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Magnetic-field-induced structural phase transition in Gd5„Si1.8Ge2.2…
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We present direct evidence that the giant magnetocaloric effect recently discovered in the Gd5~Si1.8Ge2.2!
alloy is associated with a field-induced first-order structural transition from aP1121 /a monoclinic~paramag-
netic! to a Pnmaorthorhombic~ferromagnetic! structure. A large volume contraction ofDV/V>0.4% takes
place spontaneously at the transition temperature,TC>240 K. The reported structural transition can be induced
reversibly by application of an external magnetic field, producing strong magnetoelastic effects.
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A vast number of compounds are known to exhibit stru
tural transformations when subject to changes in temp
ture, pressure, and/or composition. Nevertheless, the oc
rence of a structural phase transition stimulated by
application of an external magnetic field is rather exceptio
and just a few cases have been reported in the literature
extensively studied example is MnAs where a first-ord
structural phase transition from an orthorhombic~MnP-type!
to a hexagonal structure~NiAs-type! takes place on cooling
through'306 K, this compound ordering ferromagnetica
at this transition.1 The detailedH-T phase diagram has bee
reported by Zieba, Shapira, and Foner1 and, for instance a
327 K, the applied field required to induce the structu
transition is>5.1 T ~3.1 T! for increasing~decreasing! fields.
More recently, Asamitsuet al.2 have reported on the exis
tence of a structural phase transition induced by an exte
magnetic field in the family of magnetoresistive perovski
La12xSrxMnO3. Currently, such systems with a strong co
pling between crystallographic structure and magnetism
of both great scientific and technological importance sin
other physical properties of relevance, e.g., magnetoca
effect, magnetostriction, and/or magnetoresistance, may
maximized in the vicinity of these magnetostructural pha
transitions. Recent studies3–6 on the giant magnetocaloric e
fect observed in the Gd5(SixGe12x)4 alloys (x<0.5) have
renewed the interest in this series of intermetallic co
pounds. The structural and magnetic properties of the bin
compounds Gd5Si4 and Gd5Ge4 were already reported 3
years ago.7,8 Although both systems crystallize in the sam
Sm5Ge4-type orthorhombic structure~space groupPnma!,7

the Si-based compound orders ferromagnetically atTC
>335 K,8 while the Ge-based one orders antiferromagn
cally ~or ferrimagnetically! at TN>125 K and ferromagneti-
cally at TC>20 K.4,8 The complete magnetic phase diagra
and a comprehensive room-temperature structural chara
ization in the whole composition range for the pseudobin
PRB 580163-1829/98/58~22!/14721~4!/$15.00
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Gd5(SixGe12x)4 alloys has been published recently by P
charsky and Gschneidner.4,6 Of particular interest is the com
position range 0.24<x<0.5, where the crystal structure is n
longer orthorhombic but monoclinic~space groupP1121 /a!
~Ref. 6! bringing about a drastic change in the magnetic
havior. These alloys undergo a first-order magnetic transi
to a low-temperature ferromagnetic state and associated
it, a giant magnetocaloric effect~highest reported to date! has
been discovered.3 Therefore, an accurate explanation of t
physical origin of this magnetic phase transition would be
great significance. In this contribution we report a thorou
experimental study of the low-temperature first-order ph
transition in Gd5~Si1.8Ge2.2!, demonstrating that it is indeed
first-order structural transition to an orthorhombic pha
This magnetostructural transition can be induced revers
by applying an external magnetic field, producing stro

FIG. 1. ac magnetic susceptibility (xac) as a function of tem-
perature of Gd5~Si1.8Ge2.2! and linear thermal expansion (D l / l ) as a
function of ~decreasing! temperature at several applied magne
fields (H50, 2, and 12 T!.
R14 721 ©1998 The American Physical Society
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magnetoelastic effects and consequently making these a
also attractive in view of their potential technological app
cations for magnetostrictive transducers.

The Gd5~Si1.8Ge2.2! sample has been synthesized by a
melting the constituent elements~with purities better than
99.9%! under a high-purity argon atmosphere. The quality
the sample was checked by means of x-ray diffraction
scanning electron microscopy. The room-temperature x
patterns confirm the existence of a monoclinic main ph
(P1121 /a) with unit-cell parametersa57.586(1) Å, b
514.799(1) Å,c57.779(1) Å, andg593.18(1)° in good
agreement with those reported in Ref. 6, and minor amou
of a secondary orthorhombic phase~Pnma!, identified as
Gd5.0~Si2.1Ge1.9! by electron-beam microprobe analysis. T
ac magnetic susceptibility was determined using the per
ability method. In this technique, the sample formed the c
of a microtransformer with ten turns in both primary a
secondary coils. An ac current of 10 mA with a frequen
'1 kHz was kept constant in the primary coil. The ac sig
of the secondary coil was proportional to the magnetic s
ceptibility of the sample. Step-scanned powder diffract
patterns were collected at some selected temperatures
ing from 200 to 300 K using a D-max Rigaku system w
rotating anode coupled to a helium flow cryostat from O
ford Instruments. The temperature control was better t
0.1 K and the diffractometer was operated at 45 kV and 1
mA. The Cu Ka1,2 radiation was selected by means of
graphite monochromator and the data were collected f
20° to 60°~2u! with a step size of 0.02° and a counting tim
of 2 s/step. Thermal-expansion and magnetostriction m
surements were performed using the strain-gauge techn
in a superconducting coil that produces steady magn
fields up to 12 T. Measurements under hydrostatic pres
were carried out in a CuBe cell, both pressure and temp
ture being measuredin situ using a manganin pressure sens
and a Thermocoax thermocouple, respectively.

The ac magnetic susceptibility of the sample in the te
perature range 200–300 K can be seen in Fig. 1. An ab
transition is clearly evidenced atTC523860.5 K for de-
creasing temperatures with a thermal hysteresis of aroun
60.5 K. The value of the transition temperature is in go
agreement with the one observed for Gd5~Si1.72Ge2.28! ~235
K!, the slight increase being consistent with the smaller
content as expected from the magnetic phase diagram4 A
small anomaly is also perceptible atT529561 K that we
have associated with the second-order paramagn
ferromagnetic transition of the secondary pha
Gd5.0~Si2.1Ge1.9! detected in our electron microscopy studi
and also in agreement with the magnetic phase diagram
the Gd5(Si12xGex)4 series.4 We have also observed tha
upon annealing the sample at 1400 °C in an Ar atmosph
for 4 h, this anomaly vanishes, the first-order one at>240 K
remaining unchanged. These results, together with the m
netization and heat-capacity experiments given in Refs
and 4, support the conclusion that only one first-order m
netic phase transition from a high-temperature paramagn
to a low-temperature ferromagnetic state takes place. In
der to get a deeper insight into the nature of this uncomm
magnetic behavior~first-order character of the paramagnet
ferromagnetic transition!, linear thermal-expansion measur
ments at decreasing temperatures ranging from 200–30
ys
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and at different applied magnetic fields from 0 to 12 T ha
been performed. The results are displayed in Fig. 1. As
be observed, the first-order magnetic transition is accom
nied with a large jump in the spontaneous (H50 T) linear
thermal expansion (D l/l), corresponding to a volume chang
of v53(D l/l)>0.4%. This volume anomaly is of the sam
order of magnitude as those associated with first-or
antiferro-ferromagnetic transitions present in other magn
alloys, e.g., FeRh~Ref. 9! and Hf12xTaxFe22y .10 On in-
creasing the external magnetic field, this volume chang
gradually shifted to higher temperatures at a rate of 4.5 K
in good agreement with previous values obtained from m
netization and specific heat versus magnetic field
Gd5~Si2Ge2! ~5.5 K/T! ~Ref. 3! and Gd5~Si1.72Ge2.28! ~4.3
K/T!.4 This magnetic-field dependence of the transition te
perature as determined from linear thermal-expansion m
surements points to the possibility of inducing the lo
temperature ferromagnetic phase by applying a mode
magnetic field, obtaining a large magnetostriction value. F
thermore, it is worth pointing out that the volume decrea
when cooling through the transition, i.e., the cell volume
the low-temperature ferromagnetic phase is smallerv
>0.4%) than in the high-temperature paramagnetic o
This fact is in contradiction with the generalized physic
picture of the magnetovolume effects being transitions fr

FIG. 2. ~a! X-ray diffractograms of Gd5~Si1.8Ge2.2! above (T
5295 K) and below (T5200 K) the first-order transition in the
selected angular range 2u525° – 40°. ~b! Thermal dependence o
the cell parameters and unit-cell volume.
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a low-volume low-moment to a high-volume high-mome
state, as reported in a broad class of magnetic solids, inc
ing intermetallic alloys, such as, for instance, the Invar co
pound Fe3Ni and the anti-Invar FeRh,11 and transition-meta
oxides.12 A plausible explanation of this unexpected a
puzzling magnetic and magnetovolume effect might be
existence of an structural change atTC . In order to examine
this possibility in detail, an x-ray-diffraction study of th
crystallographic structure in the temperature range 200–
K has been carried out.

X-ray-diffraction patterns at 295 and 200 K are plotted
Fig. 2~a!. As can be seen, the diffractograms show big d
ferences between them, indicating the presence of a s
tural transition. The pattern collected at 295 K can be
dexed in theP1121 /a monoclinic cell in agreement with
Ref. 6. On the contrary, the pattern at 200 K cannot be
dexed in the same monoclinic cell but in thePnmaortho-
rhombic one similar to that reported for the Gd5(SixGe12x)4 ,
x.0.5, system at room temperature.6 The pattern profiles
were analyzed using the Rietveld refinement progr
FULLPROF ~Ref. 13! and the atomic coordinates determin
in Ref. 6 were used as starting point. Fig. 2~b! shows the
thermal evolution of the lattice parameters and unit-cell v

FIG. 3. ~a! Volume magnetostriction~v! isotherms at some se
lected temperatures.~b! Thermal dependence of the volume magn
tostriction at the maximum applied magnetic field~12 T!. The line
is a visual guide. The inset shows the temperature dependen
the critical field,HCR, for increasing~d! and decreasing~s! ap-
plied magnetic field.
t
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e
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ume obtained. The transition starts at>24565 K and is
completed at>23565 K when the sample is cooled dow
from 295 K. Within this temperature range (>23565 – 245
65 K), the two phases coexist in agreement with the p
posed first-order character of the transition. A sharp cha
in the a cell parameter is observed at the transition@see Fig.
2~b!#, being smaller for the orthorhombic phase (Da/a>
20.9%). The b axis decreases and thec axis increases
slightly at the transition (Db/b>20.1% and Dc/c>
10.2%). Consequently, the unit-cell volume is around
0.460.1% lower for the orthorhombic phase in agreeme
with our results from linear thermal expansion measureme
~see Fig. 1!. These abrupt changes in the lattice parame
and unit-cell volume follow the ones observed at room te
perature in the Gd5(SixGe12x)4 system at the concentratio
x50.5.6 Our results demonstrate that the observed magn
transformation atTC>240 K is indeed a first-order structura
transition from a monoclinic (P1121 /a) structure ~high-
temperature high-volume paramagnetic state! to an ortho-
rhombic ~Pnma! one ~low-temperature low-volume ferro
magnetic state!.

The magnetostriction measurements have been perfor
along the parallel (l i) and perpendicular (l') directions to
the applied magnetic field. Both magnetostriction valu
within the experimental error and in the whole temperat
range studied, were found to be independent of the field
rection (l i5l') and consequently the volume magnetostr
tion was evaluated asv53l i(') . In Fig. 3~a! we display the
experimental volume magnetostriction isotherms at some
lected temperatures. As may be observed, a large value o
volume magnetostrictionv>(4.560.2)31023 is reached at
temperaturesT.TC and above a certain critical field. Th
saturation magnetostriction values are virtually const
above the first-order transition, vanishing rapidly as we
proach the transition temperature. In Fig. 3~b! the thermal
dependence of the volume magnetostriction at the maxim
applied field ~12 T! can be seen. The value of the field
induced volume magnetostriction is negative and compa
very well with the results from the spontaneous linear th
mal expansion~Fig. 1! and thermal dependence of the un
cell volume from the low-temperature x-ray-diffraction da
@Fig. 2~b!#. In addition, when the magnetic field is broug
back to zero, the system recovers the initial state@see Fig.
3~a!#. This constitutes a clear evidence that the mechan
which produces the spontaneous effect, i.e., a first-or
structural transition, can be triggered reversibly by the ap
cation of a magnetic field through a field-induced first-ord
transition at a certain critical fieldHCR. This is also con-
firmed in Fig. 1 where it is seen that at 12 T the anomaly
the linear thermal expansion has been suppressed in the
perature range studied. The values ofHCR, obtained at the
maximum slope of the volume magnetostriction isotherm
display a linear dependence with temperature in the rang
our available magnetic fields@see inset of Fig. 3~b!#. Such
behavior has already been observed at the antife
ferromagnetic field-induced transition in the FeRh~Ref. 9!
and Hf12xTaxFe22y ~Ref. 10! alloys. A hysteresis of about 2
T is also observed, reinforcing the fact that the field-induc
structural transition is of first order.

Because of the observed intimate relation between
crystallographic structure and the magnetic behavior in
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compound, the application of an external hydrostatic pr
sure, thus changing the interatomic distances, should mo
the transition temperature, stabilizing the low-volume fer
magnetic phase. In Fig. 4, the linear thermal expansion
sus temperature at different hydrostatic pressures is sho
As is observed the transition temperature increases as a
tion of pressure at a rate ofdTC /dp513.79 K/kbar
(dTC /dp513.46 K/kbar) for decreasing~increasing! tem-
peratures, confirming the proposed role of the interato
distances in producing the first-order transition. In order
check our results for self-consistency we have made us
the Clausius-Clapeyron equation,dP/dT5DS/DV, relating

FIG. 4. Linear thermal-expansion measurements for decrea
temperatures under different hydrostatic pressures. The inset s
the pressure dependence of the transition temperature,TC , for in-
creasing~d! and decreasing~s! temperature.
s-
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the slope in aP-T phase diagram of a first-order transition
the change in volumeDV and entropyDS involved in the
transition. From our experimental results, an entropy cha
associated with the first-order transition ofDS>15 J/mol K
can be estimated, in good agreement from the heat-cap
results reported in.3 An analogous equation can also be e
plored in terms of the slope in theH-T phase diagram and
the change in magnetizationDM , dH/dT52DS/DM .
From our results fordTC /dH and aDM value estimated
from Ref. 3, this expression yieldsDS>22 J/mol K and is
therefore also consistent with the heat-capacity results.

In summary, we have found that the origin of the fir
order phase transition observed in Gd5~Si1.8Ge2.2!, and re-
sponsible for the giant magnetocaloric effect observed in
family of compounds,3 is a first-order structural transitio
from a monoclinic-paramagnetic to an orthorhomb
ferromagnetic structure. This structural transition can be
duced reversibly by the application of an external magn
field, producing large magnetoelastic effects and mak
these alloys attractive also from the point of view of th
potential applications for magnetostrictive transducers. S
the magnetic behavior in these compounds arises from
Gd localized moments, a large two-ion magnetoelastic c
pling in the paramagnetic phase may play a role in the fie
induced structural transition. Theoretical models includ
both structural and magnetic parameters should be devel
to confirm this point.
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