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Specific-heat critical behavior of the structural random-field system DyAs,V;_,)O,
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The specific-heat critical behaviors of the pure Ising transition in Dy¥@d the random-field Ising tran-
sition in Dy(As,V;_,)O, have been measured. The critical exponenand amplitude raticA™/A~ for
DyVO,, which hasT,=14.82 K, are in excellent agreement with the known pire3 Ising exponents. The
random fields generated by the local strain fields A3V, _,) O, depress the transitions T =13.45 K and
T.=7.7 K for x=0.05 andx=0.15, respectively. With increasing the transition becomes rounded and
severely depressed in size. The valuexaippears large and negative for 0.15. As the random-field strength
increases, i.e., the value rfgets larger, the amount of entropy change associated with the transition rapidly
decreases. Where the missing entropy reappears is not adequately understood.

[. INTRODUCTION in the distortion direction. Several studies have been made to
characterize the critical behavior other than that of the spe-
Although a great deal has been learned aboutdtse  cific heat. Birefringence measurements have been done on
random-field Ising modelRFIM), major theoretical and ex- both pure DyVQ and DyAs,V,_,)O, for x=0.05 and
perimental puzzles still remain after more than a decade of=0.154 and the exponeng 8, andy were determinedl.
intense experimental and theoretical investigation. Most ofy for the mixed samples is significantly higher than for the
the available experimental data come from studies of dilutedure samples, but, surprisinglg, remained unchanged. The
antiferromagnets, in particular &, _,F,, MnzZn,_,F, Scaling relationy=(5—1) appears to be satisfied for both

(Ref. 1) and FeMg; _,Cl,.23 The dilution of the magnetic Pure and random-field samples. The susceptibility critical be-

species leads to random-exchange behavior in zero app"g@wor was also studied in a separate experiment using ultra-

field. In the presence of a field along the ordering axis zSonic velocity measurements to monitor the softening of the

. 10 . . .
crossover to random-field critical behavior is observed withelastic constarft'® This study also indicated that the expo-

extremely long time dynamics greatly enhanced by the magrjenty increased in the presence of random fields, although

netic dilution. Due to the consequent long equilibration times2dreement with the optical measurements is only fair. This
near the transition it is difficult to obtain accurate values ofincrease iny, and the assumed validity of the scaling rela-

critical parameters in the dilute magnetic systems. Randonfion @+28+y=2 led to the predictidhthat the specific-
field Ising behavior has also been identified in structural"€@t €xponent must go from positive to negative as the As
systemé, providing an alternative path to exploring the concentratlo_n goes from zero to 0.05 a_md 0.15. Neutron scat-
RFIM critical behavior. Long ago Imry and Masuggested tering experiments and_ sample capamtance'measuren?ents
that structural phase transitions induced by electronic inter?@ve also been done in order to characterize the structural
actions, where crystal defects couple linearly and strongly t®hase transition.

the order parameter, could be excellent manifestations of the

RFIM. The Jahn-Teller system D&s,V,_,)O, has been Il EXPERIMENTS

proposefl as an example of a structural RFIM. Pure

DyVO, and DyAsQ undergo tetragonal to orthorhombic  Several crystals were used in this study: one with concen-
phase transition§,which are believed to be Ising-like, at tration x=0 and massm=0.1065g; onex=0.05 and
T.=14.6 and 11.4 K, respectively. The Bs,V,_,)0, sys- m=0.3258 g; one withx=0.15 andm=0.0368 g; and one
tem has effective short-ranged interactions and has an advawith x=0.15 andm=0.54164 g. Their compositions have
tage over dilute magnets in that the active Dy ions are nobeen determined previously by a variety of measureménts;
diluted. Hence this system is an example of a pure RFIMhese also served to show that the compositions are suffi-
with much less randomness in the interactions mmdacan-  ciently uniform to introduce no significant errors into the
cies The random fields are a result of a size mismatch bedetermination of critical exponents.

tween As and V ions and the local random environments that The specific heat was measured using an adiabatic heat
lead to local preferences for the distortion direction. Thispulse technique described in more detail elsewh&téThe
local random ordering field competes with long-range ordesamples were mounted on a sapphire plate using GE7031
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varnish. The amount of varnish used and the area of contact L A B o A

between the sample and the varnish was kept to a minimum 2 —
in order to avoid inducing strain in the sample that could - Dy(As,V,_,)O, .
adversely influence the transition properties. The two r B- 1
samples withx=0.15, but with greatly different masses, - °ox =0 =
yielded similar results. The similarity of the data for the two i s x = 0.05 i 7
samples seems to imply that the mounting strains caused by 1.5~ 7]
the varnish are not significant. A small heater on the sapphire i ° x = 0.15 (small) / 1
plate was used to supply heat pulses using a four wire con- I © x = 0.15 (large) ] i

stant power technique with precisely timed pulses. A bare m
germanium thermometer was attached to the sample at a ™~
point opposite from the point where the sample was mounted
to the sapphire plate. The sapphire, sample, and thermometer
were then suspended inside the sample chamber with
0.008 mm Be-Cu alloy wires connected to the small heater
on the sapphire plate and to the thermometer. The alloy wires 05
provide good electrical conductivity and poor thermal con- '
ductivity.

The thermometer attached to the sample generates heat
for which compensation is provided by a corresponding heat v .
leak from the sample to prevent temperature drift between oled v v b b b Ly 1 1
pulses. This is accomplished by using two thermometry 6 8 10 12 14 16
bridge circuits. One bridge compares the resistances of the T(K)
germanium thermometers on sample and on the sample
chamber. The ratio needed to balance the thermometer heat -, | C,/R vs T for x=0, x=0.05, andx=0.15 (two

generathn and heat leak to the sample container can be co amples For clarity, the points shown in the figure are averages of
trolled with a heater mounted on the sample chamber neck , 3 4nd 3 heat pulse measurementsce®, x=0.05, x=0.15

using the bridge and a heater control feedback circuit. Thergsmay), andx=0.15(large) Dy(As,V,_,)O, samples, respectively.
is an additional germanium thermometer in the neck of therpe |ines shown are guides to the eye.
sample chamber, the resistance of which is measured by the
second bridge circuit. In equilibrium, the temperature of the
sample is higher than that of the sample chamber and the
precise amount of heat produced by the thermometer on thesponding to the new temperature. After the measurements
sample escapes through the connecting wires from thgre completed, the sample is removed from the sample
sample to the sample chamber. When the resistance ratio ghamber and the specific heat of the sapphire plate, varnish,
one thermometer on the sample chamber and the thermomand the wires is measured. This background is subtracted
eter on the sample is set to the equilibrium value, the temfrom the sample’s specific heat before the data are used in
perature of the system does not drift, i.e., the drift is smallefitting or graphing. The advantage of the adiabatic heat pulse
than 50K per minute. The equilibrium bridge ratio.e.,  method is that it allows a very slow heating process, thus
the temperature difference between the sample and th@inimizing the effects of dynamics, which can be significant
sample chambgwersus the temperature of the sample chamin RFIM systems.
ber is determined before the specific heat measurements
commence. The results of the calibration are used by the
computer to constantly control the ratio as the sample tem-
perature is increased with the heat pulses. During the experi- Figure 1 show<,/R vs T for all four crystals[Since the
ment, including the time during which the pulse is applied,unit cell of Dy(As,V;_,)O, contains two Dy ions, there is
the system is always kept very close to the equilibrium.  some ambiguity about what is considered to be a mole of
At the beginning of an experimental run, the sample isDy(As,V;_,)O,. In this paper, a mole is considered to be
cooled down to the lowest temperature. The data acquisitios.02x 10°° Dy ions] For clarity, the points shown in Figs. 1
process is computer controlled. The small heater on the sapnd 3 are averages of several heat pulse measurements. Av-
phire plate is given a constant power pulse of 2\8/ for a  eraging of heat pulses was not used while analyzing the data.
period of time corresponding to the desired total heat of thén the case of the twa=0.15 samples, the small differences
pulse. The total heat pulse used in a typical experimental rubetween the two sets of data can possibly be attributed to
corresponds to approximately 19. Close to the transition, small differences in concentration and to the fact that one
this causes a typical temperature increase of 0.015 K for theample has an order of magnitude smaller mass, which
x=0 sample, which corresponds to a fOchange in the makes the measurements for that sample more susceptible to
reduced temperature wheret=(T—T.)/T.. Forx=0.05 systematic errors. Two properties are immediately evident
andx=0.15 samples, the change in the reduced temperatufeom Fig. 1. First, the transition temperature is greatly de-
is comparable. pressed by a small amount of mixing and, secondly, the
After the heat pulse is applied, the new temperature ishape and height of the curves change dramatically with in-
measured and the equilibrium value for the ratio is set corereasingx. The total entropy change associated with each

1

IIl. EXPERIMENTAL RESULTS
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FIG. 2. The percentage of expected entropy change present in F|G. 3. Co/R vs logi(t) for (8 x=0, (b) x=0.05, and(c)

the range betweet=—t, andt=t, vst, for x=0, x=0.05, and  x=0.15 (small sample only For clarity, the points shown are av-

x=0.15 Dy(As,V;_,)O, samples, wheré=T/T.—1. The amount  erages of 2, 4, and 3 heat pulse measurements=od, x=0.05,

of entropy change close to the transition temperature decreases dignd x=0.15 (smal) Dy(As,V;_,)O, samples, respectively. The

matically with increasing value of. solid curves are fits to Eq1) using the parameters in Tables | and
Il. The dotted lines are the continuations of the fitted curves towards
t=0. Note that the curves were only fitted in the region where the
solid curves appear.

transition is expected to bblIn(2), whereN is the total

number of sites that take part in the transition. The entropy

change corresponds to the area underGhE curve. Figure

2 shows the measured entropy as a fraction of the total exenly the linear and quadratic background terms were allowed

pected entropy. It is evident that the amount of entropyto vary while the cubic term was fixed to zero. The results of

change close to the transition is decreasing rapidly with inthis fit for 0.008<|t|< 0.1, shown in Table I, agree with

creasingx. The background contributio(e.g., phonon con- experimental and theoretical values determined forotke

tribution) to the specific heat that is not associated with thesing model, also shown in Table I. The values of the univer-

transition was not subtracted before the entropy integrationsal parameters obtained from fits with cubic background

were made, leading to an overestimate of our measured eterm allowed to vary do not change significantly from those

tropy. in Table I. We also used correction to scaling terms given in

Figure 3a) shows C,/R versus logy(|t|]) (where the usual form

t=T/T.—1), as obtained for the pure sample-0. One can

observe that the peak is rounded fer10~2. It should be Cp=A"[t| “(1+D*[t|*) +B+Et+Ft?+Gt® (2

noted that this rounding of the peak could not be a result of ith x=0.5. The results of a fit for 0.088/t|< 0.1 are

the size of the heat pulse applied to the sample, since a sin . . ! .
heat pulse causes a{)changgpof only3m redqu:ed tempera- gglven in Tablg . Little change is seen from the fit to Ef).
From these fits we see, as expected, that the structural tran-

ot e, S e, Son coes conespond wel to k=3 RFIM e
b Thex=0 sample is expected to exhilit=3 Ising behgv- 'agrt_aement with other experimentally determi_ned critical be-
ior. The curve shown is a fit to the equation havior parameter$The degree of agreement is perhaps sur-
| prising since the fit is over a rather limited rangetof
Cp=A%[t|” “+B+Et+Ft2+ Gt (1) _Figures &b) and :’:c) show CpiR Vs Iogm(|t|)'for the
dilute samples withk=0.05 andx=0.15, respectively. For
where the+ and — symbols are fot>0 andt<O0, respec- x=0.05 the transition temperature is depressed to 13.45 K, a
tively. The solid curve is used in the region in which the datadecrease of 9.2% from the pure sample. A fit to EL.is
was actually fit to the equation. The nonsingular contribu-indicated by the solid curves in Fig(l§. The fit was over
tions to the specific heat should be well described by the¢he range 0.028|t| < 0.1. This sample shows the character-
polynomial background terms. In the fit used in Figa)3 istic universal critical behavior of thd=3 Ising model, as
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indicated by the parameters given in Table Il. The addition of TABLE Il. The values of the universal parameters for the struc-
corrections to scaling, as given in E@), does not improve tural transition of DyAs,V;_,)O, for x=0.05 andx=0.15.

the fit substantially. The crossover to RFIM behavior would

presumably occur folt| < 0.01. Unfortunately, the rounding @ ATIA Fitting range
of the peak prevented a careful study ftr< 0.01. x=0.05 0.12-0.02 0.530.06 0.02&t|<0.1
C,/R vs log|t]) for the small crystal witxk=0.151is ,_q 5 —1.41-0.10 235 0.21 0.03|t|<0.25

shown along with a fit to Eq(1) indicated by the solid
curves in Fig. &). The exponent and amplitude ratio given
in Table Il are obtained from fits to EQJ.) over the reduced that is much reduced and with a rounded, Symmetrica| ap-
temperature range 0.63t|< 0.25. The peak is nearly sym- pearance. The data are consistent with a substantially nega-
metric and appears completely rounded, consistent with thgve value ofe, but our value must not be considered reliable
large negative value obtained far The transition tempera- in view of the strong rounding of the peak. The crossover
ture has decreased to 7.7 K, a 48% decrease from the pujgsue mentioned for the=0.05 sample, and the fact that the
systemT.. Hence we are most likely in the large random- specific-heat behavior is so different for the two mixed
field limit. samples, leave the question open as to what range of com-
positions would allow the random-field critical exponent
to be determined. There is also the point that, in view of the
large decrease i, at this concentration, the system is quite
We have verified that the specific-heat critical behavior ofPossibly in the strong random-field limit. In this limit the
the pure system DyV@follows thed=3 Ising model uni- System does not necessarily show the critical behavior pre-
versality class over the reduced temperature rangéicted theoretically for the RFIM, where a small random
0.008<|t|<0.1 investigated in this study. Previous measurefield is implicit."
ments of the specific hédtwere not detailed enough to es-  The striking reduction in the size of the specific-heat
tablish this fact. The present measurementdbr DyVO,  Peak, indicating a decrease in entropy associated with the
taken with previous results fg andy (Refs. 8,9 (using the ~ random-field transition, is perhaps the most intriguing result
average of the two determinationyields «+28+y  Of these experiments. Where this entropy reappears is un-
=1.98+0.12, in good agreement with+ 23+ y=2. Hence ~ clear. It may either involve short-range ordering over a large
it is experimentally established that Dy\/@ an excellent ~teémperature range or a significant amount of disorder re-
short-ranged interaction Ising model system, although if"@ining to very low temperatures, perhaps in a nonequilib-
should be noted that a coupling between the Dy electroni¢Um configuration. This behavior may simply be a manifes-
levels and bulk strains is expected to drive the ultimate critifation of cooling in large random fields where, for many
cal exponents to mean field valuts. sites, the random fields may be greater than the ordering
For the mixed samples the specific-heat critical behaviof€Xchanggfield. That this situation could plausibly arise can
is drastically altered by the random strain fields, but interpreP€ seen from the fact that for the 15% As concentrations the
tation of the results is not straightforward. The specific heaff@jority of Dy sites will have an As impurity as a nearest
peak forx=0.05 is somewhat rounded and reduced in sizd"€ighbor. In such cases the remaining entropy change would
relative to the pure sample, batis almost unchanged. With Occur at temperatures well above the transition temperature.
the results of Ref. 8 ford and y, we find a+28+ If this were the explanation, these sites would not contribute
—2.36-0.13, in disagreement with the scaling relation. Forlo the structural distortion in the low-temperature phase.

this concentration, the situation seems to be thahanged  Neutron diffractiod*! and optical birefringence measure-
substantially from,the pure valdewhile « is still the same ment$? indicate that the distortion at low temperatures is
as for pure DyVQ. While unexpected, this result could per- Significantly reduced forx=0.15 samples. The observed
haps be accounted for by crossover effects, where for thB€aK depression is very similar to the peak depres-
range of reduced temperatures accessible experimentally, tn _arising_in  the  strongly-diluted = antiferromagnet

20 o - . -
random fields control the susceptibility behavior, but not theF®.4¢2Mo.s42,~ when itis cooled in large fields. The ratio of
specific-heat behavior. random fields for DyAs,V,_,)O, and F@eZngsd> Sys-

Forx=0.15 the specific-heat is very different, with apeaktems* calculated from the random-field depression of the
' transition temperature, is approximately 4. In contrast, the

ratio of random-exchange fields for the two systems can be
TABLE I. The universal critical exponents of DyVjOThe data  estimated to be approximately 1/AThe estimate is made
were fit over the range of 0.064t|<0.1. from the fact that the transition temperature for0 and
x=1 varies by approximately 25% in Dy(&8;_,)O,,

IV. CONCLUSIONS

Fitted values Theory  Experimént \yhereas the corresponding variation inoF&ngsd, is

Eq. (1) Ea.(2) 100%.] Even though the ratio of random to exchange fields

@ 0.13+0.02 0.16:0.04 0.11%0.00® 0.11+0.00% is different for the two systems, they show a very similar

A*/A-  050+0.06 0.410.12 0.58 0.54+0.02 behavior. The temperature derivative of the optical birefrin-
gence is depressed and rounded whenR &8 54> is

#/alues obtained from studies of FeF cooled in large fields, similar to the strong peak depression in
bReference 15. the case of Dy(AggeV .19 O4. In Fey 46ZNg 54 it is probable

‘Reference 16. that the major sources of the depressed specific heat are

YReference 17. dilution of the magnetic ions and the consequent slow
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equilibration. These should not be be significant indiluted antiferromagnetic system@~0 appears to be a ro-
Dy(Asg 15V .89 O4, Where the active ions are not diluted and bust value for the specific-heat exponent and the order pa-
the equilibration times are no more than secdhds,least rameter measuremeftsin the dilute antiferromagnets are
down toT,. not well understood at this time. Thus, despite the progress in
While this structural system has attractive features incharacterizing the specific heat critical behavior, the experi-
terms of the study of RFIM behavior, serious puzzles remainmental situation for the critical properties of the RFIM is still
in the critical properties of this system. On the one hand, theinsettled.
susceptibility exponeny increases substantially from that of
the pure system, and agrees reasonably well with antiferro-
magnetic systems. On the other hand, the order parameter
exponentB seems to remain unchanged, and the determina- This work was supported in part by the DOE Grant No.
tion of a is problematical because of possible crossovelDE-FG03-87ER45324 and by the Natural Sciences and En-
complications and a dramatic loss in entropy of ordering. Ingineering Research Council of Canada.
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