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Pressurizing strategically selected compositions of the EuCu,(Ge,_,Si,), series affords an opportunity for
gaining microscopic insight into the ground-state properties and interplay between magnetism and valence
fluctuations across a quantum critical point. This is investigated by way of systematic ''Eu Mossbauer
spectroscopy measurements on x = 0 and x = 0.5 compositions in the series, pressurized up to 7 GPa including
variable temperature scans in the range 300—4.2 K. In EuCu,Ge, the temperature and pressure dependences of
the hyperfine interaction parameters indicate that both the magnetic and divalent state, Eu’* where v = 2, are
stable up to 67 GPa, thus serving as a useful reference. Whereas in the x = 0.5 composition which initially
involves Eu®*, collapse of the magnetically ordered state is onset at ~1.3 GPa and there is emergence of a
nonmagnetic intermediate valence state coexisting with the magnetically ordered state. This regime of mixed
states is a precursor of a quantum phase transition to a nonmagnetic homogeneous intermediate valence state
v ~ 2.45, across a quantum critical point at 3.6 GPa, suggesting a first-order phase transition. X-ray-diffraction
pressure studies at 300 K up to 6 GPa of the x = 0.5 composition indicate there is no change in lattice symmetry
from the tetragonal ThCr,Si,-type structure. There are also no obvious discontinuities in pressure dependences of
the lattice parameters upon evolving through the quantum critical point at 3.6 GPa. Increasing pressure changes
the starting Eu?* valence monotonically, until the mean valence attains its largest value v ~ 2.45 indicative
of enhanced charge fluctuations at the quantum critical point and plateaus thereafter. High-pressure resistance
measurements at low temperatures down to 40 mK near the quantum critical point reveal no evidence for

superconductivity.

DOLI: 10.1103/PhysRevB.101.205127

I. INTRODUCTION

In recent years the investigation of magnetically ordered
4f electron systems near or at a quantum phase transition
(QPT) has attracted considerable interest. This is due to the
fact that QPTs are driven by a corresponding change of quan-
tum fluctuations between phases across a quantum critical
point (QCP). These fluctuations strongly affect the physical
properties of the system at finite temperatures in the vicinity of
a QCP [1], resulting in the formation of unusual ground states
including unconventional superconductivity [2—4]. Most of
the investigated systems have been Ce-based compounds
which exhibit magnetic quantum critical points either by dop-
ing or by applying external pressure. Well-known examples
involving pressure tuning through a QCP are CeCug_,Aug [5],
CePd,Si; [6], and Celns [7], which undergo a second-order
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magnetic to nonmagnetic transition through a QCP. In the case
of CePd;,Si, and Celns superconductivity appears near the
magnetic QCP. In this context, the observation of a distinct su-
perconducting phase in CeCu,Si, under high pressure (T¢ ~
2K, P ~ 4GPa) well beyond the superconducting phase at
ambient pressure (T = 0.7K) has generated considerable
excitement [8,9]. While the superconducting phase at ambient
pressure is believed to be due to critical spin fluctuations, the
second one at higher pressure is suggested to be mediated by
critical valence fluctuations near a second QCP [8,9].

There is also a more recent discovery in divalent antifer-
romagnetically ordered Eu metal under high pressure, where
superconductivity emerges when pressure destabilizes the
magnetic state [10,11]. In view of these findings in CeCu,Si,
and Eu metal, the investigation of valence fluctuations at
or near a QCP is of fundamental interest to understand the
nature of related unconventional ground states in this class of
materials.

In this respect, the intermetallic EuCu,(Ge;_,Si, ), series
crystallizing in the tetragonal ThCr,Si,-type structure is of
particular interest. Progressing through this series combines
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the divalent Eu antiferromagnetic (AF) compound EuCu,Ge;
(Ty = 14K) [12-14], with the nonmagnetic intermediate va-
lence (IV) compound EuCu,Si, [15]. Thus this offers the
possibility to study the crossover from the magnetic to non-
magnetic IV state through a QCP. Structural, magnetic, and
transport properties of the series have been extensively studied
at ambient pressure [16—19]. The magnetic phase diagram of
EuCu,(Ge_,Si,), has been shown to be consistent with the
Doniach phase diagram [20]. The AF phase is stable up to
x < 0.6 and disappears abruptly for x > 0.65, while the lattice
structure remains unchanged. Here 7y first increases with
increasing Si concentration, passes through a maximum 7Ty =
20K atx = 0.50, and sharply decreases, indicating a magnetic
QCP close to x ~ 0.70. Near the QCP heavy quasiparticles
have been found at low temperatures [16,17].

An alternative approach to such composition-varying stud-
ies is to investigate the QPT in EuCu,(Ge;_,Si, ), induced by
external pressure at fixed Si concentrations. This is due to the
fact that the ionic radius of the Eu*t (J = 0) nonmagnetic
state is smaller than that of the Eu>* (J = 7/2) magnetically
ordered state. Thus, external pressure can be used to generate
well-defined incremental changes of the relevant magnetic-
electronic properties of the system and thereby drive the
system from the stable Eu>* AF state to a nonmagnetic IV
or Eu* state across a quantum phase transition. This has the
advantage of being able to tune physical properties for a fixed
composition without affecting the band structure.

Indeed, very recently Iha et al. [21] reported on the evo-
lution of the electronic and magnetic properties of single
crystals of EuCu,(Ge;_,Siy), with x =0, 0.45, and 0.6 un-
der external pressure using macroscopic (susceptibility and
resistivity) experimental probes. The results basically revealed
similar behavior of the electronic and magnetic properties
with increasing pressure and Si concentrations [16]. These
studies indicate collapse of AF ordering at a QCP correspond-
ing to a critical pressure Pc of ~7 GPa and ~4 GPa for the
x =0 and 0.45 compositions, respectively, suggested to be
associated with a change of valence from Eu?* towards an
IV or Eu** state [21]. However, such macroscopic methods
do not allow accurate determination of the possible valence
changes across the QCP.

Moreover, it should be noted that Tha et al. [21] and more
recently the photoemission studies of Kawasaki et al. [22]
clearly show that at ambient pressure EuCu,Ge; is in a stable
Eu?* state, consistent with previous reports [12—14]. This
contrasts with what is reported in x-ray absorption near-edge
spectroscopy (XANES) studies [19,23,24], where EuCu,Ge,
is suggested to be in an IV state already at ambient pressure.

Thus, the valence at ambient pressure and evolution of the
valence and magnetic states with pressure across the QCP of
EuCu, (Gej_,Siy ), merits further investigation. To this end in
the present work we have investigated the pressure-induced
change of valence and magnetic states on a microscopic
level across the QCP of EuCu,(Ge;_,Siy)>. The technique
of choice for this purpose is '>'Eu Mdssbauer effect (ME)
spectroscopy, here extended up to 7 GPa and coupled to
variable temperature measurements in the range 300—4.2 K.
This is considered a powerful technique for directly and
simultaneously monitoring pressure-induced changes of both
Eu valence (via the isomer shift S) and ordered magnetic

state of the Eu ions (via the effective magnetic hyperfine
field Beg at the Eu nucleus). In particular, the isomer shift is
very sensitive to the valence state of Eu, as the Eu’t—4f°
configuration allows a higher s-electron density at the Eu
nucleus than Eu>*—4f7. This results in a difference of
isomer shift values between Eu’t (S,) and Eu’*(S;) of
AS = |S3—S5;] in the range 10-13 mm/s, considerably larger
than the resolution-limiting experimental resonance linewidth
(~2.5 mm/s).

Moreover, the ~10~% s probing time of the '3'Eu ME tech-
nique is much longer than typical ~10~" s valence fluctuation
times that may occur between two electronic configurations
of Eu in metallic systems [25]. In such cases BIEy ME
conspicuously detects a mean valence Eu’* with 2 < v < 3,
i.e., an IV state. The benefits of employing '>!Eu ME for this
purpose under extreme pressure-temperature conditions are
exemplified in Sec. III B.

For an accurate determination of the Eu valence state and
as the unit cell of the EuCu,(Ge;_,Si, ), series decreases with
increasing Si concentration, two different antiferromagneti-
cally ordered compositions have been selected for pressuriza-
tion, namely, x = 0.5 close to the QCP composition x ~ 0.7
and for comparison the undoped end member EuCu,Ge, (x =
0) which is far away from the QCP.

Our '*'Eu ME studies at variable low temperatures reveal
that in EuCu,Ge, both the magnetic and valence states are
stable up to ~6 GPa, whereas the sample with x = 0.5,
initially involving the Eu?* valence, undergoes a collapse of
magnetic ordering in the range 2.2-3.6 GPa associated with
a large shift of the Eu mean valence towards an IV state.
A pressure-induced QPT is found at a critical pressure Pc ~
3.6 GPa, while the lattice structure remains stable through this
pressure regime. Enhanced valence fluctuations v ~ 2.5 are
discerned at the QCP, but no evidence for superconductivity
is observed at low temperatures down to 40 mK. The results
render a magnetic-electronic phase diagram demonstrating the
interplay between magnetic ground state and valence state
across the pressure-induced QPT in EuCu, (Ge 5Sios)s.

II. EXPERIMENT

Samples involving the two compositions x = O and x = 0.5
in the series EuCu,(Ge;_,Si,), were derived from the same
well-characterized batches of Ref. [16], in which single-phase
materials were obtained.

A. 'Eu Méssbauer spectroscopy: high-pressure methodology

A high-pressure cell of the Chester-Jones type was used
for compressing comparatively large sample volumes up to
several GPa in the cavity of a confining gasket sandwiched
between opposing boron carbide (B4C) anvils with culets of
6-mm diameter [26,27]. For '*'Eu Méssbauer spectroscopy
these anvils permit sufficient transmission of the 21.6-keV res-
onance radiation derived from a 100-mCi source of '>!Sm F3
with an active diameter of 6 mm. Source on a transducer and
sample (absorber) in the pressure cell were configured on a
probe in a vertical transmission geometry and top loaded into
a cryostat for measurements in the range 300—4.2 K. Source
and absorber were normally at the same temperature. A Ge
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detector was used to detect the radiation transmitted through
the Mylar windows of the cryostat.

Absorbers were in the form of epoxy-cast pellets (diam-
eter 3.5 mm and initial thickness 0.5 mm) loaded into the
4-mm-diameter cavity drilled into appropriately hardened
Cu-Be gaskets preindented to a thickness of 0.6 mm prior to
loading the sample pellet. This as-cast sample pellet arrange-
ment ensured a homogeneous mixture and quasihydrostatic
medium for the grains when the absorber was under high
pressure. Optimal sample thicknesses of ~2.9 mg/cm? were
calculated. This takes into account electronic absorption of the
21.6-keV resonance radiation by the constituent elements in
the sample compositions and also ensures an optimal thick-
ness of resonance atoms for an adequate resonance effect in
acceptable data acquisition durations of ~24 h. To this end
~15 mg of EuCu,Ge; and EuCu;(SipsGeg 5), compositions
were used as a fine powder in the above-mentioned epoxy-cast
pellets.

A Ge sensor for temperature measurements was lodged in
a slot in the pressure cell at 10-mm proximity to the sample.
A manganin wire wound resistance of 50 € was wrapped
around the bottom region of the of the pressure cell for heating
purposes.

In situ pressures were obtained by measuring 7¢ of a
superconducting lead manometer in the sample cavity [28].
The broadening of the transition was used to ascertain the
pressure gradient in the pressurized cavity. A thin high-purity
(99.999%) lead strip was glued on a Mylar foil of 3.5-mm
diameter and 1.0-mm thickness. This manometer disk was
placed directly on the sample disk. Kapton foil of 40-um
thickness was fixed on the CuBe gasket to insulate the 70-um
diameter Cu wires used to make the four-probe contacts to
the lead strip. Outside of the CuBe gasket area thicker Cu
leads were used to convey the excitation current and sensed
voltage signals between the four-probe contacts on the lead
manometer and the current source and voltmeter.

The Mossbauer spectra were analyzed with the NORMOS
software package [29], to derive the pertinent hyperfine in-
teraction parameters, isomer shift S, magnetic hyperfine field
Begr, and absorption areas (abundances) of spectral compo-
nents.

B. X-ray-diffraction measurements under pressure

Energy-dispersive x-ray-diffraction (ED-XRD) measure-
ments were performed at the beamline F2.1, HASYLAB,
using the MAX80 multianvil-type x-ray system in which six
tungsten carbide anvils compress a sample volume configured
in a cube capsule [30]. Powdered sample is loaded into the
cylindrical recess in the boron-epoxy capsule cube of edge
length 6 mm. In the recess the sample is confined in the I-mm
inner diameter of a BN cylinder closed with compressed BN
powder caps. This acts as a confining cavity and pressure-
transmitting medium. As a pressure marker NaCl powder is
also loaded into the cylindrical recess of the capsule. Pressure
is generated by a 250-ton hydraulic ram and the maximum
attainable pressure is mainly determined by the 6-mm edge
length of the tungsten carbide anvil face. Pressures up to
~7 GPa were obtained by applying 50 tons of force to the
tungsten carbide anvils. The synchrotron beam was guided

between the tungsten anvils through the sample. A Ge detector
was mounted at a fixed 20 angle with respect to the incident
beam such that

hc 6.199 2 ¢
Edy = —— = ——keVA =72.933keVA, (1)
2sin 6 sinf
for the reflection at energy E satisfying Bragg’s law for the
dp; plane.

At each pressure an ED-XRD spectrum was recorded for
both the sample and the NaCl pressure calibrant. The spectra
were analyzed using the program EDXPOWD 3.13 which was
specially developed by F. Porsch (RTI GmbH Paderborn,
Germany, 1996) for high-pressure x-ray diffraction using the
diamond-anvil cell. The Decker equation of state was used to
determine the pressure from the derived lattice parameter of
the NaCl [31].

C. High-pressure resistance-temperature measurements

Resistance-temperature scans of EuCu,(Ge;_,Si, ), with
x = 0.5 were measured under hydrostatic pressure up to
3 GPa and at low temperatures down to 40 mK using a
double-wall piston-cylinder pressure cell [32]. Daphne 7373
oil was used as a pressure-transmitting medium [33,34]. The
pressure was determined by a manganin wire resistance at
room temperature and corrected for low temperatures. Elec-
trical resistance measurements were performed by a standard
four-wire technique with lock-in detection in the temperature
range 300-2 K using the electrical transport option of the
physical properties measurement system of Quantum Design.
A dilution refrigerator was used to measure resistances down
to 40 mK in the case of the highest pressure attained of ~3
GPa. The resistance-temperature measurements and search for
superconductivity near a QCP [35] may be compared with that
of Tha et al. [21] on the x = 0.45 composition.

III. RESULTS AND DISCUSSION

We present and discuss the change of the structural,
electronic, and magnetic properties of EuCu,Ge, and
EuCu, (Gey, 5S5ig.5)> with external pressure.

A. Magnetism and valence state of EuCu,Ge,
under high pressure

Figure 1(a) shows typical ME spectra of the antiferromag-
netic EuCu,Ge, sample (Ty = 14 K) collected at pressures up
to 6.9 GPa at 4.2 K. All high-pressure ME spectra display a
magnetic hyperfine splitting, indicating magnetic ordering of
the Eu?>* (4f7) moments at low temperature. These spectra,
except the one at 6.9 GPa which will be discussed later, were
fitted by a single component involving a magnetic hyperfine
splitting. At higher temperatures 7 = 120K in Fig. 1(b), no
magnetic hyperfine splitting is observed, indicating a param-
agnetic state prevails. Here the ME spectra were fitted by a
single-site Lorentzian line with linewidth, isomer shift, and
small quadrupole splitting as free parameters. The By and
isomer shift § parameters derived from the fitting in Fig. 1 as a
function of pressure at 4.2 and 120 K are plotted in Figs. 2(a)
and 2(b), respectively. All isomer shift values S are quoted
relative to the SmF5 source from here onwards. As is evident
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FIG. 1. 'S'Eu Mossbauer spectra of EuCu,Ge, at different pressures. (a) Spectra at 4.2 K. (b) Spectra at 120 K. Solid lines through the data

points are the overall fit.

from Fig. 2(a), the magnitude of the magnetic hyperfine
field increases nearly linearly with increasing pressure and
OBesr /0P = 1.54 T GPa~!.

To understand the origin of such an increase, we consider
the contributions to Beg. These can be mainly described in
divalent Eu metallic systems as the sum of different contribu-
tions [26,36,37]:

Beft = Be+Bee + Bunt- (2)
48 T T T T T T T T T T T T T T T
'_7-'0—'
- 44r (a) e .
e 401 __,'.—-9'—"" i
Q’ _r_o«-:e*
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FIG. 2. (a) Magnetic hyperfine field behavior as a function of
pressure in EuCu,Ge, at 4.2 K. (b) Isomer shift S as a function of
pressure at 4.2 and 120 K. Dashed line through the data points in
both panels are to guide the eye.

B is the field (—34 T) from polarization of core s electrons
by the 4 f moment, B, arises from the conduction electron po-
larization by the Eu ion itself, and By, includes all transferred
effects from 4 f magnetic moments of neighboring magnetic
ions that contribute to spin polarization of the conduction
electrons. The observed increase of B.gi in EuCu,Ge, with
pressure is similar to that observed in stable divalent Eu
compounds [37]; see also EuAu,Si, [38] and EuAl, [39]. The
increase of |Beg| with external pressure is mainly due to the
increase of |By¢|, caused by the enhancement of both intra-
atomic and interatomic 4f (5d, 6s) exchange interactions as
reported in stable divalent Eu intermetallic compounds [37].
Thus, our high-pressure data clearly show that the magnetic
moment of the Eu?* state in EuCu,Ge, is stable at pressures
below 6.9 GPa. This is consistent with the observation of a
weak pressure dependence of the isomer shift at 4.2 K as well
as the absence of a temperature dependence in S between 4.2
and 120 K for pressures below 6.9 GPa [15], see Fig. 2(b).

Our finding that EuCu,Ge, is in a stable Eu>* valence state
at ambient pressure and for higher pressures up to ~6.9 GPa is
in agreement with those previously reported in Refs. [12—14]
as well as with the high-pressure study of EuCu,Ge, [21].
Our results are also in agreement with more recent angle-
integrated photoemission spectroscopy and angle-resolved
photoemission spectroscopy experiments using soft X rays on
single crystals of EuCu,Ge, [22].

This contradicts the suggestion from XANES measure-
ments that EuCu,Ge, exhibits an intermediate valence state
already at ambient pressure [19,23,24].

Furthermore, at 6.9 GPa there is the appearance of a
nonmagnetic single-line component with an isomer shift
of ~—3.1 mm/s superimposed on the magnetically split
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spectrum with an isomer shift of ~8.53 mm/s [see Fig. 1(a)].
This indicates onset of a valence change of the Eu’* state
which is connected with a magnetic to nonmagnetic transi-
tion. We thus anticipate a pressure-induced quantum phase
transition where a magnetic to nonmagnetic transition occurs
together with a change of Eu?* valence at pressures higher
than ~7 GPa, beyond the capabilities of our large-volume
pressure cell. Rather, such an interplay between valence and
magnetic state changes in our accessible pressure range will
be conspicuously demonstrated and discussed for the x = 0.5
composition of EuCu,(Ge;_,Si,), (Sec. I C).

B. Pressure-induced quantum phase transition
in EuCu,(Ge;_,Si, ), x = 0.5

The spectra of this composition at 300 and 4.2 K have
identical isomer shifts at ambient pressure. Absence of any
temperature-dependent isomer shift confirms this composition
has an integral valence, Eu?t, before pressurization [15,25].

Figure 3(a) displays the pressure dependence of the Moss-
bauer spectra collected at 4.2 K. In contrast to the case of
EuCu,Ge; in Fig. 1(a), any magnetic hyperfine splitting fea-
ture has completely disappeared at 3.6 GPa and a nonmagnetic
state is prevalent up to 5.5 GPa. The onset of the magnetic
to nonmagnetic transition is observed as low as 1.3 GPa [see
Fig. 3(a)]. These spectra at and below 2.2 GPa could be
adequately fitted by a superposition of nonmagnetic single-
line and magnetically split spectral components.

The abundance of the non-magnetic component increases
from ~13% at 1.3 GPa to ~69% at 2.2 GPa, at the expense of
the magnetic component. This single-line component has an
isomer shift § ~ —3.5 mm/s, intermediate to those of typical
Eu?* and Eu* integral valences which fall in the ranges
S, ~ —14 to —8 mm/s and S3 ~ —1 to +4 mm/s, respec-
tively [15]. The disappearance of the magnetic component in
Fig. 3(b) suggests that a first-order magnetic to nonmagnetic
transition occurs at ~3.6 GPa. Additionally, the observation
of two subspectra in a range beyond ambient pressure up to
3.6 GPa (see Fig. 3) implies: (i) existence of an inhomoge-
neous IV state, whose Eu mean valence state is determined
by the weighted average isomer shift values of the two com-
ponents and (ii) there is a pressure range spanning at least
1.3-2.2 GPa in which magnetic order and IV states coexist
[40].

Upon disappearance of the magnetic component at
~3.6 GPa in Fig. 3, a second metastable IV component
(~15%) at S~—5.8 mm/s coexists with the main IV com-
ponent (~85%) at S~—2.8 mm/s that nucleated in the inho-
mogeneous IV regime at P<3.6 GPa. This is depicted in the
plot of relative abundances in Fig. 3(b), derived from spectral
component area ratios. Further discussion on the coexisting
IV components at 3.6 GPa is presented in the Supplemental
Material [35]. For P > 4.4 GPa the metastable IV component
disappears, resulting in a homogeneous IV state represented
by a single-line component at S~—2.5 mm/s.

The pressure dependence of the parameters Beg and S for
the spectral components and the weighted average values are
plotted in Figs. 4(a) and 4(b), respectively. For comparison the
pressure dependences of B and S of the electronically stable
EuCu,Ge; end-member reference is included in the plots. The
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FIG.3. (a) "“!'Eu Mossbauer spectra at 42 K of
EuCu,(Ge,_,Siy), for x=0.5 at various pressures. Solid
line through the data points is the overall fit. Two coexisting
IV components at 3.6 GPa have been confirmed in a
temperature-dependent study; see Sec. S2 of the Supplemental
Material [35]. (b) Pressure dependence of the area ratio (abundances)
of the spectral components in the Mossbauer spectra. Dashed lines
through the data points are to guide the eye.

suppression of Beg in Fig. 4(a) highlights the pressure-induced
QPT for the sample with x = 0.5 at a QCP of Pc ~ 3.6 GPa.
The comparatively strong pressure dependence of S for the
x = 0.5 sample at 4.2 K in Fig. 4(b) is consistent with rapid
collapse of magnetic order in Fig. 4(a) due to the suppression
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FIG. 4. (a) Effective magnetic hyperfine field (B.s) as a function
of pressure in EuCu,(Ge;_,Si,), for x =0 and x = 0.5 at 4.2 K.
(b) Isomer shift S as a function of pressure at 4.2 K. In the case of
those spectra in the x = 0.5 composition which are comprised of two
components with different isomer shifts, values of S(P) are weighted
average values of isomer shifts of the components. In both panels
dashed lines through the data points are to guide the eye.

of the Eu 4f7 magnetic moment. The negative pressure de-
pendence 0S/0P in Fig. 4(b) is particularly strong up to ~3
GPa, followed by much weaker pressure dependence. Figure
4 thus highlights the large pressure instigated deviations of
the Eu valence from the divalent state that prevails at ambient
pressure.

It is interesting to compare magnetic-electronic correla-
tions in the two cases x = 0 and 0.5 of this pressure study.
Pressure-induced changes of B.ys and S are plotted against
each other for the two samples, as depicted in Fig. 5. For the
electronically stable EuCu,Ge, end member, both Bg and S
have positive pressure dependences, due to increasing intra-
and interatomic 4 f (5d, 6s) exchange interactions expected in
stable 4f moment systems [37-39]. Contrary to this x =0
case the sample with x = 0.5, which undergoes pressure-
induced collapse of magnetic order at ~3.6 GPa, exhibits a
negative correlation between B.g and S from the large negative
pressure dependence of S in Fig. 4(b). Such a large change
of isomer shift S is due to temporal fluctuations of a 4f

50 T T T T T T T T
E S

40} f % .
- & \
':, 30t \x =0 \\ _
mm 20 N X = 0. \‘\‘ i

X
10 - Pc=36 GPa
external pressure ‘\Q
O \7\ L b

10 9 8 7 6 5 4 3 2
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FIG. 5. Correlation between the magnetic hyperfine field (B.g)
and the isomer shift (S) in EuCu,(Ge;_,Si,), forx =0 and x = 0.5
for different pressures at 4.2 K. Dashed lines through the data points
are to guide the eye.

electron to the 54 conduction band (4f7 < 4f° +¢7) and
consequent breakdown of the 4 f” magnetic moment to render
a nonmagnetic IV state. Estimations of the valence changes
across the quantum phase transition with pressure will be
discussed in the following section C.

We have then checked whether the observed pressure-
induced quantum phase transition at ~3.6 GPa in the sample
with x = 0.5 involves a structural phase transition. To this
end we have measured the pressure dependence of the lattice
parameters up to ~6 GPa at 300 K using energy-dispersive
x-ray diffraction. Diffraction patterns at different pressures
are shown in Fig. 6(a). All diffraction peaks could be identi-
fied with the tetragonal ThCr,Si,-type structure, space group
I4/mmm. Lattice parameters were determined from positions
of the diffraction peaks at different pressures, using software
described in the Experiment subsection II B. Errors of ~0.5%
in the lattice parameters are mainly due to uncertainties in
the positions of reflections. Values of the lattice parameters
at ambient pressure are in good agreement with those of
Hossain et al. [16]. The Birch-Murnaghan equation of state
[41] has been fitted to the volume-pressure data in Fig. 6(b),
to yield the isothermal bulk modulus By = 64 + 3 GPa. This
is insensitive as to whether the pressure derivative By is
left as a free parameter or fixed at 4 as is often the case
in such analysis. The pressure dependences of the lattice
parameters and unit-cell volume are displayed in Fig. 6(b).
These structural data indicate that to within the accuracy of
our measurements, there is no evidence for a structural phase
transition up to ~6 GPa. Nonlinear behavior of the increasing
¢/a ratio above 3 GPa is discerned and may be related to
the change of valence and magnetic state at 3.6 GPa. Only
high-resolution angle-resolved x-ray-diffraction experiments
at low temperatures would provide better detail of any struc-
tural adjustments. Thus, the pressure-induced quantum phase
transition in the x = 0.5 composition is not associated with a
change of lattice symmetry, although there is hint of structural
adjustments manifested in the pressure evolution of the c/a
ratio. By comparison, there is no change of lattice symmetry

205127-6



CHARGE FLUCTUATIONS ACROSS THE ...

PHYSICAL REVIEW B 101, 205127 (2020)

—
L

h" A ,4’ A 6.3 GPa

w ,J\ Al 48GPa
[
> \ )l | A 3.1GPa
2
L n’\ A MJ\ A 1.6 GPa
=
‘B N3
C o) -
o) z & =4 ambient
E 1
282 g8 2 22§
10 20 30 40 50 60 70
E (keV)
(b)
416 i T T T T T T T ]
<L 4081 P ‘i‘i‘a*‘:ﬁ‘r 4 E 18§2°2
R R v R
248 X 1>
Toml c/a s Wﬂg‘p VALY ALY C
© 240} aprprrrr T ]
174 - T T T T T T T -
171F M@ ]
5’2? 168 \'e"\. ]
< 165[ Me"'ﬁ“‘@ ]
> qe2f g ]
159F Q. ]
156 1 1 1 1 1 1 |'°1
O 1 2 3 4 5 6 7
P (GPa)

FIG. 6. (a) ED-XRD patterns at different pressures at 300 K for
EuCu,(Ge;_,Si, ), x = 0.5. (b) Lattice parameters a, c, ratio c/a,
and unit-cell volume (V) as a function of pressure are in top and
bottom panels, respectively. In the bottom panel the line through the
measured data points (symbols) is a fit with the Birch-Murnaghan
equation.

but there are anomalous changes of lattice parameters across
the quantum phase transition induced by chemical substitution
in the EuCu,(Ge;_,Si, ), series [16].

C. Magnetism versus valence across the
quantum phase transition

We now consider the mutual relationship between mag-
netic order and intermediate valence as the x = 0.5 compo-
sition is evolved through the pressure-induced quantum phase
transition. In so doing a magnetic-electronic phase diagram is
developed.

It is first necessary to calculate the pressure dependence of
the Eu mean valence from § at 4.2 K (i.e., in the ground state).
This is accomplished by using the data of Fig. 4(b) showing
the pressure dependence of the isomer shift of both the stable
EuCu,Ge; and the sample with x = 0.5.

The pressure-induced change of the Eu isomer shift due
to volume changes only is from a linear fit to the data
for EuCu,Ge, at 4.2 K, shown in Fig. 4(b). This corre-
sponds to a negative slope of 3S,/dP ~ 0.22mm/s GPa™!,

considered as a reference for the pressure dependence of
electronic parameters of the stable Eu>* valence state within
the EuCu,(Ge;_,Si, ), series.

The pressure-induced change of the valence from the di-
valent state v(P) =2+ Av(P) at 4.2 K is obtained from
the measured isomer shift at different pressures S(P). In
the framework of the interconfigurational fluctuation model
[42,43], the relation between measured isomer shift at 4.2 K
and change of valence Av(P) can be represented as follows
[15,25,38]:

S(P) = 85(P) + (S5 — $2)Av(P), 3

where S, and S3 are isomer shifts assigned to integral valence
ions Eu?>* and Eu?* at ambient pressure, respectively. The
quantity Av(P) can also be considered as the occupation
probability of the Eu’* state. We have chosen S, to be
—9.82 mm/s, the isomer shift of the stable Eu?* state in
EuCu,Ge; (x =0) and S3 = +0.44mm/s as the value of
the stable Eu®* state of EuFe,Si, which also crystallizes in
the tetragonal ThCr,Si,-type structure [25]. Thus S3 — S, =
10.26 mm/s. For S,(P) we have used the slope of the linear
fit to the data of EuCu,Ge; in Fig. 4(b). We suppose this
determines the pressure dependence of the Eu?* isomer shift
associated with the lattice deformation of the x = 0.5 compo-
sition. In the case of a spectrum comprising two components
with different isomer shifts (see Fig. 3), values of S(P) are
weighted average values which correspond to the Eu mean
valence at a particular pressure.

The results of our evaluation of v =2+ Av(P) from
S(P) in Fig. 4(b) enable us to develop the phase diagram in
Fig. 7(a). This captures the change of both the valence and
magnetic ground states across the pressure-induced quantum
phase transition. The main features in the phase diagram are
(i) the original Eu?t AF state first collapses into a mixed
state extending up to some pressure in the range 2.2-3.6 GPa
involving an inhomogeneous IV state coexisting with a mag-
netically ordered state, (ii) at higher pressures above the QCP
at ~3.6 GPa, the system undergoes crossover to a nonmag-
netic homogeneous IV state at P > 4.4 GPa, exemplified in
the ME spectra in Fig. 3(a), and (iii) the high value of v~2.5
attained in the IV state at P ~ 3.6 GPa reflects enhanced
charge fluctuations at the QCP.

The enhanced charge fluctuations occurring at the QCP
remain nearly constant up to 5.5 GPa. Thus we speculate that
such enhanced charge fluctuations at and beyond the QCP
may lead to the formation of an unusual ground state as has
been suggested recently to explain the superconductivity in
CeCu,Siy [8,9]. We have checked for superconductivity at
or near the pressure-induced QCP of EuCu,(Gey5Sigs), in
resistance-temperature scans under hydrostatic pressure up to
~3 GPa at low temperatures down to 40 mK. Figure 7(b)
displays the pressure dependence of Ty (P) as deduced from
signatures in the temperature dependence of the resistance at
different pressures [35]. Ty (P) behaves in a similar way to
the weighted average Beg(P) in Fig. 7(a) and collapses near
the QCP. As is evident from the inset of Fig. 7(b), we find no
evidence for superconductivity down to 40 mK.

The absence of superconductivity at the pressure-induced
QCP of EuCu,(Gey5Sips), where Eu valence fluctuations
are enhanced, is not in accord with the suggestion that

205127-7



MAHMOUD A. AHMIDA et al.

PHYSICAL REVIEW B 101, 205127 (2020)

inhomogéngous IV

6 |- magnetic 4
r inhomogeneou

3t ’

o] -

FIG. 7. (a) Phase diagram of EuCu,(Ge,_,Si,), for x = 0.5 at
4.2 K, indicating the change of magnetic ground state and valence
state across the pressure-induced QPT. Eu mean valence is obtained
from the measured isomer shift at 4.2 K in Fig. 4(b) and Eq. (3).
See Sec. IIIC of the text. By (7T') are the weighted average values
from subcomponents in the spectrum [Figs. 3(b) and 4(a)]. Solid
lines through the data points are to guide the eye. (b) 7y as a function
of pressure up to the vicinity of the QCP at 3.6 GPa. Line through
the data symbols is to guide the eye. Inset shows the temperature
dependence of the resistance down to 40 mK at the ~2.85-GPa onset
of the maximum in valence fluctuations v~2.45.

superconductivity observed in CeCu,Si; at a QCP near 4 GPa
is linked to valence fluctuations. That IV regime in CeCu,Si,
is decoupled from the magnetic fluctuations regime at ambient
pressure where superconductivity also occurs [8,9]. By con-
trast EuCu,(Geg 5Sip5), is a case where valence fluctuations
are intimately coupled to the collapse of magnetism and at the
magnetic QCP both charge and spin fluctuations exist. This
hinders a direct comparison between the two systems.

IV. SUMMARY CONCLUSIONS

The series EuCu,(Ge;_,Si, ), combines the divalent Eu
antiferromagnetic compound EuCu,Ge, with the nonmag-
netic IV compound EuCu,Si,. Our '*'Eu ME probe of x = 0
and x = 0.5 fixed compositions while varying pressure, lends
microscopic insight into the ground-state properties of the
system and the interplay between changes in magnetism and
valence state, in particular pressure tuning across a QCP
involving valence fluctuations. These compositions have been
pressurized from ambient pressure to 7 GPa, including vari-
able temperature scans in the range 300—4.2 K.

In the end-member EuCu,Ge,, both the magnetic and diva-
lent Eu states are found to be stable up to ~7 GPa. This then
constitutes a reference system for the x = 0.5 composition,
which undergoes collapse of magnetic ordering initiated at
~1.3 GPa. Up to at least 2.2 GPa there is an associated large
shift of the Eu mean valence from the initial divalent state.
This manifests as a mixed state in which an inhomogeneous
IV state coexists with a magnetically ordered state. The '>'Eu
ME probe shows that this mixed state precedes the pressure-
induced QPT to a nonmagnetic homogeneous IV state oc-
curring beyond a critical pressure of 3.6 GPa, suggesting
that a first-order phase transition occurs. The ThCr,Si,-type
lattice structure remains unchanged upon evolving the sample
through the QCP identified at ~3.6 GPa. In addition, the Eu
mean valence attains its largest value v ~ 2.45 at the QCP and
plateaus thereafter, indicating enhanced charge fluctuations
(4f7 < 4% 4+ ¢7) occur in the vicinity of the QCP. High-
pressure resisitance measurements at low temperatures down
to 40 mK near the QCP show no indication of superconduc-
tivity. A corresponding phase diagram has been constructed
from these results of the x = 0.5 composition involving the
QCP at ~3.6 GPa.

These results will potentially contribute to and enhance our
understanding of the interplay between valence fluctuations
and unusual ground states in strongly correlated 4f systems
evolved through a QPT. It is also of interest to similarly deploy
the variable-temperature '3!' Eu microscopic probe of Eu mean
valence in the EuCu,(Ge;_,Si,), series as composition is
evolved through the QCP at x ~ 0.7, for comparison with
the pressure-induced quantum phase transition of the x = 0.5
composition investigated in our study.
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