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Nature of the first-order antiferromagnetic-ferromagnetic transition
in the Ge-rich magnetocaloric compounds Gd5„SixGe1Àx…4

L. Morellon, J. Blasco, P. A. Algarabel, and M. R. Ibarra*
Departamento de Fı´sica de la Materia Condensada and Instituto de Ciencia de Materiales de Arago´n, Universidad de Zaragoza

and Consejo Superior de Investigaciones Cientı´ficas, 50009 Zaragoza, Spain
~Received 14 January 2000; revised manuscript received 18 April 2000!

We report that the first-order antiferromagnetic to ferromagnetic transition in the Ge-rich magnetocaloric
compound Gd5~Si0.1Ge0.9!4 is associated with a structural phase transformation from a high-temperature
Gd5Ge4-type Pnma to a low-temperature Gd5Si4-type Pnmaorthorhombic structure. This magnetostructural
transition can be triggered reversibly by application of an external magnetic field, resulting in strong magne-
toelastic effects above the transition. The revised magnetic and crystallographic phase diagram for the
Gd5(SixGe12x)4 series is proposed.
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I. INTRODUCTION

A giant magnetocaloric effect~MCE! has been recently
discovered in the Gd5(SixGe12x)4 pseudobinary system with
x<0.5,1–3 making these alloys potential candidates for ma
netic refrigeration in the range;20–;290 K.4 The compo-
sition range 0.24<x<0.5 is of special interest since th
MCE is related to a first-order phase transition from a hig
temperature paramagnetic to a low-temperature ferrom
netic state, at temperatures ranging from 130 K (x50.24) to
276 K (x50.5).2 A recent study of the Gd5~Si0.45Ge0.55!4 al-
loy has revealed that on cooling this transition is associa
with a first-order structural transition from a monoclin
~paramagnetic, space groupP1121 /a! to an orthorhombic
~ferromagnetic, space groupPnma! symmetry.5 The follow-
ing detailed crystal structure determination of both orth
rhombic and monoclinic phases in a Gd5~Si0.5Ge0.5!4 single
crystal was carried out in Ref. 6. This magnetostructu
transition can be induced reversibly by application of an
ternal magnetic field, resulting in strong magnetoelas
effects5 and a giant negative magnetoresistance.7,8 Therefore
these alloys are also attractive in view of their potential te
nological applications for magnetostrictive/magnetoresis
transducers.

The magnetic behavior of the Ge-rich compounds w
x<0.2 differs from the aforementioned and also from th
found in the Si-rich (x.0.5) region. The magnetic phas
diagram and a comprehensive room-temperature struc
characterization can be found in Ref. 9. Both Ge-rich a
Si-rich alloys crystallize in the orthorhombic system~space
group Pnma! and earlier10 were thought to have the sam
crystal structure. Nevertheless, the Si-based compounds
ferromagnets~second-order para-ferromagnetic transitio!,
while the Ge alloys order antiferromagnetically~or
ferrimagnetically! at TN>125 K ~second-order para
antiferromagnetic transition!, and then experience a furthe
first-order transition to a low-temperature ferromagne
state.2 This transition ranges linearly fromTC>20 K (x
50) to >120 K (x50.2). Interestingly, a giant MCE ha
also been observed at this transition,2 despite its entirely dif-
ferent magnetic origin. Although recent direct measureme
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of the adiabatic temperature change in Gd5~Si0.5Ge0.5!4 show
a smaller magnetocaloric effect,11 the Gd5(SixGe12x)4 sys-
tem offers a rather unique scenario where a close rela
between crystallographic and magnetic degrees of freed
leads to the rich phenomenology described. Therefore fur
experimental and theoretical studies may be of great sig
cance and future impact.

The aim of this contribution is to gain new understandi
on the nature of the first-order antiferromagnet
ferromagnetic transition in the Ge-rich magnetocaloric co
pounds Gd5(SixGe12x)4 . We report a magnetic and crysta
lographic experimental study of the Gd5~Si0.1Ge0.9!4 alloy,
demonstrating that the transition in question occurs simu
neously with a crystallographic transformation between t
Pnma orthorhombic structures~high-temperature Gd5Ge4
type to a low-temperature Gd5Si4 type!. A comparison with
the crystallographic and magnetic behavior of the rest of
series will be made, and a revised magnetic and crysta
graphic temperature-composition phase diagram for
Gd5(SixGe12x)4 magnetocaloric materials is proposed.

II. EXPERIMENT

The alloy with nominal composition Gd5~Si0.1Ge0.9!4 was
synthesized by arc melting of 99.9 wt % pure Gd a
99.9999 wt % pure Si and Ge~all elements purchased from
Alfa Aesar®! under a high-purity argon atmosphere. Weig
losses during melting were negligible and therefore the
tial composition was assumed unchanged. The quality of
sample was checked by x-ray diffraction and scanning e
tron microscopy. The room-temperature x-ray pattern c
firms the presence of an orthorhombic main phase~Pnma!
with the unit-cell parameters a57.6887(1) Å, b
514.827(2) Å, andc57.7785(1) Å, in good agreemen
with those reported in Ref. 9 for similar compositions.
minor amount of a secondary phase has also been dete
and indexed as hexagonal Gd5~Si, Ge!3. This secondary
phase was also seen by scanning electron microscopy bu
observed regions were too narrow~<2 mm! for a quantita-
tive composition determination by electron-beam micropro
analysis. The ac magnetic susceptibility was measured u
1022 ©2000 The American Physical Society
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PRB 62 1023NATURE OF THE FIRST-ORDER . . .
a commercial~Quantum Design! superconducting quantum
interference device~SQUID! magnetometer with an excita
tion field of 1 Oe ~peak value! at a frequency of 10 Hz
Magnetization isotherms were measured in a vibrati
sample magnetometer~VSM! ~Oxford Instruments! up to 12
T. Step-scanned (step size50.02°) powder x-ray-diffraction
patterns were collected at selected temperatures ranging
30 to 300 K using a D-max Rigaku system with rotati
anode using CuKa1,2 radiation coupled to a helium flow
cryostat between 20° and 80°~2u!. The pattern profiles were
analyzed using the Rietveld refinement programFULLPROF

~Ref. 12! with the lattice and atomic parameters determin
at room temperature in Ref. 9 as starting values. Lin
thermal-expansion and magnetostriction measurements
performed using the strain-gauge technique in a super
ducting coil that produces steady magnetic fields of up
12 T.

III. RESULTS AND DISCUSSION

The ac magnetic susceptibility of the Gd5~Si0.1Ge0.9!4
sample in the temperature range 50–150 K is displaye
Fig. 1. The measurement was performed increasing the
perature after the sample had been zero-field cooled dow
5 K. An abrupt transition is clearly observed atTC581 K
~value taken at the maximum slope! in good agreement with
the expected first-order magnetic transition from a lo
temperature ferromagnetic~FM! ground state to an antiferro
magnetic~AFM! phase.2 The latter transforms into the para
magnetic state~PM! at a second-order transition atTN
5127 K, seen as a small anomaly in the ac susceptibi
The behavior of the ac susceptibility as a function of te
perature follows quite closely that reported in Ref. 13 fo
similar composition (x50.08). To illustrate the differen
magnetic character of each phase, we have included a
inset in Fig. 1 magnetization isotherms in each relevant te
perature range, i.e., ferromagnetic (T550 K,TC), antiferro-

FIG. 1. ac magnetic susceptibility (xac) of Gd5~Si0.1Ge0.9!4 as a
function of temperature. The different magnetic phase transi
temperatures are indicated: On heating, the system undergo
first-order ferromagnetic-to-antiferromagnetic transition atTC and a
subsequent second-order transition to the paramagnetic state aTN .
The inset shows magnetization isotherms up to 12 T at sele
temperatures.
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magnetic (TC,T585 K,TN), and paramagnetic (T
5140 K.TN). In the antiferromagnetic phase, the ferroma
netic state can be reached by application of an external m
netic field through a first-order field-induced metamagne
transition. Also, as can be observed atT585 K, there is a
rapid increase in the magnetization at low fields, sugges
the presence of a ferromagnetic component. This has
been observed inx50.08,13 and a contribution from the
Gd5~Si, Ge!3 impurity phase is unlikely since this orders
lower temperatures.14 A possible explanation could be th
existence of an additional field-induced process along so
specific direction, which would suggest that the antifer
magnetic phase is a complex canted ferrimagnetic struct
as pointed out in Ref. 13 and as observed in Nd5Ge4 ~Ref.
15! and Tb5Ge4.

16 Further experimental studies are needed
confirm this point. The metamagnetic transition to the fer
magnetic state shifts with field to higher temperatures a
rate of>3.7 K/T. This value is in agreement to that obtain
in x50.08,13 >3.4 K/T, and is also quite similar to tha
observed in the 0.24<x<0.5 alloys @e.g., 4.3 K/T in x
50.43,2 4.5 K/T in x50.45,5 and 5.5 K/T inx50.5 ~Ref. 1!#
despite its different magnetic origin, i.e., AFM-FM inx
<0.2 versus PM-FM in the 0.24<x<0.5 range. This moti-
vated a more detailed structural study by x-ray powder d
fraction in the 30–300 K temperature range to probe
possible existence of associated structural effects atTC .

Figure 2 shows the temperature dependence of the la
parameters of Gd5~Si0.1Ge0.9!4. In the whole temperature
range, the x-ray patterns were refined in the samePnma
orthorhombic space group. No significant change in the u
cell parameters was observed atTN . In contrast, abrupt
changes are clearly seen when cooling throughTC : Da/a
>21.6%, Db/b>10.3%, andDc/c>10.7%. There is a
remarkable resemblance with the structural transition in

n
s a

ed
FIG. 2. Thermal dependence of the lattice parameters~closed

symbols! andM3-M3, M350.1 Si10.9 Ge at site 8d, interatomic
distance~open symbol! of Gd5~Si0.1Ge0.9!4 as obtained from the
Rietveld analysis of the x-ray powder-diffraction patterns. T
orthorhombic space groupPnma remains unchanged through th
magnetostructural transition. The lines are a guide to the eye.
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1024 PRB 62MORELLON, BLASCO, ALGARABEL, AND IBARRA
x50.45 ~Ref. 5! and thex50.5 alloys,6 i.e., when cooling
the sample the main lattice change is also seen as a dr
reduction in thea axis, that cannot be fortuitous. Neverth
less, we must point out that, unlike thex50.45 andx50.5
alloys, here the symmetry remains unchanged through
transition. A similar unit-cell behavior also occurs at roo
temperature upon the change in chemical composition f
the Si- to the Ge-rich compounds.9 The Rietveld-refined lat-
tice parameters and fractional atomic coordinates at two
lected temperatures,T530 K,TC andTC,T5100 K,TN,
are listed in Table I. The comparison of the observed a
calculated x-ray-diffraction patterns at both temperature
shown in Fig. 3. Our results indicate that the low
temperature crystallographic phase is quite similar to
Gd5Si4-type one reported for the Si-rich (x.0.5) alloys.9

Furthermore, according to Pecharsky and Gschneidner,9 the
largest change in the interatomic distances in Gd5Ge4-based
compounds compared to the Gd5Si4-based ones at room tem
perature occurs in the vicinity of the M3 atom at the 8d site,
M5xSi1(12x!Ge. In the Gd5Ge4-based compounds, th
M3 atom loses the otherM3 as nearest neighbors, which
exactly what is seen in Gd5~Si0.1Ge0.9!4 when heating
throughTc . This has been illustrated in Fig. 2 by plotting th
M3-M3 interatomic distance as a function of temperature

TABLE I. Space group, lattice parameters, unit-cell volum
fractional atomic coordinates, average thermal factor, and reliab
factors~as defined in Ref. 12! of Gd5~Si0.1Ge0.9!4 at 30 K (Gd5Si4
type! and 100 K (Gd5Ge4 type!. Numbers in parentheses indica
standard deviation of the last digit.M50.1 Si10.9 Ge.

30 K 100 K

Space group Pnma Pnma
a ~Å! 7.548~1! 7.682~1!

b ~Å! 14.818~2! 14.804~2!

c ~Å! 7.809~1! 7.769~1!

V (Å 3! 873.4~3! 883.7~3!

Gd 1: x 0.348~2! 0.293~2!

y 1
4

1
4

z 0.002~1! 20.008~2!

Gd 2: x 0.015~1! 20.024~1!

y 0.099~1! 0.097~1!

z 0.193~1! 0.172~1!

Gd 3: x 0.325~1! 0.379~1!

y 0.876~1! 0.878~1!

z 0.179~1! 0.169~1!

M1: x 0.204~2! 0.171~3!

y 1
4

1
4

z 0.370~2! 0.371~3!

M2: x 0.956~3! 0.920~3!

y 1
4

1
4

z 0.901~2! 0.887~3!

M3: x 0.141~2! 0.213~2!

y 0.951~1! 0.957~1!

z 0.486~2! 0.480~2!

Bav ~Å2! 0.12~11! 0.14~12!

Rp /Rwp ~%! 6.2/7.9 6.6/8.3
RBragg ~%! 6.1 6.5

x2 1.2 1.3
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huge increase of>34% is observed, reflecting indeed th
changes in the atomic environment. Preferred orienta
along the@100# direction has been detected and accoun
during the refinements. We have obtained a textured frac
of the sample of 20% at 100 K and 12% at 30 K. In t
experiment, the powder was mixed with a low-temperat
paste~Apiezon-T! to minimize the texture effects and ensu
a good thermal contact. Nevertheless, a compromise with
rather large background observed in the diffraction profi
due to the amorphous contribution from this paste had to
reached. We have confirmed that this texture introduces
rors in the refined atomic coordinates and thermal displa
ment factors~the Si/Ge distribution in each of the threeM
sites has been constrained to the nominal 10% Si and 9
Ge!. In consequence, our results, although qualitatively c
rect, should be regarded as preliminary. A detailed cry
structure determination by single-crystal x-ray diffraction
thus strongly required. At 90 K, coexistence of both cryst
lographic phases is observed, in agreement with the fi
order character of the transition. Our results demonstrate
the observed first-order AFM-FM phase transition in the G
rich (x<0.2) Gd5~SixGe12x)4 materials takes place simulta
neously with a structural transformation from a hig
temperature orthorhombic Gd5Ge4-type Pnmastructure to a
low-temperature orthorhombic Gd5Si4-type Pnmaone.

An important question would be whether this magne

,
ty

FIG. 3. X-ray powder-diffraction patterns of Gd5~Si0.1Ge0.9!4 at
30 K ~a! and 100 K~b!. Both observed and calculated patterns a
included for comparison, and their difference. The allowed Bra
reflections for the main 5:4 phase and the secondary hexagona
phase are indicated at the top of the figures.



pl
o

c
a

la
b
th

m

u
tio
d
e

a

t
s i
tr
ti
fo
a
re
a
ti
s
b

a

c
hi
th

tic
d 9,

PM

4
an

ent
nd
as
ic
-

und
the
s, it
lently
ct
en
ted

e
di-
ads
ex-
the

t
ns
e

ion

ext.
d 9;

d

PRB 62 1025NATURE OF THE FIRST-ORDER . . .
structural transition can be induced reversibly by the ap
cation of an external magnetic field. Magnetostriction is
therms at selected temperatures (T570 K,TC , TC,T
5110 K,TN , T5140 K.TN! along the applied magneti
field are shown in Fig. 4 together with the linear therm
expansion in the 50–150 K temperature range~inset! mea-
sured along the same direction. No significant magnetoe
tic effects are observed except in the AFM region. It can
seen that at a certain critical field the lattice expands by
same amount as the observed spontaneously (H50) as a
function of temperature atTc , D1/1>0.16% ~see the inset!.
It should be noted that this change in the lattice, when co
pared with the x-ray results~see Fig. 2!, reflects a strong
texture, probably in a plane containing predominantlyb and
c axes, of the fragment of the sample used for these meas
ments. This texture is inherent in the sample prepara
method used and, although minimized, has also been
tected during the x-ray-diffraction refinements as explain
previously.

From the thermal dependence of the critical field, we c
estimate an averaged value~increasing and decreasing field!
of dTC /dH>3.7(1) K T in very good agreement from tha
obtained from magnetization. Consequently, these result
deed demonstrate, that the observed magnetostructural
sition atTc can be induced reversibly by an applied magne
field, which is in agreement with the specific heat data
x50.08 in Ref. 13. In addition, we may predict that if
single crystal of this composition were grown and measu
along thea axis, a giant magnetoelastic effect as large
D1/1>1.6% could be achieved by application of a magne
field in the AFM phase. This would be one of the large
reported reversible magnetoelastic effect, only compara
with that found in, e.g., MnAs,17 TbMn2,

18 and quite recently
in Ni2MnGa ~6.1% at room temperature!.19 Similar values
also associated with a change in the crystal structure h
been reported in a DyCu2 single crystal,20 although in this
case the effect is irreversible.

Based on the experimental results presented so far, we
propose a revised magnetic and crystallograp
temperature-composition phase diagram for

FIG. 4. Magnetostriction isotherms~l! along the applied field a
selected temperatures. The inset shows the linear thermal expa
(D1/1) as afunction of ~increasing! temperature along the sam
measurement direction.
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Gd5~SixGe12x)4 materials, see Fig. 5. The different magne
transition temperatures have been taken from Refs. 2 an
together with our data forx50.45,5 andx50.1. The differ-
ent magnetic phases have been indicated as before:
~paramagnetic!, FM ~ferromagnetic!, and AFM
~antiferromagnetic/ferrimagnetic!. Following the notation
used in Ref. 9,O~I!, M, and O~II ! stand for the different
crystallographic phases:O~I! is a Gd5Si4-type Pnmaortho-
rhombic structure,M denotesP1121/a monoclinic, andO~II !
the Gd5Ge4-type Pnmaorthorhombic structure. In the 0.2
<x<0.5 region, the magnetostructural transition is
O~I!↔M transformation.6 It is noteworthy that the ground
state for all the Gd5~SixGe12x)4 compounds is the
Gd5Si4-type orthorhombicPnma ferromagnetic phase@FM-
O~I!#. Therefore we can conclude that despite the differ
magnetic origin of the observed transitions, a giant MCE a
magnetostriction~and most likely giant magnetoresistance
reported for some room-temperature monoclin
compositions!7,8 are obtained when crossing the low
temperature first-order phase boundary toward the gro
state, indicated as a thick solid line in Fig. 5. Regarding
correlation between crystallographic and magnetic phase
has been proposed that the presence or absence of cova
bonded Si~Ge!-Si~Ge! pairs has the most important impa
on the Ruderman-Kittel-Kasuya-Yosida interaction betwe
the Gd ions.6 More specifically, these authors have sugges
that the number of covalent bonds decreases from theO~I! to
theM, and from theM to theO~II ! phase, thus decreasing th
number of the conduction electrons available. This, in ad
tion to the corresponding decrease in the cell volume, le
to a strong increase in the Fermi wave vector, therefore
plaining the change in sign of the exchange interaction in

ion

FIG. 5. Magnetic and crystallographic temperature-composit
phase diagram of the Gd5(SixGe12x)4 materials. PM, FM, and AFM
label different magnetic phases andO(I), M, and O(II) denote
different crystallographic structures, as defined throughout the t
The transition temperatures have been taken from Refs. 2 an
x50.45 from Ref. 5, andx50.1 from the present work. The soli
line indicates a first-order magnetostructural phase boundary.
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1026 PRB 62MORELLON, BLASCO, ALGARABEL, AND IBARRA
O~II ! phase. Although this simple picture is quite satisfa
tory, it might be argued that other effects could be of imp
tance. For instance, the role of the Gd 5d electrons in the
indirect exchange interaction, as suggested by Szade
Skorek.21 Another model22 emphasizes that the density
states at the Fermi level is the relevant factor determining
sign of the conduction-band indirect exchange interaction
order to establish quantitatively the effect of these poss
contributions and gain a deeper understanding of the r
tionship between crystallography and magnetism in th
compounds, further theoretical band-structure calculati
and theoretical work are urgently needed.

In summary, we have found that the first-ord
antiferromagnetic-to-ferromagnetic transition in the Ge-r
magnetocaloric compounds Gd5~SixGe12x)4 (x<0.2) is as-
d
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e

s
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sociated with a structural transformation from a hig
temperature Gd5Ge4-type Pnma to a low-temperatur
Gd5Si4-type Pnma orthorhombic structure. The revised m
netic and crystallographic phase diagram of t
Gd5~SixGe12x)4 alloys is proposed. The FM-O~I! phase is
the ground state in the whole composition range, and imp
tant magnetoelastic effects are observed when crossing
low-temperature first-order phase boundary toward t
ground state.
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