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Effect of a magnetic field on the magnetostructural phase transition in Gd5„SixGe1Àx…4
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The first-order magnetostructural phase transition in Gd5(SixGe12x)4 alloys with x<0.5 and the related
entropy changeDS are analyzed from high-field magnetization curves up to 23 T, and differential scanning
calorimetry up to 5 T. The variation of the transition fieldHt with the transition temperatureTt is discussed for
fields up to 23 T for thex<0.5 range. From these data, the ratiodHt /dTt , which is related to the strength of
the magnetoelastic coupling, is obtained as a function ofx. We show thatDS obtained from the Clausius-
Clapyeron equation and the Maxwell relation are equivalent for all compositions (0<x<0.5), provided the
Maxwell relation is evaluated only within the transition region. TheT andH dependences ofDS are accounted
for by modeling theT andH dependences of the magnetization outside the transition.
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I. INTRODUCTION

The magnetocaloric effect~MCE! has been studied fo
decades owing to its potential application to magne
refrigerants.1 The MCE refers both to the isothermal entro
change and to the adiabatic temperature change arising
the application or removal of a magnetic fieldH on a system
with magnetic degrees of freedom. MCE may be maximiz
in the vicinity of a first-order phase transition, when t
transformation is field induced, resulting in a large contrib
tion to the entropy change.1,2 Such a giant MCE has bee
found in Gd5(SixGe12x)4 compounds withx<0.5,3–5 in
MnAs-based materials6,7 and in La(FexSi12x)13 alloys.8,9

Two different compositional ranges are observed
Gd5(SixGe12x)4 with x<0.5. For 0.24<x<0.5, the first-
order magnetostructural phase transition occurs from a h
temperature paramagnetic~PM! monoclinic phase
(P1121 /a) to a low-temperature ferromagnetic~FM!
Gd5Si4-type orthorhombic-I phase (Pnma), at temperatures
ranging linearly from 130 K (x50.24) to 276 K
(x50.5).4,10 For x<0.2, the symmetry is Sm5Ge4-type
orthorhombic-II (Pnma), and a second-order PM-to
antiferromagnetic~PM-AFM! phase transition occurs atTN
~from ;125 K for x50 to ;135 K for x50.2). Upon fur-
ther cooling, a first-order structural transition takes pla
simultaneously with an AFM-FM transition from the high
temperature orthorhombic-II phase to the low-temperat
orthorhombic-I phase. The transition temperature ranges
early from about 20 K (x50) to 120 K (x50.2).4,5,11 The
nature of this AFM phase is currently under discussion.11,12

In the intermediate range 0.2,x,0.24, at which the second
order PM-AFM transition disappears, orthorhombic-II a
monoclinic structures coexist.5

The structural transition occurs by a shear mechanism13 in
the whole composition range and it is accompanied b
large volume variation. This fact may be understood cons
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ering the layered crystal structure of Gd5(SixGe12x)4 ~Ref.
14!. In the low-temperature orthorhombic-I phase, which
FM for all compositions, two-dimensional slabs~layers! are
connected one to another through Ge~Si!-Ge~Si! covalentlike
bonds.13 For x<0.2, the interslab bonds are totally broken
the transformation to the orthorhombic-II phase due to
increase in the distance between Ge~Si! atoms, which stabi-
lizes an AFM phase. However, only half of the Ge~Si!-Ge~Si!
bonds are broken on the transformation to the monocl
phase for 0.24<x<0.5, leading to a PM phase.14 The field-
induced nature of these magnetostructural transitions res
in strong magnetostriction10,11 and giant magneto-
resistance,15–17 besides the giant MCE. The MCE is assoc
ated with the large contribution of the entropy change at
first-order transition,DS, whose determination has been
controversial issue.3,18–21 Recently, we showed that in
Gd5(Si0.45Ge0.55)4 ~Ref. 22!, the values ofDS calculated
through the Clausius-Clapeyron equation matched the c
rimetric measurements ofDS, while the Maxwell relation
also accounted for the entropy change outside the trans
region, due to the field and temperature dependence of
magnetization. Moreover, for all compositions withx<0.5, a
scaling ofDS was achieved by tuning the transition tempe
ture Tt throughx andH, which suggested that magnetovo
ume effects and substitution-related effects are equivalen23

In this work, we study the effect of the magnetic field o
the magnetostructural transition in Gd5(SixGe12x)4 alloys
with x<0.5. In particular, the variation of the magnetic fie
at which the transition takes place,Ht , with Tt is discussed
as a function ofx. In these compounds, the value ofDS
measured when the transition is field induced coincides w
the value measured when it is induced by the application
pressure.10 Therefore, through the Clausius-Clapeyron equ
tion, it is shown thatdHt /dTt is related to the strength of th
magnetoelastic coupling.23 We also compare the values o
©2004 The American Physical Society16-1
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DS obtained from calorimetric measurements, from t
Clausius-Clapeyron equation and from the Maxwell relati
for all compositions withx<0.5. Finally, we present a gen
eralization of a previous phenomenological model~Ref. 22!
which enables us to assess the conditions in which
Clausius-Clapeyron and Maxwell approaches will give co
cident results forDS.

II. EXPERIMENTAL DETAILS

Gd5(SixGe12x)4 samples (x50, 0.05, 0.1, 0.18, 0.2, 0.25
0.3, 0.365, and 0.45! were synthesized by arc melting th
pure elements in the desired stoichiometry under a h
purity argon atmosphere. The samples were placed i
water-cooled copper crucible and each one was melted
eral times to ensure a good homogeneity. The weight los
after arc-melting were negligible. As-prepared buttons w
cut into slices and some of them were heat treated for u
9 h at 950°C under 1025 mbar, inside a quartz tube in a
electrical resistance furnace. After annealing, the quartz t
was quickly taken out of the furnace to room temperatu
The crystallographic structure of the samples was stud
by room-temperature x-ray diffraction~XRD!. The samples
with x<0.2 displayed the expected room-temperat
orthorhombic-II structure (Sm5Ge4-type Pnma), in agree-
ment with Refs. 5 and 11. The rest of the samples (0.24<x
<0.5) displayed the monoclinic structure (P1121 /a).4,10

Minoritary Gd5(Si,Ge)3 and Gd1(Si,Ge)1 phases~less than
10 wt.%! are also detected by XRD and electron-beam
croprobe analysis. The magnetization measurements w
performed at the Grenoble High Magnetic Field Laborato
M (H) curves were recorded from 4.2 to 310 K with a tem
perature step of 3–5 K up to 23 T, both under increasing
decreasingH. Calorimetric measurements were perform
using a high-sensitivity differential scanning calorime
~DSC! specifically designed to study solid-solid pha
transitions.24 Heat flowQ̇(t) and temperatureT(t) were ac-
quired at 0.33 Hz. Heating and cooling runs were perform
within 4.2–300 K under fields up to 5 T in a LHe cryosta
Neither the thermometry nor the heat flow sensors were
fected byH.

III. RESULTS AND DISCUSSION

A. Magnetoelastic coupling

DSC data under different magnetic fields~0–5 T! were
recorded for all samples. In these measurements, first-o
transitions give rise to a large peak in thermal curv
(dQ/dT).25 Second-order transitions are observed as sm
l-type jumps in thedQ/dT base line. The shape of the the
mal curves for all compositions withx<0.2 reveals the first-
order nature of the low-temperature AFM-FM transition a
the second-order nature of the high-temperature PM-A
transition ~see Fig. 1 forx50, 0.05, and 0.2, where th
second-order transitions are also labeled!. For the rest of
compositions (0.24<x<0.5), only one peak is displayed
corresponding to the first-order PM-FM transition. For
samples, a hysteresis of 2–4 K between cooling and hea
runs is observed. We note that forx50, the cooling process
10441
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at zero field does not show any first-order peak@hence it is
not displayed in Fig. 1~a!#. This is due to the fact that the FM
ground state forx50 cannot be achieved by cooling to lo
temperature at zero field, since the sample remains AF
The application of a field of;1 T is needed in order to
stabilize the FM phase through an irreversible transition.26,27

Figure 1 shows how the first-order transition comes progr
sively closer to the second-order transition as Si contentx is
increased. In particular, Fig. 1~c! shows the overlap of the
first-order peak and the second-order jump when a field
;3 T ~or larger! is applied forx50.2.

M (H) isotherms for all compositions~see, for example,
Fig. 2 for x50.1 and 0.3! exhibit a change in the magnet
zation, DM ,3,18,22,28,29 which spreads over a field range
DHt , around the magnetostructural transition. The hyster
betweenM (H) isotherms obtained by increasing and d
creasingH evidences the first-order nature of the transitio
For x<0.2 @for examplex50.1 in Fig. 2~a!#, the first-order
field-induced transition occurs between AFM and F
phases, while for 0.24<x<0.5 @see Fig. 2~b! for x50.3] it
occurs from PM to FM phases. This fact affects the behav
of DM at the transition, the variation of magnetization bei
more abrupt for the AFM-FM case. In particular, in Fig. 2~a!

FIG. 1. DSC data on cooling at selected applied fields up to
for Gd5(SixGe12x)4: ~a! x50, ~b! x50.05, and~c! x50.2. The
second-order transition is labeled for each composition.
6-2
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EFFECT OF A MAGNETIC FIELD ON THE . . . PHYSICAL REVIEW B 69, 104416 ~2004!
for x50.1, the shape of the magnetization curves at the t
sition becomes smoother as the nature of the transi
changes from AFM-FM~low-T isotherms! to PM-FM ~high-
T isotherms!.

From both sets of measurements@DSC andM (H)], the
dependence ofTt on the transition fieldHt can be evaluated
independently. From magnetization isotherms,Ht(T) is de-
fined at each temperature as the field corresponding to
inflection point within the transition region. Due to the hy
teresis between increasing and decreasing field, two diffe
values ofHt are obtained. From DSC,Tt(H) is estimated at
each applied field as the peak position indQ/dT curves. Due
to the thermal hysteresis, two different values ofTt are ob-
tained. Figure 3~a! displays the transition field as a functio
of the transition temperature obtained from both DSC a
M (H) curves. Notice the good agreement between isofi
and isothermal data. Interestingly, for 0.24<x<0.5, where
only the PM-to-FM transition occurs,Ht(Tt) shows a linear
behavior over the whole field range, while forx<0.2, the
slope ofHt(Tt) varies progressively from a low-field valu
~AFM-FM transition! to a high-field value~PM-FM transi-
tion!. This effect is illustrated in Fig. 3~b!, which shows a
detail of Fig. 3~a! for x50.1 andx50.18 curves. Such a
progressive change in the slope is due to the fact that, at
fields, the magnetostructural transition overlaps the seco
order PM-AFM transition23 @Fig. 1~c!#, giving rise to a
unique PM-FM transition.

Figure 3~c! compiles, for all compositions, the values
the slope,dHt /dTt , as a function ofx, determined from the
data in Fig. 3~a!. Forx<0.2, two limiting values ofdHt /dTt

FIG. 2. ~a! Magnetization isotherms for Gd5(Si0.1Ge0.9)4 under
increasing and decreasing field for selected temperatures: 148
162.7 K, 173.1 K, 181.9 K, 190.8 K, 199.9 K, 208.8 K, 218.3
and 228.8 K, from top to bottom.~b! Magnetization isotherms fo
Gd5(Si0.3Ge0.7)4 under increasing and decreasing field for selec
temperatures: 70.8 K, 84.3 K, 97.0 K, 109.8 K, 115.7 K, 121.0
127.2 K, and 133.0 K. The first-order field-induced nature of
transition is evident.
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corresponding to the low- and high-field regimes are d
played, while a single value ofdHt /dTt is found for 0.24
<x<0.5. Datum forx50.5 is taken from Ref. 18. We not
the linear dependence ofdHt /dTt on x, which is decreasing
for the PM-FM transition@solid line in Fig. 3~c!#, while it is
increasing for the AFM-FM transition@dashed line in Fig.
3~c!#. Both lines meet at the composition range where
second-order transition disappears (0.2,x,0.24), in agree-
ment with the phase diagram.11 The value ofdHt /dTt for
x50 at high fields is lower than expected because a fi
higher than 23 T~the maximum available in the prese
work! must be applied to fully induce the PM-FM transitio

The strength of the magnetoelastic coupling is associa
with the field dependence ofTt ~i.e., a strong magnetoelasti
coupling yields a small value ofdHt /dTt). Consequently,
the decrease indHt /dTt with increasingx for the PM-FM

K,

d
,
e

FIG. 3. ~a! Transition fieldHt as a function of the transition
temperatureTt for Gd5(SixGe12x)4 ~from x50 to x50.45) ob-
tained from magnetization isotherms~increasing and decreasingH)
and DSC isofield data~cooling and heating!. ~b! Detail of panel~a!
showingHt(Tt) for x50.1 andx50.18, on increasingH and cool-
ing. ~c! Slope ofHt(Tt) calculated from the previous data. Forx
50.25, 0.3, 0.365, 0.45, and 0.5~the latter from Ref. 18! a single
slope is obtained, which corresponds to the PM-FM transition.
x50, 0.05, 0.1, 0.18, and 0.2 two limiting slopes are obtain
a low-field value~associated with the AFM-FM transition! and a
high-field value~associated with the PM-FM transition!. Solid and
dotted lines are a guide to the eye.
6-3
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FÈLIX CASANOVA et al. PHYSICAL REVIEW B 69, 104416 ~2004!
transition indicates a strengthening of the magnetoela
coupling. This may be explained by considering that F
exchange interactions are stronger for increasingx, as sug-
gested by the magnetic phase diagram, whereTt increases
linearly with x.11 The fact thatdHt /dTt for the PM-FM tran-
sition has continuous behavior, although the PM phas
monoclinic for x<0.2 and orthorhombic-II for 0.24<x
<0.5, suggests that the magnetoelastic coupling is we
dependent on the actual crystallographic structure. Conc
ing the AFM-FM transition, and taking into account that t
structural transition is very similar to that occurring in th
PM-FM case, the increase indHt /dTt with x may be related
to the fact that the transition involves two ordered magne
phases~FM and AFM!.

B. Entropy change

Let us now analyzeDS involved in the first-order transi
tion. After a proper correction of the base line,DS is ob-
tained from DSC data as

DS5E
Ti

Tf 1

T

dQ

dT
dT, ~1!

whereTi andTf are temperatures located above~below! and
below ~above! the DSC peak measured on cooling~heating!.
DS as a function ofTt is displayed forx50.05 andx50 in
Fig. 4 ~open triangles!. The results for the rest of compos
tions were published elsewhere.23

The entropy change as a function ofT for eachx may be
also obtained from magnetization data. We note thatDS at
the first-order magnetostructural transition and the total
tropy change due to the variation of the magnetization
applying a magnetic field, DS(0→Hmax), may be
different.22

On one hand,DS can be obtained by using the Clausiu
Clapeyron equation:

DS52DM
dHt

dTt
, ~2!

the results~open squares in Fig. 4! being in good agreemen
with the calorimetric measurements within the experimen
error.

On the other hand,DS(0→Hmax) corresponding to a
magnetization process from zero field up toHmax can be
evaluated by using the Maxwell relation:

DS~0→Hmax!5E
0

HmaxS ]M

]T D
H

dH. ~3!

The results of Eq.~3! ~dashed lines in Fig. 4!, which depend
on the maximum applied field (Hmax), are clearly aboveDS
when Hmax is high enough as to fully induce the magnet
structural transition. The extra contribution to the entro
change with respect toDS is due to theT andH variation of
the magnetization in the two phases outside the transi
region.22 However, when the Maxwell relation is evaluate
only within DHt centered at the transition field,30 the results
~thick solid lines in Fig. 4! agree with those obtained from
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both the Clausius-Clapeyron equation and DSC. This find
proves the equivalence of the Maxwell relation evalua
within the transition region and the Clausius-Clapeyr
equation, not only in the 0.24<x<0.5 region ~as already
suggested in Ref. 22 forx50.45), but also in thex<0.2
region, where other magnetic phases are involved in the t
sition.

We note thatDS(0→Hmax) obtained from the Maxwell
relation forx50 andx50.05 shows a double-peak structur
when integrating from zero to very high fields~15 and 20 T!.
This fact may evidence two magnetic transitions in t
system.31 The peak at high temperature is associated with
first-order transition and it shifts to higher temperatures
the maximum applied field (Hmax) increases. The low-
temperature peak is related to the field-induced transi
from the AFM phase to a phase with competing short-ran
AFM and FM correlations, which appears at very high field
A detailed study of this transition will be reporte
elsewhere.31 This effect is also evident inDS determined
from the Clausius-Clapeyron equation at highTt , i.e., very
high Ht .

C. Model

In order to account for the main features of the entro
change reported in Sec. III B, we propose a phenomenol
cal model that considers the overall behavior of the mag

FIG. 4. Entropy change in Gd5(SixGe12x)4 for ~a! x50.05 and
~b! x50 calculated by using DSC measurements under field~open
triangles!; the Clausius-Clapeyron equation~open squares!; the
Maxwell relation integrating fromHmax ~20, 15, 10, 7, 5, and 2 T
from right to left, respectively! to zero~dashed lines!; and the Max-
well relation integrating only within the transition region~solid
line!.
6-4
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tization in a system with a first-order field-induced transitio
This model is a generalization of that given in Ref. 22. T
present model includes both theT andH dependences of th
magnetization outside the transition region and the decre
of DM with T. The upper panel in Fig. 5 shows the model
M (T) curves at differentH. The transition temperature i
assumed to shift linearly with the transition field,dTt /dHt
[a5constant. The magnetization of the low-temperat
phase is assumed to decrease linearly withT as M (T)
5DM0(12bT), being zero at the high-temperature pha
The transition between both phases extends within a t
perature rangeDTt5aDHt , which is assumed to be con
stant according to the experimental results. In this mo
Tt(H) is defined for each curve as the temperature at
center of the transition region. Asa is considered to be con
stant, the model should account for the behavior of the
tropy change for 0.24<x<0.5 ~see Fig. 3!.

The results of the model are compiled in the middle pa
in Fig. 5. The behavior, which depends on the tempera
range and the maximum applied field, can be summarize
follows.

~i! For temperatures at which the system is in the lo
temperature phase@T<TA , with TA[Tt(H50)2DTt/2],

FIG. 5. Upper panel shows the modeled temperature de
dence of the magnetization across the transition region at diffe
fields, as described in the text. Middle panel shows the corresp
ing entropy changeDS(0→Hmax) calculated from the Maxwell
relation @Eq. ~3!#. Lower panel: Solid lines stand for the entrop
change obtained by integrating the Maxwell relation excluding
contribution to DS evaluated outside the transition region. Co
nected squares stand forDS obtained from the Clausius-Clapeyro
equation@Eq. ~2!#. The difference between these values is indica
in the figure.
10441
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DS is independent ofT and increases linearly with the max
mum applied field as

DS~0→Hmax!52DM0bHmax. ~4!

~ii ! In the rangeTA<T<TB @TB[Tt(H50)1DTt/2#,
which is the temperature spread of the transition at zero fi
~see upper panel in Fig. 5!, the entropy change increase
linearly up toTt(Hmax)2DTt/2 and reaches a plateau, with
value increasing withHmax ~seeH1 in Fig. 5!. The limiting
case of this behavior is obtained when the maximum app
field is strong enough to induce the whole transition~isother-
mally!. ThenTt(Hmax)2DTt/25TB and the value is

DS~0→Hmax!52
DM0@12bTt~H50!#

a

[2
DM @Tt~H50!#

a
~5!

~see case forH2 in Fig. 5!. For higher fields, the transition i
also completed atTB and there is an additional contributio
to DS due to the field and temperature dependences ofM of
the low-temperature phase~see cases forH3 andH4 in Fig.
5!. Therefore

DS~0→Hmax!52
DM @Tt~H50!#

a
2DM0b~Hmax2DHt!.

~6!

~iii ! For temperatures at which the system is in the highT
phase at zero field (T>TB) and for low fields~seeH1 and
H2 in Fig. 5!, DS decreases linearly to zero with increasin
T, vanishing atTt(Hmax)1DTt/2, which corresponds to the
minimum temperature at whichHmax is not enough to induce
the transition. For fields where the transition is complete~see
H3 andH4 in Fig. 5!, DS shows plateaulike behavior with
slope 2DM0b/a up to Tt(Hmax)2DTt/2. Above this tem-
perature, the field is not enough to complete the transit
and DS decreases linearly to zero, vanishing atTt(Hmax)
1DTt/2.

The lower panel in Fig. 5 shows the entropy change~solid
lines! calculated by integrating the Maxwell relation exclu
ing the contribution toDS evaluated outside the transitio
region. The values ofDS calculated by using the Clausius
Clapeyron equation@Eq. ~3!# are also plotted as connecte
squares. Three main features are to be noted:~i! for tempera-
tures at which the transition does not occur (T<TA), DS(0
→Hmax)50; ~ii ! for temperatures at which the transition ca
be completely field induced (T>TB), and for Hmax strong
enough to complete it, the plateaulike regions of all curv
overlap, yielding a slopeDM0b/a; and ~iii ! DS values ob-
tained from the Clausius-Clapeyron equation decrease
the same slope, but lowered byd5DM0bDHt/2. The model
accounts for the behavior of the experimental results sho
in Fig. 6, and Fig. 2 in Ref. 22 for 0.24<x<0.5. We note
that in Fig. 6 the values ofDS calculated from the Clausius
Clapeyron equation at lowT increase withT due to the fact
that, just above the zero-field transition temperature, a fr
tion of the sample has not yet been transformed to the
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FÈLIX CASANOVA et al. PHYSICAL REVIEW B 69, 104416 ~2004!
phase and still remains FM.29 We also note that forx<0.2,
althougha is not constant, the model accounts for the m
features of the PM-FM transition. An extension of th
present model should considera as a function ofHt andTt .

In order to improve the model, a linearH dependence o
the low-T magnetization outside the transition region is
troduced asM (T,H)5DM0(12bT1gH). This is a more
realistic assumption for the magnetization curves~Fig. 2!.
However, the overall behavior remains unchanged. In
case, Eq.~5! turns into

DS~0→Hmax!52
DM @Tt~H50!#

a
2

DM0gDHt

2a
, ~7!

the slope of the plateaulike region ofDS values evaluated
within the transition region from Eq.~3! is now DM0b8/a,
with b85b2g/a, andd85DM0b8DHt/2. This shiftd8 is
due to the fact thatH heightensTt , resulting in a reduction
of DM . SinceDTt is assumed to be constant,DM /DTt in the
transition region decreases correspondingly. ThisH depen-
dence remains included within the transition region~as
]M /]T) and still gives an extra term to the entropy chan
when integrated in Eq.~3!, but does not contribute to th
Clausius-Clapeyron equation@Eq. ~2!#. Nevertheless,d8 is
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