned previously, 

afFects the resistivity. Many other metallic properties (magnetic suscepti bili ty is one 

of the most important from an experimental viewpoint ) are affected as well. Consider 

the Landau level wit h the largest cross-sect ional area t hat is j ust inside the Fermi 

surface. As field increases the dimension of this cylinder dong begins to vanish 

and vanishes infinitely rapidly just when its area matches the eztremal area of the 

Fermi surface. This gives periodic variations in the density of states at the Fermi 
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surface as magnetic field changes and more and more leve 

surface. Geometrically, orbits surrounding the extremal 

the Fermi surface. The above axguments are also valid fo 

surface. 

1s separate from the Fermi 

areas are the "bellies" of 

r the "necks" of the Fermi 

We will not go into the derivation of the periodicity with respect to the applied 

field 1691. The main result is that the periodicity A is in 1/ H and that the period 

depends on A,, the area circumscribed by the extrema1 orbits or the area of the 

Fermi-surface cross-section, 

There may be several extremal orbits coming from the Fermi sheets so several fre- 

quencies may appear. By changing the orientation of the magnetic field it is possible 

to scan most of the Fermi surface in this way. The amplitude of the oscillations, A, 

depends on the impurity scat tering in the sample, m* (the effective carrier mass), H, 

and T, 

T' is a parameter known as the Dingle temperature which accounts for the impurity 

scattering. Essentially the oscillations are wiped out if the carriers can freely hop 

between the Landau levels through impurity scattering or temperature excitations. 

3.5.2 Experimental Result s 

We observed quantum oscillations in the transverse magnetoresistance for fl 11 [O011 

and current dong [100] and [110]. In the case of magnetoresistance these are named 

Shubnikov-deHaas oscillations 1701. The i 1) [IO01 measurements displayed the more 

prominent oscillations so we used this setup for the full temperature and magnetic 

field investigation. (The two different samples st il1 had the same room-temperature 

resistance ratio so it is unlikely that the difference in oscillation strength is due to a 

difference in impurities). The largest amplitude oscillations are shown in Fig. 3.9 at 

T = 0.3 K. There is large transverse magnetoresistance as we observed previously in 

the samples oriented along [Il01 and [OOl], but above 7 T clear oscillations appew in 



Figure 3.9: Resistivity for i 11 [100] and H 11 [001] versus magnetic field at 0.3 K. The 
upper panel (a) shows the raw data and the lower panel (b) highlights the quantum 
oscillations. The data pictured are the residual from a quadratic fit plotted versus 
1 / H  giving a frequency of 190 & 10 T and an effective mass of 0.45 & 0.05 me. 



the data. To highlight these oscillations we have fitted the background magnetore- 

sistance to a quadratic function (open orbit behaviour) and considered the residud 

variation. In Fig. 3.9 we plot this against 1 / H  where the periodicity becomes evident. 

This periodicity verifies that we are dealing with a Fermi surface effect. A Fourier 

analysis gives a clear frequency of 190 k 10 T, unseen in quantum oscillation studies 

using magnetic susceptibility [33]; the observed frequencies were 35 T and 1630 T 

for H 11 [O011 in that study. With finer magnetic field resolution, we found evidence 

of these frequencies at 0.3 K but the amplitude of oscillation was quite small. The 

Fourier analysis also showed frequencies a t  62 f 5 T and possibly two frequencies near 

120 T. Interference from the frequency at 190 T may cover up other frequencies. 

Using equation 3.13 we obtain A, = (1.8 f 0.1) x IO-' A-* for the L90 T frequency. 

We have not studied the anisotropy of A,, but the single orientation still provides 

important information since the $of the SDW lies in the plane perpendicular to the 

c-axis. If the extrema1 orbit under consideration were circular, then the diameter 

from A. would be 0.142 f 0.004 a'. The previously mentioned frequencies would give 

diameters of 0.062 a' and 0.45 a', compared to the q of the incornmensurate SDW at  

TN, 0.05 a'. These results are summarised below. 

1630 f 10 (from [33]) 1 15.1 f .l 1 0.450 f .O02 

Frequency (T) 

35 k 1 ( from 1331) 

190 f 10 (this work) 

If our previous suggestion t hat the SD W transition is driven t hrough Fermi-surface 

nesting is correct, then the Fermi sheet from the 35 T frequency measurement would 

have the correct diameter for self-nesting (although a shape with parallel sides such as 

a square would be more favourable). Our frequency rneasurement is also the correct 

order of magnitude for self-nesting but would represent a significant deviation from 

the free-electron calculation. There is also the possibility of nesting between two 

different sheets as in chromium. If this is the case then the "diameter" values should 

not be compared to  p. 

A,  IO-^ A-') 
0.33 f .O1 

1.8 & 0.1 

Diarneter (a*) 

0.062 & .O01 

0.142 z t  0.004 
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The current scalar relativistic bandstructure theory (spin-orbit coupling not in- 

cluded) [34] has a Fermi sheet enclosing the zone centre which is roughly octahedral 

and corresponds to the high-frequency measurement . The low- frequency sheet is cen- 

tred about the c-axis [33] but the bandstructure theory does not provide a cornparison 

because the mesh of points in Qspace is not fine enough. The calculations do show 

one smail Fermi sheet near the Z point that might match the 35 T frequency. The 

190 T frequency memurement corresponds to a larger Fermi sheet and the calcula- 

tions show two possible candidate sheets near the (001) face of the zone: one centred 

about the c-axis and the other displaced halfway atong the AZ boundary (along the 

intersection of the (001) and ( 1  10) faces). It is not clear why the 190 T frequency 

was not detected in the previous deHaas-vanAlphen measurements. There are other 

sheets of intermediate size in the calculations which might match the other measured 

frequencies. 

We also obtained a value for the effective mass of the carriers from our Shubni kov- 

deHaas oscillations. We calcuiated the amplitude of oscillations as a function of field 

and temperature by using a Fourier transform on the raw data (no subtraction of the 

quadratic trend) expressed versus 1/H. To obtain the magnetic field dependence of 

the oscillations we needed the amplitude over a small range of H. A range which 

covered 2 oscillations was chosen and the resulting Fourier transform amplitude was 

interpolated to 190 T. This relative amplitude was fitted to equation 3.14 as shown 

in Fig. 3.10 resulting in a Dingle temperature of 1.2 f 0.1 K and an effective m a s  

of 0.45 I $05 electron masses. This effective rnass is comparable to the result for the 

carrier associated with the high-frequency sheet (0.51 f .O2 me) (331. 

The appearance of Shubnikov-deHaas oscillations in metallic systems is rather 

uncommon. Their appearance in FeGe2 suggests that the large magnetoresistance 

is a Fermi-surface effect (as we have described in terms of the orbits) rather than 

a change in the rnagnetic structure or magnetisation caused by the rnagnetic field. 

Given the large value of the Néel temperature and the critical magnetic field [32], we 

do not expect the rnagnetic field to change the magnetic structure significantly at low 

temperatures. Even if such a change occurred, as it does at high temperatures between 
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Figure 3.10: Fit to the amplitude of the Shubnikov-deHaas oscillations frorn 0.3 to 4 
K between 8 and 16 T. We have plotted log(A/T) versus T and HdL with appropriate 
error bars. The resulting Dingle temperature is 1.2 f 0.1 K and the effective mass is 
0.45 k 0.05 me. 
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the C-IC phases, the resistivity only changes by 0.25 pQ -cm. This is insufficient to 

account for the resistivity change of 15 pR cm at 16 T. 



Chapter 4 

Study of Gallium-Doped FeGe2 

We made resistivity measurements and neutron-scattering measurements on a gallium- 

doped sample of FeGe2 as we did for the pure compound. This study was motivated in 

part by the preliminary work of Kunnmann et al. [35] on the zero-field phase diagram 

of Fe(Gel-,M& where M represents either gdlium or arsenic. These rneasurements 

were made with X-ray diffraction and elastic neutron scattering on powders and single 

crystals. Slight changes were observed in the lattice parameters a and c. Al1 composi- 

tions still order antiferromagnetically with only a slight change in SN. However, large 

changes occur in Tc-ic. For gallium doping Kunnmann et al. observed a phase with 

SDW ordering along (1 10). There was also a temperature region where the SDW's 

along (100) and (1 10) coexist. The easiest way to explain these changes is in terms 

of the Fermi surface. Doping with electron donors and acceptors changes the carrier 

concentration and Fermi energy. The magnetic interaction, when it is mediated by 

the conduction electrons, is affected and could possibly be adjusted in a systematic 

way. This is the magnetic analogue of tailoring the electronic properties of semicon- 

ductors by doping with electron donors and acceptors. q of the SDW phase is likely 

affected through Fermi-surface nesting as is often seen in the previously mentioned 

chromium ailoys and doped Mott-Hubbard systems. 

We were able to obtain a gallium-doped single crystal of one particular compo- 

sition for an  in-depth study of the magnetic and transport properties. The specific 

composition of our compound was Fe(Ge.96Ga.a<)2; the parent single crystal was pro- 
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duced at the Ural Polytechnical University by A.Z. Menshikov in the sarne rnanner 

as the pure FeGe2 crystals described earlier (Chapter 3). The crystal was roughly 

semi-cylindrical with 1 cm radius and 1 cm in height. 

4.1 Transport Measurements 

Samples oriented along [Il01 and [O011 were prepared as described in Section 2.1. 

We show the results of our resistivity measurements in zero magnetic field in Fig. 

4.1. The presence of dopant leads to far more impurity scattering (dominates a t  low 

temperatures) and the resistance ratio is 1.9 cornpared to 50 in the pure compound. 

The room-temperature resistivity is quite similar to the values in the pure compound. 

This gives us confidence that t here has not been any drarnatic change in the electronic 

structure, which makes sense for light doping in a fully rnetallic parent compound. 

( We are not close to a met al-instilator transition.) 

Despite the background resistivity, the anomalies at the phase transitions in Fig. 

4.1 are far more pronounced than in the pure compound, especially the cornmensurate- 

incommensurate transition which now appears to be discontinuous or first-order. (Re- 

cal1 that ultrasonic measurements [28] indicated that the incornmensurate-cornmensurate 

transition in the pure compound is first-order but any discontinuity in p is unob- 

servable.) We summarise the transition temperatures as measured by anomalies in 

resistivi ty. 
I I 

We conclude that the overall strength of the interaction causing the magnetic order- 

ing is not that different, since TN has changed by only 3%. However, the cornpetition 

between the  exchange interaction and the cryst al field interactions has changed, re- 

sulting in an increased region of stability for the incommensurate phase, a strongly 

first-order transition, and a 30% decrease in Tc-rc This dramatic difference provides 

further evidence that the magnetic interaction in the basal plane is mediated by the 

Material Tc-IC ( K )  SN (K)  
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Figure 4.1: Resistivity versus temperature for gallium-doped single crystals. The 
phase transitions have been highlighted. Note the prominence of the transitions for 
the i 11 [Il01 data and the discontinuity at Tc-rc 
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conduction electrons. Gallium acts as an electron acceptor and changes the carrier 

concentration, affect ing the Fermi-surface diarneter and hence the wavevector depen- 

dence of the exchange interaction. Measurements of the magnetic phase d i ag rm 

to compare to the pure cornpound would provide additional information about the 

magnetic Harniltonian. 

The low temperature (below 20 K )  part of the phase diagram up to 16 T has been 

measured using magnetoresistance. These measurements of the [1 1 O] crystals wit h 

II [IIO] are shown in Fig. 4.2. We observe a phase transition indicated by the 

inflection-point anomaly at 12.3 & .3 T. This anomaly is temperature independent up 

to 20 K. It is dificult to Say exactly what phase boundary we are crossing at 12.3 T 

without further measurements in a magnetic field above 20 K. Our neutron-scattering 

measurements indicate that there are no zero-field transitions other than a t  TN and 

Tc-rc, so this phase boundary cannot intersect at a new temperature a t  H = O. If 

it represents the commensurate-incornmensurate boundary, the H-dependence would 

have to be opposite to that of the pure compound (Le. Tc-rc is decreasing rather 

than increasing in a basal-plane magnetic field). Also, the transition appears to 

be continuous (second-order) rather than discontinuous (first-order). On the other 

hand, if  it represents a boundary between AFM and no magnetic order, then there is 

a substantial decrease in the stability of the AFM phase with respect to H compared 

to the pure compound; recall that TN is decreased by only 1.5 K at  the highest field 

values for pure FeGez (Fig. 3.6). The other possibility is that the new boundary does 

not intersect the H = O line on the phase diagram and represents a new magnetic 

pliase not seen in zero magnetic field. Neutron-scattering measurements in a magnetic 

field would be needed to verify this once the boundary has been measured at  higher 

temperatures. 

Although there was some magnetoresistance it was only a 5% increase at  16 T 

over the zero-field value. Compare to the factor of 6 increase in the pure compound. 

The large amount of impurity scattering limits WJ since the relaxation tirne is short. 

As a result, there will be very little magnetoresistance. In the limit WcT « 1, it 

is impossible to make any statements about closed or open orbits. The quantum 
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Figure 4.2: Magnetic-field sweeps of resistivity for gallium-doped FeGe2 showing a 
phase transition at 12.3 f .3T for temperatures (from top to bottom): 0.3, 0.5, 1, 2, 
4,8, and 20 K. The 0.3 K curve is correct but the other curves have been sequentially 
offset by 0.25 pR -cm. The magnetoresistance is transverse with both the current and 
the magnetic field in the basal plane. The phase boundary, given by the inflection 
points of the field sweeps, is Bat up to 20 K. 
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oscillations, which could be used to measure the Fermi surface directly, are wiped out 

by impurity scattering. 

4.2 Magnetic Structure Measurements 

To complement Our transport measurements we studied a single crystal of Fe(Ge.9sGa.04)2 

using a triple-axis neutron spectrorneter. The magnetic structure was studied using 

elastic neutron scattering in double-axis mode (no analyser crystal, beam goes st raight 

from sample to detector, sums al1 Er values) and triple-axis mode (only sums Er val- 

ues over the resolution of the analyser). The inelastic measurements axe described in 

Section 5.2. We had the (010) direction perpendicular to the scattering plane of the 

spectrorneter (the plane containing &, &, and g) and we studied (hO1) reflections. 

These reflections (as represented in Q-space) lie in a plane which coincides with the 

plane of the spectrometer as depicted in Fig. 2.5. 

The basic method of determining the magnetic structure was to perform scans 

near the (100) position in &space along the (100) direction (the C direction of the 

spectrorneter). We show one of these scans in Fig. 4.3 at 200 K. The peaks are 

the four magnetic satellites resulting from the f of the SDW structure: (1 - q O O), 

(1  q O), (1 Q O ) ,  and ( l + q  O O).  The two peaks at (1 f g O )  overlap at the (100) 

position due to the coarse vertical resolution so the fit is to three Gaussians plus a 

Bat background giving the height, position, and full-width half-maximum (FWHM) 

of each. The three magnetic pe&s at these satellite positions verify thot we have an 

incommensurate SDW structure, as in the pure cornpound. In fact, t his scan is very 

similar to those appearing in Corliss et al. [24] for the incommensurate SDW phase. 

These peaks appear as satellites of (100) because they represent a modulation of the 

AFM structure. 

We wanted to study the magnetic structure as a function of temperature. Two 

characteristic properties of the structure are its magnetisation and its periodicity. The 

periodicity is given by q which was determined by taking haif of the difference between 

the positions of the side peaks along (100). This average of the positions reduces the 
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Figure 4.3: A scan in reciprocal space through (100) in the (100) or C direction 
showing three peaks. The fit is to three Gaussians with a Bat background. This scan 
in fact contains four magnetic satellite peaks as labelled in the figure. The central 
peak is due to coarse vertical resolution picking up the two out-of-plane magnetic 
satellites. These peaks give q = 0.11 1 f .O02 a*. 
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error caused by spectrometer misalignment. Thermal expansion of the crystal lattice 

changes the measured q value since the reciprocal lattice contracts simultaneously 

and the (100) peak "movesn inward. This effect can be accounted for by rescaling 

the units dong the C direction by the shifted position of the (100) peak (essentially 

measuring the lattice parameter through the d in Bragg's law). The overall accuracy 

of q is determined by the resolution, the dignrnent, and the quality of the crystal. 

Assuming that the peak position is determined to roughly a tenth of the FWHM, the 

error in q is k0.002 a'. The quality of this crystal (in terms of its mosaic, which is 

explained at  the end of this chapter) is poor. This makes the alignment uncertain 

and could lead to systematic errors in our final q values. The integrated intensity is 

proportional to the square of the sublattice rnagnetisation. The integrated intensity 

of the satellites from the Gaussian fits is the product of the height and FWHM. Only 

the height varied with temperature; the width is dependent only on resolution for 

long-range order. 

The integrated intensities and q of the rnagnetic satellite peaks between 8 K 

and 295 K near (100) are shown in Fig. 4.4. We see two phase transitions at 

Tc-rc = 184 f 1 K and TN = 280 f 2 K ,  in excellent agreement with our resis- 

tivity studies. Unlike the resistivity measurements, where the connection between p 

and magnetic phase is not clearly defined, neutron scattering rneasures the transi- 

tions directly. At TN the intensity of the magnetic satellites goes to zero (offset in 

the figure) as the magnetic order disappears. The initial q is larger than in the pure 

compound (0.12 a' compared to 0.05 a*). At Tc-rc a rapid change in magnetic peak 

intensity and position occurs. This transition is first-order, as we saw in transport 

measurements, with hysteresis of hl 1.5 K occurting in both peak intensity and q as 

shown in Fig. 4.5. The presence of hysteresis means that we can be sure that the 

transition is first-order rather than a rapid, but continuous, second-order transition. 

The low-temperature magnetic phase results from a lock-in traasition where q be- 

cornes temperature independent at a constant value of 0.099 f .O02 a*. Compare to 

q = O for the low temperature AFM phase in the pure cornpound. -4 temperature 

independent q is a strong indicator of a cornmensurate phase where the magnetic and 
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Figure 4.4: Plots of q (left scale) and integrated intensities (right scale) of peaks 
arising h m  SDW. These values are obtained by using Gaussian fits to the peaks. 
The intensities are in arbitrary units. Error in q is 0.002 a' for the peaks where long- 
range order is present. There is diffuse scattering occurring above TN which is shown 
wi th the errors indicated. 
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Figure 4.5: Hysteresis a t  the lower transition temperature occurring in the positions 
and intensities of the peaks. Warming r u s  are shown with solid symbols and cooling 
with unfilled symbols. Rate of temperature change was 1 K per hour between 181 
and 185 K. 
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lattice periodicity are linked and have the same temperature dependence. The sim- 

plest fraction in agreement with our measurements is q = a'. The measurements 

by Forsyth et  al. [71] at ILL with higher resolution confirm this q value. The presence 

of the lock-in phase in zero rnagnetic field may help to explain the phase transition 

at 12.3 T observed using resistance measurements. In the pure compound, we found 

(Chapter 3) that a magnetic field favours a collinear AFM phase (a SDW with q = 0) 

over one with non-zero q .  The magnetic field is possibly forcing the same transition 

to the collinear state in the doped compound. 

In addition to the lock-in, the commensurate-incornmensurate transition has a 

further feature not seen in the pure compound. In Fig. 4.6 we see weaker satellite 

peaks occurring below Tc-Ic. These peaks remain fixed in Q-space as temperature 

decreases. They do not show a smooth intensity increase and appear with a finite 

intensity below the first-order transition. At first glance we thought that these were 

second-order magnetic satellites ( higher harmonies of the primary S D W modulation) 

but they do not occur exactly at C = 1 f 2q. These reflections instead indicate the 

onset of further magnetic order. This was to be expected from the measurements on 

gallium-doped FeGez by Kunnmann et  al. which suggested a two-phase region and a 

SDW along (110) 1351. 

A first guess would be that the new ordering wavevector which generates these 

peaks is along one of the high-symmetry directions in the basal plane: (100) or (110). 

We performed scans at  10K along the (010) direction (perpendicular to the scattering 

plane) to distinguish these two possible wavevectors. In order to change Qz, which is 

usually fixed at zero, we manually tilted the cryostat, rotating the reciprocal lattice 

with respect to the spectrometer. (The indices of any peak now read (C Q, i ] ) . )  We 

tested this method by verifying that the prirnary magnetic satellites (1 $ O )  and 
- 

(1 $ 0) have Q, = f 0.1 a' as expected for the lock-in phase. This scan, showing 

the two peaks at their expected positions, is shown in Fig. 4.7(a). We can now be 

certain that the central peak in Fig. 4.3 is composed of two overlapping peaks which 

are out of the (hO1) scattering plane. A similar Q,-scan of the new satellite peaks 

in Fig. 4.7(b) gives positions (1.l75 f 0.11 O). The value of @' is not dong either 
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Figure 4.6: The development of extra satellite peaks (indicated by arrows) below 
Tc-rc near C = 0.76 and C = 1.24. We plot the logarithm of intensity to highlight 
the new satellites which are much weaker than the p imary  satellites. We can also 
see the shift in position and intensity at the first-order phase transition. This scan is 
taken in triple-axis mode which reduces the relative height of the central "overlapn 
peak. 
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Figure 4.7: The scans at 10 K out of the scattering plane along the (010) or Qz 
direction which v e d y  out-of-plane peaks. Arrows indicate the approximate peak 
positions which are resolved to roughly 0.02 a'. We see that the primary magnetic 
satellites occur close to Q, = f 0.1 a' in (a). The scan of the weaker peaks developing 
at C = 1.175 a* is shown in (b). These peaks are also out of the scattering plane at 
QZ = 0.11 0.01 a*. 
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high-symmetry direction. The aforementioned study of Forsyth et al. [71] shows this 

extra magnetic ordering as well, and confirms that it is not occurring along the (100) 

direction. This off-axis and off-diagonal ordering may arise from the orientation of 

the magnetic moment in the basal plane which is unknown in the pure compound. 

In Fig. 4.7 the peaks are wide and asymmetric, and one peak is much larger 

than the other. The peak position can only be measured to roughly 0.02 a' due to 

poor vertical resolution. This is an effect of the spectrometer, which is not designed 

for making out-of-plane measurements (no vertical collimation). We improved the 

vertical resolution somewhat by operating in elastic triple-axis mode rat her than 

double-axis mode. (The height of the analyser crystal limits the vertical range of 

angles which can reach the detector compared to the detector alone.) The strength 

of the central peak relative to the side peaks has decreased accordingly (compare 

Fig. 4.3 and Fig. 4.6). Measurements in the (hkO) zone would significantly improve 

resolut ion. 

Another significant effect on the resolution was the low-quality crystal which was 

split into several crystallites. The mosaic (.- 4 O )  is shown in Fig. 4.8. This represents 

a spread of alignment in the (001) scat tering planes and t here is no reason not to expect 

roughly the same spread in the (hkO) scattering planes. (Although for other materials 

with large crystal anisotropy or that have been "worked" in a particular way this need 

not be the case.) We attempted to align the spectrometer to the highest point of the 

mosaic to maximise the intensity of the weak satellites. This peak is quite narrow, 

making the measurement sensitive to rnisalignments dong 7 (essentially + in this 

part of Q-space). This slight rnisalignment explains the misrnatched peak intensities 

in Fig. 4.7(b); q-scans show a mosaic similar to that in Fig. 4.8 with equal peak 

heights for both satellites. Despite these limitations we can be sure that the new gis  

not along (100) or (110). 
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Figure 4.8: The crystal mosaic of the (100) scattering peaks of the "single" crystal 
of Fe(Ge.96Ga.04)2. The mosaic is obtained from a + scan (change of the crystal 
orientation) taken at  the correct 0 = (004). A perfect single crystal would have a 
sharply peaked function and a powder would have no peaks with constant scattering 
at al1 orientations. The observed mosaic is due to a number of crystallites each with 
its own relative orientation and hence its own scattering peak. We aligned to the 
highest point on the mosaic at  ?,b = -125.6O to get the highest number of counts. 
Unfortunately, this peak is very narrow (0.2O), rnaking our results quite sensitive to 
rnisalignments. 



Chapter 5 

Magnetic Dynamics of FeGe2 

The most detailed way of studying the rnicroscopic interactions in magnetic materials 

is to measure the generalised magnetic susceptibility using inelastic neutron scattering 

as described in Chapter 2. While elastic neutron scattering gives details of the static 

magnetic order, inelastic neutron scattering reveals the dynamic properties. We will 

first quantitatively discuss the various terrns in the cross-section and what we should 

expect in the raw data. We will describe the measurements that were made (both 

triple-axis and spallation-source data) and point out the relevant features. Then 

results of the data analysis using the full mode1 wi th  the instrumental cesolution 

will be presented. Finally we will look at  the temperature dependence of the c-axis 

magnetic dispersion to compare the different magnetic phases of FeGez and discuss 

the existence of spin waves above TN. 

5.1 Mode1 for the Scattering Cross-Section 

Following our discussion in Chapter 2 the expression for the dispersion in terms of 

the e space  indices (hk l )  is given by 
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and the partial differentid cross-section is 

These expressions are based on the two-sublattice model, so are only strictly appro- 

priate when we are in the low-temperature collinear antiferromagnetic phase. Let us 

consider the behaviour of each of these terms for our range of experimental pararne- 

ters. 

The dispersion, or the dispersion surface in (0, E) space, describes the energy- 

wavevector relationship of the magnons. Notice that the indices in Q-space occur 

as arguments of cosine functions so the dispersion in equation 5.1 is periodic. The 

magnetic Brillouin zone is the smallest periodic unit which is centred about ( h k i )  

where hhk1 = O. It is constructed by the sarne procedure as the crystal Brillouin 

zone provided t hat the q " s  from the magnetic order are included as reciprocal-lattice 

vectors. Looking at  the FM and AFM terms separately the points of zero energy 

occur w hen 

1 - cos(lr1) = O (5.3) 

and 

for al1 possible values of Jm and JAFM The first condition implies that 1 is an 

even integer and the second set of conditions (from the first and second terms in the 

dispersion respectively) implies that h and k are integers and their sum is odd or 

even. The conditions for maximum energy are opposite to those for minimum energy: 

î an odd integer and h + k half-integer. The magnetic zone boundary occurs a t  

these locations as well, half-way between the zone centres. Along the c-axis the zone 

extends to (001) and dong the a-axis only as far as 0.5 a* from the centre. Compared 

to the crystal Brillouin zone the c-axis dimension is the  same, and the basal-plane 

dimensions are halved since the repeat distance doubles. This is simply a consequence 
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of the new periodicity introduced along the a-axis by the antiferromagnetism. If we 

look at the FM and AFM parts separately we find the dispersion along the a-axis and 

c-axis to be 

h q O O  = 8SJAFM [l - cos2 (ah)]  4 = 8 s J ~ ~ n r  1 sin(* h )  1, 

and the boundary energies are 8s JAFM and 4SJFw. Both of these dispersion relations 

predict a monotonie increase from zone centre to boundary due to the neglect of 

interactions beyond nearest neighbours. One difference between the dispersion for 

different magnetic interactions is that near the zone centre the AFM spin waves have 

linear dispersion and the FM spin waves have quadratic dispersion. The slope is 

maximum at  the zone centre for AFM and half-way to the boundary for FM. Both 

dispersion relations approach the boundary with zero slope (a requirement of the 

periodicity ). 

Now consider the factors in the scattering cross-section. We measured spin-wave 

energies of typically 100 meV. At 11 K, ksT is roughly 1 meV giving & - 100. This 

is the zero-temperature regime and the exponential term in equation 5.2 is negligible 

for positive E and infinite for negative E. In physical terms, there are no thermally 

excited magnons of this energy in the system which could contribute to the scattering. 

The Bose thermal factor is effectively 1 for E > 0, and O for E < O except at the 

lowest energies and highest temperatures measured. 

We used a magnetic form factor appropriate for iron in the +3 oxidation state 

[72]. In practice the specific choice of oxidation state rnakes little difference to the 

final results. In Fig. 5.1 we show I F ( Q )  1' ovei a typicd range of Q . This form 

factor is modelled by three Gaussians plus a constant term and is accurate up to 

Q = 67r A-'. Even though the electrons are itinerant, this mode1 remains oppropriate 

since the atomic d orbitals and the resulting bands (for the localised and itinerant 

cases respectively ) have very similar s hapes. 

The next term is the amplitude factor. It contains the same penodic functions 
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Figure 5.1: The square of the magnetic form factor versus Q over a typical range. 
The form factor has been norrnalised so it approaches 1 at Q = O. Unlike the other 
functions which tend to be periodic in the different zones the form factor decreases 
rnonotonically. We can see that magnons beyond Q = 7 A-' are quite weak. 

Energy (meV) 

Figure 5.2: A plot of the amplitude factor versus energy for a typical HET experi- 
mental setup (Ei = 120 meV and 11, = - 1 7 O ,  corresponding to the Toby plot shown 
in Fig. 2.9). We chose 8SJaFM = 35 meV. These are spin waves emanating from 
Qc = 2 c*. Q. moves through several zones causing the amplitude factor to oscil- 
late. As energy increases the magnons become increasingly 1-dimensional and the 
oscillations weaken. 
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as hwd except as a quotient rather than a product. So the zeroes in liwo (at the 

zone centres) become zeroes and poles in the amplitude factor. Consider the FM 

and AFM limits. If there is no AFM interaction (JAFM = O ) ,  then the numerator 

and denominator cancel and we are left with unity. Hence pure FM spin waves are 

weighted evenly throughout the Brillouin zone. In the opposite, AFM limit where 

JFM = 0, we find the more interesting result 

which approaches infinity when h and k are integers and their sum is odd (AFM 

point). It approaches zero when the sum is even (nuclear scattering point). Although 

the spin wave spectrum is repeated around both the magnetic satellites and the nu- 

clear scattering peaks, we are only able to observe the spin waves near the AFM 

point. The pole indicates that long-range order is present and the spin waves merge 

into the magnetic satellites. Notice that each of t hese limits may also be reached by 

holding two of h, k ,  1 constant and scanning the other, as in the triple-axis measure- 

ments. IF we approach the AFM point along (100) the spin-wave intensity increases 

as (Awg)-' or l /E.  Such a simple scan is not possible with HET, consequently we 

see intermediate behaviour. To illustrate this point, imagine an HET contour along 

Qc = 2 c' running from E = O to E = 110 meV. Q, is also changing along this 

contour. We plot the amplitude factor for the nearby magnon pair versus E in Fig. 

5.2. The oscillations which appear are a result of changes in Q,. As the magnon en- 

ergy increases, these oscillations become increasingly damped. (The system becomes 

more one-dimensional at higher energies as the a-axis energy correction decreases in 

comparison to the total magnon energy.) 

The next term in the cross-section is the term arising from the susceptibility of a 

damped simple harmonic oscillator (DSHO). In Fig. 5.3 we plot X" as a Function of 

energy for several values of linewidth. This term describes the energy flow in and out 

of the magnon mode. For ï < hwq there is a sharply peaked response or resonance 

at the natural energy hwq of the magnon mode. If the peak widths are not limited 
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Figure 5.3: The imaginary part of the susceptibility for a DSHO as a function of 
energy for several values of the linewidth, r. We have plotted energy relative to the 
natural energy of the oscillator, bw. The values of & are 0.05, 0.1, 0.25, 0.5, and 
1 from the highest peak to the lowest. Note that the energy of maximum response 
shifts downward from Aw for large damping. 
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by resolution the peak height varies inversely as E r .  The width of the resonance 

also increases with increasing L' (hence the name linewidth). The integrated response 

satisfies the normalisation 

(We have omitting the explicit ( h k l )  or Q dependence of hw.) The approximation is 

valid for sharp resonance which has a finite response only at E = hw. This normali- 

sation insures that the cross-section, in the lirnit r -t O, approaches two zero-width 

&functions, as expected for a mode with no damping. X" is positive at E = hw and 

negative a t  E = -hw. When combined with the Bose factor the overall cross-section 

is positive for al1 values of E. In practical terms the 6-function limit occurs once 

r falls well below the energy resolution of the spectrorneter. We then measure the 

integrated cross-section as in equation 5.8 rather than the shape of the response. The 

total height and width of the magnon peaks become independent of r in this limit. 

5.2 Triple-Axis Neutron Measurements 

Conceptually, measurements of the magnetic dispersion using a triple-axis neutron 

spectrorneter are easier to understand because of the simple contours in (O, E) space. 

The peaks in these scans correspond to the excitations (magnons and phooons). FeGea 

was studied in this way by Holden et al. [30], concentrating on the collinear antifer- 

romagnetic phase at 4.2 K. Their measurements went up to 44 meV energy transfer 

(the range available from a thermal reactor). They observed magnons along the a- 

axis direction, an acoustic phonon (dispersion is magnon-like), an optic phonon (the 

dispersion is flattened and does not go to trw = O) ,  and the c-axis magnons. They 

measured the entire a-axis dispersion relation in the magnetic zone and the c-axis 

dispersion % of the way to the zone boundaxy. Beyond this the c-axis magnons were 

out of the energy ronge of the reactor. 

There are several ways that magnons can be distinguished from phonons. The 
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location of the Brillouin zone is different. For magnons it is centred about the mag- 

netic satellites rather than the nuclear scattering peaks, as is the case for phonons. 

Other distinguishing characteristics are the magnetic form factor, amplitude factor, 

and changing magnetic phases, none of which affect phonons. Polarised neutrons 

distinguish bet ween scat tering of magnetic (neutron spin-flipped) and nuclear origin 

(no spin-flip), and so can easily separate magnons from phonons. 

The triple-axis measurements of the cross-section are made by changing the various 

angles as descri bed in Chapter 2 to scan four-dimensional (a, E) space. A peak is seen 

whenever the resolution ellipsoid of the spectrometer [40] crosses the response function 

of an excitation in the dispersion relation. The ( h ,  k, 1, E) coordinates refer to the 

sarnple's reciprocal space and energy spectrum. They correspond to the spectrometer 

coordinates (C, Qz, q, E) for our setup. Since Q, = O we usually refer to <, q, and E. 

Typically, we make measurements by fixing two coordinates and changing or scanning 

the other. We show an example of a constant-E scan in Fig. 5.4. This is for pure FeGez 

taken near (102), a magnetic Brillouin zone centre, along the (100) direction with 

energy transfer 21 meV. There are two peaks in this scan near (' = 0.85 and 1.15 a' 

representing two magnon solutions with opposite momenta and the same energy. 

Since they are equidistant from the zone centre the magnitude of the mornenta is the 

same. The point on the dispersion relation from this scan is h = 1.12, hw = 21 meV. 

By using a combination of constant-E scans at different energies we con accurately 

measure the dispersion relation as long as the dispersion is not "flat" i.e. d E / d Q  is 

greater than zero and the peak width resulting from the resolution ellipsoid is not too 

large. 

The fit to the data accounts for the DSHO lineshape, the assumed shape of the 

dispersion surface, and the resolution of the spectrometer. These peaks are much 

wider than the elastic Bragg scattering peaks shown in Fig. 4.3. Bragg scattering is 

affected only by the width of the resolution ellipsoid in the E = O plane because 

of the strict energy-wavevector conditions. Diffuse scattering from magnons and 

phonons has greater flexibility of the Q and E values and is sensitive to the entire 

ellipsoid as it intersects the dispersion surface. This allows focusing as depicted in 
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Figure 5.4: Inelastic scattering near the (102) peak of single crystal of FeGep taken 
with constant E = 21 meV at 77 K. The fit is for a DSHO cross-section and has been 
corrected for the resolution of the spectrometer. The point on the dispersion relation 
is h = 1.12 a'. 

Figure 5.5: A sketch of the focusing effect. On the left we show a dispersion relation 
near a zone centre and the resolution ellipsoid. The plot on the right shows how a 
constant-E scan appears. The magnon on the left is unfocused and appears broader 
as the ellipsoid moves through the dispersion. The rnagnon on the right intersects 
the ellipsoid tangentially and appears narrower. The integrated intensity is the sarne 
for both peaks. 
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Fig. 5.5. An ellipsoid which intenects a dispersion surface tangentially shows a 

narrower, higher peak than an bbend-on" intersection. On opposite sides of the zone 

centre, the  orientation of the dispersion surface reverses while the resolution ellipsoid 

changes only slightly. One magnon is now focused relative to  the other. In Fig. 5.4 

the magnon on the < 1 side is slightly focused so it is higher and narrower. 

The quality of the fit is characterised by normalised or reduced Chi-squared ['73]. 

Suppose that we have N pairs of data points indexed as ( x i ,  yi)  and the error or un- 

certainty of each point is denoted by Ayi. (This procedure can be modified to include 

uncertainties Asi.)  We want to fit the pairs of points to a function, f(x), which de- 

pends on n adjustable parameters. The "goodness of fit" is rneasured quantitatively 

by reduced C hi-squared , 

YZ = - (f (xi) - ~ ( 2 ) ) ~  - 
l *y; 

- .  
/ u N - n i = i  u 

The second equality defines v = N - n as the number of degrees of jreedorn and xZ 
is the non-reduced Chi-squared of the distribution. The fit improves as X Z  becornes 

smaller so any fitting procedure attempts to minimise x:. The deviation of each point 

from its fitted value is measured relative to its uncertainty. If the uncertainty and 

deviation match (which they should on average), then x2 = N and division by v gives 

roughly unity for N > n. We include n as well because for each adjustable parameter 

which is added the fit quality measured by non-reduced x2 should improve (the extra 

variable reduces the deviation), even though the extra parameter does not necessarily 

improve the o v e r d  "goodness of fit." We should find X: 1 for a satisfactory fit. A 

significantly larger value indicates either uncertainties which are too small or an f (x) 

which does not accurately describe the data. A Xi < 1 is telling us we have probably 

overestimated the uncertainties, which should possibly be modified. Assuming that 

the uncertainties have been correctly estimated XZ should M l  between 0.8 and 1.2 

with 60% probability for u = 40 [74]. This probability rises to 83% for a range of 0.7 

to 1.3. Fits outside of this range are quite unlikely but we often look at  the changes 

in XZ a the fitting procedure is altered. 
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The fit shown in Fig. 5.4 has 4 variable parameters: a Bat background value, 

8SJaFM, r, and an overall scde factor. The value of 4SJFM is fixed to some ap- 

propriate value and has little effect on the result. This fit yields X :  = 1.13, which 

represents a satisfactory fit to the data. The point on the dispersion relation is 

hw = 21 meV and h = 1.12. 

Constant-Q scans are the standaxd way to rneasure the dispersion and can be used 

where the dispersion is not too "steep". An advantage of constant-Q scans is that 

they provide a direct measurement of the linewidth in terms of energy. The linewidth 

for a constant-E scan is inferred from the measured width in Q and the shape of the 

dispersion surface, which is not known a priori. The amplitude and iorm factor terms 

also ternain constant over the scan since Q is not changing. As well, there can be 

differences in the interpretation of the observed peaks in the different types of scans 

for diffuse scat tering. 

An example of a constant-Q scan is shown in Fig. 5.6. We see a magnetic peak at 

E = 26meV along with two phonon peaks at I l  meV and I7meV. This fit is generated 

by varying the same parameters as for the constant-E scan plus the positions and 

heights of the phonons. We fit to the phonons first. The linewidths of the phonons 

were set to be much smaller than the energy resolution (which is roughly 1 meV 

in this part of (d, E) space). Their rneasured widths are purely the result of the 

spectrometer resolution and focusing. (The lower energy acoustic phonon is focused 

in this scan.) We then varied the magnon parameters as for the constant-E scan. 

The final fit gave X S  = 1.07, again a satisfactory value. The point on the dispersion 

relation is h = 1.3, hw = 26 meV. 

In Fig. 5.7 we show the dispersion relation as measured by Holden et al. as well 

as some of our measurernents at 77 K. Since 7 = 1 = 2 for these measurements we 

can use the form of the dispersion given in equation 5.5. The fitted parameter is 

8SJAFM = 35 f 8 mev. The interaction strength is then SJAFM = 4.4 & 1.0 meV. 

The uncertainty cornes largely from the systematic error of fitting the curve to a 

one-parameter mode1 which cannot account for the flattening of the dispersion near 

the zone boundary; a mode1 using next-nearest-neighbour interactions also fails to fit 
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the dispersion for the entire region. Despite this shortcoming, this fit to the a-axis 

dispersion is used to account for the 3-D nature of the dispersion when making the 

measurements at higher energies with HET. The resolution then becomes too coarse 

to distinguish between the fit and the measured curve in Fig. 5.7. 

One prominent feature, as can be seen in Fig. 5.6, is the large linewidth of the 

magnons compared to that of the phonons. As previously mentioned the magnon 

lifetime depends on the scattering into other modes of the system. For a localised 

magnet ic system at low temperat ures, i t is dominated by magnon-magnon interactions 

and approaches zero. (At low temperat ures there are no t hermally exci ted magnons 

which can contribute to the scattering.) This scan was performed at  75 K (T/TN = 

0.25) and shows significant damping, which could perhaps be explained by magnon- 

magnon scattering. However, this damping was also observed at 4.2 K (T/TN = 0.015) 

for the resolution corrected fits (r = 2.2 meV for the same scan) pointing to some 

non-convent ional lifetime effect (to be discussed in Section 5.4). 

The rnost striking feature of the triple-axis measurements, which motivated our 

study at higher energies, is the large anisotropy between the (100) and (001) direc- 

tions. Holden et al. found that at roughly 30 meV the a-axis magnons have reached 

their maximum energy whereas the c-axis magnons are only one-tenth of the way to 

the zone boundary! While such anisotropy in the dispersion is seen in several mag- 

netic insulators such as CsNiF3 [5], it is unique among metallic systems. (Organic 

systems show some similar features [75].) Continuing the measurement of the c-axis 

dispersion requires much higher incident neutron energies than can be obtained from 

a reactor source. 

We attempted to make triple-mis measurements, similar to those of Holden et 

al. (described above), for the doped compound. Success was limited. The large 

crystd mosaic caused difficulties when making scans near (102). We worked near 

(100), another magnetic zone centre, to avoid this problem but were then limited 

to E = 11 meV by the spectrometer configuration. Also, at low T, there are four 

magnetic satellites compared to  the single (100) peak in the pure compound. Each 

satellite then acts as a centre for magnon dispersion which makes interpretation of 
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Figure 5.6: A constant-Q inelastic scan taken at (1.30%). The two narrower peaks at 
11 meV and 17 meV are phonons with resolution limited linewidth. The broad peak 
at 26 meV is a magnon with a resolution corrected linewidth of 7 meV. 

a-axis Dispersion 

0 4.2 K (Holden et al.) 
0 above, res. corrected 
A 77 K (res. corrected) 

- 
- fit with 8SJAFp35 rneV 

Figure 5.7: The dispersion as measured by Holden et  al. at 4.2 K (peak positions 
are open symbols and the resolution corrected points are the solid symbols) dong 
with our results at 77 K. The fit is for 8SJAFM = 35 mev. Note that correcting for 
resolution bas very little effect on the dispersion for the data of Holden et al.. 
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the scons difficult and causes a four-fold decrease in the intensity of any individual 

branch. We did see broad (0.4 a* wide) magnetic scattering around the (100) position 

which increased at  energies near 8 meV, and a constant-Q scan at  (0.9 O 2) showed a 

magnetic peak at  8 meV and phonon peaks a t  14.5 and 18.5 meV. We were unable 

to find a clearly defined magnetic scattering peak in any constant-E scan. A higher 

quality single crystal as well as a more carefully considered instrument configuration 

may prove to be more successful. 

5.3 Measurements on HET 

The majority of the inelastic neutron scattering was performed at ISIS using the HET 

spectrorneter as described in Chapter 2. The single crystal used for the experiment 

was quite large (270 g, roughly 5 times the size of the crystal used for the triple- 

axis measurements). It was part of the same parent crystal as t h e  sample used for 

the quantum-oscillation experiments, which demonstrated its high quality and low 

irnpurity concent ration. 

As mentioned in Chapter 2 the chopper spectrometer measures the scattering 

intensity on an entire surface in four-dimensional ( h ,  k, 1 ,  E) space which maps to 

the spectrometer coordinates (Q., Qt, Qc, E) for Our sample. See Appendix A for 

the equations relating the detectors, angles, and the arriva1 times to Q, and Q,. 

The extra complication arises because this surface is not Bat, Le. the result is not 

simply a family of triple-axis type scans. This makes extraction of constant-Q scans 

impossible and constant-E scans move along curved contours in the Q,, Qc plane. 

The only variables that can be adjusted before any run are the incident neutron 

energy Ei, the orientation of sample relative to the incoming neutron beam $, and 

the temperature. We concentrated Our measurements at 11 K (the low-temperature, 

ground-state regirne), perfonning scans for incident energies of 80, 120, 300, 500, 

and 700 meV. We could extract data up to E = 540 meV irom these sets. The 

measurements for Ei = 80 and 120 meV were done with 11> = - 1 7 O ,  allowing us to 

capture one set of magnons in the same group of detectors over a large energy range. 
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For the higher energies we set (100) parallel to the incident neutron beam (11 = oO) 
so there was a reflection symmetry between left and right . We could then sum these 

detectors and improve our statistics. The table which follows gives a summary of the 

The raw data are also given in absolute units by using a vanadium reference sample 

at each of the above Ei values. This procedure is likely accurate to within 5% and 

involves summing detecton over energy. Absorption effects in the sample could lead 

to 15% error in the absolute units given the size of the sample and the high neutron 

absorption of iron. This error is not included in the error bars. The effect of the 

sample shape is likely quite small since no difference in scattering to the right and 

left was observed in the symmetric configuration even though the left and right halves 

of the sample were quite different in t e m s  of their shape. 

The resulting spectnun from an HET scan is shown as a Toby plot where the colour 

indicates the intensity. In Fig. 5.8 we show the spectrum for Ei = 120 meV, 11, = - 17" 

at 11 K. This plot involves a transformation from detector number, time coordinates 

to (0, E) as explained in Chapter 2 and Appendix A. The energy tramfer is increasing 
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Fi y r e  5.8: Inelastic neutron-scattering data with Ei=120 meV taken from HET. The 
intensity is in absoiute units of millibarns per meV per steradljan and is indicated by 
the colour. The energy transfer is given by the circular Toby contours in black at 
intervals of 20 meV. Notice the spin waves emanating from the points Q, = Oc' and 
Qc = 2 cm as the horizontal "rabbit earsn. The line of incoherent elastic scattering (no 
periodic 0 dependence) can be seen at E = O. There are also excitations occurnng 
below 30 meV (phonons and a- and c-axis magnons). 



as we move towards the apex of the plot in Qspace. The oaxis magnons are clearly 

visible as the horizontal "rabbit ears" emanating from the FM points Q, = O and 

Qc = 2 c*. This data set is a combination of two runs with total running time of 

roughly 12 hours but the magnoo features were clearly visible after 3 houn. This 

figure is dramatic evidence of the quasi-one-dimensionid behaviour of the magnetic 

dispersion. The periodicity along (001) is evident since the magnon dispersion is 

repeated and has reflection syrnmetry about the FM zone centres. No such periodicity 

is obvious for the (100) direction as Qa moves through several magnetic Brillouin 

zones. (Such a periodicity would give ring-like structures emanating from the AFM 

zone centres) . 
We c m  exploit the one-dimensional nature of the dispersion and discard the Qa 

variable, plotting Q, versus E, as shown in Fig. 5.9. The dispersion along the c-axis 

is now shown directly and appears very steep on this scale. We can now measure the 

dispersion by taking cuts through the data at a constant energy. Each cut is like a 

triple-ais scan which would typically take 6 hours at E = 25 meV. We show such 

a cut in Fig. 5.10. This cut averages the intensity over an energy range from 75 to 

80 meV. The Q, grid has a 0.05 cm spacing. A slight transformation of the data is 

involved in this process since it is originally binned as detector # and E. Compare 

Fig. 5.10 to the constant-E triple-axis measurement in Fig. 5.4. The point on the 

dispersion relation from Gaussian fits to the peak position is E = 72.5 f 2.5 meV and 

Qc = 0.18 f .O2 c* assuming 1-dimensional dispersion. If we simply apply equation 

5.6 we obtain 4SJFM = 500 mev, much higher than our earlier value of 8SJAFM 

(and nearly double our eventual value for 4SJFM). The power of the spallation 

source is that it maps out an entire section of the dispersion relation in the same 

time it would take to measure one point on the dispersion relation using a triple-axis 

spectrometer. (The situation would not be so straightforward if the system were not 

one dimensional.) In addition to the fast measurements, we axe able to reach much 

higher incident energies at ISIS than at a reactor since the incident neutrons are 

undennoderated. 

Now that we have discussed the terms in the cross-section let us compare their 



Figure 5.9: Same neutron-scattering data as in Fig. .5.8 except that energy transfer 
is now plotted directly versus Qc. Q, is also varying over the plot range so this 
representation only makes sense because of the quasi-1-D nature of the magnetic 
excitations dong the c -a i s .  The "rabbit cars" are now vertical and show the very 
steep dispersion directly as E versus Q,. 
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Figure 5.10: A constant energy cut of the neutron-scattering data in Fig. 5.9 showing 
the magnons with Gaussian fits near Q, = 2 cm. The energy cut is over a region 
between 75 and 80 meV and gives 1 = 0.18 for the dispersion relation. The signal-to- 
background ratio is roughly 3 to 1 in this regime. 
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predictions to  the data shown in Fig. 5.9. We treat this data using a series of cuts. 

Fitting the magnon peaks to pairs of Gaussians gives height, width, and position. We 

highlight the peaks emanating from Q, = 2 2. In Fig. 5.11 we show the Gaussian 

peak heights above background compared to the predicted cross-section. The smooth 

overall decrease is caused by the form factor. We can see from the peak heights versus 

energy that a strict one-dirnensiond model is not appropriate. There are oscillations 

arising from the AFM interactions in the basal plane. The amplitude factor in the 

cross-section accounts for the change in intensity with Qa. r can also cause a lecrease 

in peak height if it increases with energy. We show several fits for the peak height 

which include the form factor, the amplitude factor and î. Different curves are 

different functional forms for r. The fits have one adjustable parameter: an overall 

scale factor. The results can be summarised. 

constant 1 13.8 1 1.82 

linear 1 8.15 1 0.80 

quadratic 1 113 1 3.96 

The fits appear to a give reasonable descriptions for several functional forms of the 

linewidth ï for E > 55 meV. (The large ~2 vdues may be due to underestimate of 

the errors.) Inclusion of data below 55 meV gives xy vdues that are clearly too high. 

In this region the linewidth and the energy resolution are quite close to  each other so 

it is unlikely our simple model c m  describe the data in any case. 

We can also look at the dispersion along the c-axis which arises from the Gaussian 

fits to peak positions. We include al1 of the data sets this time. The dispersion from 

the raw data looks 1-D as we can see from the "rabbit eus" of Fig. 5.9. For a 3-D 

system we must account for the variation in Q., which will affect the magnon energy. 

At the AFM zone centre, where Q, is an integer, the magnon energy will be lower 

than at  the zone edge. The maximum shift will be the highest possible a-axis magnon 

energy, 35 meV for our S JaFM. We calculated this extra shift as a function of Qa 
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Figure 5.11: The Gaussian peak height arising from constant energy cuts of the 
neutron-scattering data in Fig. 5.9 near Q, = 2 c*. The fit shows the predicted peak 
heights from our cross-section model using several functional forms for the damping. 
The calculated height contains the Bose factor, the square of the form factor, the 
amplitude factor, and the DSHO lineshape. The fit accounts for the overall decrease 
of the height as well as the variations arising from the basal-plane AFM interactions. 

Figure 5.12: Dispersion along the c-axis. The data have been corrected for the basal- 
plane interactions using our dispersion model. 
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using our dispersion mode1 (nearest-neighbour interactions coming from the a-axis 

and c-axis measurements) and subtracted it from the energies in the raw data to 

give the energy of a magnon with h = 1 in the (hO1) zone. The result is shown in 

Fig. 5.12 dong with a fit to the dispersion arising from equation 5.6. Although some 

systematic differences remain the overall agreement is quite good. This simplified 

model accounts for the three-dimensional dispersion but not for the resolution. This 

extra effect will be significant as r increases and the peak response shifts away from 

hw. 

5.4 Resolution Corrected Results 

Although the Gaussian fits are very useful for finding the dispersion they tend to be 

of little use in finding the linewidth because the only information is the convoluted 

linewidth which contains both the physics and spectrometer information. A proper fit- 

ting procedure takes a mode1 for the cross-section, convolutes it with the spectrometer 

resolution, and then compares the result to the data before doing the next iteration. 

The convolut ion itself is essentially a multi-dimensional integral of the cross-sect ion 

over the resolution volume of the spectrometer. The simulations for the cross-section 

require al1 of the terms described eorlier: the Bose factor, the form factor, the ampli- 

tude factor, and the DSHO lineshape. hwO is also part of the model which enters into 

the lineshape formula. Also included is the spectrometer information: the chopper 

blade package and speed, the incident energy, the distance between the sample and 

tne chopper, and the &angles, azimuthal angles, distances, and dimensions of the 

detectors. The mosaic spread of the sample is also a factor in the simulation (but 

we have not included sarnple shape or absorption). The simulations are compared to 

files which have already been converted to absolute cross-section units by the use of 

a vanadium reference sample and a rneasurement of the incident flux. 

We used two programs to extract values for I' from the data taken at 11K. NEWS- 

CATT (obtained from Toby Perring at ISIS) perforrns simulations of entire spectra 

as in Fig. 5.8. Unfortunately it was unable to "fit" to an existing data set, i.e. it was 
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unable to iteratively adjust a pararneter to minimise x:. Rather than perform a full 

multi-dimensional integration, it approximates to one dimension (essentially makes 

the resolution ellipsoid a very narrow cigar). Its primary function was visualisation 

and testing of a particular cross-section. A second program, het-smhfit, was obtained 

from Stephen Hayden at the University of Bristol. It fits data along a constaat- E 

contour through al1 of the detectors (both Q. and Q, Vary dong this contour). Monte- 

Carlo met hods are employed to handle the multi-dimensional integrals (similar to the 

program which generated the fits shown for triple-axis data). It uses a simpler pre- 

scription (equation 2.22) for the energy resolution of the chopper than NE WSCATT, 

which calculates A E  from the speed and dimensions of the collimating blades. In ad- 

dition to simulations it is able to fit to an existing data set which made t his program 

very useful for the linewidth analysis. We found that the two programs correspond 

in our range of experimental parameters i.e. when het-smhfit fits a NE WSCATT 

simulation it gives excellent agreement and returns the sarne parameters. This gives 

us confidence that the approximations made in the two programs are valid for Our 

experiment. 

Let us consider these fits to the data for several of Our values of Ei with DSHO 

lineshape. In Fig. 5.13 we show a fit for E = 77.5 meV and Ei = 120 meV. The 

main parameters for fitting are 4 S J F M ,  the scale factor (roughly corresponding 

to the position, width, and integrated intensities of the peaks), and the background. 

We fixed 8SJAFM to a value of 35 meV which was obtained from the a-axis data (as 

shown in Fig. 5.7). The fit gives = 0.92, a satisfactory value, and accounts for 

the shape, positions and intensities of the peaks. Whereas the Gaussian fits treated 

the magnons emanating from Qc = O and 2 c' separately (on the left and right 

respectively in Fig. 5.13) we fit both groups at the sarne time using het-smhfit and 

the full mode1 for the cross-section. The Qc = O magnons are larger because of the 

form factor. The values and errors obtained frorn the program are scale factor 58 I 3, 

4SJFM = 298 f 8 meV, and I' = 18 rt 2 meV, with al1 three of these parameters free, 

giving = 0.98. These errors are underestimated since the fit shown in Fig. 5.13 is 

of equal quality even with changes to the scde factor and 4SJFM greater thas 3 error 
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Figure 5.13: A resolution corrected fit to c-axis dispersion for an constant-E cut 
between 75 and 80 meV. The fit includes the basal-plane interactions. We have 
plotted the intensity versus detector number which is the way het-smhjit fits the 
data. These detectors cover a range of Q, from -1 c* on the  Ieft to 2.5 c' on the 
right. This plot has fixed values of the scale factor at 44.2 and 4SJFM = 272 meV. 
The linewidth is given by ï = 2.7 x I O - ~ E ~ .  The Rat background is the only variable 
fit parameter. Counts in 12 hours are shown on the right-hand scale (no vanadium 
normalisation). 
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Figure 5.14: Another resolution corrected fit to the c-axis magnons this time for 
Ei = 300 meV and $ = O". This value of II> means that there is a mirror plane 
between the left and right detectors and so we sum these sets. The scattering at low 
detector numbers corresponds to Q, = f.2 c* and at high detector numbers Q, = 0. 
The parameters are the same as in Fig. 5.13 with a sloped background. 
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Detector # 

Figure 5.15: A resolution corrected fit to the inelastic cross-section for Ei = 700 rneV 
and $J = 0° (symmetric configuration). The background is now composed of a sloped 
background for the outer detectors (1 to 32) and a flat background for the inner 
detectors (33 to 45). A higher Ei expands the range of Q, so magnons ernanating 
from Q, = f 4 c* are detected as well (near detectors 8 and 18, highlighted with 
arrows). We are picking up the edge of the magnon near Q, = O in the detectors from 
37 to 44. This fit gives r = 240 meV and has a rather high XE. 
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Figure 5.16: The variation of linewidth, î, versus energy for the c-axis magnons at 11 
K. These values for î result from fixing the values of the scde factor and 4SJFM. We 
show quadratic fits to the data which best descnbed the linewidth below E = 350meV 
for al1 of the data sets with uncertainty bounds given by the dashed lines. 
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bars. Despite this discrepancy, we assumed that at least on a relative basis (for the 

purpose of comparing the fits ôt different energies) these error bars were sufficient. 

We show two other fits at higher incident energies in Fig. 5.14 and Fig. 5.15 which 

were taken at  Ei = 300 and 700 meV respectively. The background is now sloped 

to account for the multi-phonon background which increases with increasing Q. We 

oriented our sarnple so that scattering was identical to the left and right and then 

summed the detectors appropriately. This drarnatically improved our statistics. We 

see that the overall peak height of the Q, = 2 c' magnons drops considerably as E 

increases through the scans (from 0.25 to 0.01 to 0.002 mbrneV- '~r -~) .  The form 

factor and ï, which has increased considerably from a fitted value of 16 to 80 to 

240 meV, cause this decrease. For the sake of cornparison, A E  values from CHOP 

for these scans are 3, 6, and 30 meV, which cannot solely account for the observed 

convoluted linewidths. The accompanying increase in peak width in Qc is perhaps 

disguised by the corresponding decrease in Q, resolution at higher energies (each 

detector covers a Iarger range of Q,). If we return to the Gaussian fits from cuts 

through the E versus Q, fits, then the FWHM increase in Qc is given by 0.11, 0.30, 

and 0.54 c*. 

As a starting point for a consistent mode1 for al1 of the data sets, we allowed 

the main parameters (mentioned earlier) to  Vary for each scan. We excluded the 

Ei = 700 rneV data at this stage because the fits did not converge with this large 

number of free parameters. We also excluded data at low and high E. Below 40 meV 

the  phonons interfered with the measurements and above 350 meV the peaks were 

overdamped, so our model would not work in either of these regimes. The fits gave 

sorne scatter in the values of the scale parameter and 4SJFM (roughly 330  and 

f 3OmeV respectively), but both of them were relatively constant, giving us confidence 

that our model for the dispersion and the cross-section correctly described the data. 

The averaged X: was 1.10 for 52 scans. We took the weighted average of the scale 

factor and 4S,.iFM values giving 46.7 f .7 and 272 f 2 meV. The enor in the weighted 

averages is quite s m d .  A more reasonable error for 4SJFM cornes from the scatter 

of the free fit values. The scatter is f 30 meV; the most probable values lie within 
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20 meV giving the value SJFM = 68 f 5 meV. We used the weighted averages to 

redo the fits beginning with fixing 4SJFM.  We find that = 1.07 for the same 

g o u p  of scans we used for the free fit. Including the Ei = 700 meV data over the 

same E range gives = 1.15. The weighted average of the scale factor changed only 

slightly to 44.2 f .5. We continued by fixing the scale factor to 44.2 and redid the fits, 

continuing to Vary the background parameters and r. This second fixing step gave 
- xY = 1.17, just a 2% increase. This reduced the uncertainty in our î values since 

the strong coupling to the variable scale factor is now eliminated. (This coupling will 

be discussed at the end of this section.) The step-by-step results of the above fitting 

procedures are given in the table which follows (in terms of the units in the text). 

Fixed Variables 1 (Ei # 700) ( (al1 Ei) 1 Weighted Avg. Results 

scale = 46.7 f .7, 

4SJFM = 272 f 2 

We show the results for î versus E in Fig. 5.16 along with several fits. We 

scale = 44.2 f .5, 

4SJFM = 273 2 

clearly see that a constant l? value is not possible (including ï = O). The sirnplest 

remaining possibilities are linear, quadratic, and quadratic plus a constant. Just 

pararnetrising the ï values with these functional forms we find the best agreement 

cornes from the quadratic ônd quadratic plus a constant fits. The linear fit does 

not work over the entire range. Since the quadratic fit is simpler we chose this 

form to parametrise ï versus E. The quadratic form of r ( E )  agrees with a simple 

hydrodynamic mode1 [76]. The best fit to the results in Fig. 5.16 gave the preliminary 

result î ( E )  = 1.9 x 10-3E2 where I' and E are both in meV. However, redoing the 

fits using this parametrisation for î ( E )  caused to increase to 1.46. We adjusted 

the coefficient of r ( E )  to reduce to a minimum of 1.31 for î = 2.7 x 10-3E2 with 

an uncertainty range of 0.6 x lW3. These are the curves shown in Fig. 5.16 and these 

1.17 seeFig.5.16 
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values were used to generate the fits in Fig. 5.13, 5.14, and 5.15. One interesting 

feature that is independent of the functional form of ï is that the energy where the 

darnping begins to increase dramatically is roughly E = 220 meV. The magnon 

mode1 breaks down where ï - E. Our parametrisation of I' gives this breakdown at 

E = 370 f 80 meV. Approaching this point, as con be seen from the DSHO lineshape 

in Fig. 5.3, well-defined magnons gradually cease to exist and are replaced by a 

continuum of excitations. This transit ion marks the crossover bet ween well-defined 

magnon behaviour, expected for a localised magnetic system, and a continuum of 

particle-hole excitations. 

What can we Say about the appearance of damping in FeGe2 from a theoretical 

point of view? Let us start with the simplest model, a ferromagnetic Heisenberg 

system. Here the damping comes from magnon-magnon scattering. In the limit of 

long wavelengths and with tw > kBT,  the linewidth is given by [77] 

r is the number of nearest neighbours, 2, in this case and a is the lattice spacing. An 

estimate of the spin S for Fef3 would be S = 312 for the three unpaired d electrons 

assuming the orbital moment is quenched. This gives us a value of JFM = 45 meV. 

v is a constant dependent on the structure which is the order of unity. The Riemann 

teta junction has the value Ç(;) = 1.341. The spacing is c l 2  and we consider spin 

waves at  Q, = 0.2 c*. An estimate of r at  11 K is 

which is indistinguishable from zero damping and is far below our measured linewidth. 

Note that the smallness of I' comes fiom the term which compares temperature to 

interaction strength. This estimate is somewhat flawed since this model has equal 

interactions in all directions but even using JAFM we wiU still obtain a very small 

number. The situation for Heisenberg antiferromagnets is more complicated [3, 4, 781 

and has been studied predominantly in RbMnFs [Z]. Very low damping is found 



at temperatures well below TN. The model shows that the damping (in the long- 

wavelengt h, low-temperature limit ) varies as 

ignoring some factors of unity. Although we do have the E2 dependence coming from 

a simple hydrodynamic mode1 for antiferromagnets, this expression would be far too 

small to give the observed damping. Regardless of choice of JaFM or JFM for the 

interaction strength the linewidth will be too small because the temperature factor 

is 5.5 x 10-5 at 11 K.  We can achieve better agreement by simply leaving out the 

temperature factor. To be in agreement with our ï ( E ) ,  with this approximation, we 

obtain 2rJS = 370 f 80meV, comparable to our value for 4 S h M .  

The reason for the discrepancy in linewidth is the presence of itinerant electrons. 

This leads to  damping that is not included in the Heisenberg model. Iron and nickel, 

like FeGe2, are itinerant and the low-energy magnetic excitations look like propagating 

spin waves with Heisenberg dispersion. The proper itinerant model should somehow 

incorporate the bandstructure. For ferromagnetic systems the  simplest extension is 

the Hubbard model [22]. The strong onsite Coloumb repulsion and the splitting into 

majority and minority bands that results allow for recovery of the spin-wave solution 

at low energies. At higher energies, however, excitations which flip the spin of the 

electron as it moves between minority and majority bands are possible. These exci- 

tations do not have a sharp dispersion relation and form the Stoner continuum. The 

conventional explanation of damping is that the continuum of excitations provides a 

decay channel for the magnons, which results in their non-zero linewidth and even- 

tua1 overdamping. This overdarnping occurs at roughly 100 meV for iron and nickel 

and closer to  350 meV for FeGe2. Although this is certainly part of the answer more 

detailed calculations which incorporate a reasonable bandstructure are often required 

to completely explain the generalised susceptibility [23]. 

It is instructive to see just how variations in ï afiect the size and shape of the 

peak and how it couples to the scale factor when fitting. While the background and 



dispersion parameters are relatively independent of î, there is a significant correlation 

between r and the scde factor because of their common role in determining the peak 

height. For an example, we again take the cut at E = 77.5 f 2.5 meV. In Fig. 5.17 we 

have chosen several fixed î values and allowed the scale factor to Vary to compensate. 

We see that r and the scale factor are coupled, roughly linearly, making it difficult 

to determine one independent of the other. But looking critically a t  the fits (in Fig. 

5.18) and using x:, we find the acceptable values for r range from 10 to 30 meV, with 

the most probable value being 15 meV. This gives more uncertainty to the positive 

side a d  is probably why the parametrisation shown in Fig. 5.16 seems to be on the 

"high side" of the values. Even before fixing the scale factor we can see that î is 

greater than the resolution, which is 3 meV at this E. Significant damping certainly 

exis ts . 

5.5 Temperature Effects 

Part of our investigation involved the effect of temperature and the magnetic order 

on the spin-wave dispersion and damping. We carried out part of this study using a 

triple-axis spectrometer, but we could only study the a-axis magnons effectively and 

the intensity was quite low. Also for the incornmensurate SDW phase the magnetic 

zone centre would split as it did in the doped compound at  low temperatures. This 

would cause the peaks to broaden out in the (100) and (010) directions. The efficiency 

of HET and the larger crystal allowed us to make fast measurements of the c-mis 

magnons at  high energies. We also measured the a-axis excitations using HET but 

can only make qualitative statements about the temperature dependence. 

In Fig. 5.19 we show the general trend in the c-axis magnon peaks with increasing 

temperature. Notice that at 320 K the peaks are one third of their original height and 

are increasingly damped (a  factor of 3 increase in FWHM). There is also an increase 

in the multi-phonon background. The dispersion changes somewhat, with 4SJFM 

decreasing by - 113. These changes occur predominantly at higher temperatures. 

The overall magnon intensity (height x width) is nearly constant, with perhaps a 
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Figure 5.17: A plot of the fitted scale factor (solid triangles) and X E  (open circles) 
versus î (fixed) for the scan shown in Fig. 5.13. Note the strong correlation between 
the scale factor and î. The result for a free fit is î = 15.7 meV which is at the 
minimum XE. 

Figure 5.18: The fits to the peaks described in Fig. 5.13 for ï = 5, 15 (best), and 
35 meV (the dotted, heavy-solid, and long-dashed Lines respectively). We see how X: 
distinguishes different r values despite the strong coupling to the scale factor which 
is free to Vary in these fits. 
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Figure 5.19: The c-axis magnons at E = 52.5 f: 2.5 meV emanating from Q, = 2 c' 
at various temperatures. Note that the peak height decreases and the width in- 
creases with increasing temperature. The fits are Gaussians. The overall background 
increases as well. 
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slight increase due to the Bose factor (a  20% increase in intensity at 320 K for this 

E). The "magnonsn, as seen in these cuts, certainly penist at 320 K, 30 K above TN. 

Although there is no magnetic order present, significant magnetic correlations still 

exist in the paramagnetic phase; these are strong enough to give propagating magnons 

dong the c-axis. The lifetime of these excitations has decreased significantly. We have 

also seen an overdamped response for basal-plane wavevectors which emanate from 

the low- temperature magnetic-zone centres. These are the rernnants of the basal- 

plane magnons. 

We continued to measure the c-axis magnon height (the only parameter we could 

extract) as a function of temperature as shown in Fig. 5.20. There are significant error 

bars for these measurements but it appears that the two magnetic phase transitions 

correspond to the region of the steepest decrease in the magnon height. We also see 

that this magnon-like feature persists to very high temperatures indeed, likely 600 to 

700 K. This temperature is comparable to our value for the ferromagnetic exchange 

expressed as a temperature, S J F M / k B  = 800 K. 

How does this situation compare to other related materials such as chromium 

[9] and its alloys [IO], iron, nickel, (al1 itinerant magnetic systems sorne with order- 

ing, some without) and CsNiF3 (a  1-D magnetic insulator)? The dynamics of the 

chromium systems are complicated and cannot be described by a simple spin-wave 

picture. They do establish that high-energy excitations (not spin waves) can exist 

where there is no long-range order [Il]. The first triple-axis measurements of the 

spin waves in iron [79, 801 and nickel [SI] above the Curie temperature gave the 

reasonable result that below 8 meV the spin waves for iron collapse to leave only 

critical scattering arising from magnetic fluctuations. However, above 8 meV, the 

eôrliest report was that  although there is a considerable increase in the linewidth 

below the ordering temperature (as we saw in FeGe2), beyond this point up to 1.4 

times the Curie temperature there is very little change for the excitations. These 

excitations certainly appear to be spin waves in constant-E scans. The results were 

similar for nickel. These results were quite surprising since the models used for these 

3-D systems should have no such propagating excitations in the disordered state. 
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Figure 5.20: Magnon peak height versus temperature for c-axis magnons at E = 
52.5 meV. The phase transition temperatures have been indicated with arrows. The 
magnons likely persist to 600 to 700 K.  Despite the large uncertainties in the data, it 
appears that the sharpest decrease in magnon height occurs in the incornmensurate 
SDW phase. 



Subsequent measurements (often ernploying polarised neutrons to subtract out the 

non-magnetic scattering) of iron [82, 831 and nickel [84, 85, 861 demonstrated that 

the earlier measurements were subject to  a different, simpler explanation. As we 

alluded to easlier, t here are differences between constant- E and constant-Q scans 

w hich involve assumptions about the dispersion Essentially, the existence 

of a propagating, magnon-like solution is only verified by a constant-Q scan of the 

magnetic scat tering which shows a peak at some non-zero E. These constant-Q scans 

in iron and nickel show only very broad, diffuse scattering centred about E = 0, 

Le. there is no dispersion surface. The constant-E scan peaks are only rneasuring Q 

dependence in this paramagnetic scattering; they are not measuring magnons. The 

current reasoning stemming from this extensive experimental investigation is that 

strong spin-density correlations continue to exist in the paramagnetic state (87, 881. 

This explains the Q dependence. An asyrnptotic renormalisation group treatment 

combined with proper thermal parameters cm explain the E lineshape [89, 901. 

For the configuration of the spallation-source measurements with a 1-D system the 

intersection of the dispersion surface wit h the (0, E) hypersurface of the spectrometer 

resolution gives the entire E versus Q, plane which eliminates the difficulties in the 

interpretation. Essentially, al1 of the data are there and it is simply a matter of 

choice which cuts are most effective. The steepness of the dispersion in our case 

made constant-E cuts more convenient. In Fig. 5.21 we show the E versus Q, plane 

at T = 320 K. The spin waves are not nearly as well defined as a t  low temperatures 

but they remâin as discernible features, unlike paramagnetic iron and nickel. In Fig. 

5.22 we show constant-& cuts through this spectrum. We did not have the benefit 

of polarised neutrons to eliminate non-magnetic scattering so the cut a t  Q, = 2.5 cm, 

which should not intersect the c-axis magnon dispersion, is meant to represent this 

large background. The cut at Q, = 2 . 2 ~ '  should intersect the magnon dispersion and 

does show extra scattering fiom energies between 4OrneV and 60meV. The broadness 

of this peak results from the large damping and the nearly tangential intersection of 

the cut with the dispersion surface. These two figures give us confidence that the 

excitations above TN are propagating, magnon-like solutions, unlike iron and nickel. 
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Figure .?.'L 1: .A plot of E versus Qc at T = 330 K.  Ttir niagnon scattering appears 
broader but is still visible as Ufuzzy" rabbit ears ernanating from Q, = O and 2 c8. 

I herc is a large incrrasc in multi-phonon backgroiinci at thesc higtier trmperatiirrs. 
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Figure 5.22: T w o  cuts along Q, = 2.3 cm and Q, = 2.5 c* taken from Fig. 5.21 showing 
the magnon-like excitation which exists above the background for this constant-Q cut. 
The inset shows this feature in  more detail with -backgroundK subtraction. 
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How can we explain this behaviour? If we view FeGe2 as a 1-dimensional magnet, 

t hen spin-wave-like excitations c m  exist wi t hout magnet ic ordering. CsNiF3 is an ex- 

ample of a system with this behaviour [5]. The reasonilig behind this is that although 

the magnetically ordered state is not the equilibrium state at some T, there are tem- 

porary fluctuations into an ordered state. The spatial extent of these fluctuations 

is given by the correlation length. If the system does order magneticaily, then the 

correlation length increases and diverges as T decreases to the ordering temperature. 

The disordered state is now the non-equilibrium state and at  the ordering tempera- 

ture there are fluctuations of infinite spatial extent. As T continues to decrease the 

correlation length decreases to zero for the ground state. The low dimensionality of 

the interactions in FeGe2 permits spin waves in the disordered state with wavevector 

greater thon n (the inverse correlation length). As T increases further, rl increases 

and the spin waves are wiped out. Existence of spin waves in the disordered state 

is forbidden in 3-D. Unfortunately the mode1 for insulators, which describes CsNiF3, 

does not even quaiitatively describe the observed damping in FeGez. where itinerant 

effects of the electrons are prevalent. 

As in iron and nickel, the lower-energy spin waves of FeGe2 along the a-axis and 

c-mis (measured by triple-axis scattering and at HET) are strongly affected by the 

transition. This is consistent wit h the replacement of infinite-range order well below 

the transition temperature with larger and larger fluctuations to a non-magnet ic phase 

as the transition temperature is approached. The characteristic size of the magnetic 

domains becomes smaller and smaller; short wavevectors becorne impossible since the 

domains are not large enough to support an entire spatial period or "wavelengthn. 

This explains the overdamping of low-energy spin waves upon approaching the tran- 

sit ion temperat ure frorn below . 



Chapter 6 

Conclusions 

We have studied the itinerant magnetic compound FeGez using resistivity and 

elastic and inelastic neutron measurements. A gallium-doped crystal was studied in 

the same manner. Much of the observed behaviour has been previously seen in other 

itinerant magnets and can be understood in terms of current models. Several new 

phenornena were also observed. 

Recall that FeGe2 is a spin-density-wave (SDW) system with magnetic phase 

transitions at TN = 289 K and Tc-rc = 263 K. The low-temperature state is a 

cornmensurate SDW which has the magnetic structure of a collinear antiferromagnet. 

The structure can be viewed as a set of ferromagnetic chains running along the c-axis 

which are aligned antiparallel to each other. We can explain this structure from the 

interactions. The c-axis iron atom spacing is very close to that in elemental iron and 

strong FM interactions due to d-orbital overlap result. The basal-plane interactions 

are weaker AFM superexchange interactions mediated by the conduction electrons. 

The itinerant SDW nature of FeGez points to Fermi-surface nesting as the interaction 

driving the transition to the incornmensurate phase. This fundamental difference in 

the interaction manifests itself as a dramatic anisotropy for the magnetic interactions. 

These interactions parallel and perpendicular to the c-axis are so different as to give 

an essentially quasi-1-D system, unique among metallic systems. 

Our resistivity measurements along the (100), (1 IO), and (001) directions show 

anomalies which are in agreement with the above transition temperatures The val- 
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ues of resistivity agree with previous resistivity measurements and show a factor of 

2 difference in resistivity between the basal plane and the c-axis. We extended these 

phase-transition measurernents to magnetic fields in the basal plane. We found a 

magnetic phase diagram where the incommensurate phase is destabilised in a mag- 

netic field, increasing Tc-Ic by 6 K in a 16 T magnetic field. This is still Far more 

stable than the prediction of the existing theory where the incornmensurate phase 

would be destroyed for magnetic fields of 1 T. 

Measurements of resistivity at temperatures as low as 0.3K in high magnetic fields 

along [O011 have found Shubnikov- deHaas type quantum oscillations at a previously 

unobserved frequency of 190 f 10 T. The effective carrier mass (0.45 f .O5 m.) corn- 

pares to effective masses from other parts of the Fermi surface. We found evidence 

for frequencies of 35 T and 1630 T which had been observed in previous quantum- 

oscillation measurements. We observed large transverse magnetoresistance (hctor of 

6 increase in 16 T) field for currents along the (1 101 and [O011 directions. There were 

signs of nei t her saturation nor clear open orbi t behaviour . 
To further investigate the effects of the conduction electrons we studied a single 

crystal of Fe(Ge.g6Ga,M)2. The substitution of gallium for germanium has the sarne 

effect as in a semiconductor, changing the effective concentration of carriers, and 

hence the Fermi energy. The @'versus T behaviour for a SDW systern is modified by 

such doping since the ordering is driven by Fermi-surface nesting. We found evidence 

for this effect. The resistivity measurements show shifted transition temperatures 

of 275 K (Néel) and 183 K (cornmensurate-incornmensurate). The cornmensurate- 

incommensurate transition also appears to be discontinuous. Neutron scattering 

measurements confirm these transition temperatures. Furt hermore we found t hat the 

wavevector of the SDW at TN increases to 0.12 a* frorn 0.05 a* in the pure compound. 

The cornmensurate-incornmensurate transition is first-order with hysteresis and dis- 

continuous behaviour. The low-temperature state is now a lock-in phase, rather than 

a collinear antiferromagnet, with a cornmensurate wavevector of & a'. The SDW re- 

mains locked at this tj for afl lower temperatures. Despite d l  of these changes to the 

SDW that arise from varying the camier concentration, the ferromagnetic alignment 
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alcng (001) is preserved and TN shifts only slightly, dernonstrating the inseasitivity 

of the interactions along (001) to doping. A further new feature of the doped corn- 

pound is the development of simultaneous SDW order in the basal plane that is not 

along (100). This feature wos also observed by Kunnmann et al. [35] and Forsyth 

et al. [71]. Also low-temperature measurements (0.3-20 K )  in a magnetic field reveal 

a field-induced phase transition at 12.3 T. This high-field phase (which we have not 

been able to investigate with neutron scattering) may be  the collinear phase which is 

absent in zero field. In terms of these changes to the magnetic phase diagram, FeGez 

is closely related to the itinerant SDW systems of chromiurn [9] and its alloys [IO]. 

In these systems the SDW transition is driven by Fermi-surface nesting, as has been 

verified with extensive doping studies and quantum-oscillation studies [91]. The mag- 

netic phase diagram in these systems is also dramatically affected by doping, causing 

changes to the regions of commensurate and incornmensurate phases and the q values 

of the SDW. Doping also has this effect in correlated materials such as the high-Tc 

superconductor Lal.rwSro.i4Cu04 [15] (where no long-range order is present) and the 

Mott-Hubbard system V2-y03 [13]. 

The generalised magnetic susceptibility of FeGe2 was studied using inelastic neu- 

tron scattering. We used a 3-D Heisenberg model to describe the magnon dispersion 

and chose a damped simple harmonic oscillator lineshape for the cross-section. Triple- 

axis measurements up to 44 meV energy transfer [30] first showed the large degree of 

anisotropy between the a-axis aad c-mis. When these measurements were corrected 

for instrumental resolution we found significant damping of the magnons at 77 K (our 

measurements) and at  4.2 K. Some decay mechanism beyond magnon-magnon scat- 

tering must be present. The model gives a rough agreement to the dispersion for an 

AFM interaction strength of S JaFM = 4.4 f 1 .O meV. Furt her measurements of the 

c-axis dispersion up to 350 meV were made using the HET spectrometer on the ISIS 

neutron spallation source. The c-axis dispersion is essentidly one-dimensional once 

E is well beyond the low-energy a-axis magnons. This d o w s  for considerable simpli- 

fication in the interpretation of the data. At intermediate energies (40 to 100 meV) 

the full 3-D model for the cross-section gave a qualitatively good description of the 



6 Conclusions 127 

magnon peak height and the dispersion, even before taking instrumental resolution 

into account. Use of the full model, including the spectrorneter resolution, improves 

the overdl fit quality and gives the FM interaction strength SJFM = 68 f 5 meV, 

as well as the linewidth r, as a function of energy. This FM interaction strength 

is 15 tirnes stronger than the AFM interaction strength, hence the 1-D behaviour. 

The linewidth is certainly non-zero at 11 K and strongly iacreases at higher energies. 

Beyond 220 meV up to the limit of our measurements at 540 meV, the magnons are 

highly damped. The excitations are better described as a continuum rather than 

discrete magnons beyond 350 meV. The simplest successful parametrisation of l? was 

quadratic (as for a simple hydrodynamic model) giving F(E) = (2.7 f 0.6) x IO-~E* 

where both I' and E are in meV. Localised Heisenberg models fail to accoiint for the 

magnitude of the damping. The itinerant effects must be present even at low energies. 

This behaviour is seen in other itinerant systems where dispersion is Heisenberg-like 

(iron 1791, nickel [81], and L~.ssSro.isMn04 [21]). A proper theoretical description 

will have to include details of the bands [23]. 

We have seen the persistence of highly-damped c-axis excitations up  to very high 

temperatures (600 to 700 K). In contrat  to iron [S2, 831 and nickel [84, 85, 861 these 

are propagating modes as seen in plots of E versus Q, and a constant-Q cut with 

a background comparison. This indicates the strength of the interactions along the 

c-axis where correlations persist even when the long- range magnetic order has disap- 

peared. In particular this behaviour is only observed in 1-D systems such as CsNiF3 

[5] where spin-wave-like solutions are seen in the non-ordered phase. The height of 

the magnon peaks changes most rapidly in the region of the phase transitions, as seen 

in iron and nickel, so the magnetic excitations are not completely independent of the 

underlying magnetic phases. Lower-energy spin waves collapse upon approaching TN 

from below as expected for shrinking magnetic domains. 

In terms of overall conclusions, we have verified that the magnetic interaction along 

the c-axis direction and in the basal plane are dramaticdly difFerent. FeGel displays 

many of the transport properties expected for a metallic system. Evidence for a basal- 

plane interaction based on the conduction electrons cornes from the phase which is 
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incommensurate with the crystal lattice and the effects of doping with an electron 

acceptor. This doping control may allow for the possibility of tailoring the magnetic 

properties as in chromium alloys. The explanation of the coupling of a magnetic field 

to the SDW in FeGe2 needs to be refined as shown by our phase-diagram measure- 

ments. Further bandstructure calculations and more detailed quantum-oscillation 

studies should be done to give an accurate picture of the  Fermi surface and the  possi- 

ble nesting wavevectors. Evidence of d-orbital overlap dong the c-axis is provided by 

the far greater interaction strength ( J F M /  JAFM - 15 from neutron-scattering mea- 

surements), the sign (FM as opposed to AFM) of the interaction, and the insensitivity 

to doping. FeGe2 shows i t inerant effects in generalised magnetic suscep ti bili ty  such 

as a non-zero linewidth at low temperatures and the development of a Stoner contin- 

uum. The 1-dimensional nature of the system is likely linked to the persistence of a 

magnon-like solution above TN. 



Appendix A 

HET Detector Configuration 

The following is a list of the detector #, $-angle, and L3 (the sample-detector dis- 

tance) for the horizontal banks of HET. 

Detector # q5 (degrees) 

-28.68 

-28.06 

-27.43 

-26.81 

-36.18 

-25.56 

-24.93 

-24.31 

-23.68 

-23.06 

-22.43 

-21.81 

-31.18 

-20.56 

-19.93 

-19.31 

129 



Detector # 4 (degrees) 
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Detector # q5 (degrees) 



Appendix A 

Detector # 

Detectors 1 through 45 have the same &angles as those from 90 to  46. When operating 

with II> = O (symmetric configuration for this sample) these detectors are summed 

together as pairs in the spectrum file and given as detectors 1 to 45. The sign of q5 

no longer mokes a difference. 

Knowledge of the values of 4, 4, Eî, LJ, and tJ allows calculation of E, Q,, and 

Q,. The appropriate kinematic equations are 



where these expressions are in units of kL for ~âvevectors and rneV for energies and 

have to be rescaled to give reciprocal-lattice units. Fig. 2.5 may be used as a guide to 

the derivation of t hese expressions and the expressions are related to equat ions 2.14 

and 2.15, except that $ (HET) is rneasured relative to (100) rather than (001). 



Calculation of Dispersion and 

Cross- Sect ion 

Here we give the details of the results of Chapter 2 following the derivat ion of Lovesey 

[511* 

We start with the Hamiltonian operator for our system. We are using the Heisen- 

berg mode1 for antiferromagnets where the interaction energy between spins is pro- 

portional to the dot product of the three-dimensional spin operators, 

Vector quantities are in boldface. s are the quantum-mechanical spin operators. 

The JaFM(r) and JFM(R) are the interaction strengths for antiferromagnetisrn and 

ferromagnetism respectively between spins separated by r and R. According to the 

way we have written the Harniltonian we must have JAFnf(r) positive and JFM(R) 

negative to obtain the correct ground state. The positions of spins on one sublattice 

are given by m, while n describes the other sublattice. Spins on different sublattices 

ore connected by r (AFM interaction), and R connects spins on the same sublattice 

(FM interaction). Usually another term which involves the product of the magnetic 
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field and 3' is included in H as well. This anisotropy field naturally breaks 'the 

rotational symmetry of the Hamiltonian, causing the spins to align either parallel 

or anti-parallel to the z-direction. This magnetic field may be applied externally or 

may result frorn a crystal field. We assume that the spins are aligned along the z- 

direction (not necessarily along any of the crystal axes) and not worry about keeping 

the magnetic field terrn. This allows us to approximate the quantum-mechanical 

operator 3' by the magnitude of the spin S. The sign will be opposite for the different 

sublattices. This is a classical approximation. This mode1 will not show quantum 

features [92, 93, 94, 951 such as Haldane gaps in S = 1 systems or  spin dimerisation 

in S = 2 systems such as CuGeOs. 

Solving the Hamiltonian for the spin-wave dispersion is equivalent to finding the 

normal-mode solutions for the equations of motion. The easiest way to calculate 

the equations of motion is to use the relationship between the time evolution of an 

operator and its commutator with the Hamiltonian, 

where Ô is any quantum mechanical operator, i = fl, & G &, and the square 

brackets are the commutator, [A, BI AB - BA. If [A, B] = O, then the operators 

cornmute and the order may be changed without changing the final value. Notice 

that if an operator commutes with the Hamiltonian, then it will be a constant of the 

motion. Our operators of choice are the raising (+) and lowering (-) operators which 

are composed of the x and y components of S, 

The two operators are the Hermitian conjugates of each other (usually denoted as 

Ôt and obtained by reversing the signs of irnaginary cornponents). They satisfy the 
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commutation relations, 

[S:, $1 = 6iï,12P r 61,112S, 

where 1 and 1' are positions of the lattice sites and we use the classical approximation. 

The Kronecker delta function, 61,1t, has the value 1 when 1 = 1' and zero otherwise. 

Operators acting on different spins (1 # 1') always commute according to equations 

13.5 and B.6. 

We substitute the raising and lowering operators into the Hamiltonian using the 

following expression for the dot product: 

We have used the commutation relation 8.5 to reverse the order of the raising and 

lowering operators. We also distinguish the moments on the different sublatt ices by 

applying a canonical transformation to the spin operators of the second sublattice. 

This transformation rotates the coordinate axes by T about the x-axis changing the 

sign of the y and r components. The new operators & then satisfy 

Note that p: = -9; S -(-S) = S. The Hamiltonian becomes 

(We have changed the summed variable m to m'.) The terrns involving 6,1,,1+, 

vanish because JaFM(r) and J F M ( R )  vanish at [ P I  = O aud IR1 = O in the Heisenberg 
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model. 

The equation of motion in terms of 3; cornes Erom the cornmutator [&, H I .  The 

identity [A, BC] = [A,  B]C + B[A,C]  allows us to break up the operator products 

in the Hamiltonian. The 3 and f' operators dways cornmute with each other since 

they describe distinct sublattices. Hence the fourth summation in B.9 vanishes in the 

commutator. The remaining terms are 

The various Kronecker delta terms reduce the double sums in the Hamiltonian so 

that just the sums over r and R remain. The result is 

We have used the property JFM(R) = JFM(-R) and inversion symmetry to change 

A +  the terrn Sm-a to SL+,. 
We eliminate the sums over r and R by defining the Fourier transforms of these 
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operators to be 

and the Fourier transforms (denoted by a tilde) of J F ~ ( ~ )  and to be 

N is the number of sites on each sublattice. In both cases q is defined over the 

Brillouin zone of the sublattice. Upon substituting the Fourier transforms B. 18 into 

the commutator expression B.16 both sides are sums over q. The two sums are equal 

if they are equal term by term, so 

iA exp(iq - rn) &S,+ = 

If we now substitute in for the Fourier transforms where 

(likewise for J F M )  and remove the common factor of exp(iq m), this gives us the 

following equation of motion for 3:: 



Calculation of Dispersion and Cross-Section 

we can calculate the equation of motion for fi, 

itia,f; = -a% - bS,+, 

which we could combine with B.21 into a matrix equation. At this point we could 

simply find the eigenvalues of this matrix and find the normal mode frequencies. 

Instead we solve these two simultaneous equations by a Bogolioubov transformation 

of the operators which provides more insight into the nature of the solution. In 

this approach 3; and f'; are replaced by new operators âg and ,& through a lineôr 

transformation dependent on reai functions u, and v,, 

The new operators are annihilation and creation operators for the magnons and satisfy 

the boson commutation relations, 

The transformation coefficients are determined by a nurnber of constraints. First, we 

rnust preserve the original commutation relations for 32 and in (A.3) and (A.4). 

This gives the condition 

uq - 09 = 2SN. 

Then we require that â, and Bq give normal mode solutions so that 

or equivalently the Hamiltonian is diagonal for â, and fiqj,. These requirements give 

the simultaneous equations for u, and v, from the Hamiltonian. We invert the trans- 
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formation by eliminating Bq frorn B.23 and B.24 and use B.26, giving us &, in terrns 

of S,+ and Tc,  

then we find that the normal mode condition B.27 is 

Since the coefficients of terrns involving 3; and p ,  rnust be equsl separately we 

obtain the following two equations: 

bu, + (fiwqlo + a)  v, = 0. 

These equations have a solution when the determinant is zero, 

hwq1o = {(a - b ) ( a  + b ) } k  (B.34) 

In this case the solution for the second mode, hwqIi, is degenerate so we just  refer ta 

hw,. The two solutions arise frorn possible differences between the sublattices. For 

example the modes are not degenerate in the case of ferrimagnets (different rnagnetic 

moments on the sublat tices). 

In order to put the dispersion in a useful form we need to calculate the Fourier 

transforms jAFM and JFM. In both cases the interactions are from nearest neighbours 

only. Each iron atom has six nearest neighbours at positions 
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4 

where z,;, and k are unit vectors dong the a-axes and the c-axis. jaFM consists of a 

sum of four terms for the neighbours in the basal plane, 

where we simply use JAFM as the nearest-neighbour basal-plane interaction. In terms 

of Miller indices q = ha* ;+ ka'; + lc' c. We can also combine the exponentiâls in 

the sum using the identity 2 cos B = eie + e-'*. The resulting expression is 

jAFM = 2JAFM{c0s(*(h 4- k ) )  f C O S ( X ( ~  - k))}  = 4JAFM C O S ( R ~ )  cos(nk) (B.37) 

since cos(A + B )  + cos(A - B) = 2 cos A cos B. In a similar way, 

(The sign changes for the FM interaction.) So a and 6 are 

and the dispersion itself is (changing the rnagnon wavevector back to Q frorn q) 

which is the result quoted in Chapters 2 and 5. 

We can also solve for u, and vq. If we rearrange equation B.32, square both sides, 
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and substitute in B.26 we find 

where we have used B.33 to substitute in for b2. Likewise we can calculate ugvq by 

multiplying B.32 by uq and substituting in for ut, 

We can calculate v: by using B.26 and 8.31, 

Using a result from Lovesey [51], equation 9.262, we find that the cross-section for 

one-magnon scattering has an amplitude factor, 

- a - b  - 25'N (e)', - 
a + b  

(B.45) 

when we use the result B.33 to replace Awq. The factor in the cross-section is (drop- 

ping the leading 2 S N )  

when we substitute in the values for a and 6 as we did for the dispersion. Again this 

is the result given in Chapters 2 and 5. 
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