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Magnetic and structural properties of single crystalline GdsSi,Ge, under hydrostatic pressure have been
characterized by using magnetization, linear thermal expansion, and compressibility measurements. A strong
dependence of Curie temperature on pressure, d7-/dP=+4.8 K/kbar, is observed in contrast with the smaller
values of about 3 K/kbar found in polycrystalline specimens. This difference reflects the role the microstruc-
ture may play in pressure-induced magnetic-crystallographic phase changes, likely related to stress relaxation
at the grain boundaries, domain pinning and/or nucleation of defects. The pressure dependence of the critical
magnetic field, d(dH/dT)/dP, drops at the rate —0.122(5)kOe/K kbar, which points to an enhancement of the
magnetoelastic coupling with pressure. The latter affects the magnetocaloric behavior of the material at the rate
d(AS);)/dP=1.8 J/kg K kbar. The linear thermal expansion confirms the strongly anisotropic change of the
lattice parameters through the orthorhombic to monoclinic crystallographic transformation with Aa/a
=+0.94%, Ab/b=-0.13%, and Ac/c=-0.22%. The structural transition temperature varies with pressure
synchronously with the Curie temperature, and the size and shape of the strain anomalies remain nearly
unaffected by the hydrostatic pressure, indicating, respectively, that the structural and magnetic transformations
remain coupled, and the anisotropic behavior of the lattice is preserved as pressure increases. The room
temperature linear compressibility data show that the magnetostructural transformation can be triggered iso-

thermally at ~6 kbar and that the compressibility is anisotropic.

DOI: 10.1103/PhysRevB.72.024416

I. INTRODUCTION

The GdsSiGe,_, family of rare-earth intermetallic com-
pounds was reported by Holtzberg et al. nearly 40 years
ago.1 However, these materials received little attention be-
fore 1997, when the giant magnetocaloric effect (GMCE)
was discovered in GdsSi,Ge, by Pecharsky and
Gschneidner.? The largest near room temperature magneto-
caloric effect observed to that date in the elemental Gd was
nearly doubled. Following this finding, a number of potential
near ambient applications have emerged in the field of mag-
netic refrigeration, which is an environmentally friendly
technology due to the absence of ozone depleting and green-
house chemicals, and which is based on high efficiency elec-
tronic processes to produce temperature lift when compared
to the conventional vapor-compression refrigeration
technique.® A broad interest in the GdsSi,Ge,_, materials was
also developed in order to uncover the physical fundamentals
governing their potent magnetocaloric effect.*

The physics of the GdsSi,Ge,_, system is intimately re-
lated to the varying crystal structures of its members. A total
of 36 atoms per unit cell are assembled into two-dimensional
layers, i.e., the slabs whose spatial arrangement is deter-
mined by the number of partially covalent Si/Ge-Si/Ge
bonds (0, 2, or 4 covalently bonded pairs of atoms per unit
cell) between neighboring slabs. A change in the number of
the interslab Si, (Ge, or SiGe) pairs drastically modifies
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crystallography, electronic structure,”'> and magnetic
interactions.'3-1® Whereas the main intralayer magnetic inter-
actions can be treated by the Rudermann—Kittel-Kasuya—
Yosida (RKKY) indirect 4f—4f exchange, commonly ac-
cepted as the main magnetic contribution in 4f
intermetallics, the formation of covalentlike interslab bonds
is capable of enhancing the interlayer coupling by means of
a superexchange-type interaction mediated via Si/Ge-Si/Ge
bonds, thus allowing the existence of different magnetic
states.'”!8 As a matter of fact, a coupled magnetostructural
phase transition occurs near 270 K in GdsSi,Ge, where the
high-temperature paramagnetic (PM) phase adopts the
monoclinic (M) structure with half of the interslab bonds
broken and the low-temperature ferromagnetic (FM) phase
realizes the orthorhombic [O(I)] state with all of the
Si/Ge-Si/Ge pairs reformed.'® The coexistence of the crys-
tallographic transformation with the FM ordering gives
rise to an additional source of the magnetic field-induced
isothermal entropy change, consequently providing the ex-
planation of the GMCE.!” Thus, this transformation can
be reversibly induced by changing temperature and/or mag-
netic field, which is at the origin of the rich and complex
phenomenology that has been described in previous
publications.!-3-13:17:20-27

Hydrostatic pressure is yet another intensive thermody-
namic variable that can affect either or both the magnetic and
structural properties of materials, and it is currently becom-
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ing an important additional external parameter of interest in
order to more completely comprehend the microscopic pro-
cesses taking place in the 5:4 materials. An earlier investiga-
tion of several alloys from the GdsSi,Ge,_, series with x
=3.2, 1.8, and 0.4 allowed us to provide a clear evidence that
the effect of pressure is that of reinforcing the interslab ex-
change interactions via the reduction of the cell volume, thus
stabilizing the O(I) phase, and therefore increasing the tran-
sition temperature of the transformation.?® This effect be-
comes especially significant at the magnetostructural trans-
formation in the 0<x<~2 composition range. For
example, dT-/dP=+3.0 K/kbar when x=1.8, i.e., where
there is a large phase volume change associated with the
transformation, yet the rates of change of the critical tem-
peratures are about an order of magnitude smaller for the
purely magnetic transitions,” i.e., dT./dP=+0.3 K/kbar
when x=3.2, or dTy/dP=+0.7 K/kbar when x=0.4; in both
cases, there are no associated structural changes. Similarly,
large differences in dT¢/dP depending on the nature of the
transition were also observed in TbsSi,Ge,, where the struc-
tural and magnetic transformations at atmospheric pressure
are separated by ~10 K. In this compound, hydrostatic pres-
sure was shown to be a tool facilitating a recoupling of both
the crystallographic and magnetic transitions resulting in a
spectacular enhancement of the MCE in this compound,3%-3!
opening up a route for improving the magnetic refrigerant
properties of the material. More intriguing effects were
found in GdsGey, which at ambient pressure preserves the
antiferromagnetic (AFM) O(II) state at low temperatures—
the only exception in the Gds;Si,Ge,_, series where the
ground state is always FM O(I).!%?! In this system, the ap-
plication of hydrostatic pressure favors, as expected from
thermodynamics, the formation of the low volume FM O(I)
phase, initially giving rise to an inhomogeneous, spatially
segregated state composed of AFM O(II) and FM O(I)
phases. Eventually, at high enough pressure, i.e., 10 K bar, a
thermodynamically stable FM O(1I) state with T-=57 K sets
in the whole sample volume.

All of the studies mentioned above were performed on
polycrystalline specimens where some aspects of the physi-
cal behavior of these systems may be masked or averaged
out, mainly those associated with anisotropic properties.3*3*
Furthermore, the possibility of isothermally inducing the
magnetostructural transformation in zero field by means of
hydrostatic pressure also seems plausible, yet no experimen-
tal evidence has been provided. Single crystal specimens are
most suitable in order to carry out this type of a study. The
aim of the present work is to investigate the magnetic and
structural properties of single crystalline GdsSi,Ge, under
hydrostatic pressure. The possibility of inducing the magne-
tostructural transformation by applying hydrostatic pressure
is explored by means of magnetization, LTE, and isothermal
compressibility experiments.

II. EXPERIMENT

Single crystals of GdsSi,Ge, were prepared by the Bridg-
man method.?> Appropriate quantities of gadolinium (99.996
wt %), silicon (99.9999 wt %), and germanium (99.999
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wt %) were arc melted under a high purity argon atmosphere.
The buttons were then remelted to ensure compositional ho-
mogeneity throughout the ingot, and the alloy was drop cast
into a copper chill mold. The ingot was sealed in a tungsten
Bridgman crucible, which has been electron-beam welded
shut, for crystal growth and heated in a tungsten mesh resis-
tance furnace under a pressure of 8.8X 107 Pa up to
1000 °C and held at this temperature for one hour to degas
both the crucible and the charge. The chamber was then
backfilled to a pressure of 3.4 X 10* Pa with high-purity ar-
gon. This overpressurization was done in order to equalize
the pressure inside and outside of the crucible at the final
temperature. The ingot was then heated to 2000 °C and held
at this temperature for 1 h to allow thorough mixing before
withdrawing the sample from the heat zone at a rate of
4 mm/h. The as-grown crystal was oriented by backreflec-
tion Laue and the crystallographic directions assigned using
x-ray diffraction two-theta scans of the single crystal. Two
samples were cut by spark erosion with two parallel planes
perpendicular to a and b axis, respectively, and the faces
were polished using standard metallographic techniques.

Magnetic measurements were performed in a commercial
(Quantum Design) superconducting quantum interference
device (SQUID) magnetometer in applied magnetic fields up
to 50 kOe in the temperature range 5-300 K. Pressure ex-
periments were carried out using a miniature CuBe pressure
cell. The pressure was determined at low temperatures mea-
suring the pressure dependence of the superconducting tran-
sition temperature of a lead sensor located inside the cell.
An increase of pressure in the clamped cell with increasing
temperature was taken into account. The values of pressure
given in the figures correspond to actual pressures at the
listed temperature intervals.

Linear thermal expansion (LTE) in the temperature range
5-300 K and isothermal compressibility were measured us-
ing the strain-gauge technique in a conventional close-cycle
cryostat. Hydrostatic pressures up to 9 kbar were applied by
using a standard CuBe piston-cylinder cell and in this case,
the pressure values were determined over the entire tempera-
ture range by using a calibrated Manganin sensor.

III. RESULTS

The zero pressure (out-of-pressure-cell) magnetic proper-
ties of the single crystals were measured prior to the pressure
studies in order to further check the quality and the behavior
of the sample. Figure 1(a) illustrates the temperature depen-
dencies of the low-field (100 Oe) magnetization in the tem-
perature range 5-350 K along the three crystallographic
axes, showing sharp anomalies at the transition temperature
T-=267.3(5) K upon heating. A smooth increase of the mag-
netization along the a axis is found on cooling, which is
likely associated with a spin reorientation process. These re-
sults clearly show that the a axis is the easy magnetization
axis at T=5 K and c direction appears to be the hard mag-
netization axis. This is consistent with the behavior of mag-
netization isotherms measured with the magnetic field ap-
plied along the different crystallographic axes at 5 K, which
are plotted in Fig. 1(b). A saturation magnetization value of

024416-2



HYDROSTATIC PRESSURE CONTROL OF THE...

M (emu/g)

O L 1 1 1 1 1 L 1 1 1 1
0 50 100 150 200 250 300 350

Temperature (K)
T T T T T T T T T
200 .
I AWW-RW
a-axis .
&b Gd_Si Ge ]
3 . 5722 1
g b-axis J
L . J
s c-axis J
®) ]
0 1 1 1 1
0 10 20 30 40 50
Magnetic field (kOe)
FIG. 1. Zero-pressure magnetic characterization of the

Gd;sSi,Ge, single crystal along the three crystallographic axes: (a)
Magnetization as a function of temperature in a magnetic field of
H=100 Oe. (b) Field dependence of magnetization at T=5 K.

M¢=197 emu/g is obtained in a magnetic field of 50 kOe,
yielding a magnetic moment of 6.98 up per Gd atom, which
is in excellent agreement with the theoretical gJ value of
7 g for the Gd** ion.

Isofield magnetization experiments under hydrostatic
pressure were performed with the magnetic field vector ap-
plied along the a-axis of a crystal in a SQUID magnetometer.
Temperature dependencies of the low-field magnetization at
different pressure values are displayed in Fig. 2. It is easy to
see that the magnetic transformation moves towards higher
temperature values at a rate of dT./dP=+4.6(2) K/kbar on
cooling and +4.9(4) K/kbar on heating; the difference in the
rates of change of Curie temperature is statistically insignifi-
cant. These values are nearly 60% higher than +3.0 K/kbar
reported for polycrystalline specimens of GdsSi; ¢Ge,,,?
which exhibit a magnetostructural transition identical to that
of the GdsSi,Ge, material used in this study. The transition
retains its first-order character within the pressure range
studied, as can be deduced from the hysteretic behavior
(~3-5 K) and from the little variation in the sharpness of
the anomaly. Sets of magnetization isotherms as functions of
magnetic field at fixed pressures of 0, 3.7, and 5.2 kbar are
shown in Figs. 3(a)-3(c), respectively. The critical field (H )
at a given temperature rapidly decreases with increasing
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FIG. 2. Pressure dependence of the magnetization in the prox-
imity of the magnetostructural transition measured with a 500 Oe
magnetic field applied along the a-direction. Open symbols are used
for the cooling curves and filled symbols for the heating runs. The
different curves are labelled with the corresponding pressure values.

pressure, as expected due to the pressure-induced isofield
shift of the transition temperature. Furthermore, the depen-
dence of the critical field on temperature is notably affected
by increasing pressure. This is clearly seen in Fig. 4, where
H( has been represented as a function of temperature at se-
lected pressures. A linear thermal dependence of H is also
noticeable, resulting in dH/dT values of +1.69(1) kOe/K at
0 kbar, +1.22(3) kOe/K at 3.7 kbar, and +1.06(3) kOe/K at
5.2 kbar. The zero pressure value of dH/dT agrees well
with the previous results published by Tang et al.** (i.e.,
dH;/dT=+1.8 kOe/K). The slope dH /dT decreases lin-
early with increasing pressure at the rate d(dH-/dT)/dP
=-0.122(5) kOe/K kbar, which reflects the strengthening of
the magnetoelastic coupling upon increasing the applied hy-
drostatic pressure. This result is consistent with the evolution
of dH:/dT as a function of composition (x) throughout the
GdsSi,Ge,_, series reported by Casanova et al.3

As one might expect, the enhancement of the magneto-
elastic coupling should result in a smaller value of the
magnetocaloric effect.>*37 We have confirmed this point by
estimating the isothermal change in entropy AS,, from the
measurements shown in Fig. 3 by both numerically integrat-
ing the Maxwell relation dS,;=(dM/dT)ydH and by using
the Clausius—Clapeyron equation AS,,=(dH /dT)AM. A re-
duction of d(AS,,)/dP at a rate of 1.8 J/kg K kbar has been
obtained. This particular feature could be of importance
when considering potential practical applications of these al-
loys as magnetic refrigerant materials, although high pres-
sures that are required to noticeably change the magnetoca-
loric effect are several orders of magnitude greater than
pressures exerted on the magnetocaloric bed by a heat trans-
fer fluid.*®

LTE and compressibility measurements provide additional
and valuable information about the magnetostructural trans-
formation under hydrostatic pressure. As observed in Fig. 5,
the O(I) — M structural change, accompanying the magnetic
disordering, is clearly seen at T-=265.8(3) K on heating. A
small difference of ~1.5 K in the transition temperature
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FIG. 3. Magnetization isotherms measured in the vicinity of the
magnetostructural transformation with the magnetic field applied
along the a-axis at different pressures: (a) P=0, (b) 3.7, and (c) 5.2
kbar. The pressure values are real pressures at 7-=267.3 K. The
isotherms were measured when the sample was heated from the FM
state to the temperature indicated on the plots.

compared with 7-=267.3 K obtained from the low-field
magnetization measurements may be associated with a small
temperature gradient existing between the sample and tem-
perature sensor, which are a few centimeters apart in a close
cycle refrigerator used in the LTE experiments. The changes
in length at the transformation along different crystallo-
graphic directions are anisotropic, Aa/a=+0.94%, Ab/b=
—0.13%, and Ac/c=-0.22%, the overall volume change is
AV/V=+40.6%. This is in reasonable agreement with the
x-ray powder diffraction studies,’®>* single-crystal x-ray
diffraction,” and thermal expansion data®® reported for sev-
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FIG. 4. Pressure dependence of the critical field H as a func-
tion of temperature determined from the different sets of magneti-
zation isotherms at the three studied pressure values with the mag-
netic field applied along the a axis. Open symbols represent values
obtained on increasing magnetic fields and full symbols are used for
decreasing fields.

eral GdsSi Ge,_, materials with stoichiometry varying near
x=2. We have also determined the thermal expansion coef-
ficients along each crystallographic axis, ay=(dX/dT)/X
from the data in Fig. 5. The obtained values at 200 K, i.e., in
the O(I) structure, are a,=5.0X10°K™!, «,=104
X107 K™!, and a,=17.8X10"° K. A general trend a,
<ay and o, < a, is observed, i.e., the LTE coefficient is the
smallest parallel to the a axis along which the slabs slide
during the structural change. These values and the trends are
in good agreement with those extracted from the thermal
expansion studies of single crystal of GdsSi;7,Ge, g re-
ported by Nazih et al.’ and obtained from x-ray diffraction
experiments of the GdsGe, alloy with the O(II) structure.*

Figure 6 illustrates the pressure dependence of the LTE
along the different crystallographic axes on heating. In all
cases, the anomalies are shifted to higher temperatures at a
rate of +4.7(2) K/kbar, which nearly ideally agrees with the
magnetic measurements, therefore, confirming that both
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FIG. 5. LTE defined as Al/I=I(T)/1(290 K)— 1, where [=a,b,
and c lattice parameters, in the GdsSi,Ge, single crystal. The ex-
periments were performed on heating the sample at atmospheric
pressure.
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FIG. 6. LTE, defined as Al/[=1(T)/1(250 K)—1, as a function of
the hydrostatic pressure for the three crystallographic axes: (a) a,
(b) b, and (c) ¢ axis.

magnetic and crystallographic transformations remain
coupled at the studied pressure values. The difference in
dTc/dP  values between  polycrystalline  samples
(~3 K/kbar)?® and the single crystals may be attributed to
stress relaxation effects at the grain boundaries of the poly-
crystal, which may hinder the progress of the microscopic
crystallographic transformations, therefore reducing the ef-
fectiveness of the applied pressure. Neither the shapes nor
the sizes of the discontinuities are notably affected by pres-
sure, suggesting that the anisotropy of the lattice parameter
changes involved in the transformation is not influenced by
hydrostatic pressure. It is noteworthy that a pressure of
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Pressure (kbar)

FIG. 7. Linear compressibility measured along the three crystal-
lographic directions on increasing and decreasing pressure at T’
=293 K.

~7 kbar shifts the transformation above room temperature,
and consequently, anomalies at higher pressures are beyond
the temperature range of our experimental apparatus. This
means that the ferromagnetic O(I) state in GdsSi,Ge, exists
at zero magnetic field and room temperature above 7 kbar
(Fig. 6).

Compressibility measurements at room temperature along
the three crystallographic axes have been performed, allow-
ing us to demonstrate the possibility of isothermally inducing
the magnetostructural transformation at zero field upon ap-
plication of hydrostatic pressure. This is displayed in Fig. 7,
where sharp anomalies in the volume of the sample of a
size similar to those found in LTE, are observed along the
three crystallographic directions at around 6 kbar during
increasing pressure. The first-order character of the trans-
formation is also confirmed, as indicated by pressure hyster-
esis of ~0.5 kbar. The isothermal linear compressibility co-
efficients along the three independent axes, defined as «y
=—(1/X)(dX/dP);, where X represents the length of the
sample along a, b, or ¢ axes of the crystal, were calculated
from the data depicted in Fig. 7 for both the low pressure
M-PM and high pressure O(I)-FM phases. The obtained val-
ues are listed in Table I. We should point out the clear aniso-
tropy found in the compressibility for the two different struc-
tures involved, which is quite reasonable taking into account
the layered crystallographic structures and the directional

TABLE 1. Values of the linear isothermal compressibility, «, at
room temperature measured along the three crystallographic axes
and the total volume compressibility at the low pressure M-PM and
high pressure O(I)-FM states. The percentage change of the com-
pressibility in O(I)-FM phase relative to the M-PM phase (Ax/ k) is
also provided.

Kyt Low pP(Mbar™) ko) migh p(Mbar™)  Ax/ k(%)
a axis 0.58 0.52 —-10(1)
b axis 0.48 0.42 —12(1)
¢ axis 0.42 0.37 —12(1)
\%4 1.48 1.31 -11(1)
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character of the shear movement of the slabs, which is the
origin of the structural transition. The values of the com-
pressibility along the different crystallographic axes correlate
reasonably well with the corresponding tendency to expand
or contract in the course of the structural change. For in-
stance, at low pressure, the largest « value corresponds to the
a axis, «,=0.58 Mbar™!, as expected from the tremendous
elongation along the a axis through the crystallographic
transformation. The b and ¢ axes have smaller « values, «
=0.48 Mbar™! and «,=0.42 Mbar™!, and they exhibit much
smaller length changes than along the a axis during the struc-
tural change, see Fig. 4. This general behavior is also fol-
lowed in the high pressure state, except for the values of «,
which are smaller in the O(I) state than in the M phase. The
noted peculiarities in compressibility agree with the simple
picture of a more robust crystallographic structure due to the
reformation of all the covalentlike Si/Ge-Si/Ge interslab
bonds in the O(I) phase. As a consequence, the value of the
volumetric « at high pressure is lower as well. The relative
changes in the compressibilities of the two phases are the
same for all the directions within the experimental resolu-
tion, as well as in the total volume change, Ax/x=11(1)%.

IV. CONCLUSIONS

An investigation of the magnetic and structural properties
of single crystalline GdsSi,Ge, under hydrostatic pressure
has been carried out by means of magnetization, LTE, and
isothermal compressibility measurements. The magneto-
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structural transformation FM-O(I) <> PM-M with
T-=266 K is strongly dependent on pressure and 7~ moves
to higher temperatures at a rate of d7-/dP= +4.8 K/kbar.
This rate of change is significantly larger than that deter-
mined in closely related polycrystalline samples (i.e., ap-
proximately +3 K/kbar). The discrepancy may be explained
as a polycrystalline effect of damping the hydrostatic pres-
sure. The reduction of the unit cell volume induced by the
application of hydrostatic pressure enhances the magneto-
elastic coupling in GdsSi,Ge,, extending the temperature
span over which the transition takes place at any given ap-
plied magnetic field. The LTE along the three principal crys-
tallographic axes is strongly anisotropic through the crystal-
lographic transformation M < O(I), which coincides with the
magnetic one. The dependence of the structural transition
temperature on pressure agrees with that obtained from mag-
netic measurements. Furthermore, the size and shape of the
discontinuities in strain do not change with the increasing
pressure. This leads to the conclusion that the crystallo-
graphic and magnetic transformations remain coupled at all
studied pressures and magnetic fields, and the anisotropic
behavior of the lattice is unaffected by the hydrostatic pres-
sure. The M < O(I) transition can be also induced by isother-
mally applying pressure at room temperature, presenting the
same features that are in the thermally induced transforma-
tion. Isothermal compressibility is anisotropic and both
qualitatively and quantitatively correlates with the tendency
of the lattice to expand or contract through the transition in
each of the three independent crystallographic directions.
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