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Magnetoelastic coupling and phases in the skyrmion lattice magnet Gd,PdSi; discovered by
high-resolution dilatometry
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We report detailed thermodynamic studies on high-quality single crystals of the centrosymmetric skyrmion-
hosting intermetallic Gd,PdSi; by means of high-resolution capacitance dilatometry in fields up to 15 T
which are complemented by specific heat and magnetization studies. Our dilatometric measurements show
magnetoelastic effects associated with antiferromagnetic order at Ty; = 22.3 K and Ty, = 19.7 K, as well as
strong field effects in an applied magnetic field of 15 T up to 200 K (150 K) for B || ¢ (B || a*, i.e., B L ¢).
The data allow us to complete the magnetic phase diagram, including a feature at 7* ~ 13 K below which
an additional degree of freedom becomes relevant. The magnetic B vs T phase diagram for the a* axis is
also reported. Griineisen analysis shows the onset of magnetic contributions around 60 K, i.e., well above Ty;.
Uniaxial pressure dependencies of opposite signs, —1.3 and 0.3 K/GPa, are extracted for the out-of-plane and
in-plane directions at 7y;. For T* we obtain d7*/dp. = 1.4 K/GPa. In particular we elucidate thermodynamic
properties of the recently discovered skyrmion lattice phase and show that it is strongly enhanced by uniaxial

pressure.
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I. INTRODUCTION

Ternary intermetallic compounds of the type R,TX3 (R =
rare earth, 7 = transition metal, X = element of main groups
IIT to V) [1,2] have been investigated extensively over the past
decades, due to their variety of intriguing electronic properties
ranging from superconductivity [3], giant magnetoresistance
(GMR) [4-6], ferromagnetism [7] and incommensurate spin
structures [8,9], and phenomena related to Kondo physics
and heavy fermions [10-12], to non-Fermi-liquid [10], and to
spin-glass behavior [13—16]. This is particularly evident in the
title material Gd,PdSi; where a skyrmion lattice phase featur-
ing a giant topological Hall and Nernst effect was discovered
recently [8,17,18].

Most members of the R,PdSi; family of ternary silicides
crystallize in a highly symmetric AlB2-derived hexagonal
structure (space group P6/mmm) with triangular lattice layers
of R** magnetic sites sandwiching honeycomb nets of Pd and
Si sites. While the Pd and Si ions were originally believed to
be distributed statistically [19], an x-ray and neutron diffrac-
tion study by Tang et al. showed for Ho2PdSi3 that these
ions actually order into a superstructure along both in- and
out-of-plane directions, while the overall centrosymmetry of
the structure is retained [20]. This leads to two nonequivalent
sites for the R3* ions, which have been shown to affect the
magnetism in an applied magnetic field for Er2PdSi3 [21].
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While no structural phase transition has been detected for R =
Gd, Tb, Dy, Ho, Er, and Tm, most R,PdSi; compounds show
long-range magnetic order at low temperatures [22—24].

These various ordering phenomena are driven by a delicate
interplay of indirect exchange coupling mediated by the con-
duction electrons, i.e., the Rudermann-Kittel-Kasuya-Yosida
(RKKY) interaction, spin-orbit coupling, and the influence
of crystal field (CF) effects. The Gd** ions in Gd,PdSis,
however, with a half-filled 4f shell, have vanishing orbital
momentum (J &~ S = 7/2) and are not influenced by crys-
tal field effects. Magnetic order, therefore, arises from the
RKKY interaction and dipole-dipole interactions. Gd,PdSis3
exhibits two successive phase transitions around 7y = 21 K
[9] and was found to exhibit a skyrmion lattice (SkL) phase
of Bloch-type skyrmions in low magnetic fields applied along
the ¢ axis [8]. A number of incommensurate spin structures
both in zero field as well as in higher applied magnetic fields
have been identified [9] and the phase diagram in fields up to
9 T has been established through resistance and magnetization
measurements as well as resonant x-ray scattering [8,9,22,25].
Single crystal x-ray and neutron diffraction measurements
yielded lattice parameters at 300 K (2 K) of a = 4.079 A
(4.066 A) and ¢ = 4.098 A (4.091 A), ie., Aaja =32 x
1073 and Ac/c = 1.7 x 1073 [20,26].

Except for these measurements of the lattice parameters,
however, there is at present no study on magnetoelastic ef-
fects in Gd,PdSis;. Therefore, with a particular focus on
the skyrmion lattice phase, we report detailed dilatometric
studies of Gd,PdSi; in a wide range of temperatures and
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magnetic fields. Our thermal expansion and magnetostric-
tion data show pronounced magnetoelastic coupling and field
effects extending up to temperatures of 150 K and above.
Moreover, we uncover yet unreported phases and an anomaly
in zero field which appears well below the Néel transitions
at Ty = 22.3(5) K and Tx; = 19.7(5) K, thereby evidencing
competing interactions already in zero field. We update the
magnetic phase diagram for the ¢ axis (with B || ¢), present for
the first time the phase diagram for the a* axis (with B || a*),
and discuss in detail the thermodynamic properties for B || c.
Our results in particular elucidate the skyrmion lattice phase
and we show that it is enhanced by uniaxial pressure.

II. EXPERIMENTAL METHODS

Single crystals of Gd,PdSi; have been grown by the optical
floating-zone method as reported in Refs. [27,28] and were
previously studied by AC susceptibility, neutron diffraction
[22], and angle-resolved photoemission spectroscopy [29].
The magnetization was studied in the temperature regime
from 1.8 to 300 K in magnetic fields up to 7 T in a
Magnetic Properties Measurement System (MPMS3, Quan-
tum Design) and up to 14 T in a Physical Properties
Measurement System (PPMS, Quantum Design) using the
vibrating sample magnetometry option. Specific heat mea-
surements were performed on a PPMS-14 using a relaxation
method on single crystals of m =20.79 mg (2-300 K)
and 13.49 mg (0.15-3 K). High-resolution dilatometry mea-
surements were performed by means of a three-terminal
high-resolution capacitance dilatometer in a home-built setup
placed inside a variable temperature insert of an Oxford mag-
net system [30,31]. With this dilatometer, the relative length
changes dL;/L; along the crystallographic ¢ and a* directions,
respectively, were studied on an oriented cuboid-shaped single
crystal of dimensions 2.480 x 1.300 x 1.459 mm?. Measure-
ments were performed at temperatures between 2 and 300 K in
magnetic fields up to 15 T, applied along the direction of the
measured length changes, and the linear thermal expansion
coefficients o; = 1/L; - dL;(T)/dT were derived. In addition,
the field-induced length changes dL;(B;) were measured at
various fixed temperatures between 1.7 and 200 K in magnetic
fields up to 15 T. The longitudinal magnetostriction coefficient
A = 1/L; - dL;(B;)/dB; was derived from dL;(B;).

III. EXPERIMENTAL RESULTS

A. Evolution of magnetic order at B = 0

Uniaxial thermal expansion and specific heat show pro-
nounced anomalies around 20 K which are associated with
the onset of long-range magnetic order (Fig. 1). Close in-
spection of the anomalies indicates the proximity of not only
one but two phase transitions around 7y. While the anomaly
at Tnp = 22.3(5) K is seen as a jump in «;, the anomaly at
Tno = 19.7(5) K [20.3(5) K for the a* axis] is expressed as
a peak. This observation confirms the results by Hirschberger
et al. of two consecutive phase transitions in zero field [9]. Be-
yond these two known transitions, however, our data display
a third anomaly indicative of a phase transition which has not
been reported for single crystals of Gd,PdSi;. This anomaly,
marked by T* & 13 K in the inset of Fig. 1(b), is visible as a
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FIG. 1. (a) Relative length changes dL;/L; along the ¢ and a*
crystallographic directions. Directions with respect to the Gd lattice
are indicated in the inset. (b) Associated linear thermal expansion
coefficients «; as well as the calculated 1/3 volume expansion ay.
The inset displays the difference @+ mag — @c,mag Of the background-
corrected thermal expansion coefficients o; mae = ot; — 0. Vertical
dashed lines indicate phase transitions and the dashed-dotted lines
(inset) are a guide to the eye highlighting a feature around 7*.
(c) Specific heat ¢,/T (black markers). Inset: Low-temperature
regime plotted as ¢,/T vs T2. The solid red line shows a fit with
¢, = yT + BT?. Dashed curves in all graphs mark the nonmagnetic
background as explained in the text.

broad jump for both directions in «; which extends between
10 and 15 K and is discussed in more detail below.

The specific heat data show the three observed features at
1, Tna, and T*, too [Fig. 1(c)]. The shape of the anomalies in
¢p is analogous to their shape in «,-. At very low temperature
below about 400 mK a quasilinear behavior of ¢,/T vs T?
is found [see the inset of Fig. 1(c)], reminding one of sim-
ilar observations in Lu,PdSi3 and Ce,PdSi; [11,32]. In this
temperature regime, the data are described well by a linear
term and a cubic term, i.e., ¢,/T =y + ,BTZ. The quasilin-
ear term is described by an effective Sommerfeld coefficient,
y = 52(5) mJ/(mol K?). This parameter is in between the val-
ues obtained for Lu,PdSi3 [6.9 mJ/(mol K?)] and Ce,PdSis
[108 mJ/(mol K?)], the latter being discussed as evidence
of heavy-fermion behavior [11]. Whereas phonons can be
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neglected in this temperature regime, the coefficient g =
1.25(3) J/(mol K*) is rather large and reflects the contribution
of low-energy antiferromagnetic excitations.

The dashed lines in Fig. 1 show the phononic and elec-
tronic contributions to the relative length changes, thermal
expansion coefficients, and specific heat. In order to obtain
these contributions, the specific heat of the nonmagnetic ana-
log Lu,PdSi; as reported by Cao et al. [32] was fitted by
phononic Debye and Einstein terms, as well as an electronic
term, according to

cebeh — T 4 nDD(i) + nEE(i) (1
P Op O/’

where y is the Sommerfeld coefficient, np and ng are con-
stants, and D(T/®p) and E(T/®g) are the Debye and
Einstein functions with the Debye and Einstein temperatures
®p and Og. The fit to the Lu,PdSi; specific heat data yields
®D =213 K and ®E =454 K, with np = 3.69 and ng =
1.98. y was fixed to the value reported by Cao et al. of 6.93
mJ/mol K? [32]. Compared to ®p = 191 K by Cao et al.
[32], extracted from the low-temperature regime, our value is
slightly larger.

Scaling the Debye and Einstein temperatures by the dif-
ferent masses of Lu and Gd we obtain a scaling factor [33]
of ®p ps/Op.gps = 0.962. The specific heat and thermal
expansion of Gd,PdSi; were thus fitted with fixed ®p =
222 K = Op1ps/0.962 and correspondingly ®p =471 K.
For the fit to the specific heat, ¥ = 52 mJ/(mol K?) was
also fixed. For the thermal expansion the electronic contribu-
tion was negligibly small and therefore omitted; i.e., it was
fitted by

P = nDD(l) + nEE(i) 2)
O®p Of
with parameters np and ng. The phononic contributions to
dL;/L; in Fig. 1(a) were obtained by integrating the back-
ground obtained for the respective «;.

Subtracting the electronic and phononic backgrounds from
the specific heat and thermal expansion coefficients yields
their respective magnetic contributions which extend up to
about 60 K. This agrees with the temperature regime where
the magnetization exhibits a nonlinear field dependence up
to 7 T (see Fig. S1 [34]). From ¢, mae/T the changes in
magnetic entropy, Smag, above 150 mK are calculated. We ob-
tain a constant ASp, (7 > 150 mK) = 31.3 J/(mol K) above
60 K, which is 90% of the full expected magnetic entropy
of 2RIn8 = 34.6 J/(mol K), where R is the universal gas
constant.

Returning to the thermal expansion data, we see that the
anomalies in the thermal expansion coefficients, at Ty; and
T, are of opposite sign for the ¢ and a* axes, indicating op-
posite pressure dependencies d7y;/9p. < 0 and dTy;/dpy >
0. The volume thermal expansion also indicates a negative
hydrostatic pressure dependence d7y;/dp < 0 for both anti-
ferromagnetic transitions.

The Griineisen ratio of the thermal expansion coefficient
and the specific heat is a valuable quantity to determine the
relevant energy scales driving the system and to quantify
its pressure dependencies. In the presence of one dominant
energy scale, €, this ratio is independent of temperature and
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FIG. 2. Magnetic contributions to the thermal expansion coeffi-
cient (left axis) and specific heat (right axis) for (a) the a* axis and
(b) the ¢ axis after subtracting phononic and electronic contributions
as described in the text [37].

enables the determination of the pressure dependence of e,
i.e., Refs. [35,36],

I o 1 dS/dp; 1 dlne

¢y TVi 0S/0T  Vm Opi

3

Here, V,,, is the molar volume and the index i indicates a
linear direction or the volume. At 7y, Eq. (3) converts to I' =
(TxVin)~'(3Tx/3p). Comparing the magnetic contributions
Qi mag and cpmag hence allows one to identify temperature
regimes where the Griineisen relation implies only one dom-
inant energy scale while appropriate scaling enables one to
read off the respective parameter I'; .. As shown in Fig. 2,
the overall behavior of @; mag and ¢p mag is similar except for
a distinct jump in @; mae at ~12 K which is much less pro-
nounced in the magnetic specific heat. In both cases, magnetic
contributions start to evolve around 60 K.

Despite the overall similar behavior, there are differences
at higher temperatures, too. While the a¢* axis shows a nearly
perfect overlap between o mae and cpmae down to 14 K as
shown in Fig. 2(a), we only observe a very good agreement
around 7y;and Ty for the ¢ axis, in a range from 17 K to about
23 K. We also note that below ~14 K our results indicate the
failure of Griineisen scaling rather than the presence of just a
different scaling parameter.

Our data, however, clearly imply the presence of a single
dominant energy scale at and around the magnetic ordering
temperatures Ty; and Tnp. The obtained Griineisen parame-
ters amount to I' jmae = —91(13) x 1073 mol/J and [+ jnae =
22(3) x 10~8 mol/J. From these values, moderate pressure
dependencies are derived; i.e., we obtain negative pressure
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dependencies a7y /dp. = —1.3(2) K/GPa and 0T, /0p. =
—1.4(2) K/GPa for uniaxial pressure applied along the c axis.
The uniaxial pressure dependencies for the a* axis p || a*
are positive and more than a factor of 4 smaller, i.e., 0.31(5)
K/GPa for Ty; and 0.34(5) K/GPa for Txp.

While our data hence evidence that the ordering phe-
nomena at Ty; and Typ are governed by the same energy
scale, an additional energy scale becomes relevant upon
further cooling, around 7%, as proven by the failure of
the Griineisen scaling (cf. Fig. 2). Closer inspection of
the associated anomalies implies not only a broad jump-
like increase in the thermal expansion coefficients but also
a less pronounced anomaly in ¢, which is visible much
more clearly in the c¢,/T data in Fig. 1(c). In an attempt
to deduce the anomaly size associated with the respective
features we obtain Ac; ~ 2.7(5) Ji(mol K), Aaj, ~ 1.8 x
1076/K, Aa* ~4.1(6) x 107%/K, and Ao’ ~ —1.0(3) x
107%/K. The changes in magnetization around T* are very
small for both axes and could not be seen in the isothermal
magnetization M(B). However, temperature sweeps of the
magnetization in the static field evidence a jump in dx /07,
which is visible for B > 0.2 T (0.25 T) for B || ¢ (B || a*)
(see Supplemental Material, Fig. S10(a) [34]). At 0.2 T the
jump height A(dM/dT) amounts to 5.6(1.4) x 1073 ug/
(f.u. K). Further values are listed in Table S7 [34].

B. Thermal expansion at B # (0 and magnetostriction

The effect of high magnetic fields on the thermal expansion
and specific heat is shown in Fig. 3. A number of observations
can be made.

(i) The sharp features indicating phase transitions are ab-
sentat B=15T.

(i1) Significant entropy is shifted to higher temperatures,
and at B = 15 T, significant field effects are visible at least up
to 150 K in all shown quantities, in particular for ., even up
to about 200 K.

(iii)) Magnetostriction from 0 to 15 T is positive (negative)
for the ¢ axis (a* axis).

(iv) The temperature region of negative thermal expansion
of the ¢ axis extends up to about 65 K at 15 T, compared to
38 K in zero field.

Note that the magnetostriction data fully agree with the
thermal expansion data at B 7 0 T as shown by the (green)
vertical lines in the inset of Fig. 3.

Magnetostriction data at T =~ 2 K shown in Figs. 4(a) and
4(d) further confirm strong magnetoelastic coupling and in
addition clearly show the field-induced phase transitions. For
comparison the isothermal magnetic susceptibility x(B) =
dM(B)/0B is also presented on the same field scale for both
directions [Figs. 4(b) and 4(c)]. Considering the data for B || c,
four anomalies can be identified [Fig. 4(a)]: Up to 3.5 T, there
are two sharp peaks in A, signaling jumps in dL.(B) with only
small field-hysteresis, followed by a broad peak with a large
hysteresis of ~0.8 T. The size of the anomalies for up- and
down-sweep differs strongly. All three anomalies indicate dis-
continuous phase transitions. Corresponding anomalies and
hystereses are also visible in the magnetic susceptibility. In
addition, there is a broad downward jump in A, at around 9 T,
above which magnetostriction becomes virtually zero which
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FIG. 3. The effect of high fields on (a) the thermal expansion
coefficient (B = 15 T) and (b) the specific heat ¢,/T (B = 14 T) as
compared to zero-field measurements. The inset in panel (a) shows
the relative length changes. Vertical green bars indicate magne-
tostriction data from O to 15 T at several temperatures.

is also reflected by small , i.e., rather full alignment of mag-
netic moments in the field [please note the logarithmic scale
in Figs. 4(b) and 4(c)]. The overall region where hysteresis
is visible extends from about 6 T down to the lowest fields
[see the inset in Fig. 4(a)], but no remanent magnetostriction
is visible which would indicate irreversible changes in the
sample, e.g., through domain effects. Four features are also
visible in A, for B || a* [Fig. 4(d)]. These anomalies are
smaller in magnitude, much broader, and less well-defined
than for the ¢ axis. Similar to the findings for A.(B | ¢),
there is a jump at higher fields, at about 7.3 T, but here
of opposite sign. Again, it signals a continuous transition to
the saturated phase of vanishing magnetostriction. In contrast
to B || ¢, the magnetostriction measurements dL,(B || a*)
feature pronounced remanent magnetostriction below 5 K,
i.e., nonzero overall length changes after sweeping the field
from O to 15 T and back to O T. At 1.8 K, this amounts to
(AL/L);em = 1.4 x 107>, We attribute this observation to the
irreversible effects of structural or magnetic domains as seen,
e.g., in CoClI2 [38], NiCI2 [39], and NiTiO3 [40]. Such irre-
versible domain effects seem to be absent in the measurements
along the ¢ axis. The transition between a multidomain and
single-domain state may thus be fully reversible for B || c. We
conclude that hysteresis found for B || a* below 3.5 T is due
to both the discontinuous nature of the phase transitions and
the domain effects.

Both data sets, hence, imply a series of four phase tran-
sitions in the magnetic field, at T ~ 2 K, which is further
corroborated by magnetization studies (also see Fig. S7
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FIG. 4. Magnetostriction coefficients A; (i =c and a*) and
isothermal magnetic susceptibility, dM/dB, at temperatures around
2 K, for B || ¢ [panels (a) and (b)] and B || a* [panels (c) and (d)].
Note the logarithmic scale in panels (b) and (c). Insets in panels
(a) and (d) show the relative length changes dL;(B)/L;. Triangles
and empty circles mark anomalies in panels (a)—(d). Red markers
and lines represent up-sweeps; black ones represent down-sweeps.

[34]) and agrees with the recently published phase dia-
gram for B || ¢ [9]. Following the notations in Refs. [8,9]
for the phases appearing for B || ¢, we label the respective
phases as IC-1, A, IC-2, DP, and field-induced ferromag-
netic (fiFM) phase, with IC-1/IC-2 being characterized by
incommensurate spin configurations, A by the formation of
a skyrmion lattice (SkL), and DP by the depinning of the
direction of magnetic moments (see also the phase diagram in
Fig. 6). We note, however, that while the magnetostriction data
evidence field-driven structural changes, domain effects may
obscure the actual phase transitions up to the field and tem-
perature regions at which a single domain state is achieved.
In particular, broad peaks in the magnetostriction coefficients
as seen in A, (Figs. 4(b), S4(e), and S4(f) [34]) do not nec-
essarily indicate the actual phase boundaries, but the peak
positions may differ from those found in the magnetization
studies, as shown by a phenomenological model by Kalita
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FIG. 5. Thermal expansion coefficients (a, c) and static mag-
netic susceptibility x = M/B (b), and its derivative dx /07T (d),
for (a, b) B || ¢ and (c, d) B | a*. Curves are offset vertically by
(a) 1.6 x 1079/K, (b) 0.5 erg/(G* mol), (c) 1 x 10~°/K, and (d) 0.2
erg/(G* mol K), for better visibility. 0.75 to 3 T data in panel
(d) are multiplied by a constant as indicated in the legend and 3 T
data are offset by 1.5 erg/(G* mol K) instead of 1.4 erg/(G* mol K).
“FCW” indicates a field-cooled-warming measurement [41]. Empty
circles mark temperature positions of the anomalies as extracted for
the phase diagram.

et al. [38]. Therefore, for the further thermodynamic analysis
of the phase boundaries as well as the construction of the
phase diagram, for B || a* we only consider anomalies in the
magnetostriction which can directly be linked to anomalies in
isothermal magnetization.

In order to obtain the phase boundaries, we have performed
thorough magnetostriction and isothermal magnetization
studies at various fixed temperatures as well as corresponding
temperature sweeps at fixed magnetic field (see Figs. S4,
S5, S7 [34]) [42]. This is demonstrated in Fig. 5, where the
thermal expansion coefficients in low fields up to 3 T and
the corresponding magnetization data are presented. For B || ¢
[Figs. 5(a) and 5(b)], the evolution of two different phase
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FIG. 6. Phase diagrams for (a) B || ¢ and (b) B || a* constructed
from different experimental techniques as indicated in the legends.
The shaded areas show two strong hysteresis regimes. The ab-
breviations for the phases are the following: paramagnetic, PM;
incommensurate magnetic orders, IC-x; antiferromagnetic, A and B;
antiferromagnetic skyrmion lattice, SkL; and depinned phase, DP.

boundaries can be traced straightforwardly. Specifically, ap-
plying small fields yields a suppression of Ty, while the
jump at Ty; becomes more distinguished. In an increasing
field, Tn; is also suppressed to a lower temperature, but to
a smaller extent [Fig. 5(a)]. Above 0.3 T, the peak assigned
to T at zero field changes its shape, signaling the transition
from the previously reported skyrmion lattice A phase to
the IC-2 phase. It is associated with a jump, Ax2, in the
static susceptibility from one T -independent value to another
[Fig. 5(b)]. At 0.4 T, a second feature corresponding to the
transition from the A phase to the IC-1 phase is visible in both
o and x., while above 0.9 T (1 T for x.) all features below
Ty are gone. Quantitatively, Ax2 gradually decreases from
0.91 up/Gd>* at 0.9 T and 8.6 K to 0.36 ug/Gd** at 0.4 T
and 16.4 K. The pronounced jump in «, at Ty; corresponds to
a kink in the static susceptibility, i.e., a jump in its derivative
(see Supplemental Material, Fig. S7 [34]).

As mentioned before, anomalies seen for measurements
along the a* axis are in general much weaker and less well-
defined than those for the ¢ axis. Furthermore, the evolution
of anomalies in the thermal expansion and the static sus-
ceptibility along the a* axis is even more complex than for
B || ¢ [Figs. 5(c) and 5(d)]. In zero field, the anomaly at T*
is also visible (see Fig. 1, as well as Supplemental Material,
Fig. S10(d) [34]) and can be traced up to 0.4 T in dx/9T.
Also, a jump in «, evolving from Ty; can be followed to
lower temperatures for increasing fields, corresponding to a

jumpin dx /dT. Above 0.6 T this jump splits into two jumps,
uncovering an additional phase between the IC-2 and the fiFM
phases, while we only see one broad jump in o-.

IV. DISCUSSION

From our detailed dilatometric and thermodynamic data we
construct the phase diagrams for the ¢ and a* axes in Fig. 6.
While the general features for B || ¢ confirm previous results
[8,9,25], our data evidence two phases in zero field which
were previously unknown.

(i) Our isothermal magnetization data between 19 and
22 K (Supplemental Material, Fig. S7 [34]) clearly indicate
that the IC-2 phase does not extend to zero field, but there is
a separate pocket closed off by a phase boundary extending
from the edge of the A(SkL) phase to 7y = 22.3 K. We label
this phase IC-3, since incommensurate spin structures were
previously reported for this temperature regime [8].

(i1) Furthermore, the phase boundary at 7* splits the IC-1
phase into IC-1 and IC-1’ [Fig. 1(b) inset].

The yet unreported phase diagram for B || a* in general
shows a similar behavior, with the critical fields of the IC-1’
and IC-4 phases at the lowest temperatures assuming higher
values than IC-1" and the A phase for the ¢ axis. The IC-4
phase appearing for B || a* [see Fig. 6(b)] reminds one of the
A(SkL) phase for B || c¢; however, it was shown previously by
angle-dependent resistivity measurements in the a*-c plane
at 2 K that it does not connect to the A(SkL) phase [43].
The magnetic structure of this phase needs to be clarified by
diffraction studies. One major difference between the phase
diagrams is seen for B || a*, where the IC-2 phase is not
directly adjacent to the field-induced FM phase, but there is
an additional phase (labeled B) in between [see Figs. 5(c) and
5(d)]. The B phase is bordered by two jumps both in ¢, as well
asindy /aT.

From the anomalies in the thermal expansion, specific heat,
and magnetization at the phase boundaries we calculated the
uniaxial pressure and field dependence of the critical temper-
atures and critical fields, as well as the entropy changes at
the phase boundaries for the ¢ axis (with B || ¢). Considering
T*(B) marking a continuous phase transition, the associated
jumps in the specific heat (Acp), the magnetic susceptibility
[A(0M/9dB)], and the thermal expansion coefficient (Aw) are
connected with the magnetic field and pressure dependencies
of T* by the Ehrenfest-type relations (see e.g. Refs. [44,45]):

8B,- p ACp,B

and
oT* Aa;
Pi/ B Acy

Using the molar volume V,, = 7.06 x 10> m?/mol (see
Ref. [22]) as well as the anomaly values presented above
and in Table S7—for their extraction from the experimental
data see the Supplemental Material, Fig. S10 [34]—we ob-
tain a moderate uniaxial pressure dependence of d7*/dp. =
—1.4(3) K/GPa. In a field of 0.2 T, the field dependence is
very small and amounts to only 97" /9B, = —37(13) mK/T.
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At 0.3 T, 0T*/0B, rises to —0.28(18) K/T. These results
demonstrate that the IC-1 phase is stabilized both under pres-
sure and applied field at the expense of the IC-1’ phase. Also,
from these values we can calculate the expected jump in
OM /OB (Ay) at T*(B) via

= —— (6)

(%)
IB r A(%)U,B.

At 0.2 T this yields Ay = —2 x 10™* ug/(f.u. T), which
is well below the resolution limit of our experiment, explain-
ing why our isothermal magnetization studies do not show
anomalies at T* (see Supplemental Material, Fig. S10 [34]).
Note that in an early report on Gd,PdSi; by Mallik et al. [52],
the authors detected a jump in the effective local field |B.g| at
15 K by Mossbauer spectroscopy and attributed it to a lower
ordering temperature of one of the two Gd sites in Gd,PdSis.
This transition was not detected in any of the later reports
on single crystalline samples, but our results presented in this
work clearly confirm its presence.

The phase boundaries between the A(SkL), IC-2, and DP
phases are of a discontinuous nature, exhibiting jumps AL;/L;
in the length changes and AM in the magnetization (i.e.,
Am in magnetic moment). Therefore, the Clapeyron equations

A(%)U,T

[44],
AL;
T, ¥
(—C) = Vo ™
3]7,' B AS
IT\| _ Am;  AMYV) ®
9B; p_ AS AS
AL;
9B, ¥
( ) = Vip 2, )
8p,’ T Ami

apply for the pressure and field dependence of the respective
critical temperatures 7; and critical fields B.. Hence, the ob-
served slopes 07, /0B (see Tables S1- S4 [34]) and the jumps
AM allow us to obtain the associated entropy changes AS.
For the transition from the incommensurate IC-1’ phase
to the skyrmion lattice A phase, a jump of AM = 0.99(10)
up/Gd accompanies the ¢ axis contraction of AL./L. =
—10.8(1.1) x 107® at 4.3 K. Applying the abovementioned
thermodynamic relations yields small entropy changes on the
order of AScic = 125(13) mJ/mol K and a negative uniax-
ial pressure dependence of d7./dp; = —6.1(9) K/GPa. At
higher temperatures these values decrease down to 110(11)
mJ/mol K and —1.5(2) K/GPa at 16 K (see Table S1 [34]).
At the transition from the skyrmion lattice A phase to the
IC-2 phase the c axis also contracts, but these contractions are
much smaller (AL./L. = —2.4(3) x 107% at 4.3 K) while the
jumps in magnetization again roughly correspond to one Bohr
magneton per Gd ion [AM = 1.01(11)up/Gd at 4.3 K]. Ac-
cordingly, this phase boundary shows a much smaller pressure
dependence, i.e., dT./dp; = —0.47(7) K/GPa at 4.3 K (see
Table S2 [34]). At the same time, the steeper slope of the phase
boundary B.(7") implies larger changes in entropy of 360(40)
mJ/mol K at 4.3 K which increases to almost 600(60) mJ/mol
K at 16 K. We note that the analysis of anomalies from
temperature instead of field sweeps confirms these values
(Table S3 [34]). Looking at higher fields, the slope of the
phase boundary from IC-2 to the depinned phase (DP) is very

small, changing from a small negative slope below 6 K to a
small positive slope above. Considering the measured anoma-
lies AM =0.08(4) ug/Gd at 4.3 K, this yields negligible
associated entropy changes (Table S4 [34]). In contrast, there
are pronounced lattice effects (AL./L. = —17(2) x 1076 at
1.77 K) yielding a very large pressure dependence for the
phase boundary IC-2 — DP.

The results of the thermodynamic analyses are shown in
Table I as well as in Tables S1 to S4 in the Supplemental
Material [34]. In particular, our analysis evidences pro-
nounced negative uniaxial pressure dependencies for all three
phase transitions between IC-1/IC-1’, A(SkL), IC-2, and DP
at low temperatures. This implies that the IC-1'/IC-1, A(SkL),
and IC-2 phases are all destabilized by pressure along the ¢
axis with respect to the higher temperature phases, i.e., the
field-induced FM phase—and the paramagnetic phase at low
fields—is stabilized.

In particular, our data for B || ¢ provide further information
on the skyrmion phase. Both the onset of the SkL phase
from the incommensurate magnetic order IC-1/IC-1" and its
transition into the incommensurate IC-2 phase are discontin-
uous in nature. In both cases, transitions are associated with
the increase of magnetization by about 1 up/Gd. Rather flat
phase boundaries in the magnetic phase diagram are indica-
tive of comparably small entropy changes. Our quantitative
analysis evidences that the evolution of the SkL phase, de-
pending on the temperature, yields an entropy gain of AS =
100-150 mJ/(mol K) while the entropy jumps at the tran-
sition out of the skyrmion phase by 300-600 mJ/(mol K).
These values are by far larger than those for the chiral mag-
net MnSi where latent heat at the phase boundaries only
amounts to a few mJ/(mol K) [46]. Uniaxial pressure along
the ¢ axis significantly enhances the SkL phase as seen by
the uniaxial pressure dependencies of the transition temper-
atures. Specifically, at 4 K there is a rapid decrease of the
IC-1/I1C-1" — A(SKL) transition temperature 97;,/9p. ~ —6
K/GPa, leading to an expansion of the A(SkL) phase towards
lower temperatures under pressure. At the same time the
temperature of the A(SkL) — IC-2 transition, i.e., exiting
the SkL phase towards higher temperatures, changes by only
0Tt/ dpe = —0.5 K/GPa (see Tables I and II). Enhancement
of skyrmion lattice phases under pressure is also observed in
other materials. In the insulating skyrmion system Cu,0SeOs3,
Levati¢ et al. report a dramatic enhancement of the skymion
pocket under pressure by about 8 K at 0.6 GPa [47]. While
in Gd,PdSi; the SKL phase appears at lower temperatures,
our results (3T,/0p. — 3Tou/dp.) imply about half of this
effect. We also note findings similar to the ones reported
at hand in the chiral magnet MnSi [48,49] where uniaxial
pressure along [001] yields a rapid decrease of the onset
temperature of the skyrmion phase while the high-temperature
phase boundary shows a much smaller pressure dependence
[50]. Recent theoretical studies by Hayami ef al. investigated
the influence of single-ion anisotropy on the formation and
stability of the skyrmion lattice phase. They show that easy-
axis anisotropies stabilize magnetic-field-induced skyrmion
crystals in frustrated magnets [51] and easy-axis (easy-plane)
anisotropy substantially increases (decreases) the stable field-
range for a Skyrmion lattice. These findings suggest that the
pressure dependencies stabilizing the skyrmion lattice phase
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TABLE I. Relevant quantities and anomaly sizes at the phase boundaries of the skyrmion lattice phase, at 7 = 4.3 K, and in magnetic
fields B || ¢ which have been either directly extracted from the experimental data or were obtained by using thermodynamic relations as given

in the text.

T B. AL/L Am 0B./oT AS dT./9p; 0B./dp;
Transition (K) (T) (107%) (up/Gd) (T/K) (mJ/mol K) (K/GPa) (mT/GPa)
IC-1 — A(SkL) 43+0.1 0.49 £0.02 -10.8 £ 1.1 1.0+ 0.1 -0.01 125 £ 13 -6.1£0.9 -50+£50
A(SKL) — IC-2 43+0.1 1.04 £0.03 24403 1.0£0.1 -0.03 360 £ 40 —0.47 £ 0.07 —15+2

in Gd,PdSi; may originate from small distortions in the local
environment of Gd, leading to an increase of the weak mag-
netic anisotropy of the Gd moments.

The transition from the depinned phase to the field-induced
ferromagnetic phase is of a continuous type. It exhibits a
jump in the magnetostriction coefficient AA = —4.7(5) x
107 /T (at 1.77 K) and in the derivative of the magnetization
A(OM/9B) = —0.159(16) ug/(T Gd) (T = 1.9 K). Using an
Ehrenfest relation, the uniaxial pressure dependence of the
critical field can be expressed as dB./dp; = AL/A(0M/0B),
which yields dB./dp. = 1.9(5) T/GPa at 1.77 K, i.e., the
depinned phase is stabilized under uniaxial pressure p,. Simi-
larly, using the anomaly values listed in Table S5 [34], we find
uniaxial pressure dependencies of the critical field between
—0.65(16) T/GPa (10 K) and —0.50(8) T/GPa (14 K) at the
continuous transition IC-2 to fiFM.

While Gd,PdSi; shows only moderate frustration, mag-
netic entropy and length changes are observed up to about
2.7 Tni (60 K), thereby implying the evolution of short-
range magnetic order in this temperature regime. Effects of
fluctuations above Ty in Gd,PdSi; were observed before in
resistivity measurements. Measurements on polycrystalline
samples show a well-defined minimum around 45 K [52]
which was also confirmed in single crystals [17]. A theoretical
explanation of this behavior based on the RKKY interaction
in combination with frustration was given by Wang et al.
[53]. Griineisen scaling suggests that these precursor fluctu-
ations are of the IC-1/IC-3 type. Both ordering phenomena
are driven by the same dominating energy scale which differs
from the one driving IC-1'. As expected for a Gd>* system,
magnetoelastic coupling is moderate. It is, hence, somehow
surprising that magnetostriction is large at high temperatures
and displays pronounced effects up to 200 K. In addition,
despite a linear field dependence of the magnetization, mag-
netostriction does not follow a B? law below 200 K (see
Fig. S6 [34]) as would be expected from the relation dL;/L; =

—1/2V3dx;/dp;B* in the paramagnetic regime [54]. Tenta-
tively, magnetostriction above 100 K implies negative uniaxial
pressure dependence, dx/dp. < 0, of the magnetic suscep-
tibility while dx/dp, > 0. This observation suggests that
antiferromagnetic exchange interactions are strengthened by
uniaxial pressure along the ¢ axis and weakened upon appli-
cation of p || a*. Notably, however, the long-range magnetic
ordering temperatures do not follow this trend as a7y /dp. <
0, which further highlights the complex nature of magnetism
in GddeSi3.
V. CONCLUSIONS

High-resolution dilatometry was used to study the inter-
play between magnetism and the lattice of single crystalline
Gd,PdSis. Strong magnetoelastic coupling and field effects
up to high temperatures are found. Pronounced anomalies
in the thermal expansion, magnetostriction, and magnetiza-
tion allow us to obtain the magnetic phase diagram. This
yields in particular several phases and previously unreported
phase boundaries for B || ¢ whereas the B vs T phase di-
agram for B || a* has not yet been reported at all in the
literature. Griineisen analysis shows the onset of magnetic
contributions well above 7Ty;, and the pressure dependen-
cies of ordering phenomena are obtained. In particular, we
find that uniaxial pressure strongly enhances the skyrmion
lattice phase.
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