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Thermal expansion and magnetostriction of single-crystalline R,PdSi; (R = Ho, Dy) have been investigated by means
of high-precision capacitance dilatometry and by specific heat studies. Pronounced anomalies in the uniaxial thermal
expansion coefficients a, and o and in the specific heat ¢, mark the onset of long-range antiferromagnetic (AFM) order
at Ty =7.8(3)K (R =Ho) and Ty =7.9(3) K (R = Dy). The different nature of the ground states in both materials is
concluded from opposite signs of the thermal expansion anomalies, i.e., opposite uniaxial pressure dependencies. In both
materials, there are Schottky-like entropy and anisotropic length changes which are attributed to crystal field effects and
reorientation of the easy magnetic axes. The low-temperature magnetic phase diagrams and the magnetostriction data
imply an interplay of single-ion effects and magnetic exchange interaction. Even small magnetic fields yield
ferrimagnetic phases via yet unknown intermediate antiferromagnetic (Dy,PdSi3) and ferrimagnetic (Ho,PdSis) phases.

. reorientation has been reported.'” Sizeable magnetic aniso-
1. Introduction

Ternary rare earth intermetallic compounds R,TSi; (R =
rare earth, T = transition metals) have been subject to
intensive research over the last decades as they exhibit a
variety of phenomena such as superconductivity,” spin-
glass,? or ferromagnetic behaviour,® giant magnetoresistance
(GMR),” or Kondo effect.” Recently, the materials have
been identified as promising candidates for magnetocaloric
applications and a giant reversible magnetocaloric effect
has been recently reported in Ho,PdSiz.>” Most of the
known members of this class crystallize in a hexagonal AlB,-
type derived structure (space group P6/mmm).® As for
R,PdSi; (R =Ho, Dy) compounds, neutron diffraction
reveals that the R ions occupy the Al-sites whereas the Pd
and Si atoms were assumed to be statistically distributed over
the B-sites.” X-Ray diffraction measurements on single-
crystals, however, suggest the existence of a superstructure in
the R,PdSi; (R = Gd, Tb, Dy, Ho, Er, Tm) system with a
well-defined Pd-Si order which has been supported by recent
resonant elastic x-ray scattering (REXS) data.!®!" This order
gives rise to two inequivalent rare earth sites leading to a
complex magnetic structure as well as a generic phase
diagram.'?

The rare-earth ions Dy** and Ho>* with partly filled 4f7
shell have a strong spin—orbit coupling and are subject to
crystal field (CF) effects. In their intermetallic compounds
R,PdSis, the electronic properties are governed by the CF
effect and by RKKY exchange interactions.!” In Dy,PdSis,
magnetic order has been reported below 8 K with dominating
AFM coupling in the basal plane and a ferromagnetic (FM)
type magnetic coupling along the c-axis.'” The c-axis
becomes the magnetic easy axis below ~25K while above
the g-axis is the easy one. In addition, giant magneto-
resistance has been found in this compound.? As for
Ho,PdSi;, the c-axis is the magnetic easy direction below
~40K.'? Well below Ty, at T, = 2.3K, a possible spin
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tropy has been observed for both Dy,PdSi; and Ho,PdSi; and
it may be expected that magnetic anomalies are associated
with pronounced lattice changes.'>'® However, apart from
a recent study on a Eu,CuSij single crystal,!” there is no
investigation of anisotropic magneto-elastic effects for any
member of this class of materials, let alone R,PdSi3; (R = Ho,
Dy) which have the highest effective paramagnetic moment
among all their analogues.'” In the present work, we
investigate in detail the uniaxial lattice distortions induced
by the magnetic transition and the CF effects as well as the
influence of external magnetic fields on R,PdSi; (R = Ho,
Dy) single crystals. Our thermal expansion and magneto-
striction data demonstrate pronounced coupling of structural,
magnetic, and electron degrees of freedom and the data are
used to construct and to complete the electronic phase
diagrams for both compounds.

2. Experimental Methods

The growth of the R,PdSi; (R = Ho, Dy) single crystals
by a floating zone method is described in Ref. 18. In order
to determine the uniaxial length changes of the crystals, two
types of three-terminal capacitance dilatometers have been
used which provided consistent results. Detailed informa-
tion on the dilatometers are presented in Refs. 19, 20, and
21, respectively. The thermal expansion coefficient a; =
1/L; -dLi(T)/dT and the magnetostriction coefficient A; =
1/L; - dL;(H)/dH are derived from the length measurements
upon variation of the temperature and of the magnetic
field. Magnetic fields have been applied along the direction
of the measured length changes. The specific heat was
measured with the Physical Property Measurement System
(PPMS) from Quantum Design by employing the relaxation
method.

3. Thermal Expansion at B = 0 and Griineisen Analysis
Figure 1(a) shows the uniaxial thermal expansion of
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Fig. 1. (Color online) (a) Linear thermal expansion coefficients a of
Ho,PdSi; along the ag-axis and the c-axis as well as the calculated 1/3
volume expansion (red). The inset shows the relative length changes AL/L
and the blue dashed lines in both graphs show the fitted electron and phonon
background e ph. (b) The background corrected thermal expansion a; ¢ =
a — @epn Vs T in log scale. The vertical dashed line marks 7. 7" signals the
onset of anisotropy in a and the spin-reorientation temperature Tsg is taken
from Ref. 12.

Ho,PdSi; without external magnetic field. The uniaxial
thermal expansion coefficients along both axes, @, and a,
as well as the volume thermal expansion coefficient a, show
pronounced anomalies at 75 = 7.8(3) K indicating the onset
of long-range antiferromagnetic order as supported by AC-
susceptibility, magnetisation, and neutron data.'>!® The
anomalies in a are A-shaped. They correspond to humps in
the relative length changes indicating shrinking of the c-axis
and increase of the a-axis at Ty upon cooling. The different
signs of the anomalies imply opposite uniaxial pressure
dependencies of Ty, i.e., dIn/dp, > 0, dTn/dp. < 0. In
addition, the anomaly in a, implies negative hydrostatic
pressure dependence of Ty. As seen in the inset of Fig. 1(a),
the overall length changes up to the room temperature are
quite anisotropic, i.e., at 7= 300K, AL./L. = 2.56 - 1073 is
nearly 1.5 times larger than AL,/L, = 1.58 - 1073,

The dashed blue lines show fits of the electronic and
phononic contribution to the thermal expansion coefficients «
and to the length changes AL;/L; at high temperatures using
the functions:??

L. Wang et al.
T (K)
0 2|0 4|0 6|0 80 100 120
' (a) Dy,PdSi,
------ el ph

o, (10° K™
[6)]

29000000,
'e-o—e:

R : -
© r & 0 100 200 3001
[ d
S 2fs! -
= TR c ulja
(o)) .
@
€.
3
Fig. 2. (Color online) (a) Linear thermal expansion coefficients a of

Dy,PdSi3 along the a-axis and the c-axis as well as the calculated 1/3
volume expansion. The inset shows the relative length changes AL/L and the
blue dashed lines in both graphs show the fitted electron and phonon
background acph. (b) Background corrected thermal expansion a;"® = a —
Qepn Vs T in log scale. The vertical dashed line marks T. T* signals the
onset of anisotropy in a and the spin-reorientation temperature 7Tsg is taken

from Ref. 12.
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K, and K, are constants while D(®/T) denotes the Debye
function with the Debye temperature ©. Fitting the data with
these equations yields estimates of the the electron and
phonon background a. p, [blue dashed line in Fig. 1(a)], with
the Debye temperature ® = 284 K. The magnetic and CF
contributions a™*® shown in Fig. 1(b) are obtained by
subtracting a.pn from the experimental data. For all axes,
we find anisotropic a™*¢ up to about 7% = 70(10) K while for
T > T* the data are well described by the fits.

The thermal expansion coefficients @,, a., and @, of
Dy,PdSi3 in zero field in Fig. 2(a) present similarly sharp
anomalies associated with the onset of long-range order as
for Ho,PdSi;. Again, the anomalies imply opposite uniaxial
pressure dependencies which however differ from the ones in
Ho,PdSis: In Dy,PdSis, the c-axis increases and the a-axis
decrease upon the onset of long range AFM order. This

Qeph = Ael + Aph (D . . . . .
implies dTn/dpa. < 0 and dTx/dp. > 0 which is opposite as
~ K\T + K-D <9>’ 2) compared to H02PdSi.3. In addition, the hydrostatic Rressure
T dependence has a different sign than in Ho,PdSis, i.e.,
and applying hydrostatic pressure yields an increase of Ty in
094709-2 ©2019 The Physical Society of Japan
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Fig. 3. (Color online) (a) Comparison between the volume thermal
expansion coefficient @y of Dy,PdSi; and the heat capacity c,. The dashed
blue line shows the phonon background. 7* marks the onset of anisotropic
contributions a™%. (b) Scaling behavior of ™ and the heat capacity ¢;™".
The dashed area indicates the spin-reorientation temperature 7sg. The inset
shows the same data scaled with a Griineisen ratio appropriate for 7' < T'sg
(see the text).

Dy,PdSi;. The anisotropy in the overall length changes
AL./L.=2.46-1073 and AL,/L,=3.33-107° is a bit
smaller than in Ho,PdSi;. Finally, applying the same
procedure as described above for assessing aepn yields
® =309K and 7% =92(5)K. The resulting background
corrected thermal expansion coefficients are shown in
Fig. 2(b).

Further information is obtained by comparing the anom-
alous length and entropy changes. In the presence of one
dominant energy scale e the thermal expansion coefficient o
and the heat capacity ¢, are related by the Griineisen relation

1 ol
r-2__27%¢ )
cp Vau Op

where V,, is the molar volume. At Ty, Eq. (5) converts to
I'= (TNVm)_laTN/ap'

The overall temperature dependence of the volume thermal
expansion coefficient and the specific heat is shown in
Fig. 3(a). The particular scaling used in the figure shows a
constant ratio ay/c, above the temperature Tsg. Above T,
both entropy and length changes are mainly phononic. This is
confirmed by a fit to the experimental data using the same
Debye temperature © for both a, and ¢, [dashed blue line in
Fig. 3(a)]. The resulting specific heat contribution c*" =
cp— B (with ¢B" the phonon specific heat) agrees to a
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Fig. 4. (Color online) (a) Comparison between the volume thermal
expansion coefficient @y of Dy,PdSi; and the heat capacity c,. The dashed
blue line shows the phonon background. 7* marks the onset of magnetic CF
contributions. (b) Scaling behavior of @™ and the heat capacity cp'“'“g". T~
and 7 mark the onset of long-range and short-range magnetic order, Tsg the
spin-reorientation temperature. 75 is an additional feature as discussed in the
text.

previous analysis of the low temperature specific heat.?®
¢, " shows a broad hump-like anomaly which we attribute
to Schottky anomalies originating from the thermal popula-
tion of the CF states. The anomalous thermal expansion and
specific heat are displayed in Fig. 3(b), again with appro-
priate scaling. The data imply two regions of different
Griineisen scaling, i.e., I'(T > Tsg) = 1.5(3) % 10~7 J"'mol
and I'(T < Tsg) = 1.9(1) * 1077 J"' mol.

The analogous analysis for Ho,PdSi; is presented in
Fig. 4. The data start deviating from the background at
similar temperatures as in Dy,PdSi;. In contrast, however,
there is no clear change in the Griineisen ratio at Tsg but we
find a rather temperature independent value of I" down to
nearly Tn. At lower temperatures, the scaling fails and the
data proof negative hydrostatic pressure dependence of Ty.
We also note a small hump in the specific heat at around
T, = 3.3K. It might be related to a squared-up magnetic
structure appearing at 2.3 K.41416)

4. Thermal Expansion at B # 0 and Magnetostriction

In Fig. 5(a) the relative length changes AL,/L,(T) of
Ho,PdSi; under the influence of different magnetic fields are
shown. In general, magnetic fields lead to larger thermal
expansion in the measured temperature range 7 < 60 K.
Note, that the magnetostriction data (blue data points) which
were used to calibrate the field effect, at 7 = 15 K, fully agree
to the AL(T) data at B # 0. Upon application of even small

©2019 The Physical Society of Japan
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Fig. 5. (Color online) Relative length changes of Ho,PdSi; in different ig. 6. (Color online) Linear magnetostriction coefficients (a) 4, and (b)

external magnetic fields along (a) the a-axis and (b) the c-axis. The blue data
points have been obtained by magnetostriction measurements and the vertical
dashed line shows Ty (B = 0T).

magnetic fields, e.g., 1T, the A-shaped anomaly in a,
disappears in favor for a much larger broad hump which is
associated with strongly increased overall length changes.
Accordingly, the regime of negative thermal expansion along
the c-axis which is restricted to 7' < Ty at B = 0 extends to
about 30K at B =2.5T. This yields disappearance of the
feature between 10 and 15K in AL,(B = 0) in favour of
a concave feature with the minimum at ~30K gradually
showing up. Below Ty, the signal changes from negative
(B<2.5T) to positive thermal expansion (B =4T). The
associated hump in L.(T') evolving at B > 2.5 T agrees with
a faint change of the AC-susceptibility indicating a phase
boundary or crossover between two ferrimagnetic phases
(FiM and FiM/, see Fig. 9) which microscopic origin is not
yet clear.'®

Magnetostriction data on Ho,PdSi; confirm the observed
field dependence of the thermal expansion and enable to
complete the phase diagram (Fig. 6). For B || a, the sample
length decreases for small magnetic fields and increases in
the high field regime. Comparison with the phase diagram in
Ref. 16 suggests that these changes signal a crossover within
the ferrimagnetic (FiM) phase. For B || c-axis, at T = 4K,
the magnetostriction coefficient 4. shows a sharp peak and
a step-like anomaly which are marked as B, and B.; in
Fig. S1(b). B, is attributed to the transition from the AFM to
the FiM phase.'® Upon heating, B, shifts to higher fields
and smears out so that it can only be extracted for 7 < 20 K.
In addition, at T < 6 K, the step-like anomaly B, is observed

094709-4

Ac of Ho,PdSi; for different temperatures. The dashed lines in (a) illustrate
how the FiM to FIM' phase boundary was extracted. The inset in (b)
highlights the low-field region with B.; and B, indicating the center of a step
and a peak, respectively, in A.. The step-like anomalies B, are visible only at
low temperature 7 < 6 K (insert of b).

as a kind of shoulder prior to the AFM-FiM transition at B;.
The critical field B, is extracted as the middle of the step.
Below B.;, the magnetostriction is nearly zero. At high
temperature, both 1, and A. imply negligible magneto-
striction.

The overall field dependence of the thermal expansion of
Dy,PdSij is similar to what is found in Ho,PdSis: The data in
Fig. 7(a) confirm a strong contraction of the sample for
B || a. Again, the signatures of the phase transition and of the
ordered phase are suppressed by the magnetic field. The
presence of significant magnetostrictive effects extends up to
larger temperatures as compared to Ho,PdSi; which agrees to
the larger region of anomalous length changes suggested by
our analysis of the zero field thermal expansion coefficient
(see Figs. 1 and 2). The application of magnetic fields along
the c-axis leads to an expansion of the sample [Fig. 7(b)].
The size of the peak in a. at Ty gradually vanishes upon
increasing the magnetic field and it is absent at B> 1T.
However, even at B = 5T there is still a kink in a.. The right
shoulder in a. is suppressed and the minimum around 25 K
becomes more pronounced. This can be seen more clearly in
the magnetostriction coefficient A, [Fig. 8(b)]. It exhibits a
peak in the ordered phase which significantly broadens and
shifts to higher field upon heating above Tx. The position of
the minimum suggests that it corresponds to the onset of the
FiM region. An associated anomaly B,; is also seen in 4, in
Fig. 8(a) where the distinct minima are marked by arrows.

©2019 The Physical Society of Japan
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external magnetic fields along (a) the a-axis and (b) the c-axis. The vertical
dashed line shows T (B = 0T). The blue data points have been obtained by
magnetostriction measurements and the dashed line serves as a guide to the
eye for the 2.5 T curve. The inset of (b) shows the derivative a. of the data in

(b).

Somehow similar to Ho,PdSi3, an additional transition point
shows up at B,y which may suggest a spin reorientation
process. The fact that it only appears for magnetic fields
parallel to the easy axes both for Dy,PdSi; and Ho,PdSi;
confirms its magnetic origin. In addition, the magneto-
striction data again suggest two regions with different slopes
which crossover shifts towards higher fields upon heating. As
the curves gradually flatten for higher temperatures, only the
measurements up to 7 = 16.9 K are considered for determin-
ing the associated boundary. In this temperature regime,
magnetostriction becomes independent on the temperature at
B || a 2 3T where magnetisation curves show the change of
the easy axis from the c- to the g-axis.*'®

5. Magnetic Phase Diagrams and Discussion

Figure 9 presents the magnetic phase diagram of Ho,Pd-
Siz, summarizing the results of the specific heat, thermal
expansion and magnetostriction studies as well as the
susceptibility anomalies from Ref. 16. The magnetic phase
diagram of Dy,PdSi; shown in Fig. 10 has been derived in
the same way. The data suggest a similar, yet more simple
phase diagram with AFM, PM, and FiM phases. Note, that no
signature of spin reorientation, at B = 0, is visible in the data
nor has been reported in the literature. In both compounds,
the obtained phase diagrams differ from the generic one
suggested for the R,PdSi; compounds.'? The main results for
both compounds are discussed in the following.
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Fig. 9. (Color online) Magnetic phase diagram of Ho,PdSi3 from specific

heat (squares), thermal expansion (circles), and magnetostriction data
(triangles). Solid and hollow diamonds show data from Ref. 16. AFM,
SR, FiM/Fim'/FiM”, and PM label antiferromagnetic, spin-reoriented,
ferrimagnetic, and paramagnetic phases. The shaded region in (b) shows
the (B, T)-range covered in (a).

(1) Both phase diagrams show long-range AFM order
appearing at similar temperatures 7Tn. At Ty, the thermal
expansion data of Ho,PdSi; imply opposite uniaxial pressure
dependencies, i.e., dTn/dp, > 0, dTx/dp. <0, and the
hydrostatic pressure dependence is negative. For Dy,PdSis,
the uniaxial pressure dependencies are opposite, i.e.,

©2019 The Physical Society of Japan
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Fig. 10. (Color online) Magnetic phase diagram of Dy,PdSi; from specific
heat (square), thermal expansion (empty diamonds), and magnetostriction
(circles) data. AFM 1/11, FiM, and PM label antiferromagnetic, ferrimagnetic,
and paramagnetic phases.

dTn/dp, < 0 and dTn/dp. > 0, and the hydrostatic pressure
dependence is positive. This qualitatively different pressure
dependence implies that, at T, different ground states evolve
in Ho,PdSi; and Dy,PdSi; which is confirmed by neutron
diffraction.!?

(2) At rather high temperature 7* > 10 - T, anisotropy of
the uniaxial thermal expansion as well as the presence of
magnetic CF contributions to the thermal expansion and the
specific heat signal depopulation of the crystal-field levels.
Note, that the magnetic susceptibility follows a Curie-Weiss
law down to around 50K in Ho,PdSi; and only down to
around 80K in Dy,PdSis.'” The easy magnetic axis at high
temperatures is along the a-direction which is consistent with
the negative sign of the Stevens factors.?? It rotates towards
the c-axis at around Tsg ~ 40K (Ho,PdSi;) and 25K
(Dy,PdSi;) (see Ref. 12) which underlines the subtle inter-
play between crystal field effects and spin—orbit coupling.

(3) In Ho,PdSis, the hydrostatic pressure dependence at Ty
is negative and does not agree to the positive Griineisen
parameter at higher temperatures. This observation demon-
strates the different nature of the underlying entropy and
length changes, i.e., Schottky-type crystal field effects at high
temperatures and magnetic ordering around Ty. In Dy,PdSis,
Griineisen scaling is valid with a single Griineisen parameter
in the regime Tsg < T < T* and is violated at 12K < T <
Tsr. We conclude that in this temperature regime there are
both the Schottky anomaly and AFM fluctuations present
while the latter dominate only below 12K, yielding another
single, i.e., magnetic Griineisen parameter. This observation
implies that short-range AFM correlations at 7' < 12K and
the AFM phase have the same hydrostatic pressure de-
pendence. We conclude the common nature of AFM short-
and long-range order for Ho,PdSis.

(4) In Ho,PdSi;, AFM to FiM” is a metamagnetic
transition driven by B || c-axis.'” The jump of magnetisation
AM. ~ 5-6 ug/Ho (see Ref. 12), at B, is associated with
a jump of the magnetostriction coefficient Al. = 5.0(5) -
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1073 /T. In contrast, the magnetostriction peak at B, is not
associated with a clear anomaly in M vs B and the hysteresis
of the magnetisation is not resembled by the magneto-
striction. Both transitions at B.; and B, are observed for B
parallel to the easy c-axis only. The fact that the slope of
the phase boundary is very small, i.e., dB.;/dT = —AS.;/
AM_; ~ 0, implies that there are no large entropy changes
AS.; at the metamagnetic transition AFM to FiM”. The same
holds for AFM I to AFM 1I in Dy,PdSi;. In Ho,PdSi3, within
the error bars, the phase boundaries B, (T) and B, (T) agree
to the PM, FiM, and FiM’' phases proposed in Ref. 16.
However, the peak in A, at B, signals the presence of the yet
unknown region FiM”. Similar to B.;(T), B¢, appears for B
parallel to the easy c-axis but there is no clear difference of
magnetisation between FiM” and FiM'.!?

(5) The evolution of FiIM’' to FiM in Ho,PdSi; yields
shrinking of the sample. The associated anomaly may either
signal a crossover or a continuous transition. The positive
slope of the boundary implies larger magnetisation in the FiM
regime. Magnetostriction is rather temperature independent
in the FiM phase.

(6) In general, magnetic fields B || a-axis yield shrinking
of the ag-axis while B || ¢ increases the c-axis. This
observation holds for both Ho,PdSi; and Dy,PdSi; and high
temperatures. We attribute it to crystal-field effects and the
alignment of magnetic moments along a. This is consistent to
the fact that spin-reorientation at T'sg causes decrease of a,. A
similar consistency holds for the fact that applying B || c-axis
increases the c-axis.

(7) Magnetic fields applied along the easy magnetic axes
align a ferromagnetic moment present in Dy,PdSi; while
there is a AFM phase in Ho,PdSi; which undergoes a
metamagnetic transition at finite field. The hysteresis in M vs
B which in Dy,PdSij is centered around B = 0 for both axes
is restricted to B.; in Ho,PdSi; which further emphasizes the
different nature of AFM ground states in both systems. In
contrast, the hysteresis in L(B) in Dy,PdSi; is restricted to a
small region around B,; and is clearly different from the
hysteresis in M(B). In particular, B,; is not observed in the
magnetisation.*!?

6. Summary

In conclusion, we report detailed studies on the heat
capacity, the thermal expansion and the magnetostriction
of intermetallic compounds Dy,PdSi; and Ho,PdSis;. The
opposite signs of the thermal expansion anomalies at Ty
show opposite pressure dependencies, thus revealing the
different nature of the magnetic ground states in both
materials. In both compounds, there are pronounced entropy
and anisotropic length changes up to more than 10- Ty
which are attributed to Schottky-type crystal field effects.
Since the Griineisen ratio changes with temperature we
conclude that an interplay of different degrees of freedom is
driving the observed anomalous length and entropy changes.
Our data enable to construct the electronic phase diagrams
including observation of yet unknown intermediate anti-
ferromagnetic (Dy,PdSi;) and ferrimagnetic (Ho,PdSi3)
regions evolving upon application of external magnetic
fields. In summary, both the data analysis and the phase
diagrams demonstrate the delicate balance and relation of CF
effects and magnetic exchange interactions.

©2019 The Physical Society of Japan
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