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Abstract

We discuss how random fields (RFs) are generated in uniaxial random

antiferromagnets (URAFs) by applied fields and review the experiments that have

been performed on these systems. They include direct and indirect specific heat

measurements, neutron scattering experiments and phase diagram studies. We

compare the results of different experiments on different systems, discuss their

implications on the theories, and suggest further experiments. A new explanation for

the Lorentzian-squared (LSQ) structure factor observed in the neutron scattering

experiments is also given.

Operated for the USDOE by Union Carbide Corp. under contract W-7405-Eng-26.
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I INTRODUCTION

The effects of random ordering fields on phase transitions have attracted much

theoretical interest in recent years.1-2 Although such fields seem impossible to realize

at a first glance, they are ubiquitous in disordered systems,3 especially among

magnetic systems. For example, in uniaxial random antiferromagnets (URAFs),

random fields (RFs) parallel to the easy axis can be generated by a longitudinal

applied field.3-4 In systems with random off-diagonal exchange interactions, spins

ordering in one direction can generate RFs in the plane perpendicular to it.5 In spin-

glass systems, RFs in all directions can arise because of the randomly frozen spin

configurations.6 During the last several years, there has been considerable

experimental effort to study the effects of RFs. By far the most popular systems for

these studies are the URAFs in applied fields. They are believed to be in the same

universality class as the Ising ferromagnets in RFs. In this article, we survey the

recent experiments on these systems and discuss how they compare with the theories.

In so doing, we hope to identify some open questions and suggest possible directions

for further research. Where illustrations are neccessary, we will use as examples data

we obtained in two three-dimensional (3-D) systems, Te\-xMgxCli and Fej^Cc^C/j.

That the URAFs in longitudinal applied fields are realizations of the random field

Ising model (RFIM) was first pointed out by Fishman and Aharony.3 Using a

random-bond model, they showed that the induced magnetization M couples linearly

to the the staggered magnetization Ms (the order parameter) with random coupling

constants (due to the random exchange), which has the same effects as random

staggered fields. Subsequently, we have noted4 that most real systems havs site-
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random magnetic moments from different ions and they couple directly to H. The

resulting Zeeman term in the hamiltonian is the same as that of a system with

uniform moment and RFs. In general, therefore, the total RF in a site-random

system is a linear combination of M and H, and the normalized mean-square RF

(hereafter denoted by Aj^) should have the form

(1)

where the coefficients a, b and c depend on sample parameters, such as the exchange

constants, number of nearest neighbors, impurity concentration etc., and they can be

calculated using mean-field approximation.4-7 The cHM-term represents the

correlation between the bond- and site-random mechanisms. This correlation is

difficult to treat beyond mean-field theory and has so far prevented one from deriving

an exact expression for A ^ in terms of H and T. Nevertheless, it has been shown in

Ref.4 that the coefficient c depends on the sum of inter- and intra-sublattice exchange

(J and J'). In metamagnetic systems such as Fex^xMgxCI2 (J+J'>0), one expects

ARF to reach a maximum near the transition in constant H.4 In other antiferromagnets

such as Co1_xZnxF2 (J+J '<0), kRF can reach a minimum near the transition due to

the negative cHM-term.? This temperature dependence of A ^ leads one to question

whether it is at all possible to measure critical exponents in these systems. Many

experiments have probed the "critical behavior" of these systems by direct and indirect

specific heat measurements near the transition and they will be discussed in section n.

The theoretcial issue which has attracted the most attention is the lower critical

dimension dc, the dimension below which long-range order (LRO) cannot occur, of

the RFIM. Imry and Ma originally suggested that dc is two.1 Since then, there have
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been numerous theoretical studies, some reached the same conclusion and others

suggested dc—3. This controversy is reviewed by Grinstein and Ma9 in the preceding

paper and we shall not elaborate here. From an experimental point of view, one

would expect this question to be easily resolved by neutron scattering experiments on

3-D systems. The width of a magnetic peak in such experiments provides a direct

measure of the range of order. If </c-3, the width will broaden above the

instrumental resolution with increasing H. These experiments are discussed in section

HE. As we shall see, the reality is, as usual, more complicated than one's expectation.

Assuming that there is a "phase transition", Fishman and Aharony3 predicted that

in the small H limit, the transition temperature Tc would decrease with increasing H

according to the equation

A Tc= TN- Tc (H)-AH2+BH2/*
(2)

where <f> is the RF crossover exponent, and it is predicted to be equal to the

susceptibility exponent yp of the pure Ising system (^—y^—1.25 in 3-D). At higher

fields, there will be either spin-flip or spin-flop transitions, depending on the

anisotropy of the system, which leads to tricritical or bicritical phase diagrams.10 These

phase diagram studies will be discussed in section IV. Some concluding remarks will

be given in section V

II SPECIFIC HEAT

•5

The specific heat^ (C) of many systems have been studied near the transition by

different workers using different methods. In every experiment, the applied field

cause? drastic changes to ths shape of the C vs T curves. In Fig.l, we show tt-s C vs

T data for the 3-D Fex-xMgxCl2 system,4 with x = 0 , 0.161 and 0.318 (pure FeC!2*
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Mgl61 and Mg318 respectively). We note that for pure FeCI2, the shape of the peak is

unchanged with increasing H until it exceeds the metamagnetic transition field

, whereupon it becomes progressively more rounded and eventually

disappeared^ For the diluted samples, however, we can see that the asymmetry of the

peak changes continuously with increasing H. In Mg3l8, the trend is most obvious

and the peak becomes completely rounded for H^SkOe. The contrasting behaviors

of the pure and diluted samples are strong evidence of RF effects. More recently, we

have investigated another 3-D system fie07j4Co0286^2 (Co286) and found an

evolution sequence similar to curves A-E in Fig.lc.11 Qualitatively similar results have

been obtained in other 3-D systems: Rhorer et al observed the rounding of the peak

in Gd091La0Q3AlO3 by susceptibility measurements;12 Shapira et al observed both the

shape change and the rounding in Mn^xZnxF2 (x = 0.04 and 0.125) by capacitance

dilatometry and ultrasonic attenuation;13 Ikeda et al obtained similar results in

Mn^xZnxF2 (x = 0.40 and 0.55) by susceptibility and AC specific heat

measurements.14 The latter's specific heat data, especially, showed the same sequence

of peak shape evolution as curves A-D in Fig.lc. In the 2-D system

Rb2Co^xMgxF^ rounding of the transition has also been seen by both susceptibilly15

and birefringence measurements.16 In all these experiments, there appeared to be no

asymtotic new critical behavior, consistent with the discussion following Eq.l above.4

In addition, the two Mni-xZnxF2 experiments found that there is a difference

between cooling the sample in a field and cooling it in zero field (FC and ZFC).13 iM

Taken superficially, all these data would imply that the phase transition is smeared or

destroyed by the RFs in both the 2-D and 3-D systems and, therefore, suggest rfc^3.

However, in ^ 0 7 0 A/^ 0 3 0 C/ 2 , we found by neutron scattering17 that the correlation



length is at least several hundred angstroms for fields that correspond to curves £ and

F in Fig.lc. Similarly, in Jeo.35Zno.65 ̂ 2» a birefringence experiment18 has found no

sharp peak in lOkOe and a neutron experiment 19 has found correlation lengths of

order 103-4. These comparisons imply that the sharpness of the C vs T peak is not a

reliable way to infer whether the system has LRO. In fact, Rhorer had pointed out

that the rounding could be caused by a large and negative specific heat exponent

The only study that gave somewhat different results are the birefringence

experiments on Mnx-xZnxF2 (x = 0.20 and 0.35) and Fel^xZnxF2 (x = 0.2, 0.4 and

0.5) by Belanger et al.20>21 They found that the peaks appeared to be sharper in finite

field than in zero field. Their data on Fe06Zn04F2,
21 in particular, were found to fit

the symmetric logarithmic divergence of the pure 2-D Ising model. This finding

suggests that the critical exponents can be measured in these systems in spite of the

fact that Ajtf changes with temperature. Qualitatively, however, their data are similar

to the ones shown in Fig.l, e.g. curves B and C in both Fig.lb and lc appear to have

sharp and symmetric peaks. Only when these data are compared with those taken in

higher fields that it becomes clear that they do not represent an asymtotic new critical

behavior. The birefringence experiments are currently being extended to higher

fields.18 A better understanding of all the data should be possible after these

measurements are complete.

IV NEUTRON SCATTERING

In quasielastic neutron scattering, the intensity profile of a magnetic peak is

proportional to the structure factor S(q), the Fourier transform of the spin-spin
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correlation function <SJSJ>. In pure systems, it consists of a 8-function for the

Bragg scattering («c<sj>-<sj>) for T<TN, and a Lorentzian (LZ) function

(q2+K2)~l for the diffuse scattering (.<x<$sj-$Sj><ckgTx, where x is the

susceptibility) at all temperatures. When there are RFs, the field-field correlation is a

8-function in real-space and hence a constant in q-space. Since <s(q)>-h(q)x(q)t

this leads to a LZ-term in < s (q) > and hence a Lorentzian-squared (LSQ) term in

the Bragg scattering.222 Whether the system has LRO is determined by whether there

is an additional 8-function component in the Bragg scattering, or in practice, a

resolution limited Gau'sian (GS) component.

In the early experiments, Yoshizawa et al23>24 found that in both the 2-D system

Rb2CoQ7Mg03F4 and the 3-D system Co0.i$Zn§1AF2, *^e P e a^ shapes were not

resolution limited and contained a strong LSQ component when the samples were FC,

which led them to conclude that dc2*3. Although the high dilution in the 3-D sample

is undesirable in this study, similar results were obtained later in several less diluted

samples of Col_xZnxF2 and Fe1_xZnxF2,
zl<i with x as small as 0.4. However, a

study of Af«o.78^no.22^2 by Cowley and Buyers25 found that the peak shape at low

temperature is resolution limited and well described by the GS + LZ form for H up to

40kOe, consistent with LRO. This result seems to disagree with the earlier

experiments, but the RFs in this more concentrated sample Js* very small

(A Tc/Ttf£.0.02), and the result can be caused by the resolution limit that exists in any

experiment. Indeed, recent work on the more diluted Mn&6$ZnQ 3SF2 show that its

FC state is disordered,19 similar to the Fe- and Co-salts. More important, pertaps, is

the fact that hystereses similar to the other Mn1-xZnxF2 experiments13-1'3 were
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observed in this study. In a very small temperature region near the transition

(f<0.04), the x=0.22 sample is found to be disordered when it is FC, but ordered

when it is ZFC.25

Concurrent with the above development, we have studied ^ 0 . 2

(Mg300) which has much larger RFs than the fluorides (LTciTN~Q.3 for H approx

6kOe).17 The difference between the FC and ZFC behaviors was observed at att

temperatures below the transition, in spite of the fact that our instrumental resolution

is a factor of two worse than that in the MnX-xZnxF2 experiment. By measuring the

peak intensity of a magnetic reflection as a function of time, we found that in contrast

to the typical spin-glass systems, the FC state is time-dependent, and the ZFC state is

not. Fig.2 shows a comparison between the two states. This observation suggests that

the FC state is not the equilibrium state. A possible explanation for this

phenonmenon is that there are many broken bonds in diluted systems, the domain

walls can be pinned at the nonmagnetic ions and become metastable.17 To test this

hypothesis, we investigated a nondiluted system ^?o.725^0o.275^2 (Co275), which

does not contain nonmagnetic ions.26 Indeed, we found that for low fields (fi£.4kOn),

there is no difference between the FC and ZFC states. The peak shape is always

resolution limited and fits the GS + LZ form better than the LZ+LSQ form,

consistent with LRO. Fig.3 shows the Gaussian amplitude A$ and width TQ as a

function of temperature for H = 3.70!cOe. We note that the data were talced in a

random order and there is no apparent hysteresis. In higher fields (H^.4kCs), the

behavior of this system is much like the other diluted systems, disordered anc! tixne-

depecdent when it is FC, but ordered and stable when it is ZFC, which suggests that
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4kOe may be related to the minimum exchange /m i n of the system. When

H>Jai\*Sfil*'B-> t n e domain walls in the nondiluted system can be pinned jusl as

easily as in the diluted system (which have Jm\a~0)P More experiments on other

nondiluted systems will clearly be valuable.

IV PHASE DIAGRAMS

As mentioned before, the phase boundary in the T-H plane should be described by

Eq.2 when H is small. In the specific heat experiments, regardless of whether the

peak is sharp or rounded, one can use the peak temperature to locate TC(H) and

analyse for the exponent <f>. Such analyses have been performed for many systems.

In Fig.4, we show the results for pure FeCl2 and Mg318.4 By plotting LTjH2 vs H,

we see that it gives a horizontal straight line for FeC^, indicating that A Tc<xH2. For

Mg318, however, there is an upturn of the curve near H = 0, which indicates the

neccessity of the BH2^ term and also implies 4>>1. To determine <j>, one has to

remove the i/2-contribution by first measuring it in the pure system and then assumes

A(X)-A(0)TN(0)/TNKX). The excess shift of Tc (ATc'=BH2/<t>) can then be fitted

with Tjf(x), B(x) and 4> as adjustable parameters. Using this method, we find

#-1.26±0.10 for Mg318, in good agreement with the predicted value of 1.25. Similar

result was also obtained in Co286.1! But in Mgl61, (which has B / A ~ l ) , we obtained

$ ~ l . l l ± 0 . 1 0 . In other systems, Shapira et al found that the data in Mni_xZnxF2

(x = 0.04 and 0.125) can be fitted with 0 = 1.O,13 i.e. with only the AH2 term in Eq.2.

Since the RFs in these samples are even smaller than Mgl61, a logical explanation is

that the assumption on A(x), which is motivated by mean-field theory,27 is net exact

and causes uncertainty in <£ when the B/A ratio is small. Another possible
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explanation is that Eq.2 implicitly assumes ARF«H2 which, according to Eq.l, requires

M(Tc)<xH, which may not be correct for all H. Furthermore, in the birefringence

experiments by Belanger et al, a value of i£~1.40 was obtained18*19 and they argued

that this is due to the fact that the system has random exchange interactions and <f>

should be the susceptibily exponent yt of the random-exchange Ising system, not yf.

Their results are indeed consistent with the theoretical estimates for yf (1.39 and

1.34) ,28 From a theoretical point of view, however, both the random exchange and

the RFs are perturbations on the pure system's hamiltonian.29 The effects of the

former is usually considered negligible because its crossover exponent is the puro

system's specific heat exponent ap (=0.125 for 3-D Ising systems), which is much

smaller than that for the RFs (7^ = 1.25). The respective size of their crossover

regions are given by A / = [ x ( l - x ) ] 1 / a ^ 1 0 ~ 5 , 30 and Ar~A 1 / y ' ~ATjT N . The latter

can be larger than 10"1 in the chlorides.1726 This large difference in Ar is why <f» is

predicted to be yp rather than yf? On the other hand, a Tecent experiment on

FeQ5ZnQ5F2 in zero field found that the random exchange Ar is actually larger than

the above estimate.31 It is conceivable, therefore, that the fluoride experiments are

affected by the random exchange, and in Mg318 or Co286 where the RFs are larger,

such effects are less important. In any event, the difference between yp and yf is

very small and there are crude assumptions in the analyses,32 the small difference in

the measured <f> cannot be over emphasised. To. determine <f> to better then 10%,

much more elaborate experiments are neccessary.

In higher fields, the URAFs are predicted to undergo either a spin-flop or a spin-

flip transition like the pure antiferromagnets,1033 depending on wheth2r the
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anisotropy is weak or strong. The reuslting H-T phase diagram will consist of either a

bicritical or a tricritical point, or for the case of intermediate anisotropy, both types of

transitions can occur and the phase diagram will nave a critical end point and a

tricritical point.34 The theories usually only consider the effects of RFs and neglect

the random exchange. Quantitative predictions associated with the multicritical points

are given by e-expansions near five- or six-dimensions which are not expected to hold

for 3-D systems. Nevertheless, strong differences from the pure systems are

expected.

In the weak anisotropy bicritical systems Gd097La003AlO3 and Mn1-xZnxF2, clear

changes in the shape of the phase boundaries near the bicritical point have been

observed.12'13 The two second-order phase boundaries are found to be described by

two different exponents, in contrast to those in the pure systems, which are described

by the same exponent. Such a behavior is predicted by Bray,35 but the measured

values of the exponents are different from his predictions. In both of these

experiments, as well as in other neutron scattering studies by Cowley et a! on

Mnx^xZnxF2 and KMnl_xNixF3,'
1A-36 the ordering in the spin-flop phase appeared to

be net-affected by the appfeld field. This is somewhat surprising since one expects

there to be random off-diagonal exchange terms, i.e. terms like sf-sf etc., in all

random systems due to the lack of local symmetry.5'37 With such interactions, the

applied field in the z-direction will generate RFs in the xy-plane. Since dc»4 for the

3-D XY-model in RFs,1 one would expect the spin-flop phase in 3-D systems to be

disordered. This is indeed what we observed in -^0.725^00.275^'2-38 Nsutron

experiments gave widths larger than our instrumental resolution in the spin-Hop phase
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of this system, regardless of FC or ZFC, which confirmed the disorder and hence the

existence of the random off-diagonal exchange. That similar effects were not

observed in the other systems is probably because both Gd3+ and Mn2+ are S-state

ions, the off-diagonal terms can come only from dipolar infractions,13-38 which is very

weak. In Fe1-xCoxC!2, these terms are much larger because of the orbital effects.5-39

Theoretical studies incorporating such terms will be quite interesting.

For the strong anisotropy systems, Birgeneau and Berker40 have noted that in

many studies on presumably "pure" systems, there were deviations from theoretical

predictions which could be attributed to RF effects from trace impurities. Several

doped-FeC/2 systems have been investigated by light scattering technique. In

F€o92Af«o.08^2> Haywood et aJ41 found that the lower boundary of the mixed phase is

ill-defined. It depends on whether the measurements are made with increasing or

decreasing H. This would explain why this boundary is difficult to measure in the

"pure" systems.40 In Fej-.xMgxC!2, Wood and Day42 found that the tricritical

temperature T( decreases rapidly with increasing x. For x>0.3 , the mixed phase

could cot be located by light scattering. Our neutron data on Mg300 also did not

show any evidence for a spin-flip transition.17 These results are qualitatively consistent

with the Mg318 specific heat data (Fig.l), which do not show the rounded peaks that

are seen in pure FeCl2 and Mgl6l at high fields.4 In Fex_xCdxCl2, however, Egbert et

al43 found that the mixed phase appears to be quite well-defined and, in contrast to

the Mg-doped system, Tt decreases very slowly with increasing x. There is currently

very little theoretical understanding of these random tricritical systems. Additional

experiments will be valuable in stimulating such studies.
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V CONCLUDING REMARKS

It is clear that the dc issue is central to to all the experiments. Without resolving

this issue, it is difficult to make progress on the critical and multicritical properties of

RF systems. The main obstacle is in understanding the hysteretic behavior of these

systems. At the present time, theories are converging to the conlusion that dc—2.9

The neutron experiments we have performed on the chlorides also seem to be in

favor of that conclusion,17'26'38 but there are several cautions that have to be kept in

mind. First, these experiments were performed with an intrumental resolution two to

four times worse than the fluoride experiments (due to the nature of the crystal),

which may be important. Although in principle, this is compensated by the larger B Fs

in the chlorides (e.g. the 3.70kOe field in Fig.3 corresponds to ATc/TN=0.09, about

four times larger than that of Mn0-jSZnO22^2 a t 40kOe). Second, the absence of time

dependence in the ZFC states does not imply that they are the equilibrium state. They

may simply have relaxation times that are much longer than our observation time, e.g.

in the 2-D Rb2CoQjMgQ^F4 where there is no dispute that the equilibrium state

should be disordered, the ZFC state was found to have LRO for T« TN.24 (We note

that Ikeda et al has found a time dependence in this system in zero field for

temperatures less than 1% below TN due to its 2-D nature).44 Furthermore, Ikeda14

has recently found time dependence in the ZFC state in Mn(iASZniiS5F2 for

T~Q.99TN, but not for T~0.ZATN. Clearly, much more has to be done to

understand these behaviors. Third, it should be remembered that there are

correlations between the RFs and the random exchange interactions in these systems,

which can be important. For example, in the Imry-Ma domain wall argument,1 the
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reduction of bulk energy (<xLdl2) is compared with the increase in wall energy

(<xLd~l). By roughening the walls, one can lower the bulk energy more but at the

expense of higher wall energy. The subsequent interface model calculations'

essentially consider how the two energies counterbalance. In the diluted

antiferromagnets, however, roughening the walls allows one^take advantage of the

broken bonds in the system to reduce both the wall energy and bulk energy. It is,

therefore, conceivable that they have a higher dc than the theoretical model (which

has uniform exchange). For example, near the percolation threshold, for L less than

the geometrical correlation length £<;, one would use the fractal dimension dj in the

Imry-Ma argument, giving a higher dc. Fahnle45 has in fact argued that near the

theshold, the LRO is unstable in any dimension because of local one-dimensional

effects. To settle the dc. issue in the theoretical model, therefore, should require

experiments to be performed oc nondiluted systems in which the impurity ions have

equal or stronger interactions than the host ions, e.g. FeX-xNixC\^ Fei-xMnxF2 otc.

In addition to being a better approximation to the model, it may be easier to reach

equilibrium in these systems.

The time dependence of the FC states, though unexpected in the beginning, is not

surprising. When there is an applied field, all <s ;>'sare in the same direction in the

paramagnetic phase. Upon crossing the phase boundary, half of them have to reverse

to achieve antiferromagnetic ordering. This process is quite different from the

ordering in zero field and it is reasonable for it to require longer time. Recency, we

have made preliminary FC and ZFC magnetization measurements on pure FeCh and

Mg318 found that a similar difference exists in both systems.*6 This result suggests that
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the FC time dependence may be purely due to nucleation dynamics and not a RF
V

effect. More work has to be done to clarifietf this point.

Finally, we note that although the LSQ peak shape is observed in the disordered

FC states in all the neutron experiments, it does not correspond to what was predicted

by the RF theories.22 From the discussion above, it is clear that the predicted LSQ

scattering should exist at all temperatures, independent of whether the system has

LRO. In particular, it should be observable above the transition, but so far none of

the experiments has found such a component for T> Tc. This may be due to the fact

that the predicted LSQ-term is smaller than the LZ-term by a factor of A ^ , which is

small in most experiments. The experimentally observed LSQ scattering, which exists

only below Tc, however, is much stronger and dominates at low temperatures. The

fluoride experiments found that the amplitude of this scattering has a H-T dependence

similar to that of an order parameter and, in the limit that H-~0i approaches the

behavior of Mj2 .8 2 4 The predicted LSQ-term, on the other hand, should vanish in

that limit.22 It is quite clear, therefore, that the observed scattering comes from

finite-size frozen domains defined by the < s/>'s. Since the theories have so far dealt

with T = 0 only, that a freezing phenonmenon would occur for d^dc at finite T has

not been predicted (although it is not surprising). According to the classic paper by

Debye et al,47 the correlation function for a system with domains of random size and

shape is a simple exponential function e~KD\ whose Fourier transform in 3-D is a

LSQ, and in 2-D is ($ 2 +KJJ) 3 ^ 2 . Both of these describe the experiments well.23 It is

most likely, therefore, that the observed LSQ scattering is explained by the frozen

domains and the Debye theory instead of the RF theories. If so, there should be two
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different lengths in the problem: the domain size L = 1/KD, and the usual thermal

correlation length g=lJK. In the limit that H—>0 and T—0, L approaches infinity and

f approaches the lattice constant. Unfortunately, to analyse the FC data with two

different lengths will involve many fitting parameters and reliable results will be very

difficult to obtain.
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Figure Captions

Fig.l. Temperature dependence of the specific heat of Fex-xMzxCl2 for various

applied fields, (a) Pure FeCl2: A=0 , B = 8.97, C = IO.89 and D = 18.82^0s. (b)

Mgl61: A = 0, B = 4.80, C = 6.74 and D = 8.66kOe. (c) Mg318: A=0 , B=2.11,

C = 3.52, D = 4.48, E = 5.44 and F = 6.41kOe.

Fig.2. The peak intensity at (1,0,1) as a function of time for the FC and ZFC states of

Feo<7OAfgo<3oC/2. Tc for this field is 11.6K.

Fig.3. The temperature dependence of the Gaussian peak height AG and peak width

TG (HWHM) of the (1,0,1) reflection from Fe0nsCoQ275Cl2 at 3.70kOe. TG is

resolution limited and AG shows no hysteresis between FC and ZFC. The zero-field

TN of this sample is 16.5K.

Fig.4. Field dependence of ATC (open circles) and A7*c' (solid circles) for Mg318.

Solid lines are best fit to the data (see text).
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