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Scaling of the entropy change at the magnetoelastic transition in G4Si,Ge;_,) 4
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Differential scanning calorimetry under a magnetic fiellthas been used to measure the entropy chaigje
at the magnetoelastic transition in £&8i,Ge,_,), alloys, for x<0.5. We show that\S scales with the
transition temperaturd; , which is tuned by andH, from 70 to 310 K. Such a scaling demonstrates That
is the relevant parameter in determining the giant magnetocaloric effect in these alloys, and proves that the
magnetovolume effects due kb are of the same nature as the volume effects caused by substitution.
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The magnetocaloric effedMCE) has been studied for sition occurs simultaneously with a first-order structural tran-
decades owing to its potential application to magneticsition from a high-temperature G@e,-type orthorombic-I|
refrigerants: The MCE is the isothermal entropy change orphase to the low-temperature orthorombic-I phase, a large
the adiabatic temperature change arising from the applicatiomolume contraction also taking place. No structural anoma-
or removal of a magnetic fielll on a system with magnetic lies are detected at the second-order PM-AFM transition.
degrees of freedom. Many efforts have been devoted to thim the intermediate range G:%<0.24, orthorombic-1l and
analysis of the MCE both in the vicinity of second-order monoclinic structures coexiét.
magnetic phase transitions, where Gd is the element that Differential scanning calorimetryDSC) is the most suit-
shows the largest effect close to room temperatdrand in  able method to obtain the latent heat and entropy change at a
order-disorder blocking processes, e.g., in moleculafirst-order phase transiticit.In contrast, quasiadiabatic calo-
magnets. However, the MCE may be maximized in the vi- rimetry, commonly used for the study of the MGEis de-
cinity of a first-order magnetoelastic phase transition, whersigned to measure the heat capa€ity. However, at a first-
the crystallographic transformation is field induced, resultingorder phase transition, the experimental determinatio@ pf
in an additional contribution to the entropy chafiyea giant is intrinsically uncertain due to the release of latent Réat.
MCE has been discovered in the £8i,Ge;_,);, com-  DSC underH is thus expected to be the ideal technique for
pounds with x<0.5°"" and recently in MnAs-based the study ofAS at first-order magnetoelastic transitions. We
materials®® have developed a high-sensitivity DSC with built4h In

This paper is aimed at studying the entropy chadge this paper, the calorimetric measurement& as a function
associated with the first-order magnetoelastic phase transpf T and H is reported for Gg(Si,Ge,_,), alloys. A AS
tion in Gd(SikGe,_,)4 alloys, which has lately aroused scaling plot is obtained, where the scaling variabjés the
much discussioR*~3Two compositional ranges are of in- temperature of the first-order magnetoelastic phase transi-
terest. For 0.24x=<0.5, the giant MCE is related to a first- tion. As T, is shifted withx and H, the scaling ofAS thus
order magnetoelastic phase transition from a highsummarizes the giant MCE in the g&i,Ge,_,), alloys.
temperature  paramagnetic(PM), monoclinic phase We also unambiguously show that calorimetric valued 6f
(P112/a) to a low-temperature ferromagneti¢FM), are in agreement with the indirect calculation obtained from
GdsSiy-type orthorombic-l1 phaseRnmg), at temperatures the magnetization curvesM(H), using the Clausius-
ranging from 130 K ¥=0.24) to 276 K &=0.5)%'*The  Clapeyron equatiot?*
structural transition occurs by a shear mechahisand Gd;(SiyGe,_y) 4 alloys withx=0.1, 0.18, 0.2, 0.25, 0.3,
yields a large volume contraction. The field-induced, revers9.365, and 0.45 were prepared by arc melting admixtures of
ible nature of the magnetostructural transition then results ithe pure elements in the desired stoichiometry under an ar-
strong  magnetostrictioh  and  giant (negativé  gon atmosphere. As-cast buttons were cut into slices, and
magnetoresistancé. For x<0.2, a second-order PM-to- some were thermally treated for four hours at 950 °C under
antiferromagnetic(AFM) transition occurs atTy (from  a 10 °-torr vacuum. The quality of the samples and their
~125 K for x=0 to ~135 K for x=0.2).® Upon further  crystallographic structure were studied by room-temperature
cooling, a first-order AFM-FM transition takes place, whosex-ray diffraction. ac susceptibility (77-300 K, v
temperature ranges linearly from about 20 ¥<0) to 120 =111-3330 HzH,.=1.25 Oe) was used to check that the
K (x=0.2). MCE is related to such a first-order phase trantemperatures of the first- and second-order phase transitions
sition. The nature of the AFM phase is currently underwere in agreement with values in the literatéife"’” M (H)
discussiort/ and the magnetic structure may correspond tocurves were recorded up to 230 kOe for0.18 and 0.45,
that of either a canted ferrimagnet, as proposed fog@¢  both in increasing and decreasikg from 4.2 to 310 K with
(Ref. 18 or a canted antiferromagnet, as for the Ge-richa temperature step of 3 K. Calorimetric measurements were
region of the Th(Si,Ge, ), alloys!*?°The AFM-FM tran-  performed using two high-sensitivity differential scanning
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FIG. 1. Transition fieldH, plotted as a function of the transition § 7
temperatureT, for x=0.45, obtained fronM (H) (increasing and E O
decreasindgd) and DSC datdcooling and heating Solid lines are 5
linear fits to experimental data. g =20
o
-40
calorimeters, specifically designed to study solid-solid phase . L 4TET)
transitions. Heating and cooling runs were performed within 60 80 100 120 140
77-350 K forH =0 in aL N, cryostat, and within 4.2—300 K T(K)

under fields up to 50 kOe inlaHe cryostat. The calorimeter FIG. 2. DSC data for=0.18 on heating and cooling the sample
with built-in H furnishes a sensitivity~10 times larger at underH. Inset: details of the second-order transition on heating,
room temperature than that for a conventional DSC, while d@om 0 (top) to 5 T (bottom.
reasonably high value is obtained at IdwNeither the ther-
mometry nor the heat flow sensors are affectetibpata do  consistent with published valués!’ The second-order tran-
not depend on the cooling/heating rate. The upper limit okjtion is observed in DSC as a smalttype jump in the
the operating range is 5 K/min. A detailed description will beqQ/d T baseline(Fig. 2, insel. Although DSC does not give
published elsewheré. the absolute value dE,, the extrapolation &f, of the base-
The measured/ (H) isotherms forx=0.45 were similar |ines at temperatures above and below the first-order transi-
to those previously reportéd® for x=0.5. The field- tion provides a good estimation &fC,,. It is found that
induced, first-order nature of the magnetoelastic PM-FMAC, is positive for the first-order AFM-FM transition for all
transition was evident from the data. It is worth noting thatcompositions withx<0.2[see Fig. 8) for x=0.1], while a
application of a field of 230 kOe shiff; by an amount of negativeAC,, is obtained for the first-order PM-FM transi-
~80 K. From theM(H) curves a transition fieltH, is de-  tion for 0.24<x=<0.5[see Fig. &) for x=0.3].
fined at eachl as the inflection point of the curve. The tem-  The absolute value oS as a function ofT; is shown in
perature dependence i, is shown in Fig. 1, for measure- Fig. 4. AsT, corresponds to the transition temperature of the
ments under increasing and decreasihgA linear relation ~ first-order phase transition for eartandH, this allows us to
betweenH, and T, is obtained, which yieldsi T, /d(uoH,)  SweepT, from ~70 to ~310 K. AS was calculated as fol-
=4.5+0.2 K/T. lows: (i) At H=0 (LN, cryostaj and up to 50 kOel(He
DSC data forx=0.18 (Fig. 2) also reveal the first-order Cryostal, by numerical integration ofdQ/dT)/T throughout
nature of the low-temperature AFM-FM transition and thethe first-order calorimetric peaks and (ii) indirect AS

second-order nature of the high-temperature PM-AFM tran-‘i"aluaﬁon from theM(H) isotherms up to 230 kOe for
sition. The first-order transition shows) a large peak in =0.45 and 0.18, using the Clausius-Clapeyron equation at a

Q/T=dQ/dT, whereQ is the recorded heat flow ari is

the heating/cooling ratdji) a hysteresis of 2—3 K between @) o ). .

. . i . . 60 x=0.1J} x=0.3]120
cooling and heating; andii) a significant field dependence WH=5T sero field
of T¢, which is estimated as the temperature at the maximum <
of the peak. The calorimetric data enable us to confirm the 230 i 1%
linear relation betweeh; andT;, which is plotted in Fig. 1 E
for x=0.45, and vyieldsdT,/d(uoH,)=4.8£0.1 K/T. A 3o I 140
slight difference 5 K) in the determination of the zero- © 4C>0 AC,<0
field transition temperaturé,(H=0) from M(H) and DSC 30 e j0
curves is found, due to the use of different experimental 80 100 120T (K;50 180 210
devices. These values are in good agreement with those re-
ported forx=0.45, dT,/d(uoH;)=4.5 K/T (Ref. 14, and FIG. 3. DSC data for@) x=0.1 on heating the sample with

x=0.43,dT,/d(uoH,) =4.3 KIT.° Alinear H,(T,) behavior uwoH=5 T and(b) x=0.3 on heating the sample without applied
is found for the other compositions, and the slopes are alsfteld. The opposite sign akC,, for the two compositions is shown.
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" £ I tiond(AS)/dT=AC,/T; and(ii) AM decreasing monotoni-
5| 'y =m0t | cally with T. Moreover, negativéAC, may also be estimated
% 02 from Ref. 26. In contrast, foxr<0.2, |AS| either decreases
- ‘%{% s eom or increases, depending of. Due to the magnetoelastic
X 41 A e so0s |- coupling, the application dfi shifts T,, so that it is possible
2 5% LY § E E%s“ to observe both the AFM-FM transition & and, at high
S 3l %4 & v o45H| | enoughH, a PM-FM transition, whefl;(H)=Ty . The latter
- % & transition is still first-order due to the crystallographic trans-
% formation and arises from the PM-AFM transition. For the
- 2t oy ] AFM-FM transition,|AS| increases monotonically witf,,
REMGEsH & in agreement wit C,>0 [Fig. 3@ and Ref. 26. However,
1} | s for the PM-FM transition,|AS| decreases withl, for x
. . ° =0.18 andk=0.2, in agreement witki) AC,<0 [similar to
100 200 300 Fig. 3(b)] and(ii) AM _decree}sing monotonically wiﬂl‘i..
Tt(K) Consequently]AS| is maximum for each composition at

T,=Ty, i.e., when, in the FM phase, the appligldis large
FIG. 4. Scaling of|AS| at the first-order transition for the €nough to shift the first-order transition to overlap to the

Gds(Si,Ge,_,), alloys. A variety of applied fields and composi- second-order transition &ty . Therefore, the largest value
tions are represented. Connected symbols correspond to values dixS|=5.58 J/(mol K) occurs af~131 K [~ the highest
tained fromM(H). Solid and open diamonds are from Ref. 10. value of Ty, which corresponds ta=0.2 (Ref. 6]. All the
Symbols labeled/not labeled with &h correspond respectively to  foregoing suggests thd S|, and thus the MCE, will be
measurements with theHe (undeH)/LN,(H=0) DSC. maximum within the compositional range €:<0.24,

2410 . where the different crystallographic and magnetic phases co-
constant pressuréy S= —AM(dH,/dT,).“*""AM is deter-  gyist, and the two branches pkS| join (Fig. 4). Finally, it
mined from the magnetization jump at the transitidS  geemg that the slope|AS))/dT, for the PM-FM transition
from the Clausius-Clapeyron equation reported by Gigue ¢,y 18 and that for 0.24x<0.5 are different. We argue
et al. for .)(:0'5’ gnd obta!neo! up to 79 kQsee Fig. 2 in that this is due to the high-temperature crystallographic
Ref. 10, is also displayed n Fig. 4. .AE Is tuned by b"”’? phase being differerforthorombic-1l and monoclinic phases,
andH, |AS| values scale witfT,. This enables us to derive respectively, forx=0.18 and 0.24x=<0.5)

a scaling of|AS| for all T, i.e., for all compositions with .
x=<0.5. The values given in Ref. 10 also collapse onto this In conclusion, DSC unde has been used successfully to

scaling plot. This shows that the relevant parameter in detef1easure the_e_ntropy change at the first-order magnetoelastic
mining |AS| is T;. In addition, the scaling is not a trivial phase transition for GSLGe )4, x<0.5. We have

consequence of the scaling of baiiM anddH,/dT,, i.e., _sh_own that the transitiop entropy phange scales Withind it
neitherAM nor dH,/dT, scale withT,, which gives further 1S in good agreement with the indirect measurements through
relevance to the scaling ¢AS|. Notice also thatAS| ex- the Clauslus-CIapeyron equatlon..Thls is relevant for an un-
trapolates to zero a,=0, as expected from the third law of derstanding of the thermodynamics of first-order magneto-
thermodynamics. The scaling is a consequence of the firsglastic transitions. The scaling afSis a direct consequence
order nature of the transition: at a constihtthe Clausius- Of the fact thafT, is tuned byx andH and it is thus expected
Clapeyron equation is written @S=AV(dP,/dT,), where to be universal for any material showing strong magnetoelas-
AV stands for the volume jump an@, for the transition tic effects, yielding a field-induced nature of the transition.

pressure. Thereford\V andAM are related adV/AM = AS s expected t@i) go to zero at zero temperatuk@) tend
—dH,/dP;, and the scaling thus shows the equivalence ofasymptotically to zero at high temperature since the latent
magnetovolume and substitution-related effects. heat is finite, andiii ) display a maximum at that temperature

It is worth stressing thak S obtained from DSC measure- for which bothAM is maximized andTl; shows the mini-
ments and from the Clausius-Clapeyron equation are coincimum field dependence. The specific shape\ 8fvs T, will
dent within the experimental error, far=0.45 and 0.5, and  depend on the details of the phase diagranix). Finally,
for x=0.18 in the temperature range where the AFM-FMthe scaling ofAS proves that the magnetovolume effects due
transformation takes place. This shows tie$ obtained to H are of the same nature as the volume effects caused by
from the Clausius-Clapeyron equation provides an excelleng¢ypstitution.
evaluation of the total entropy change at the first-order mag-
netoelastic transition. A comparision &fS to the entropy
change obtained through the Maxwell relafidit®was dis- The financial support of the Spanish CICYMAT2000-
cussed elsewheré. 0858 and MAT2001-3251 and Catalonian DURSI

Two diferent trends are shown in Fig. 4. For 024  (2001SGRO0O06Kare recognized. The Grenoble High Mag-
<0.5,|AS| associated with the PM-FM transition monotoni- netic Field Laboratory, through the Improving Human Poten-
cally decreases witfl;, which is consistent withi) AC, tial Program of the European Community, is acknowledged.
<0 [Fig. 3 (b)], as expected from the thermodynamic rela-F.C. and J.M. acknowledge DURSI for Ph.D. grants.
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