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Pressure study on the interplay between magnetic order and valence crossover in EuPd,(Si;_,Ge,),
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We present results of the magnetic susceptibility on high-quality single crystals of EuPd,(Si;_,Ge, ), for Ge
concentrations 0 < x < 0.105 performed under varying hydrostatic (He-gas) pressure 0 < p < 0.5 GPa. The
work extends recent studies at ambient pressure demonstrating the drastic change in the magnetic response from
valence-crossover behavior for x = 0 and 0.058, to long-range antiferromagnetic (AFM) order below Ty = 47 K
for x = 0.105. The valence-crossover temperature 7y, shows an extraordinarily strong pressure dependence of
dT;/dp = +(80 £ 10) K/GPa. In contrast, a very small pressure dependence of d7y/dp < +(1 £ 0.5) K/GPa
is found for the AFM order upon pressurizing the x = 0.105 crystal from p = 0 to 0.05 GPa. Remarkably, by
further increasing the pressure to 0.1 GPa, a drastic change in the ground state from AFM order to valence-
crossover behavior is observed. Estimates of the electronic entropy related to the Eu 4 f electrons, derived from
analyzing susceptibility data at varying pressures, indicate that the boundary between AFM order and valence
crossover represents a first-order phase transition. Our results suggest a particular type of second-order critical
end point of the first-order transition for x = 0.105 at p., =~ 0.06 GPa and T;, &~ 39 K where intriguing strong-

coupling effects between fluctuating charge, spin, and lattice degrees of freedom can be expected.
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I. INTRODUCTION

A. Valence transition and critical end point

In the vicinity of a second-order critical end point (CEP)
which terminates a first-order phase transition line, strong
fluctuations are expected which provide deep insight into
the system’s universal properties. Of particular interest are
materials with correlated electrons tuned to a CEP by the
application of pressure. For these systems strong-coupling
effects between the correlated electrons and the lattice degrees
of freedom can be expected [1]. As an example we mention
the phenomenon of critical elasticity recently observed upon
pressure-tuning an organic Mott insulator close to the CEP of
the first-order Mott transition line [2]. A pronounced softening
of the lattice was observed over a considerably wide T-p
range around the CEP, indicating a particular strong coupling
between the critical electronic system and the lattice degrees
of freedom.

Similar strong-coupling effects can be expected also for
other CEPs amenable to pressure tuning. In this regard, the
valence-transition CEP represents a particularly interesting
scenario as this transition involves, besides the charge and
lattice degrees of freedom, also significant changes in the
system’s magnetic properties. Rare-earth-based intermetallics
have been intensively used as target materials for studying va-
lence fluctuations and their interplay with magnetism [3—13].
Based on these investigations a temperature-pressure (7-p)
phase diagram for several Eu-based compounds has been
derived [14-18]. At low pressures, the Eu ions are in their
large-volume Eu’* states which carry a local magnetic mo-
ment. The coupling between these moments, mediated via the
Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction, usu-
ally gives rise to long-range antiferromagnetic (AFM) order
at T < Tn. By the application of pressure the system adopts

2469-9950/2023/107(24)/245147(10)

245147-1

a nonmagnetic low-volume Eu®~%* (0 <8 < 1) state by
crossing a first-order valence-transition line Ty (p) (for T >
TN) [14,19]. This first-order line Ty (p) terminates at a second-
order CEP. On the high-pressure side of the CEP crossover
behavior is expected and experimentally observed [14,16,18].

B. The case of EuPd,Si,

There are a few cases where a valence change
can be induced by varying the temperature at ambient
pressure [19-21]. Among them is EuPd,Si, [22], which crys-
tallizes in the tetragonal ThCr,Si, structure. Upon cooling,
the system shows a pronounced but still continuous valence
change from Eu??* at high temperatures (around 300 K) to
Eu?¥* below about 100 K [20,22,23]. This valence crossover
manifests itself in a slightly broadened drop in the magnetic
susceptibility within a narrow temperature interval of about
40 K [14,24-26]. A crossover temperature Ty, ~ 160 K has
been assigned by using the position where the change in the
magnetic susceptibility is largest [25,26]. The notion of a va-
lence crossover in EuPd,Si; is consistent with earlier findings
on polycrystalline material [19,27], locating the system on the
high-pressure side of the CEP. The research on this material
has regained momentum recently thanks to the success in
growing large single crystals of pure EuPd,Si, [14,24] and
Ge-substituted EuPd, (Si;_,Ge, ), [25].

In the present work we focus on the effects of Ge
substitution and hydrostatic pressure on the valence-crossover
behavior, aiming at identifying suitable parameters by which
the system can be tuned close to its CEP. Details on the single-
crystal growth and sample characterization via magnetic
susceptibility, thermal expansion, and structural investigations
can be found in Refs. [24,25]; see also Ref. [26] for a prelimi-
nary account of magnetic susceptibility and thermal expansion

©2023 American Physical Society


https://orcid.org/0000-0002-5371-5646
https://orcid.org/0000-0001-7415-4158
https://orcid.org/0000-0002-0671-7729
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.245147&domain=pdf&date_stamp=2023-06-30
https://doi.org/10.1103/PhysRevB.107.245147

BERND WOLF et al.

PHYSICAL REVIEW B 107, 245147 (2023)

TABLE I. List of EuPd,(Si;_,Ge,), single crystals investigated.
Given are the real Ge concentrations x., determined by EDX
analysis [25], the individual sample number, the valence-crossover
temperature 7y, and its pressure dependence d7y,/dp, as well as the
Néel temperature Ty characterizing the transition into antiferromag-
netic order.

Sample Ty dTy/dp T
Xreal number (X) (K/GPa) K)
p=0 p=0
0 1 155+ 1.5 80+5
0 2 120+ 1.5 80+5
0.058(7) 3 90+1.5 75+5
p=0.1GPa p=>0.1GPa p=0
0.105(8) 4 45+1.3 90 + 10 47.3+0.2
0.105(8) 5 45+1.3 100 £ 10 473+£0.2

results as well as Ref. [28] for Raman-spectroscopy data. By
employing susceptibility measurements in combination with
fine (He-gas) pressure tuning under truly hydrostatic-pressure
conditions, we find strong indications for the existence of
a particular type of CEP, referred to as “CEP,” for single-
crystalline EuPd, (Si;_,Ge, ), with x = 0.105. We argue that,
different from the valence-transition CEP implied in the gen-
eralized phase diagram [14—18], where the valence-crossover
state emerges from a paramagnetic phase, the “CEP” for
x = 0.105 marks the end point of a first-order transition line
separating long-range AFM order from a valence-crossover
state. Our results indicate that the “CEP” for the x = 0.105
compound is located at p, =~ 0.06 GPa and T, =~ 39 K
making it readily accessible for future experiments aiming at a
detailed investigation of the expected strong-coupling effects.

II. METHODS: EXPERIMENTS

Single crystals of EuPd,(Si;_,Ge,), with Ge concentra-
tions x = 0 (crystals 1 and 2), 0.058 (crystal 3), and 0.105
(crystals 4 and 5) were grown by using the Czochralski
method. Table I gives a list of the crystals investigated along
with some characteristic temperatures and their pressure de-
pendence as obtained in the present study. Details of the
crystal growth, the determination of the real germanium con-
centration by energy-dispersive x-ray analysis (EDX), and
results of some basic structural, magnetic, and thermody-
namic investigations can be found in Refs. [24-26]. In what
follows we refer to these crystals by their real Ge con-
centration and specify each individual sample by a sample
number. The susceptibility was measured by using a commer-
cial superconducting quantum interference device (SQUID)
magnetometer (MPMS; Quantum Design) equipped with a
CuBe pressure cell (Unipress Equipment Division, Institute
of High Pressure Physics, Polish Academy of Science). The
pressure cell is connected via a CuBe capillary to a room-
temperature He-gas compressor, serving as a gas reservoir.
This setup enables temperature sweeps over wide temperature
ranges 2 K < T < 300 K to be performed at almost ideal p =
constant conditions, up to a maximum pressure of pp,x = 0.6
GPa; see Ref. [29] for details. For the interpretation of the
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FIG. 1. Effective magnetic moment as a function of temperature
for single crystals of EuPd,(Si;_,Ge, ), with x = 0 [crystals 1 (blue
symbols) and 2 (purple symbols)] and x = 0.058 (crystal 3). The data
were taken in a magnetic field of 1 T for orientations parallel (open
symbols) and perpendicular (closed symbols) to the tetragonal ¢ axis.
The dashed lines represent the full effective moment of free Eu**
(4f7) and Eu** (4/°) ions at 300 K with a typical energy difference
of ~450 K between the ground state and the first excited state [30].
Arrows indicate the valence-crossover temperature 7y, derived from
the maximum position in d(x7)/dT. The small anomalies around
150 K are of extrinsic nature.

experimental results, it is important to note that for all pres-
sure experiments reported here, helium is in its liquid state
ensuring ideal hydrostatic-pressure conditions.

III. EXPERIMENTAL RESULTS

A. Overview of the magnetic behavior for crystals
with 0 < x < 0.105 at ambient pressure

In Figs. 1 and 2 we give an overview of the dif-
ferent magnetic behaviors revealed for single-crystalline
EuPd,(Si;_,Ge,), in response to small changes in the Ge
content from x < 0.058 (Fig. 1) to x = 0.105 (Fig. 2). To
this end we plot the effective magnetic moment n ¢ and its
evolution with temperature for 2 K < 7 < 300 K as derived
from magnetic susceptibility data x(7') [25,26] via neg =
2.828[x(T)T1"/? in cgs units by using a spectroscopic g factor
of 2. By plotting the data in this representation, small T-
induced changes in the magnetic moment at high temperatures
can be easily discerned. The measurements were carried out
at ambient pressure, labeled p = 0 from here on, by applying
a magnetic field of B =1 T both parallel (open symbols)
and perpendicular (closed symbols) to the tetragonal ¢ axis.
Figure 1 shows n(7T) of two nonsubstituted single crystals
x =0 (crystals 1 and 2) and of a crystal with x = 0.058
(crystal 3). The data for x = 0 show a gradual reduction of
negr on cooling from 300 K, followed by a more rapid drop
within a rather narrow temperature window around 155 K
(120 K) for crystal 1 (2). The significant reduction in ns to
a value close to that of Eu®* is assigned to the temperature-
induced valence crossover from Eu?+9+ to EuG—9)+ [25,26),
consistent with earlier results on polycrystalline material for
x = 0[27,31]. To parametrize this crossover behavior, we use
the quantity d(x7T)/dT (cf. inset of Fig. 3 and Fig. 11 in
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FIG. 2. Effective magnetic moment r. as a function of tempera-
ture for a single crystal of EuPd,(Si;_,Ge, ), with x = 0.105 (crystal
5). The data were taken in a magnetic field of 1 T for orientations
parallel (open symbols) and perpendicular (closed symbols) to the
tetragonal ¢ axis. The dashed horizontal line represents the full ef-
fective moment of free Eu>* (4 £7) ions. The small anomalies around
150 K and 75 K are of extrinsic nature. The inset shows a blowup
of the data for T > 240 K for highlighting the magnetic anisotropy.
For comparison the inset also includes the data for the crystal with
x = 0.058 (crystal 3) (cf. Fig. 1) in the same temperature range.

Appendix C for details), yielding Lorentzian-shaped curves
within the crossover regime. We refer to the maximum
in d(xT)/dT as the valence-crossover temperature 7y,; see
Table I for a compilation of the so-derived Ty, values. Further
characteristics of the data for the x = O crystals in Fig. 1 in-
clude a significant variation of 7y, for the two x = O crystals 1
and 2 investigated, and an almost isotropic magnetic behavior
throughout the entire temperature range investigated; see also
inset of Fig. 2. For the Ge-substituted crystal with x = 0.058
(crystal 3), we observe a similar behavior in n.(7") albeit with
a significant reduction of 7y, down to 90 K accompanied by
an enhanced drop in ne; down to about the same value as
observed for x = (. The data for x < 0.058 shown in Fig. 1 all
share the same weak magnetic anisotropy, i.e., an neg(B L ¢)
which only slightly exceeds neg(B || ¢) throughout the entire
temperature range investigated.

In Fig. 2 we show ne(7T) for 2 K < T < 300 K for
a single crystal with x = 0.105 (crystal 5). Almost iden-
tical data (not shown) were obtained for a second crystal
(crystal 4) of the same substitution level with only small
differences for temperatures below 20 K. The data reveal a
distinctly different behavior from that observed for x < 0.058
in Fig. 1, in showing a sharp kink at around 47 K which
separates a slowly varying and somewhat enhanced n.q at
high temperatures from a rapidly decreasing n.s down to
lowest temperatures. We assign this behavior to long-range
AFM order below Ty = 47.3 K; see Refs. [25,26] for detailed
investigations in support of this claim, including magnetic,
thermodynamic, and structural investigations. In particular the
study in Ref. [25] revealed an easy-plane magnetic anisotropy
below 7n which is typically observed in Eu-based magnets;
see also Sec. IV C.

Another, more subtle difference in the magnetic behav-
ior of the x = 0.105 crystal as opposed to that observed for
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FIG. 3. Molar magnetic susceptibility as a function of tempera-
ture of single crystals of EuPd, (Si;_,Ge, ), with x = 0 (crystal 2) and
x = 0.058 (crystal 3) at varying pressures p < 0.4 GPa. The mag-
netic field of B =1 T was oriented perpendicular to the tetragonal
¢ axis. The inset exhibits the temperature derivative of x7T of the
crystal with x = 0.058 (crystal 3) for 0 < p < 0.4 GPa in a narrow
temperature window around 7.

lower Ge content relates to the magnetic anisotropy in the
paramagnetic regime 7' > Ty. As shown in the inset of Fig. 2
we find that the anisotropy for the crystal with x = 0.105 is
enhanced and reversed, now yielding an n.g(B || ¢) which is
significantly larger than nei(B L c). This observation indi-
cates changes in the local Eu®* environment for the x = 0.105
samples, exhibiting AFM order, as opposed to the crystals
showing valence-crossover behavior (see discussion Sec. IV B
for more details).

B. Magnetic susceptibility at varying hydrostatic pressure

After having recapitulated the marked changes revealed in
the magnetic response from valence-crossover behavior for
x < 0.058 to long-range AFM order for x = 0.105, we will
now focus on the effect of hydrostatic pressure on the respec-
tive behavior. To this end we show in Fig. 3 susceptibility data
for B perpendicular to the c axis, y, for crystals with x = 0
(crystal 2) and x = 0.058 (crystal 3) as a function of tempera-
ture at varying hydrostatic pressures p < 0.4 GPa. For both
substitution levels we find pronounced changes in y, with
pressure at intermediate temperatures, manifesting themselves
in a significant shift of the valence-crossover temperature
Ty, to higher temperatures, accompanied by a pronounced
broadening of the crossover region. This is shown in more
detail in the inset of Fig. 3, where the quantity d(xT)/dT
for crystal 3 (x = 0.058) is plotted for varying pressures
0 < p<0.4 GPa in a narrow temperature window around
Ty,. By identifying the position of the maximum with 7y, we
find a pressure dependence of dTy,/dp = +(75 £ 5) K/GPa;
cf. Table I. These curves, which can be well described by a
Lorentzian function (see Fig. 11 in Appendix C), also enable
us to quantify the width of the valence-crossover region by
using the full width at half maximum I" of the Lorentzian. The
crossover temperature 7, as well as the width I will be used
below (Figs. 6 and 7) for constructing the 7-p phase diagram.
Figure 3 demonstrates that there is a strong effect of pressure
on y, for temperatures within the valence-crossover region.
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FIG. 4. Molar magnetic susceptibility as a function of tempera-
ture of a single crystal of EuPd,(Si,_,Ge, ), with x = 0.105 (crystal
4) for varying pressure 0 < p < 0.4 GPa. The external magnetic field
of B =1 T was oriented perpendicular to the tetragonal ¢ axis. The
inset shows the temperature derivative of (x7') of the data taken at
p =0, 0.2 GPa, and 0.4 GPa in a narrow temperature window using
the same color code.

In contrast, there is only a minor effect that pressure has on
x1 outside this regime, i.e., for temperatures above about
220 K and below about 25 K. In particular, we mention the
strong upturn in x, at low temperatures which is practically
unaffected by the applied pressure. We consider this upturn
as a characteristic feature of all crystals showing a valence
crossover; see Sec. IV B below.

A qualitatively different behavior is visible in Fig. 4 where
we show x, of a crystal with x = 0.105 (crystal 4) under
varying pressure p < 0.4 GPa. The data at p =0 reveal a
sharp kink at 7y = 47.3 K followed by a rapid decrease down
to lower temperatures. Apart from the small feature around
25 K and the mild upturn below about 10 K, the data are
very similar to that obtained for crystal 5 (not shown) sharing
the same Ge concentration of x = 0.105 within the resolu-
tion of the EDX analysis [25]. On increasing the pressure
to p= 0.1 GPa and beyond, however, marked differences
in the characteristics of x; become apparent. These include
the onset of a pronounced upturn in y at low temperatures,
which is absent for p = 0, and a progressive rounding of the
peak in x, with increasing pressure. The broadening becomes
particularly clear for the data taken at 0.3 and 0.4 GPa, which
bear all the characteristics of the valence crossover revealed
for the crystals with x = 0 and 0.058 (Fig. 3), i.e., the slightly
rounded pronounced drop in the susceptibility which lacks
an easy-plane anisotropy, the strong pressure dependence of
this feature, and a low-temperature upturn which is practically
pressure independent. These observations suggest a pressure-
induced change in the ground state for the x = 0.105 crystal
from AFM order at p = 0 to a valence-crossover behavior at
p = 0.1 GPa.

This notion is further corroborated by evaluating the quan-
tity d(xT)/dT and its variation with pressure shown in the
inset of Fig. 4. For p = 0 a single strongly asymmetric peak
is observed. As argued in Appendix B, where we compare
d(xT)/dT with the contribution to the specific heat related
to the 4f electrons, this magnetic response is consistent
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FIG. 5. Temperature derivative d(x;T)/dT of single-crystalline
EuPd,(Si,-,Ge, ), with x = 0.105 (crystal 4) for varying small pres-
sures 0 < p < 0.1 GPa. The external field of B =1 T was oriented
along the tetragonal ¢ axis. The position of the magnetic phase
transition at 7Ty is marked by a blue up arrow, whereas the valence-
crossover temperature 7y, is indicated by a green down arrow.

with a mean-field-type magnetic phase transition. In contrast,
more symmetric though increasingly broadened behavior is
revealed in d(xT)/dT at higher pressures p > 0.1 GPa. As
demonstrated for x = 0.058 in the inset of Fig. 3, a symmet-
ric Lorentzian-like behavior in d(xT)/dT characterizes the
valence crossover. As will be discussed below, we attribute
the broadening of these symmetric curves for x = 0.105 to
sample inhomogeneities, i.e., small variations in the actual
Ge concentration, resulting in a convolution of Lorentzian
curves, each of which having a slightly different pressure
dependence. To account for this broadening, both the low- and
high-temperature flanks were fitted by Lorenzian curves and
the pressure-induced shifts of each of which were determined.
By using the average value we find T, = (45 £ 1.3) K at
p=0.1 GPa and dT/dp = +(90 £ 10) K/GPa for crys-
tal 4. Practically identical behavior, i.e., a mean-field-type
phase transition anomaly in d(x7)/dT that develops into
broadened Lorentzian-type curves under pressure, was found
for the second crystal (crystal 5) with x = 0.105 in mea-
surements performed at p =0, 0.1, 0.2, and 0.4 GPa; see
Table I for the characteristic temperatures and their pressure
dependence.

The data in Fig. 4 suggest that hydrostatic pressure as small
as p=0.1 GPa is sufficient to induce a drastic change in
the ground state for crystals with x = 0.105. To explore this
interesting part of the 7-p phase diagram in more detail, we
show in Fig. 5 a series of x| data plotted as d(x7)/dT for
temperatures 7 < 80 K at varying pressure p < 0.1 GPa. By
using x; as a probe for this investigation, we take advan-
tage of the anisotropy that characterizes the AFM order at
p = 0. As shown in Ref. [25], x; is almost T independent
in the magnetically-ordered state, reflecting an easy-plane
anisotropy below Ty, whereas it shows a rapid drop in the
valence-crossover regime. As a result, x; is more sensitive
than y for probing a pressure-induced change from magnetic
order to valence crossover.

The data in Fig. 5 reveal practically identical behavior
in d(xyT)/dT for p=0 and 0.03 GPa, yielding an almost
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T-independent behavior for 7 < Ty = 47.3 K and a sharp
steplike change at Ty (up arrow in Fig. 5). This behavior
reflects a mean-field-type phase transition into AFM order
(see Appendix B). As there is no identifiable shift in Ty
within the experimental resolution on increasing pressure
from p = 0 to 0.03 GPa, we estimate an upper bound for the
pressure dependence for the magnetic ordering temperature
of dTn/dp < +(1 £0.5) K/GPa. This small upper limit of
the pressure dependence characterizing 7Ty is also consistent
with the data at p = 0.05 GPa, which essentially show the
same behavior as for p < 0.03 GPa at the steplike change,
with some small deviations becoming visible on its low- and
high-temperature side. By a mild increase of the pressure to
0.06 GPa, however, the shape of the anomaly in d(x,T)/dT
changes noticeably in developing a rounded peak and by pro-
gressively adopting a more symmetric Lorentzian-like shape.
By identifying the position of the maximum with the valence-
crossover temperature 7y, (down arrow in Fig. 5), the data in
Fig. 5 yield a pressure dependence of d7y,/dp = +(50 % 20)
K/GPa, which is of the same magnitude as the d Ty, /d p values
revealed for the x = 0 and 0.058 compounds; cf. Table I. This
pressure-induced alteration in the character of the anomaly is
accompanied by the appearance of the low-temperature upturn
in the susceptibilities x (see Fig. 4) and ) (not shown).

C. T-p phase diagrams

The anomalies associated with Ty, revealed in Figs. 3
and 4 are compiled in a 7-p phase diagram (Fig. 6) of
EuPd, (Si;_.Ge, ), for x = 0.058 and x = 0.105. The diagram
includes a range of negative pressure (gray area), not ac-
cessible by hydrostatic-pressure studies. For x = 0.058 the
figure shows the valence-crossover temperature 7y, and its
evolution with pressure for p < 0.47 GPa [32]. The figure also
shows the width of the anomaly in d(x7)/dT, determined
from the full width at half maximum value I" of the Lorentzian
curves fitted to the d(x7T)/dT data. In the pressure range
investigated the so-derived values for Ty, as well as the lower
and upper bounds of I" all show to a good approximation a
linear variation with pressure. This enables us to use a linear
extrapolation to negative pressures (broken lines) in Fig. 6.
For the x = 0.058 crystal, we find that these lines merge in
a single point around p. = —(0.63 £0.05) GPa and T, =
(42 + 3) K. This point may serve as a good approximation
for the location of the second-order CEP, shown as the gray
filled circle in the main panel of Fig. 6. Applying a similar
procedure to the d(x7T)/dT data for the x = 0.105 crystal
(Fig. 4) for 0.06 GPa < p < 0.4 GPa results in a crossing
point at p, = —(0.15 £ 0.05) GPa and T, = (23 £3) K.
Note, that the crossover regime for the x = 0.105 crystal
is delimited by the low- and high-temperature flanks of a
convolution of Lorentz curves fitted to the broadened anoma-
lies in d(xT)/dT shown in the inset of Fig. 4. Despite the
more complex behavior for the x = 0.105 compound, result-
ing from the appearance of magnetic order at low pressures,
we may conclude from the trend revealed in Fig. 6 that by in-
creasing the Ge concentration in EuPd,(Si;_,Ge,),, the CEP
of the valence transition is shifted to lower temperatures and
is moved closer to p = 0.
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FIG. 6. T-p phase diagram of EuPd,(Si;_,Ge, ), with x = 0.058
and x = 0.105 constructed by analyzing d(x7T)/dT data of crystals
3 and 4, respectively. The range of negative pressure is indicated
in gray. The width of the crossover regime is visualized by pairs
of filled circles, the distance of which (indicated by the double
arrow) corresponds to the full width at half maximum value ' of
the Lorentzian curves fitted to the d(x7T)/dT data. The broken and
dotted lines are used to extrapolate anomalies related to 7y, and to
the width of the crossover line I' to negative pressures. The point of
intersection of these lines (large gray sphere) is considered as a good
approximation for the location of the critical end point (CEP).
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FIG. 7. Details of the T-p phase diagram of EuPd,(Si;_,Ge,),
with x = 0.105 based on the analysis of d(x7)/dT data of crys-
tal 4. The figure shows the antiferromagnetic (AFM) phase (blue
shaded area) below 7Ty, the valence-crossover regime (green shaded
region) visualized by the crossover temperature 7y, and the width of
Lorentzian curves fitted to the d(xT)/dT data. The black broken
line separating the two phases serves as a guide to the eyes. As
argued in the main text, this broken line is likely representing a
first-order phase transition terminating in a second-order critical end
point, referred to as “CEP” (red circle). According to the Clausius-
Clapeyron equation, see Sec. IVD of the discussion, we expect a
positive pressure dependence of the first-order phase transition line.
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Figure 7 shows details of the T-p phase diagram for the
x = 0.105 crystal (crystal 4) in a narrow pressure window 0 <
p < 0.25 GPa. The figure includes the region of long-range
AFM order (blue shaded are) below Ty, which is practically
pressure independent on the pressure scale shown here. At
pressures of p > 0.06 GPa, where no indications for mag-
netic order can be revealed for 7 > 2 K, the material is in
the valence-crossover region, visualized by the crossover line
Ty. In contrast to 7y, this crossover line 7y, reveals a strong
pressure dependence. The data obtained for crystal 5 with
the same x = 0.105 were found to be fully consistent with
the results shown in the phase diagram in Fig. 7. The figure
highlights the exceptional character of the x = 0.105 crystal
in showing an extraordinarily high sensitivity of its ground
state to hydrostatic pressure.

IV. DISCUSSION

A. Effects of physical pressure, Ge substitution, and disorder
on the valence crossover

The present investigations on single-crystalline EuPd,
(Si;—,Ge, ), with x = 0, 0.058, and 0.105 highlight the strong
sensitivity of the valence-crossover behavior to various pa-
rameters. These include the Ge concentration x, the effect of
hydrostatic pressure, as well as the influence of disorder. The
latter effect manifests itself particularly clearly in the marked
sample-to-sample variations revealed for crystals 1 and 2 with
x =0 (cf. Fig. 1). Before discussing the effects of pressure
and Ge substitution, we start by addressing the influence of
disorder.

As shown in Ref. [24] for the x = 0 crystals, there are
small variations in the Pd:Si ratio along the growth direction
of the crystals with the Pd site (Wyckoff position 4d) be-
ing partially occupied by up to 3% Si while for all samples
the 4e Wyckoff position is completely occupied with Si. As
a result of this site-exchange-type of disorder in the Pd-Si
layers, there are small changes in the regular Si positions,
and correspondingly, the bond lengths [24]. The influence
of these changes, especially the a-axis lattice parameter on
Ty, has also been revealed by DFT calculations [33]. Since
for the x = 0 crystals all lattice parameters are found to be
modified by the Pd:Si ratio [25], with the structural changes
being at the limit of the experimental resolution in XRD, it
is difficult to correlate changes in Ty, to changes of the lattice
parameters.

This is different for the Ge-substituted crystals where
a clear correlation between an increase of the a-axis lat-
tice parameter and a decrease in 7y, can be observed upon
increasing x [25]. Our observations seem to indicate that
sample-to-sample variations are much less pronounced; cf. the
practically identical magnetic behavior revealed for crystals 4
and 5 with x = 0.105. In particular, we find identical behavior
for these crystals in the valence-fluctuating regime at p >
0.1 GPa. In these substituted crystals, the Ge atoms because
of their size, being significantly larger than Si but similar to
Pd, are expected to preferably participate in the site exchange
on the Pd position. As a result these Pd-Ge site-exchange
processes will only weakly influence the regular Si positions
in the surrounding. This favorable side effect of weak Ge

substitution may provide a rationale for the lack of significant
sample-to-sample variations in 75, revealed in this study for
the crystals with x > 0.

As for the effect of pressure, the application of He-gas
pressure to single crystals at various substitution levels has
demonstrated a strong pressure dependence of Ty, with rates
dT/dp ranging from +(100 £+ 10) K/GPa (x = 0.105) to
about +(75 £ 5) K/GPa (x = 0.058). The strong increase of
Ty, with pressure is accompanied by a significant widening of
the valence-crossover range. An extraordinarily high pressure
dependence of the valence transition as well as the width
of the valence-crossover region are typical characteristics for
valence-fluctuating Eu compounds [16,34]. In the pressure
range investigated we find that both 7y, and also the width "
vary linearly with pressure. By using a linear extrapolation
to negative pressures these lines merge in a single point. We
consider this point as a good approximation for the location of
the (hypothetical) second-order CEP out of which crossover
regimes are expected to emanate in a V-shaped manner; see,
e.g., Ref. [2]. The data for x = 0.058 and 0.105, which are
likely to be less affected by disorder effects as suggested
above, indicate that increasing the Ge concentration x cor-
responds to a shift of the critical pressure by Ap > 0. This
notion is consistent with the results on polycrystalline samples
with x = 0, yielding a critical pressure above 0.7 GPa [19,35].
It is tempting to attribute this effect to the negative chemical
pressure induced by replacing the smaller Si atoms by the
larger (isoelectronic) Ge atoms, corresponding to a widening
of the lattice; see also Ref. [25].

B. Low-temperature increase in susceptibility
for x = 0 and 0.058

The results of the magnetic susceptibility shown in Figs. 3
and 4 demonstrate that there is a strong increase in x(7')
at low temperatures 7T < 25 K for the crystals showing
valence-crossover behavior. In contrast to the crossover tem-
perature T.,, which is strongly pressure dependent, this
low-temperature upturn is practically unaffected by pressure.
Furthermore, no effect is found upon increasing the field from
1 Tto 5T (not shown). These observations together with the
fact that this upturn is very similar for all crystals investigated
makes an interpretation in terms of an impurity contribution
very unlikely. Rather it points to an origin which is intrinsic
to the state below 7y,. This interpretation is consistent with
experimental results obtained on various valence-fluctuating
Ce and Yb compounds discussed in Ref. [3] and the references
cited therein.

C. Antiferromagnetic order for x = 0.105

As discussed in detail in Ref. [25], the magnetic signatures
revealed for x = 0.105 at p = 0, including a sharp kink at
47.3 K followed upon cooling by an easy-plane anisotropy,
and a mean-field-type phase transition in the specific heat,
provide clear evidence for long-range AFM order. This easy-
plane anisotropy is also visible in the quantity d(x7T)/dT as
displayed in Figs. 5 and 9. The observed Ty and its small
pressure dependence revealed in the present work fall into the
ranges typically observed for intermetallic compounds featur-
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FIG. 8. Estimate of the entropy, S4, related to the 4f electrons
of crystal 4 with x = 0.105 in arbitrary units obtained by integrating
[(1/T)d(xT)/dT] o< C4¢/T. See Appendix B for details. The light
blue (full blue) circles represent S4r at p =0 (0.05 GPa), where
the system adopts an antiferromagnetically ordered ground state.
The dash-dotted line marks the maximum entropy Sy, Which is
expected to be a sizable fraction of R In(2S + 1) of the § = 7/2 state.
The dark green circles correspond to Ss; at p = 0.07 GPa. The data
obtained for p = 0.1, 0.2, and 0.4 GPa (full light green circles) show
a significantly reduced S4, approaching about 0.5 Sy.x. The black
dashed line corresponds to Sys of the x = 0.058 crystal (crystal 3) at
p = 0 which shows valence-crossover behavior.

ing divalent Eu ions; see Refs. [5,7-13,16,36] and references
cited therein. In this context we also mention the magnetic
anisotropy revealed in the paramagnetic state for x = 0.105
(see inset of Fig. 2), which is often seen in Eu?*-based
magnets, especially in the 122 compounds [36].

D. Pressure-induced change from antiferromagnetic order
to valence-crossover behavior for x = 0.105

The T-p phase diagram in Fig. 7 for x = 0.105 indicates
a drastic change in the material’s ground state from AFM
order to valence crossover in response to a tiny increase in
the applied pressure from 0.03 GPa to 0.06 GPa. The interplay
between AFM order and valence fluctuations was discussed in
a theoretical work by Watanabe and Miyake [37]. It was found
that for strong valence fluctuations, the valence-crossover
regime is separated from the magnetic state by a first-order
phase transition. To explore the possibility of such a p-induced
first-order transition in EuPd,(Si;_,Ge,), for x = 0.105 in
more detail, we attempted to gain access to the entropy contri-
bution of the 4 f electrons, S4f, for the x = 0.105 compound
and to explore the variation of S4r with pressure. To this
end we again take advantage of the proportionality between
d(xT)/dT and the 4 f-related electronic specific heat (see
Fig. 10 in Appendix B for details). By using the experimental
data shown in Figs. 3, 4, 5, and 9 and by integrating the
expression [(1/T)d(xT)/dT] o< C4r/T, we get an estimate
of the entropy related to the 4f electrons. An estimate of
the Cy47(T) contribution was obtained in Ref. [25] (see also
Appendix B for details).

The so-derived S4/(T') is shown in Fig. 8 for varying pres-
sure p < 0.4 GPa. The figure indicates that at p = 0, where

the system orders antiferromagnetically below Ty = 47.3 K,
S4y tends to level off at its highest value Sp.c. Practically
identical behavior within the experimental resolution is ob-
tained for p = 0.05 GPa. On mildly increasing the pressure
to 0.07 GPa, however, a significant reduction in the maxi-
mum entropy to 0.87 Spax is observed. For pressures of 0.1,
0.2, and 0.4 GPa, where the system undergoes the valence
crossover, the maximum entropy is further reduced to about
0.5 Smax- The data in Fig. 8 suggest that crossing the boundary
between AFM order and valence crossover on increasing the
pressure at 7 = constant from 0.05 over 0.07 to 0.1 GPa is
accompanied by a discontinuous change in entropy, indicative
of a first-order phase transition. Moreover, according to the
Clausius-Clapeyron equation d7*/dp = AV/AS, a negative
volume change AV < 0, together with the drop in entropy
AS < 0on going from the antiferromagnetically ordered state
to the valence-crossover regime, corresponds to a positive
pressure dependence of the corresponding first-order phase
transition line 7*. In order to verify the first-order character
of the transition, continuous pressure sweeps at T = constant
conditions of a thermodynamic probe would be desirable.
Whereas pressure sweeps in combination with measurements
of the specific heat or magnetization are very challenging,
they are feasible for measurements probing the relative length
changes [38,39]. As was demonstrated in Refs. [2,26] these
experiments are very sensitive to the character of the phase
transition and the presence of valence fluctuations and are
thus considered key experiments for exploring this part of the
phase diagram in detail.

An exciting implication of such a first-order phase tran-
sition would be the presence of a particular type of critical
end point, referred to as “CEP,” where the valence crossover
emerges directly out of an antiferromagnetically ordered state.
In contrast to the CEP for canonical valence-fluctuating sys-
tems, where effects of interacting charge and lattice degrees
of freedom are expected, here an additional degree of freedom
resulting from the nearby magnetic order comes into play. As
a result we may expect strong-coupling effects between spin,
charge, and lattice degrees of freedom upon approaching this
“CEP.” According to the phase diagram depicted in Fig. 7, we
locate the critical end point for x = 0.105 at p.; =~ 0.06 GPa
and T, ~ 39 K.

V. CONCLUSIONS

The interplay between valence crossover (x < 0.058) and
magnetic order (x = 0.105) has been investigated by mea-
surements of the magnetic susceptibility on single-crystalline
EuPd,(Si;_,Ge,), under varying hydrostatic (He-gas) pres-
sure p < 0.5 GPa. At ambient pressure, the crystals with
x =0 and 0.058 show valence-crossover behavior with a
crossover temperature 7y, ranging from 90 K to about 155 K.
Ty is characterized by a strong pressure dependence of typi-
cally dTy,/dp = +(80 £ 10) K/GPa. On the other hand, for
x = 0.105, as a consequence of negative chemical pressure,
long-range AFM order is observed below Ty = 47.3 K. In
contrast to the strong pressure dependence of T,, Ty remains
practically unaffected by pressure for p < 0.05 GPa. On fur-
ther increasing the pressure to 0.07 and 0.1 GPa, however, the
x = 0.105 crystal changes its ground state from AFM order
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to valence crossover. Estimates of the entropy contribution
related to the 4 f electrons indicate this transition to be of first
order. Our results suggest the existence of a special second-
order critical end point for x = 0.105 at p., &~ 0.06 GPa and
T+ ~ 39 K. Unlike the critical end point that terminates a
first-order valence-transition line 7y, this end point distin-
guishes itself by valence-crossover behavior emerging directly
out of an antiferromagnetically ordered state. As a result,
strong-coupling effects between fluctuating charge, spin, and
lattice degrees of freedom can be expected. The low value of
Per, conveniently accessible by He-gas-pressure experiments,
makes this system a well-suited target material for detailed
investigations of such strong-coupling effects.
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APPENDIX A: MAGNETIC ANISOTROPY

In order to estimate the electronic entropy Sir from
d(xT)/dT data (see Appendix B), the anisotropy in the
magnetic response has to be taken into account. Figure 9
shows the temperature derivative d(x,7T)/dT for x = 0.105
(crystal 4) for varying small pressures 0 < p < 0.1 GPa. In
contrast to the corresponding plot for x; (Fig. 5), the dis-
tinction between anomalies associated to Ty and 7y, are less
clear for x,. The reason for that lies in the magnetic easy-
plane anisotropy that develops below Ty, see Ref. [25] for
x.1 and x; data, manifesting itself in a rapidly decreasing x|
as opposed to a practically T-independent x;. A decreasing
x. that is also revealed upon cooling through 7y, makes it
more difficult to discriminate between both scenarios. Despite
these difficulties, a clear statement can be made by analyzing
the data on the high-temperature flank of the anomaly. For
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FIG. 9. Temperature derivative d(x,T)/dT of single-crystalline
EuPd,(Si;_,Ge,), for x = 0.105 (crystal 4) at varying small pres-
sures 0 < p < 0.1 GPa. The external field of B =1 T was oriented
perpendicular to the ¢ axis. The position of the magnetic phase
transition at Ty is marked by a red up arrow.
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FIG. 10. Comparison of the 4 f-related specific heat (right scales,
open blue squares) of EuPd,(Si;_,Ge,), [25], with d(xT)/dT (left
scales, closed orange circles), plotted on the same temperature axes,
for x = 0.105 (a) and 0.058 (b).

0 < p<0.05 GPa the d(x,T)/dT data exhibit a steplike
change, reminiscent of the mean-field-like phase transition
anomaly observed in the specific heat at Ty (Fig. 10) without
any resolvable pressure dependence. On further increasing the
pressure to 0.07 and 0.1 GPa, however, a shoulder develops
in d(x,.T)/dT above 45 K, indicating a significant pressure
dependence of this contribution. The data are consistent with a
pressure-induced change from AFM order for p < 0.05 GPa
to valence-crossover behavior for p > 0.07 GPa — the same
conclusion as drawn by analyzing corresponding x; data in
Fig. 5.

APPENDIX B: ESTIMATE OF 4f ENTROPY

By using thermodynamic arguments Fisher showed that for
antiferromagnets the quantity d(x7)/dT is proportional to
the magnetic specific heat [40]. Below we demonstrate that
for the present EuPd,(Si;_,Ge,), system the proportional-
ity between electronic contributions to the specific heat and
d(xT)/dT holds true not only for magnetic contributions
around 7y but also for the contributions resulting from valence
fluctuations around 7y,.

To this end we plot the 4f contribution to the spe-
cific heat, Cyy, for crystals with x = 0.105 [Fig. 10(a)] and
0.058 [Fig. 10(b)] (right scales) along with the corresponding
d(xT)/dT data (left scales). C4y was obtained from the mea-
sured specific heat by subtracting the lattice contributions and
a small non-4 f-related electronic contribution as described in
detail in Ref. [25]. The lattice contribution was obtained by
a Debye fit using two Debye temperatures [25]. To account
for the non-4 f-related electronic contribution, i.e., the contri-
butions of Eu 5d, Pd 4d, and Si 3p states at the Fermi level,
a term yT was used with y = 6 mJ/mol K2, found for the
reference material LaPd,Si, which lacks 4 f electrons [25].

Figures 10(a) and 10(b) highlight the clear correspondence
in the shape of the observed features, yielding asymmetric,
mean-field-type phase transition anomalies in both quantities
at the magnetic transition for x = 0.105 [Fig. 10(a)] as op-
posed to symmetric Lorentzian-shaped curves characterizing
the valence crossover at 7y, [Fig. 10(b)]; see also Ref. [9] for
corresponding C(T') results on EuNi,(Si;_,Ge,),. After hav-
ing established this correspondence between d(x7)/dT and
the 4 f-related electronic specific heat for these well-defined
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borderline cases, we feel confident in using the quantity
d(xT)/dT also for identifying pressure-induced changes in
the character of the anomalies for the crystal with x = 0.105
(cf. Fig. 4).

Besides the above qualitative statements, the correspon-
dence between C4r and d(x7T)/dT can be used also for
estimating the 4 entropy S4r. By integrating the expression
[(A1/T)d(xT)/dT x C4¢/T] an estimate of the 4f entropy
S4y can be obtained. Note that in order to account for the mag-
netic anisotropy of the antiferromagnetically-ordered state,
we use an expression [d(x . T)/dT +2d(x,T)/dT]/3 to es-
timate the magnetic entropy as a function of temperature at
different pressures. By doing so we are able to follow the evo-
lution of S4f in small pressure steps. As displayed in Fig. 8, the
so-derived Syr = Smae for the crystal with x = 0.105, which
orders antiferromagnetically below Ty = 47.3 K, shows the
tendency to saturate at intermediate temperatures at a value
Smax- A practically identical behavior is obtained on applying
pressure of 0.05 GPa. On further increasing the pressure to
0.07 GPa, we observe a reduction to about 0.87 Sp,x. Finally,
for pressures of 0.1, 0.2, and 0.4 GPa, the highest pressure
of our experiments, a plateau is reached at around 0.5 of Spx-
About the same value is reached for the crystal with x = 0.058
at p =0 (broken line) which shows valence-crossover be-
havior. The drastic change in S4r on mildly increasing the
pressure from 0.05 to 0.07 and finally 0.1 GPa is considered as
a strong indication for a pressure-induced first-order transition
on going from the antiferromagnetically-ordered state to the
valence-crossover region.

APPENDIX C: MODELING OF d(xT)/dT

Figure 11 exhibits the temperature dependence of
the quantity d(x7T)/dT at p=0 and p=0.4 GPa of
EuPd,(Si;_,Ge,), with x =0.058 for crystal 3. As dis-
cussed in the main text, these representations were used for
parametrizing the valence-crossover regime and to construct
the p-T phase diagram. The figure demonstrates that the
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FIG. 11. Magnetic susceptibility data plotted as d(x7T)/dT of
single-crystalline EuPd,(Si;_,Ge,), with x = 0.058 for crystal 3.
The figure shows the data for p = 0 (full dark yellow circles) together
with the data taken at p = 0.4 GPa (full red circles). The blue broken
line is a fit to the data by using a Lorentzian function. The full width
at half maximum I" of the Lorentzian is indicated by the gray arrow.

Lorentzian curves (broken lines) provide a good fit to the
data, capturing the characteristic features, namely the position
of the maximum, the symmetric shape of the curves (around
the maximum), as well as their width. For the latter, the full
width at half maximum I' (double arrow in Fig. 11) of the
Lorentzian is used. The characteristic energy scale of the
valence transition or valence crossover, characterized by the
position of the maximum of the Lorentzian, corresponds to the
energy difference between the Eu>* (4 f7) and Eu** (4 f°) con-
figurations. The corresponding interchange process between
these two electronic configurations involves hopping of the
localized 4f electrons to conduction band states and vice
versa [41]. This process bears some resemblance of a damped
oscillator, described by a Lorentzian function.
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