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Uniaxial pressure effects, phase diagram, and tricritical point in the centrosymmetric skyrmion
lattice magnet GdRu,Si,
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The magnetic phase diagram, magnetoelastic coupling, and uniaxial pressure effects of centrosymmetric
magnetic skyrmion-hosting GdRu,Si, are investigated by means of high-resolution capacitance dilatometry in
fields up to 15 T supported by specific-heat and magnetization studies. In addition to the previously reported
phases in the H-T phase diagram, we observe a third antiferromagnetic phase in zero magnetic field. We
present the magnetic phase diagram and find two unreported phases, one of which features a comparably giant
uniaxial pressure dependence. Our dilatometric measurements show magnetoelastic effects associated with the
various magnetic ordering phenomena. We determine the uniaxial pressure dependencies of the various phases,
in particular of the skyrmion lattice phase which is enhanced at higher fields and temperatures and also widens at
a rate of 0.07 T/GPa when uniaxial pressure is applied along the ¢ axis. The relevance of fluctuations is further
highlighted by the presence of a tricritical point indicated by our thermodynamic data at the phase boundary
separating two double-Q magnetic configurations between which the skyrmion pocket phase evolves upon further

cooling.
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I. INTRODUCTION

Magnetic skyrmions are a class of topologically protected
noncollinear spin structures which exhibit a variety of par-
ticlelike properties [1-6]. The nanometric scale of magnetic
skyrmions and emergence of interesting phenomena such
as the topological Hall effect [7-9] and nonlinear tunnel-
ing magnetoresistance [10] lead to the proposition of novel
skyrmion-based technological applications including neuro-
morphic computation systems [11-13], nonvolatile memory
[14-16], and logical gates [17-19]. Since the initial exper-
imental finding of magnetic skyrmions in MnSi in 2009
by Miihlbauer et al. [20], a plethora of systems hosting
a skyrmion lattice have been discovered, e.g., Cu,OSeO;
[21], GaV4Sg [22], and thin-film Fep5CoqsSi [23]. In these
noncentrosymmetric systems, the Dzyaloshinskii-Moriya in-
teraction is an integral part of the skyrmion formation process.
However, this is not the case in selected centrosymmetric
systems such as Gd,PdSi; [24], GdsRu4Alj; [25], EuAly [26],
and GdRu,Si, [27,28], where various stabilization mecha-
nisms from geometric frustration [29,30] to multiple spin
interactions [31] have been proposed. These centrosymmetric
systems are interesting for the aforementioned technological
applications due to their small skyrmion diameter of the order
of ~2 nm [14,25,28].

GdRu,Si, crystallizes in centrosymmetric tetragonal struc-
ture in the space group /4 /mmm [32-34]. It consists of square
layers of Gd>* ions (8§ =7/2,L = 0) and Ru,Si, layers al-
ternatingly stacked along the ¢ axis. In zero magnetic field,
two distinct magnetic phases have been reported: phase IV
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(magnetic phases are labeled in accordance with [35]) which
evolves at Ty =~ 46 K and phase I which evolves below T; ~
40 K [27,36]. Neutron diffraction experiments reveal that
phase IV assumes a sinusoidal or helical spin structure [37],
while phase I, the ground state, forms a double-Q constant
moment structure [35]. Applying magnetic fields parallel to
the ¢ axis induces a first-order phase transition at about 2 T
below 20 K [36]. It features a double-Q magnetic structure
consisting of the superposition of two orthogonal helices cre-
ating a skyrmion lattice (SKL) in this field-induced phase
II [27,28]. By further increasing B||c, the SKL phase is re-
placed by a double-Q magnetic structure in phase III above
2.4 T, while full polarization of the spin structure is achieved
for Bllc 2 10 T [27]. The origin of the observed magnetic
structures has been mainly attributed to a combination of
Ruderman-Kittel-Kasuya-Yosida (RKKY) and multiple spin
interactions [28,38—40].

Here we report magnetoelastic coupling and the initial
uniaxial pressure dependencies on the various phases in
GdRu,Si,, as well as the discovery of two magnetic phases,
VI and VII. We achieve this by means of high-resolution ca-
pacitance dilatometry studies to determine thermal expansion
and magnetostriction in fields up to B||c = 14 T, which are
supported by magnetization and specific-heat measurements.
In addition to further completing the magnetic phase diagram,
we report the thermodynamic properties at the phase bound-
aries, including evidence of a tricritical point and widening
of the SKL phase upon application of uniaxial pressure
pllc. Specifically, the onset temperature of the SKL phase,
at B||c = 2.1 T, increases by dTy—y/dp. = 8.5(1.2) K/GPa
and the field range where it is present at 2 K widens as
ABgye/pe ~ 0.07 T/GPa.

©2025 American Physical Society
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II. EXPERIMENTAL METHODS

All measurements were performed on two oriented
cuboid-shaped single crystals of GdRu,Si;. The cuboids
were cut from the same single-crystalline boule which has
been grown by the floating-zone method as described in
Ref. [35]. The sample dimensions and orientations were
0.590 (||a) x 0.801 (||b) x 1.182(||c) mm> (crystal 1) and
0.761 (||[110]) x 1.400 (||[—110]) x 3.112(||c) mm? (crys-
tal 2). Magnetization measurements were performed using the
vibrating sample magnetometer (VSM) option of Quantum
Design’s Physical Properties Measurement System (PPMS-
14) and Quantum Design’s Magnetic Properties Measurement
System (MPMS3) in the temperature range of 2 to 300 K and
in fields up to 14 and 7 T, respectively. Specific-heat data were
obtained in the range of 1.8 to 300 K and with high resolution
on the smaller crystal 1 used for dilatometry in the range of 1.8
to 50 K by means of a relaxation method using the PPMS. In
order to account for differences in the absolute values due to
mass and background errors, the latter data were scaled to the
full temperature-range data at 50 K (see Fig. S1 in the Sup-
plemental Material (SM) [41]). High-resolution dilatometric
measurements were performed in two different setups, both
using a three-terminal capacitance dilatometer from Kiichler
Innovative Measurement Technologies [42,43]. The first setup
is home-built and placed in a variable temperature insert (VTI)
of an Oxford Instrument magnet system [44]. The second
setup is an insert provided from Kiichler Innovative Mea-
surement Technologies for the PPMS, including an option to
rotate the sample up to 90°. The linear thermal expansion
coefficients o; = 1/L; X dLi(T)/dT are derived from the rel-
ative length changes. Furthermore, magnetostriction, i.e., the
field-induced relative length changes dL;(B)/L;, are obtained
for fields up to 15 T at various temperatures up to 150 K and
the magnetostriction coefficients A; = 1/L; x dL;i(B)/dB are
derived. For all dilatometric measurements, the field is aligned
parallel to the measured axis.

II1. RESULTS

A. Magnetic order and magnetoelastic coupling in zero
magnetic field

The static magnetic susceptibility x; along the different
crystallographic directions i follows a Curie-Weiss-like be-
havior down to ~85 K, as shown in Fig. 1 as well as
in Fig. S2 in the Supplemental Material (SM) [41]. The
high-temperature behavior evidences an isotropic g factor as
expected for Gd** systems. Upon further cooling, nonlin-
ear behavior of x ! below about 80 K and appearance of
small anisotropy indicates the evolution of short-range mag-
netic order. Pronounced peaks in x; at 7y = 45.7(5) K signal
the onset of the long-range antiferromagnetic order. Below
T, two additional anomalies evidence additional magnetic
phase transitions at 77 = 44.6(5) K and 7, = 39.0(5) K, re-
spectively. All observed phase transitions are of a continuous
nature and are clearly visible as distinct jumps in Fisher’s
specific heat d();T)/dT (see the inset of Fig. 1). Note that
anomalies at Ty and 75 have been observed before, while the
phase transition at 77 has not been reported [28,36,38]. Fitting
the averaged static magnetic susceptibility x = 2x, + xc)/3
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FIG. 1. Temperature dependence of the static magnetic sus-
ceptibility x = M/B measured at B=0.1T applied along the
crystallographic i axis (i = ¢, a, [110]). Inset: Fisher’s specific heat
d(x;T)/dT. Dashed lines mark the anomalies at Ty, 71, and 75 (see
the text).

between 200 and 300 K by means of an extended Curie-Weiss
law C/(T + ®) + xo yields the effective moment g =
8.0(2) ug/f.u., which agrees well with previous reports [45]
and matches the expected value for free Gd** moments of
7.94 ug /f.u. The obtained Weiss temperature © = 42(1) K
indicates predominant ferromagnetic interaction in GdRu,Si,.

The evolution of antiferromagnetic order in zero magnetic
field is accompanied by pronounced anomalies in the relative
length changes dL;/L; and in the thermal expansion coeffi-
cients «;, as can be seen in Fig. 2. Monotonous shrinking
of the ¢ axis upon cooling, which we observe in the whole
temperature regime under study up to 200 K, is superimposed
by a clear kink at 7y. The corresponding thermal expansion
coefficient o, shows three positive A-like anomalies at Ty, 77,
and T;. This observation agrees with a previous study where,
however, only one anomaly, at Ty, was observed in o, [46].
Our data imply significant magnetoelastic coupling since the
onset and changes of magnetic order are accompanied by dis-
tinct lattice changes. Similarly, there are also clear anomalies
in dL;/L; at Ty for the a and [110] axes. Both axes show
monotonous expansion upon cooling below 60 K. Again, three
jumplike discontinuities can be seen in the thermal expansion
coefficient o1 1¢;, indicating the distinct phase boundaries. The
associated jumps upon cooling are negative at Ty and 77, but
the one at 75 is positive (see Fig. 2, but note the negative
scaling factor). For the a axis, only two jumps are observed
in o,: a negative one at Ty and a positive one at T,. This
indicates that the dependence of 77 on uniaxial pressure along
the a axis is small so that the anomaly is not resolved in our
measurement.

The Ehrenfest relation

oT* Ao
= TVt (1)

links the anomalies Aco; and Ac, of a continuous phase
transition to the uniaxial pressure dependence of the transi-
tion temperature 7*. Hence, the signs of thermal expansion
anomalies imply the respective signs of the corresponding
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FIG. 2. (a) Relative length changes dL;/L; along the crystal-
lographic ¢, [110], and a axes, and (b) corresponding thermal
expansion coefficients ;. For better visualisation, data for oy
and o, have been multiplied by —3 and —2.5, respectively. Vertical
dashed lines indicate the transition temperatures 7y, 7, and T5.

initial uniaxial pressure dependencies. The data in Fig. 2(b)
hence signal the increase of Ty, 7;, and 75, respectively,
upon application of uniaxial pressure along the ¢ axis, i.e.,
0Tn/1/2/0pc > 0. Likewise, we read off that uniaxial pressure
applied along the a and [110] axis, respectively, will yield a
decrease of Ty. This result is in agreement with theoretical
predictions by Bouaziz et al. [39], which propose a decrease
of Ty when compressing the lattice along the a direction.
Notably, our data show that the effect of in-plane uniaxial
pressure on 7, is opposite to the effect on Ty as both pyjiq
and p, yield an increase of 75 (i.e., 372/dpajr110) > 0).

To further investigate the successive ordering phenomena,
the magnetic Griineisen parameter y; = o] = /cp © is evalu-
ated which compares the magnetic contribution to the thermal
expansion coefficient o ® and the magnetic heat capacity
cp ¢ [47,48]. The magnetic heat capacity is determined by
subtracting the phononic contribution to the heat capacity
cghon from the experimental data, i.e., cp * = ¢, — cghon. In or-
der to estimate the phononic contribution, an Einstein-Debye
model with one Einstein and one Debye mode is fitted to
cp between 80 and 300 K (see Fig. S3 in the SM [41]).
The model yields ®g = 598 K and ®p = 283 K. Calculating
the resulting magnetic entropy by integrating (cp — cgh)/ T
yields Sy = 16.6 J/(mol K), which is in good agreement
with the expected magnetic entropy changes of a Gd** sys-
tem, ng‘g’ =R x In(8) = 17.3 J/(mol K), and confirms the
reliability of the thus obtained background. The parameters
®; were then used to approximate the phononic contribution
to the thermal expansion coefficients with the prefactors as
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FIG. 3. Magnetic specific heat ¢;*¢ (filled black markers; left
ordinate) and magnetic contribution to the thermal expansion coeffi-
cient "¢ (open red markers; right ordinate).

free fitting variables.! Figure 3 shows the resulting magnetic
contributions of ¢, and a. scaled such that they overlap at low
temperatures. Our results imply that the magnetic Griinseisen
ratio is constant up to ~30 K with the Griineisen parameter
Ye = 7.9(2) x 1077 mol/J. We conclude the presence of a
single dominant energy scale € for this temperature regime,
which uniaxial pressure dependence can be derived by using
the Griineisen relation [47,50],

d1n(e) o
=Vn—. 2)
ap; Cp
Using the molecular volume V,, =5.02(1) x

107> m3/mol [33], applying Eq. (2) yields dln(e)/dp. =
4.0(1)%/GPa. In contrast, Griineisen scaling by a single
parameter fails for temperatures above 30 K, up to Ty. This
implies that neither in phase IV (T < T < Tj) nor in phase
VI (T £ T < Tn) is magnetic order driven by a single
energy scale, but there are competing degrees of freedom
in both phases. In addition, the experimental observation
that Griineisen scaling fails at 7 2 30 K, i.e., well below
T, implies the presence of a competing energy scale in this
temperature regime of the low-temperature phase I also [51].
Comparing the jumps in the thermal expansion coefficient
Aa; and heat capacity Ac, at the phase transitions enables us
to quantify the uniaxial pressure dependence of the respective
transition via the Ehrenfest relation [Eq. (1)]. For a A-shaped
anomaly, the respective jumps are superimposed by fluctua-
tions so that the height of the jumps at the phase transition
is determined by fitting lines to the data in a regime below
and above the phase transition temperatures, respectively [52]
(see Fig. S4 in the SM [41]). The resulting jumps in «. and ¢},
as well as the calculated uniaxial pressure dependencies for
uniaxial pressure along the c axis, are listed in Table I.

B. Effect of magnetic fields B || ¢ and magnetic phase diagram

Applying a magnetic field parallel to the ¢ axis induces
significant changes to the magnetic phases, as shown by
the many anomalies in the thermal expansion coefficients

'For a detailed description of the general procedure, see Ref. [49].
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TABLE I. Jumps (see text as well as Fig. S4 in the SM [41]) in
the thermal expansion coefficient o and the heat capacity ¢, at 7;
(j =N, 1, 2), as well as the resulting uniaxial pressure dependencies
calculated using the Ehrenfest relation [Eq. (1)].

Aac (10791/K)  Ac, J/K/mol)  9T;/dp. (K/GPa)

In 13.2(1.2) 9.2(1.2) 3.3(5)
T 3.3(3) 2.8(4) 2.6(4)
T 1.2(2) 1.93) 1.2(3)

o, and Fishers’ specific heat at various fields displayed in
Fig. 4. In addition to the measurements at constant magnetic
field, isothermal magnetostriction and magnetization data are
shown in Figs. 5 and 6. The observed anomalies are used
to construct the magnetic phase diagram in Figs. 8 and 9. A
detailed analysis and discussion of the anomalies will be given
in Secs. III C and III D.

As shown in Sec. III A, in zero magnetic field, three distinct
magnetic phases are observed: phase I at T < T3, phase IV
at T, < T < T; and phase VI between T} and Ty (labeling
of phases is done in consistency with Ref. [38]). Phase I
consists of a double-Q constant moment solution, with a
helix and orthogonal spin density wave propagating on the
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FIG. 4. (a) Linear thermal expansion coefficient ¢, for various
magnetic fields B||c up to 14 T. (b) Fisher’s specific heat d(x.T)/0T
for various magnetic fields up to 8.7 T. For a more detailed view of
each individual measurement, see Figs. S6 and S8 in the SM [41].
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FIG. 5. (a) Magnetostriction dL.(B)/L. and (b) isothermal mag-
netization M, at various temperatures as a function of the magnetic
field B || c. For a detailed plot of the low-field region, see Figs. S9
and S11 in the SM [41].

principal magnetic propagation vectors ¢; and q,; a second
helix propagates along q; + 2q, which connects the arms
of the star providing a constant moment solution [35,37].
Phase IV has either a sinusoidal or a helical spin structure
[37]. The spin structure of phase VI is unknown. For small
magnetic fields B || ¢, Ty decreases while 7} increases. Both
phase boundaries merge at around 0.5 T, thereby closing phase
VI, as summarized in Fig. 9. As indicated in the figure, the
detailed slope of the phase boundaries around B ~ 0.5 T and
T ~ 45 K, separating phases IV, VI (and III), are not exactly
clarified by our measurements since the associated anomalies
are weak and partly overlap. Similar to 7;, 75 is shifted to
higher temperatures with increasing field so that phase I is
stabilized over phase I'V.

At intermediate fields, anomalies in the magnetostric-
tion and thermal expansion indicate the field-driven evolu-
tion of the square skyrmion lattice (phase II) and a fan
structure (phase III). Specifically, isothermal magnetization at
T = 42 K exhibits a jump at Bry_yr = 0.58(2) T, signaling

1

N
o

[}
o

oM/aB (JI(T2 mol))

Bllc(m

FIG. 6. (a) Magnetic field dependence of the magnetostriction
coefficient A for B || ¢ at temperatures between 2 and 150 K. Inset:
The region between 0.5 and 2.3 T in more detail. (b) Magnetic
susceptibility dM./dB at various temperatures for B || c. Inset: The
behavior at the fully polarized state in more detail. See Figs. S8 and
S10 in the SM [41] for separate plots of the data.
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FIG. 7. Magnetostriction dL.(B)/L. (left ordinate) and isother-
mal magnetization M, (right ordinate) as a function of magnetic field
B || ¢ at T =2 K. Inset: Magnetostriction coefficient A. (left ordi-
nate) and magnetic susceptibility M. /9B (right ordinate) around the
saturation field Bg,. Vertical dashed lines show the transitions into
and out of the skyrmion lattice phase at By_y, By, Bu—vi, and
Bsal-

a first-order phase transition from phase IV to IIl. Simi-
larly, dilatometric and magnetic measurements at 7 > 20 K
and in fields between ~0.7 and ~2 T enable us to investi-
gate the phase boundary between phases I and III. Notably,
the associated anomalies qualitatively change with decreas-
ing temperature, which implies that the nature of the phase
transition changes from a continuous character to a discon-
tinuous one upon cooling. This is seen in A, and dM./9B,
which show a A-like behavior at 35 and 40 K (see Fig. 6).
Concomitantly, A-like anomalies are also visible in ¢« and
d(xT)/0oT at 1 T and 0.7 T [Fig. 4 and Figs. 10(a), 10(b)].
With decreasing temperature, however, the A-like character
of the magnetostriction anomaly vanishes and becomes more
symmetric until it is undoubtedly symmetric around 25 K
[Fig. 6(a)]. In the temperature-dependent measurements, the
anomaly in «, loses its A shape between 1 and 1.3 T, thereby
further validating the observation in the isothermal studies.
The symmetric peaks imply jumps in the c-axis length and
in the magnetization, i.e., they prove the first-order nature of
the phase transition in this region of the phase diagram. Our
observations hence imply the presence of a tricritical point on
the phase boundary between phases I and IIT at ~33 K.
Below about 20 K, the evolution of the skyrmion lattice
phase II is evidenced by the appearance of two subsequent
jumps in magnetostriction and isothermal magnetization, sig-
naling the discontinuous phase boundaries I-1I and II-III. The
behavior at T =2 K is shown in detail in Fig. 7, which
shows that phase II extends from B;_p(2 K) = 2.02(2) T to
BH—IH(2 K) = 223(2) T, with BI—H and B]]_[]] being the crit-
ical fields of the phase transition from phase I to II and phase
II to III, respectively.> Both critical fields show hysteretic

2Similar behavior is reported in Ref. [46], where magnetostriction
shows two consecutive but smeared-out anomalies. The measure-
ment temperature in Ref. [46] is not specified, but the reported data
suggest T < 10 K.
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FIG. 8. Magnetic phase diagram of GdRu,Si, for the B||c axis
constructed from magnetization M (T, B), dilatometry L(7, B), and
specific-heat ¢, (T, B) data. Lines are guides to the eye. Solid/dashed
lines represent first-/second-order phase boundaries. Trcp approxi-
mates the position of the tricritical point. Phase II (red) marks the
skyrmion lattice phase, PM (white) the paramagnetic phase, and
phase I (green) and III (blue) are double-Q states. The spin configu-
rations in phases IV (purple), VI (yellow) and VII (orange) have not
been investigated yet.

behavior, which further illustrates the discontinuous character
of the phase boundaries (see Figs. S10 and S12 in the SM [41])
with a field hysteresis ~0.05(1) T. Upon heating, the skyrmion
lattice phase is suppressed by phase III and becomes narrower
for higher temperatures (see Fig. 8).

The transition temperature from the PM phase into the
fan structure phase III is continuously suppressed in exter-
nal magnetic fields as expected for an antiferromagnetically
ordered state. In contrast to previously reported phase di-
agrams [28,35,38], phase III, however, does not extend to
the highest field since we observe a novel phase VII below
about 15 K. The phase boundary III-VII is nearly temperature

1.0 T T T T |-l T
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FIG. 9. Magnetic phase diagram for B||c in more detail around
Tx (see Fig. 8). The exact positions of the boundaries between phases
III, IV, and VI at B||c ~ 0.5 T cannot be precisely determined by our
data.
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independent, as evidenced by a peak in A, and dM./0B at
Bi—yin ~ 8.5 T. The observed symmetric anomaly (see in-
set, Fig. 7) indicates a first-order phase transition, as also
illustrated by the small hysteresis shown in Figs. S10 and
S12 in the SM [41]. The respective jumps at 7 =2 K in
AL./L. and AM amount to 1.9(5) x 107 and 3.9(9) x 1073
ug/f.u., respectively. Finally, at 2 K, the fully polarized phase
is reached above ~9.3 T (cf. Fig. 8).

C. Uniaxial pressure effects on the skyrmion lattice phase

The response of the skyrmion lattice phase to uniaxial
pressure can be deduced from the jumplike features in the data
and quantified via Clausius-Clapeyron equations (e.g., [53]).
For constant temperature, the equations yield the dependence
of the transition field B* on uniaxial pressure applied along
the 7 axis from the associated jumps in the length AL; and in
the magnetization AMpg,;,

oB*

api

Analogously, when measuring at constant magnetic field B,
the ratio of the jumps in the length AL; and the entropy jump

AS yield the uniaxial pressure dependence of the ordering
temperature 7*(B),

ar | AL/L

dpilg T AS

For our analysis, we deduce the AS from the slope of the

phase boundary at constant pressure at the respective magnetic

field by exploiting AS = —AMp,;/(dT*/3B|,). This finally
yields

L AL/L
=V . 3)
T AMp));

“

aT*
api

aT*

AL/L,
_ _y 07| AL/L
5 B

» AMp);

&)

Similarly to the above-mentioned procedure to determine
anomaly sizes, we have extracted the jumps AL, and AMp.
from the experimental data by fitting lines to the data well
below and above the anomalies. The resulting jumps and
calculated uniaxial pressure dependencies obtained from the
isothermal measurements at the phase boundaries into the
SKL phase (I-11, i.e., Bi_p) and out of the SKL phase (II-
IIl; By—mn) are displayed in Table S1 in the SM [41]. The
calculated uniaxial pressure dependencies for the respective
phase boundaries exhibit no significant changes with tem-
perature, being dBy_1/dp. >~ 0.17 T/GPa and 0By _;1/90p. =
0.24 T/GPa on average.

Furthermore, by extracting the slope of the respective
phase boundary 97;/0B (j = I-1II, 1I-11I), the pressure depen-
dency of the transition temperature 97;/0 p. can be calculated
using Eq. (5) and values from Table S1 in the SM [41].
Specifically, 97; /0B was approximated by fitting a polynomial
to the respective phase boundary and determining the field
derivative. Table S2 in the SM [41] lists the approximated
slopes of the respective phase boundaries and the obtained
uniaxial pressure dependencies. For both phase boundaries
I-1I and II-1I1, the uniaxial pressure dependencies of the tran-
sition temperatures 7Ti_j; and Ty_pp are positive, being of
the order of 10 K/GPa. Furthermore, for both boundaries,
0T;/dp. increases for higher magnetic fields, which can be

TABLE II. Uniaxial pressure dependencies of the phase bound-
aries j shown in Fig. 8 for pl||c. The presented values are from
calculations using the Clausius-Clapeyron and Ehrenfest relations
[see Eqgs. (1), (5), and (3)]. Values marked with an asterisk have been
obtained from phase boundaries where more than one value could be
calculated. In these cases, the averages are taken and the error bars
include the variations at the phase boundary. If no quantitative values
can be obtained, the sign of the pressure dependence is given.

Phase boundary j 0B;/0p. (T/GPa) dT;/0p. (K/GPa)
-1V + 1.2(3)
IV-VI + 2.6(4)
VI-PM + 3.3(3)
I-11I (first order) 0.20(4)* 4.5(6)
I-IIT (second order) 0.13(3)* +

IV-III 0.11(2) +
I1I-PM + +

I-11 0.17(3)* 20(—13,4-60)*
1I-11T 0.24(3)* 15(—11,440)*
MI-VII 43(1.5) +
VII-PM + +

mostly attributed to the increasing slope of the phase boundary
0T;/93B.

D. Discussion

The phase diagram in Fig. 8 shows the presence of six
distinct ordered phases evolving below Ty in external mag-
netic fields B applied along the crystallographic ¢ axis. Similar
to the analysis of thermal expansion and magnetostriction
anomalies at the boundaries of the SKL phase, the data in
Figs. 2-6, as well as further data presented in the SM [41]
imply the dependencies of the respective ordering phenomena
upon application of uniaxial pressure along the ¢ axis (p.).
The results are summarized in Table II and, interestingly,
show only positive values for the uniaxial pressure dependen-
cies. This implies that phase I is stabilized over all adjacent
phases II-IV in temperature and magnetic field. Phases IV
and VI, the remaining zero-field phases, are both shifted to
higher temperatures (see Fig. 9) and span over a larger tem-
perature interval for p||c since 0Ti_1v/dp. < dTry—vi/Op. <
0Ty1—pm/ 0 p.. Furthermore, phase IV is stabilized over phase
IIT under uniaxial pressure p.. As already discussed above, the
skyrmion lattice phase shifts to higher fields and widens in
magnetic field. Also, phases III and VII are stabilized towards
higher temperatures and magnetic fields upon applying the
pllc axis. Notably, phase VII is particularly sensitive to p,
as dBy_vi/dp. is two orders of magnitude larger than the
pressure dependencies of all other phase boundaries. It is of
the order of 5 T/GPa, implying that phase VII is strongly
suppressed in favor of phase III.

Pressure effects on the skyrmion lattice phase are of
particular interest as they provide further insight into the
microscopic mechanism stabilizing this phase. The observed
uniaxial pressure dependencies of the phase boundaries en-
closing the skyrmion lattice phase are all positive, i.e., uniaxial
pressure along the ¢ axis stabilizes the skyrmion lattice to-
wards higher fields and temperatures. Furthermore, for all
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measured temperatures, dBr—_g1/0 p. is larger than dBy_1/9 p
so that the skyrmion lattice phase also widens in magnetic
field at an approximate rate of ABgy,/p. ~ 0.07 T/GPa. An
enhancement of the skyrmion lattice phase under uniaxial
pressure is also observed in materials such as Gd,PdSij
[54], Cu,OSeO; [55], and MnSi [56]. Especially interest-
ing for comparison is Gd,PdSi;, which also crystallizes in
a centrosymmetric structure and is predominantly governed
by RKKY interactions [24]. Similar to the present case, the
SKL phase widens in magnetic field in Gd,PdSi; for uni-
axial pressure parallel to the ¢ axis at approximately half
the rate compared to GdRu,Si,. However, for Gd,PdSij3, the
sign of pressure dependence is opposite so that the SKL
phase shifts towards lower magnetic fields. The pressure de-
pendence of the critical fields is weaker by approximately
one order of magnitude in Gd,PdSi; compared to GdRu,Si,
[54]. In contrast to the strongly differing pressure depen-
dencies of the critical fields, the ordering temperatures of
the SKL phases in both materials’ change are of similar
magnitude; however, again, with opposite sign: while in
Gd,PdSi3, 0Tgyr/dp. = —6.1 K/GPa, in GdRu,Si,, we find
0Ty /0pe = +15 K/GPa (see Table II). In the case of the
two noncentrosymmetric systems, Cu,OSeO3; and MnSi, the
respective SKL phases also widen in magnetic field under
pressure [55,56]. Moreover, the SKL phase in MnSi shows the
general shift towards higher fields, while for Cu,OSeO3, the
SKL phase extends towards higher temperatures, as observed
for GdRu, Si5.

While uniaxial pressure effects on all ordered phases are
always positive, the effect of external magnetic fields B||c
differs for the various phases, not only quantitatively but also
with respect to its sign. At low magnetic field B < 0.5 T,
phases I and IV are stabilized over their respective higher-
temperature phases, i.e., the phase boundaries show positive
slope 071/9B. > 0 and 07,/9B. > 0 (see Fig. 9). Thermody-
namically, this is associated with an increase of magnetization
or its derivative upon cooling at the respective phase bound-
aries, which is indeed observed in the magnetization data in
Fig. 1. All other phase boundaries show negative slopes, i.e.,
the underlying magnetic orders are suppressed by B||c (see
Fig. 8).

Our results show that phase VII forms a pocket at high
fields and low temperatures, with an upper boundary to the
fully polarized state; Bg(T) is very similar to what would be
expected for phase III (cf. Fig. 8). While the phase boundary
Byi—vu(T) is nearly temperature independent, it displays a
comparably giant uniaxial pressure dependence so that phase
VII will be fully suppressed by applying p. of a few tenths
of GPa. By means of the Clausius-Clapeyron equation, we
obtain an upper limit of the entropy changes of ASy_yn(7T =
2 K) < 5 x 107* J/(mol K), which uses the observed jump in
M and the tiny slope («0.1 T/K) of the phase boundary at
the respective transition. The spin structure of phase VII has
not been investigated yet. First-principles numerical studies
by Bouaziz et al. [39], however, may reveal a possible nature
of this phase. Their calculations for GdRu,Si, predict that in
the fully polarized state close to the boundary of the cycloidal
phase (phase III), single metastable skyrmions emerge. One
might speculate whether such skyrmions form a superstruc-
ture which could be our observed phase VIL If so, it is very
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FIG. 10. Anomalies associated with the phase transition between
phases I and III in (a) the linear thermal expansion coefficient o,
and (b) Fisher’s specific heat d(x.7)/dT. (c) Uniaxial pressure de-
pendence dB;_y;/dp. at the phase boundary I-1II. The dashed region
marks the temperature regime of the tricritical point.

sensitive to and easily suppressed by pressure p., while en-
tropically it is very similar to phase III.

We finally discuss the phase boundary between phases I
and III which, as mentioned above, displays a continuous
nature above 35 K, as demonstrated by textbooklike anoma-
lies at Bj_y, while we observe first-order discontinuities in
M and L below 25 K (see Figs. 4 and 5). The evolution of
the anomaly shape along the phase boundary is illustrated in
Figs. 10(a) and 10(b), which shows the change from asymmet-
ric and clearly A-shaped anomalies (confirming the continuous
nature of the transition) for 7 > Tycp to rather symmetric
anomalies with sharp low-temperature flanks (indicating the
first-order character of the boundary) in . and 9(x.7")/0T for
T < Trcp. Our findings suggest the existence of a tricritical
point (TCP) at Trcp =~ 33 K (see Fig. 8), i.e., well above the
triple point where the SKL evolves in between phases I and
III. The existence of a TCP is further supported by the tem-
perature dependence of the uniaxial pressure dependence of
Bi_mi(T) presented in Fig. 10(c). Above and below Trcp, the
uniaxial pressure dependence of the critical field 0By_y1/9 pc
is fairly constant, but its value changes by about 40% at Trcp.
Overall, the continuous transition between double-Q magnetic
structures in phases I and III evolves a discontinuous character
upon cooling [see Figs. 10(a) and 10(b)] before the SKL phase
evolves upon further cooling at Ty >~ 18 K < Trcp. This
behavior shows slight similarities, but essentially contrasts
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to findings in the skyrmion lattice systems MnSi [57,58],
Cu,0SeO; [59], and GaV4Sg [60], where tricritical behavior
is reported only at triple points of the phase diagram. In all
three examples, the TCP appears at a phase boundary towards
the fully polarized phase which, in the case of the skyrmion-
pocket phases in MnSi and Cu,0SeO3, does not involve a
phase boundary towards the skyrmion phase, while only in
GaV,Sg [60] the TCP edges the SKL phase.

IV. SUMMARY

We report high-resolution capacitance dilatometry,
specific-heat, and magnetization studies which are used
to complete the magnetic phase diagram in GdRu,Si,.
We observe three successive antiferromagnetic phases
in zero magnetic field (phases I, IV, VI), with phase VI
not reported and of unknown structure. In addition, we
also find a high-field phase (phase VII), which features a
comparably giant uniaxial pressure dependence. By means of
our dilatometric data, we determine magnetoelastic effects as
well as uniaxial pressure dependencies of the various phases.
The skyrmion lattice phase is enhanced towards higher fields

and temperatures and widens at a rate of 0.07 T/GPa when
uniaxial pressure is applied along the c¢ axis. Notably, the
SKL pocket phase evolves through a triple point Ti;; from a
phase boundary between the double-Q magnetic structures
in phases I and III, which, in addition, indicates a tricritical
point at Tpcp >~ 33 K > Ty >~ 18 K, thereby highlighting
the relevance of critical fluctuations for the evolution of the
skyrmion lattice phase in GdRu;Si,.
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