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The atomic scale details of the pressure-induced polymorphism of Gd5Si2Ge2 have been established byin
situ x-ray powder diffraction. At room temperature, the monoclinic Gd5Si2Ge2 phasesbd is transformed to the
orthorhombica-Gd5Si2Ge2, observed previously as the low temperature, high magnetic field, or high silicon
content polymorph. The transition occurs between,10 kbar and,20 kbar. Diffraction data provide the
missing link in order to achieve a more complete understanding of how a structural change in a material can
be induced by a variety of thermodynamic variables.
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INTRODUCTION

Many solids respond to varying temperature by minimiz-
ing their free energyvia polymorphic transformations. Tem-
perature and pressure are the most familiar triggers of poly-
morphism. In contrast, magnetic fields are quite atypical
causes of structural changes. Therefore, solids where sub-
stantial crystallographic changes can be induced by each of
these three intensive thermodynamic variables are rare, yet
they present a special interest for basic research because of
the potential to bring about a more general understanding of
phase transformations.

The Gd5SixGe4−x intermetallic phases have attracted a
considerable amount of attention in the condensed matter
physics community during the past eight years and they con-
tinue to generate substantial interest. Known since 1967,1

they were rediscovered in a 1997 report about the observa-
tion of the giant magnetocaloric effect in Gd5Si2Ge2.

2 At
present, it is well established that Gd5Si2Ge2 exhibits a struc-
tural transition, during which the room temperature mono-
clinic phasesbd transforms to the low temperature ortho-
rhombic phasesad below ,270 K.3,4 One of the remarkable
structural features of this transformation is breaking and re-
forming of covalent-like bonds between some of the Ge
and/or Si atoms on heating and cooling, respectively.4 The
transition has a martensitic character and it proceedsvia
shear displacements of distinct two-dimensional slabs that
remain intact in both Gd5Si2Ge2 structures. These displace-
ments alter numerous distances between atoms belonging to
neighboring slabs. The most prominent is a,30% elonga-
tion scontractiond of the interslab SisGed-SisGed bond lengths
related to breakingsreformingd of the corresponding co-
valentlike bonds on heatingscoolingd.4 Unavoidably, such
extensive crystallographic changes are accompanied by a
significant change of the electronic structure and physical
properties of Gd5Si2Ge2.

5,6

At room temperature, the stability ofb-Gd5SixGe4−x al-
loys depends on the Si/Ge ratio.7–10 The monoclinic alloys
are stable when 1.6,xø2.1. Higher silicon content alloys
s2.1,xø4d have the orthorhombica-Gd5Si2Ge2-type struc-

ture. When the germanium concentration increasess0øx
ø1.2d, a different orthorhombicsthe Sm5Ge4-typed structure
is formed.

Intriguing temperature- and composition-dependent struc-
tural features of the Gd5SixGe4−x phases are enhanced by
their magnetism and magnetoelasticity. For example, when
Gd5Si2Ge2 and other paramagneticsPMd b-Gd5SixGe4−x al-
loys become ferromagneticsFMd upon cooling, the magnetic
ordering coincides with a polymorphic transformation to the
a-type structure.3,4 As a result, what conventionally would
be a second order PM↔FM transition, becomes a first order
phase transformation accompanied by a significantsup to
1%d phase volume change. Since the magnetic and crystal
lattices are coupled, the same magnetostructural transition
can be induced by varying the magnetic field above the zero
field Curie temperature.3,5,9A magnetic field induced antifer-
romagneticsAFMd→FM transformation coupled with the
Sm5Ge4- to Gd5Si4-typesa-Gd5Si2Ge2-typed change has
also been observed in Gd5Ge4.

11,12

Several years ago, Morellonet al.3 reported on the linear
thermal expansionsLTEd of Gd5Si1.8Ge2.2 under pressure and
postulated that pressure causes a transition between theb
anda polymorphs. Furthermore, studies of the magnetic and
LTE properties of Gd5Ge4

13 and Ge-rich Gd5SixGe4−x
14,15

suggest that hydrostatic pressure induces an AFM→FM
transition. In all of the pressure-dependent studies, however,
structural changes have been deduced from the behaviors of
bulk properties, e.g., magnetization and/or LTE, and there-
fore, the atomic scale mechanisms remain ambiguous. In this
work we report on the pressure-induced polymorphism in
Gd5Si2Ge2 investigated by usingin situ x-ray powder dif-
fraction.

EXPERIMENTAL DETAILS

The Gd5Si2Ge2 sample was prepared by arc-melting and
heat treated as described earlier.8,16 In situ high pressure syn-
chrotron x-ray powder diffraction experiments were per-
formed using a diamond anvil cellsDACd at the X7A beam-
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line at the National Synchrotron Light SourcesNSLSd at
Brookhaven National LaboratorysBNLd. The primary white
beam from the bending magnet was monochromatized using
a channel-cut Ges111d monochromator after a set of slits
defining the beam size compatible with the size of the
sample chamber inside the DAC. A tungsten wire crosshair
was positioned at the center of the goniometer circle and
subsequently the position of the incident beam was adjusted
to the crosshair. A gas-proportional position-sensitive detec-
tor sPSDd was stepped in 0.25° intervals over the angular
range of 3–35° in 2u with counting times of 90–150 s per
step. The wavelength of the incident beam, PSD zero chan-
nel and PSD degrees/channel were determined from a CeO2
standardsSRM 674d. The powdered Gd5Si2Ge2 sample was
loaded into the DAC at ambient pressure and room tempera-
ture along with a few small ruby chips. The DAC is based on
a modified Merrill-Bassett design and employs two dia-
monds with 0.5 mm diameter culets on tungsten-carbide sup-
ports. The x rays are admitted by a 0.5 mm diameter circular
aperture, and the exit beam leaves via a 0.533.0 mm rect-
angular tapered slit, oriented perpendicular to the horizontal
plane of the diffractometer. The sample chamber is outfitted
by a ,200 mm diameter hole made using a spark-erosion
method in the center of a 250µm thick stainless-steel gasket,
preindented to 100µm thickness before erosion. The DAC
was placed on the second axis of the diffractometer, and the
sample position was adjusted using a precentered micro-
scope. The pressure at the sample was measured by detecting
the shift in the R1 emission line of the included ruby. No
evidence of nonhydrostatic conditions or pressure anisotropy
was detected during our experiments, and the R1 peaks from
three included ruby chips remained strong and sharp with
deviations in the measured pressure of less than 0.1 GPa.
Typically, the sample was equilibrated for about 15 minutes
or more at each measured pressure.

Two independent sets of pressure experimentssloadsd
were performed. A methanol-ethanol mixture with compo-
nent ratio of 4 to 1 was used as a pressure medium in the first
load and fluorinert in the second load. Room temperature
diffraction patterns were collected using wavelengths of
0.70995 Å sfirst loadd and 0.70861 Åssecond loadd. Both
sets of data were consistent with each other. Crystal struc-
tures and phase contents were determined by using a Ri-
etveld refinement procedure employing LHPM Rietica.17 The
range of Bragg angles employed in the refinements was from
8° to ,38° 2u excluding a few small regions which con-
tained strong Bragg peaks from the pressure cell gasket.

RESULTS AND DISCUSSION

The high-pressure experiments were designed considering
our present knowledge of the behavior of Gd5SixGe4−x: the
a↔b transition temperature of Gd5Si2Ge2 measured at am-
bient pressure during heating is,270 K, and it is close to
260 K during cooling.2–5,8–10,16Taking into account the LTE
data for Gd5Si1.8Ge2.2,

3 one can estimate the hydrostatic pres-
sure needed to shift the transition in Gd5Si2Ge2 to room tem-
perature making a few assumptions. First, we believe that the
major difference between these two compounds is in the dis-

tribution of Si and Ge atoms among their respective crystal-
lographic sites.3,4,7 Second, since it has been established that
the site populations of Si and Ge remain unaffected by the
temperature induceda↔b transformation,4 it is reasonable
to assume that the same is true for the pressure induced tran-
sition. Third, we assumed that the value ofdTC/dp
>3.5 K/kbarsTC is the Curie temperature andp is the pres-
sured, determined for Gd5Si1.8Ge2.2,

3 remains unchanged for
Gd5Si2Ge2 despite a,30 K difference in theirTC’s at 1 bar
sGd5Si1.8Ge2.2 has TC of ,240 K on heatingd. Thus, the
change of the crystal structure of Gd5Si2Ge2 was expected to
occur at about 10 kbar at 298 K.

As inferred from isobaric LTE curves of Gd5Si1.8Ge2.2,
3

the pressure induced transition in this material should be
quite broad. The latter is easily deduced from the difference
between the starting and ending temperatures of the transi-
tion, which reaches,35 K at 8.5 kbar. Assuming that the
p-T phase diagram of Gd5Si1.8Ge2.2 is weakly dependent
upon which thermodynamic degree of freedom is varied and
which is kept constantsthis behavior would be similar to the
B-T diagram of Gd5Si2Ge2,

9 whereB is the magnetic fieldd,
the isothermal pressure-induced transition range is estimated
to be,10 kbar. All things considered, a structural transition
in Gd5Si2Ge2 should begin at room temperature at,10 kbar
and be completed at,20 kbar.

In both high pressure experiments, a pronounced differ-
ence between the high- and low-pressure patterns is observed
ssee Fig. 1, where only the low-Bragg angle portions of the
patterns are shown for clarityd. Profile fitting confirms the
transformation from theb-Gd5Si2Ge2 to thea-Gd5Si2Ge2. At
1 bar, 3.5 kbar and 8.2 kbarsall nonambient pressures listed
here and below are accurate to60.1 kbard, only the b
-Gd5Si2Ge2 is observed. The Bragg peaks of thea phase
appear at 12.2 kbar. Rietveld refinement of this pattern indi-
cates that both polymorphs are present in nearly equal
amounts. The transition, therefore, starts between 8.2 kbar
and 12.2 kbar.

As expected, the transition range is quite broad. A few
weak Bragg peaks corresponding to theb phase persist even
at 21.5 kbar, and they remain practically unchanged in the
diffraction pattern collected at 25.1 kbar. This indicates that
the transformation stops around 21.5 kbar and that theb
→g conversion is incomplete. Consequently, the transforma-
tion range of 10 to 12 kbar for Gd5Si2Ge2 is in good agree-
ment with the estimate from the LTE data of Gd5Si1.8Ge2.2.

3

We note that the pressure-induced AFM→FM transition in
Gd5Ge4 is also about 11 kbar wide.13

Quantifying the amount of the untransformedb phase is
difficult because the intensities of the Bragg peaks of both
phases are strongly affected by preferred orientation and the
uneven distribution of scattered intensity along Debye rings;
the latter is related to a finite number of crystallites in the
irradiated volumes that were different for the two loads, yet
in both cases the sample volumes were small due to the
limitations imposed by the geometry of the diamond anvil
cell. This is why considerable variations in peak intensities
between the first and second loads are seen in Fig. 1. Due to
these preferred orientation effects, atomic coordinates and
displacements parameters of either phase were not refined;
they were constrained for both polymorphs to those reported
by Choeet al.4
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The lattice parameters as a function of pressure are listed
in Table I and plotted in Fig. 2. The unit cell volume of theb
phase at 12.2 kbar and 17.4 kbar is slightly larger than that of
the coexistinga phase as expected from thermodynamics.
The unit cell dimensions are also consistent with the behav-
ior of the lattice parameters near the composition-dependent
Gd5Si2Ge2-type→Gd5Si4-type transition.7,8 It is worth not-
ing that the change of thea axis is the largest since this is the
direction along which the slabs shift during the transition.4,9

Furthermore, the pronounced decrease of thea axis always
indicates the formation of the additional interslab SisGed-
SisGed bonds ina-Gd5Si2Ge2.

3,4,7,9The contraction along the
a axis is accompanied by an expansion along thec axis. This
is similar to the concentration-induced transition7 where the
c axis also increases across the transformation. The change
of the b axis is statistically insignificant.

Holm et al.18 recently studied the magnetic field induced
transformation between theb anda phases in Gd5Si1.7Ge2.3

and found a similar change of the lattice parameters. Thea
axis decreases abruptly, whereas thec axis increases slightly,
while the b axis remains almost the same. This behavior is
nearly identical to that reported by Morellonet al.3 as a
function of temperature for Gd5Si1.8Ge2.2. Thus,
temperature-, magnetic field-, pressure-, and composition-
driven a↔b polymorphism leads to structurally equivalent
modifications and can be explained by the same transforma-
tion mechanism. Considering the monoclinicb-Gd5Si2Ge2
alloy, when the larger Ge atomsfrGe=1.378Å sRef. 19dg are
substituted by smaller Si atomsfrGe=1.322Å sRef. 19dg, all
interatomic distances in the Gd5Si2+dGe2−d lattice gradually
decrease asd increases causing a structural transition to the
orthorhombica-Gd5Si2Ge2-type structure whend exceeds
,0.1.8,10 Chemical pressure, therefore, affects the crystal
structure of Gd5Si2Ge2 in the same way as does increasing
hydrostatic pressure at constant stoichiometry. Coolingb
-Gd5Si2Ge2 below room temperature also results in a gradual

FIG. 1. sColor onlined The observed powder
diffraction patterns of Gd5Si2Ge2 collected at
room temperature. The Roman numerals I and II
correspond to first and second loads, respectively.
The lettersb anda indicate the selected charac-
teristic Bragg peaks of theb and a phases, re-
spectively. The distinct differences in the intensi-
ties of some Bragg peaks from different loads are
likely caused by different pressure-induced tex-
tures in the specimens.

TABLE I. The unit cell parameters of Gd2Si2Ge2 as a function of pressure atT=298 K. The pressure medium and x-ray wavelengthsld
in the first load were methanol and ethanol mixed in a 4:1 volumetric ratio andl=0.70995 Å, respectively, and in the second load—
fluorinert andl=0.70861 Å, respectively.

Load
no.

Pressure
skbard Phase

Space
group a sÅd b sÅd c sÅd g sdegd VsÅ3d

I 0.001 Monoclinic P1121/a 7.586s1d 14.821s3d 7.776s1d 93.11s1d 873.0s2d
I 3.49 Monoclinic P1121/a 7.582s1d 14.801s3d 7.773s1d 93.18s1d 870.9s2d
II 8.19 Monoclinic P1121/a 7.569s2d 14.781s5d 7.760s2d 93.11s2d 866.9s2d

I 12.24 kMonoclinic

Orhthorhombicl P1121/a 7.561s2d 14.738s5d 7.737s2d 93.13s1d 860.8s3d
Pnma 7.488s2d 14.763s4d 7.777s2d 859.7s3d

II 17.37 kMonoclinic

Orthorhombicl P1121/a 7.529s2d 14.702s6d 7.712s3d 93.03s2d 852.4s5d
Pnma 7.463s2d 14.692s4d 7.749s1d 849.6s2d

I 21.51a Orthorhombic Pnma 7.458s2d 14.664s6d 7.730s3d 845.4s3d
II 25.07a Orthorhombic Pnma 7.418s2d 14.665s4d 7.723s2d 844.6s2d

aAlthough a small amount of the monoclinic phase is present, its concentration was too low for determining the unit cell dimensions.
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reduction of all interatomic distances,4,18 leading to the same
b→a polymorphic transition around 260 K.

The equivalence of how chemical composition, tempera-
ture and pressure influence the crystallography of Gd5Si2Ge2
is due to the fact that all three thermodynamic factors com-
press the latticesincreasing concentration of Si, decreasing
temperature and increasing hydrostatic pressured. Consider-
ing that the atomic scale mechanism of the magnetic field
inducedb↔a transition remains the same,18 one must ac-
knowledge that the effect of the magnetic field in Gd5Si2Ge2
is analogous to pressure. Thus, increasing the magnetic field
has similar impact as increasing pressure, decreasing tem-
perature or increasing concentration of Si in Gd5Si2Ge2 all of
which, in effect, compress the lattice, and vise versa. It is
apparent that magnetostriction, usually explained by a spin-
orbit coupling mechanism, is not applicable to this Gd-based
material. Therefore, the strong variation of the magnetic ex-
change interactions due to the FM ordering triggered by the
field is likely responsible for the observed structural change.
This conclusion is in accord with Ref. 5, where breaking and
reforming of the interslab SisGed dimers was associated, re-
spectively, with the lowering and increasing of the Fermi

level and the reduction and increase of the effective ex-
change parameter, which is higher ina-Gd5Si2Ge2 when
compared tob-Gd5Si2Ge2. Furthermore, conventional mag-
netostriction results in most magnetic materials in a lattice
expansion, yet in Gd5Si2Ge2, increasing the magnetic field
leads to the opposite affect.

As seen in Fig. 2, the unit cell volume decreases with
pressure for both phases but with different slopes and the
behavior of the lattice parameters across the transition is
highly anisotropic. On the other hand, Fig. 3 reveals that
compressibility is nearly isotropic for both polymorphssthe
parameter ratios of thea phase were normalized using the
unit cell dimensions from its first observation at 12.2 kbard.
Thus, the hydrostatic pressure compresses the lattice in all
directions simultaneously and nearly evenlysespecially theb
phased up to a critical region, where the pronounced aniso-
tropic discontinuities reflect changes in the chemical
bonding.4,9 From Fig. 3, the compressibility of the lattice is
higher near the transition than away from it, which can be
related to high mobility of the slabs during thea↔b trans-
formation.

In Fig. 4, the isothermal volume compressibilitykV=
−1/V3dV/dp, calculated from the unit cell volumes, is plot-
ted as a function of pressure. In theb phase,kV increases
approaching the transition region, and remains high for thea
phase as long as the transformation is not complete. Below
10 kbar and above 20 kbar, both phases have similar com-
pressibilities. It is also worth mentioning that thekV behavior
of Gd5Si2Ge2 is different from the nearly constantkV

FIG. 2. sColor onlined The change of the lattice parameters and
unit cell volumes ofb-Gd5Si2Ge2 sopen circlesd anda-Gd5Si2Ge2

ssolid squaresd with applied pressure. The apparent crossover in the
b axes of the two phases is an artifact originating from statistically
insignificant sless than three standard deviationsd differences be-
tween theb axes of both modifications, atp=12.2s1dkbar.

FIG. 3. sColor onlined The normalized unit cell parameters of
Gd5Si2Ge2 as functions of pressurefthe lattice parameter ratios for
the orthorhombic phase were calculated using the lattice parameters
determined at 12.2s1d kbar, i.e., at the lowest pressure at which the
orthorhombic phase was observedg. The solid lines are guides for
the eye.
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=1.82 Mbar−1 reported for Gd5Si1.8Ge2.2 below 9 kbar.15 On
the other hand, there is no trace of a pressure-induced phase
transformation in the lattersit should begin in Gd5Si1.8Ge2.2
at room temperature around 20 kbard. Away from the transi-
tion, our values ofkV>0.6 Mbar−1 sb phase, this corre-
sponds to the isothermal bulk modulus of 1.7 Mbard and
kV>0.3 Mbar−1 sa phase, isothermal bulk modulus is 3.3
Mbard are in fair agreement withkV=0.3 Mbar−1 estimated
for a single-crystallineb−Gd5Si1.72Ge2.28,

14 whereas near the
transition the compressibilities are closer to those reported
by Morellon et al.15

It is worth noting that as follows from the recent dilato-
metric measurements obtained by Magenet al.20 using a
Gd5Si2Ge2 single crystal, the pressure-dependent and com-
pressibility behaviors of a single-crystalline material are
somewhat different from those observed for the polycrystal-
line Gd5SixGe4−x samples withx close to 2. First, the pres-
sure dependence of the transformation temperature is stron-
ger for a single crystal, wheredTC/dp= +4.8 K/kbar in
contrast todTC/dp= +3.5 K/kbar value found in polycrys-

talline samples. Second, theb↔a transition in a single crys-
tal occurs over a considerably narrower pressure interval
compared to a polycrystal, as expected, but the transition in
the single crystal also starts at a slightly lower pressure.
Third, the volumetric compressibility values of a single crys-
tal remain nearly constant over the pressure range studied in
Ref. 20, which was between 1 bar and,9 kbar. Considering
these differences between the behaviors of polycrystalline
materials studied earlier and in this work and a single crystal
used by Magenet al.,20 it is possible to conclude that
Gd5SixGe4−x single crystals are more sensitive to the applied
hydrostatic pressure than polycrystals.

CONCLUSIONS

In summary, the pressure-induced first-order phase transi-
tion in Gd5Si2Ge2 was studiedin situ by x-ray powder dif-
fraction. The transition at room temperature is broad: it be-
gins between 8.2 and 12.2 kbar and it is practically
completed at 21.5 kbar, although a small amount of the low
pressureb-Gd5Si2Ge2 remains untransformed even at 25.1
kbar. Structural changes across the transition are equiva-
lent to those previously reported for the composition-,
temperature-, and magnetic-field-induced polymorphism
suggesting that the transformation mechanism is the same in
all four cases. The isothermal compressibility of both phases
in the vicinity of the phase transition is higher than that away
from it.
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