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Absence of Hysteresis in the Heat Capacity of the Three-Dimensional Random-Field
Ising Model
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Heat capacity measurements on the prototypical three-dimensional random-field Ising model
compound FgssZng4F, have been performed using both the field cooling (FC) and zero-field
cooling (ZFC) procedures. There is no evidence of hysteresis between the FC and ZFC protocols
within the experimental accuracy. The absence of hysteresis is interpreted based on a magnetic
field—temperature(H-T) phase diagram in which a metastability region exists between the Néel
temperature lind'y(H) and H"(T), the latter being the lowest critical field line for the local spin flips.
[S0031-9007(98)06662-9]

PACS numbers: 75.10.Nr, 75.40.Cx, 75.60.Nt

The random-field Ising model (RFIM) has been aet al.[13] have observed a sharp peak in the temperature
subject of extensive studies over the last two decadeslependence of{(An)/dT of a Fes3Zny4;F, sample
It has been predicted theoretically [1] that the RFIMin finite magnetic fields # = 2 T). Later, Dow and
can be realized in diluted uniaxial antiferromagnets undeBelanger [14] have measured the heat capadity) (of
an applied magnetic field. Since then, a number of Fe4Znys4F> crystal using a variation of the classical
experimental studies has been done on this topic. Amonfgeat pulse technique i# up to 1.5 T. They found
them, the three-dimensional (3D) RFIM has attractecan apparent rounding of the peak @, for the FC
much attention. The 3D RFIM shows distinctly different measurement. This rounding 6¥, for the FC procedure
behavior depending on whether the measurements al@s also been observed in then study [15] up to
done with cooling the sample in a magnetic field (field1.9 T. Birgeneauet al.[16] have measured”, of a
cooling, FC) or done in a magnetic field with increasingFe)sZnysF, crystal using a standard semiadiabatic dc
temperature after having cooled it in zero field (zero-fieldcalorimeter. They found no difference @, for FC and
cooling, ZFC) below the transition temperature. EarlyZFC protocols ind = 1.5 and 5.5 T. We have made a
neutron scattering experiments on the 3D RFIM showead¢omprehensive study of,, using a relaxation method,
that a long-range magnetic ordering was established in th® clarify this apparently contradictory situation. In this
ZFC case, whereas the system was in a disordered domadaper, we report the results obtained in a single crystal of
state in the FC case [2,3]. FeyssZnoaFs.

It turns out that the phase transition of the 3D RFIM The nondiluted compound FegFhas the rutile-type
is more complex. Jaccarinet al.[4] have proposed a crystal structureDj;-P4/mnm [17], and it establishes
temperatureX) versus magnetic fieldd) phase diagram an antiferromagnetic LRO below the Néel temperature
of the 3D RFIM based on experimental facts. TheyTy = 78.4 K[18]. The spin easy axis is parallel to the
showed that a metastability region exists in theT  axis. A large single ion anisotropy makes this an excellent
plane bordering on the second-order phase transitioaxample of a 3D lIsing system. The single crystal of
temperature linely(H). From a synchrotron magnetic Fe)ssZng4F, used in this study had been grown at the
x-ray scattering study of the 3D RFIM, Hidt al.[5—7]  University of California, Santa Barbara.
showed that the long-range order (LRO) established in The heat capacity was measured using a Ma§Eab
the ZFC procedure vanishes continuously with increasingnicrocalorimeter of Oxford Instruments, U.K. This mi-
temperature in the vicinity of y(H). They labeled this crocalorimeter consists of a small sapphire chip on which
as “trompe I'oeil” critical behavior. There has been a biga serpentine metallic heater is evaporated. Attached to the
debate [8—12] on the nature of the phase transition of thehip with 50 uwm gold leads is a tiny temperature sensor.
3D RFIM in a recent issue of this journal. So, the topicThe chip is suspended B0 um tungsten leads which
may be interesting to broad audiences. make electrical connections to the elements and also pro-

The phase transition in the prototypical examples ofvide a weak thermal link to a calorimeter cell. The cell in
the 3D RFIM FeZn;_,F, has been studied by indirect turn is screwed onto théHe pot with thermally conduc-
and direct heat capacity measurements [13—-15]. Frortive grease. For a given cell temperature, the chip tem-
optical linear birefringenceXn) measurements, Belanger perature is a function (only) of the power dissipated in
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the heater element. For a measurement, the heater power I I [
was first increased stepwise (typicatyl0 uW near the 0.13 '
Néel temperature) and maintained for a periodofo en-
sure equilibrium was closely approached, wheris the e 0.12
relaxation time (typically~70 sec near the Néel tempera- ¥4
ture). Then the power was stepped back to its original §°0.11
value. The variation of the chip temperature with time ™,
was fitted with an exponential function from whiehwas Ug 0.10 Fey sgZng 4oF,
obtained. We repeated this procedure several times to im- H//c v
prove the quality of the data. With this calorimeter, FC 0.09 |— : ?8% N gg%
and ZFC measurements can be done with the same ac- (@ ¢ 30T v 40T
curacy. The single crystal was cut into a platelet par- 0.08 | l l
allel to thec axis with the dimensions about5 mm X 42 43 44 45 46
3 mm X 0.1 mm. The platelet was mounted on the sap- T (K)
phire chip using a small amount of thermally conductive 0.12 : : : :
grease. The heat capacity of the sample was obtained by R Zln v | '
subtracting the heat capacity of the sapphire chip from 0.11 He/;’css 04272 X _
the total. The heat capacity of the sapphire chip is much x 60T
smaller (~1/10) than that of the sample in the tempera- ~0.10 o 80T —
ture range of interest. In both of the ZFC and FC mea- :f,)
surements, the sample was cooled frén= 90 K which = 0.09
is higher enough thafiy in pure Fek. ‘é"
We measured the temperature dependence pfof O 0.08 |-
FeyssZno4F> in H between 0 and 10 T parallel to the
axis. Typical results under ZFC condition are shown in 007} *
Figs. 1(a) and 1(b). Here, we subtracted the contribution (b) 5
of the lattice from the total using, of ZnF, [18]. The 0.06 . | . | L | L
result after subtraction corresponds to the magnetic part 32 36 40 44 48
(Cmag) of the heat capacity. I = 0 an asymmetric peak T (K)

appears at45.5 K. We define the peak temperalye?),
as the temperature at whiafy,,, is a maximum. As is
seen from Fig. 17,(H) decreases and the shape(yf,,
becomes symmetric and broad with increasthg These
observations are consistent with the results measured on
the F@s3Zno47F (H = 2 T) [13], Fe46ZnossFr (H =
1.9 T) [15], and Fg¢ZnosF, (H = 8 T) [15] samples

FIG. 1. Temperature dependence of the magnetic heat capac-
ity in a Fe ssZny4,F, single crystal obtained under ZFC con-
dition. The external magnetic field is applied parallel to the

¢ axis.

Belangeret al. have pointed out that the concentration
gradient of the sample makes the observation of hysteresis
with the An method under ZFC condition. difficult [19]. In case of the measurement using a sample

Figure 2 shows the data taken Ht= 2T for both  with a large gradient, it was reported that the peak'gf,
of the FC and ZFC protocols. It is evident that therewith H = 0 was rounded. On the contrary, the peak of
is no difference in the two measurements within theour heat capacity data measureddn= 0 is sharp enough
experimental accuracy~0.3 K). We have observed no to suggest that the concentration gradient of our sample is
hysteresis in other fields investigated (0.5, 1.0, and 3.0 Tyery small. In order to confirm this, we analyzed the data
This result is in accord with that reported by Birgeneaumeasured irtd = 0 by fitting them to the scaling function
et al. [16]. However, the present result is in contradiction[20]
with the observation by Dow and Belanger [14] and by u x
Ferreiraet al. [15], in which FC heat capacity is severely Cmag = A/el7|"*(1 + DI7|%) + B, (1)
rounded. wherer = T/Ty — 1. The fitting parameters thus ob-

These apparently contradictory results may be extained are close to those reported from the analysis of
plained as a result of the time scale of the measurementthe indirect heat capacity datd(An)/dT, measured in
It is widely accepted that the critical dynamics of the 3DH = 0 using the sample of kgyZng40F; [20]. Thus, we
RFIM is quite slow. Then, the results obtained with aare convinced that our sample is homogeneous enough to
different technique such aAn, adiabatic, or relaxation observe the random-field effects.
method may be different. The time scale of our measure- Next, we discuss the apparent rounding of the peak at
ment is typically 200 sec. Moreover, we can estimate théigh fields [Fig. 1(b)]. In Fig. 3, we show the field depen-
equilibrium value by fitting the time evolution with an ex- dence of the widthW,) of the peak ofCy,,, defined as
ponential function. the one at which the value @f,,, is 95% of its maximum

710



VOLUME 81, NUMBER 3 PHYSICAL REVIEW LETTERS 20 ULy 1998

0.14 I I I I i I erage of the magnetic moment, it decreases with increas-
ing temperature and vanishes Bt. When the sample
26/7-582“0-421:2 1 is cooled in zero field below'y and H = H, is subse-
(&

quently applied, the system is in the LRO state provided
— Hy < HY(T). At an elevated temperaturé("/(T) be-
comes equal téd,, where the local spin flip occurs. This
spin flip will nucleate domains. Near the Néel temperature,
H"(T)withn = 1,2,..., become close, thereby domains
] with various sizes will be nucleated. It is not surprising
that the trompe l'oeil critical behavior has been observed
in the 3D RFIM at finite fields [6,16].

When the sample is cooled from high temperature un-
der a magnetic field (FC case) affty(H) is reached,

e 7ZFC \ a LRO will be established there. However, as is dis-

o FC cussed abovel/ " (T) with n = 1,2,..., are close near
0.06 | | | | | X Tn(H), then domains will be nucleated immediately be-
36 38 40 42 44 46 48 50 low Ty(H). These domains are stable at low tempera-

tures against thermal agitation because the anisotropy is
T(X) strong. According to this interpretation, the transition

FIG. 2. Temperature dependence of the magnetic heat capat&mperature in equilibrium is the Néel temperatfixéH ),

ity in a FeyssZnp.F> single crystal taken at 2 T for FC and and there is a metastability region beld@w(H) bounded

ZFC protocols. by the H)(T) line. This conclusion is consistent with
the result of the computer calculation [22] made on a
diluted 3D Ising antiferromagnet in magnetic fields and

in respectiveAd obtained from the ZFC procedure. As is with some experimental results of the optical Faraday

seen from Fig. 3W, is almost constant below 4 T. On rotation measurements on daeZny s3F, [23] and of the

the other handW, depends much o above 4 T. We capacitance measurements on&g _.F,; x = 0.46 and

interpret this broadening of the peak Gf,., as evidence 0.72 [24].

that the system is in a domain state at finite fields. Because the system is in the domain state at this

King et al.[21] have observed in E&n;_,F, that metastability region for both the ZFC and the FC condi-
the magnetization shows anomaliesfac(t”) = (n/8)Hg, tions, the heat capacities coming from thermal fluctuation
whereHy is the exchange field and= 1,2,...,5. These in these states are expected to be similar. This explains
anomalies have been explained as arising from local spithe absence of hysteresis in the ZFC and FC heat capaci-
flips which occur when the external magnetic field be-ties as observed in the present experiment. Based on this
comes equal to the local exchange fie}ﬁgé). The lowest interpretation, then, it is possible to observe the crossover
field H(V required for the flip is about 7 T at 1.3 K [21]. from the random exchange Ising model to RFIM with in-
Since the exchange field is proportional to the thermal avereasingH along theTy (H) line.

In the remaining part of this paper, we discuss the shift
in the transition temperature withl. Here, we assign
the peak temperaturg, (H) as the transition temperature.
The true transition temperatufg, (H) may be a bit larger
than T,,(H) for a given H. However, as is seen from
Fig. 3, the difference betweef,(H) and Ty(H) lies
within the experimental error below 4 T.

In Fig. 4,AT,(H)[= T,(H = 0) — T,(H)] is plotted
as a function off on a log-log scale. Data were fitted to
Eq. (2) below over the fieldrange5 = H = 4.0 T from
the reason discussed above,

AT,(H) = aHY? + bH?, 2)
where ¢ and b are constants and@ is the crossover
6 2 4 6 8 10 exponent. The termbH? represents a small mean-
H(T) field shift. From the fitting, we got = 1.39 + 0.03.
FIG. 3. Field dependence of the width of the peak in theThis value is close to the ones observed experimentally
magnetic heat capacity of a fzgZn.4,F, single crystal. [13,15,25] and the theoretical oné (~ 1.4 [26]).
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