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Abstract
Eu(Fe0.75Ru0.25)2As2 is an intriguing system with unusual coexistence of superconductivity and
ferromagnetism, providing a unique platform to study the nature of such coexistence. To
establish a magnetic phase diagram, time-domain synchrotron Mössbauer experiments in 151Eu
have been performed on a single crystalline Eu(Fe0.75Ru0.25)2As2 sample under hydrostatic
pressures and at low temperatures. Upon compression the magnetic ordering temperature
increases sharply from 20 K at ambient pressure, reaching ∼49 K at 10.1GPa. With further
compression, the magnetic order is suppressed and eventually collapses. Isomer shift values
from Mössbauer measurements and x-ray absorption spectroscopy data at Eu L3 edge show that
pressure drives Eu ions to a homogeneous intermediate valence state with mean valence of ∼2.4
at 27.4 GPa, possibly responsible for the suppression of magnetism. Synchrotron powder x-ray
diffraction experiment reveals a tetragonal to collapsed-tetragonal structural transition around 5
GPa, a lower transition pressure than in the parent compound. These results provide guidance to
further work investigating the interplay of superconductivity and magnetism.
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1. Introduction

Superconductivity and magnetism are two intriguing
collective phenomena which are traditionally thought to be
incompatible and mutually competitive. Surprisingly, these
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conventionally competitive phenomena have been found
to coexist in few systems such as heavy fermions [1–3].
Rare earth-based iron pnictide superconductors have recently
emerged as a research focus in condensed matter physics due
to the peculiar coexistence of robust superconductivity and
strong local moment magnetism from 4f electrons [4–11].
Among them Eu-based iron pnictide superconductors are
the latest outstanding example of completely paradigmatic
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materials [12]. These compounds adopt a layered structure
with superconductivity originating from the Fe-As layers and
a strong local magnetic moment (7 µB) from the Eu layers.
Compared to other magnetic superconductors such as heavy
fermion systems, they exhibit much higher superconduct-
ing critical temperatures Tc ∼30 K) and magnetic ordering
temperatures (To) similar to Tc. The more accessible critical
temperatures in Eu(Fe0.75Ru0.25)2As2 make it experimentally
feasible to study the correlation of superconductivity andmag-
netism with standard cryogenic setup. Previous studies have
claimed that the interaction between the Eu magnetic and
Fe-As superconducting layers is rather weak [13, 14]. How-
ever, microscopic studies such as Mössbauer experiments
have found a sizable transferred magnetic field in the Fe sub-
lattice by the rare earth ions, suggesting an intriguing interplay
between the local magnetism and superconductivity [15–17].

Eu-based iron pnictides exhibit extremely rich phenom-
ena including spin-density-wave (SDW), superconducting
ground state, and strong local moment magnetism from
divalent Eu ions (4f 7). Non-superconducting parent com-
pounds such as EuFe2As2, SrFe2As2, and BaFe2As2 undergo
tetragonal to orthorhombic structural phase transition asso-
ciated with SDW order in the Fe sublattice [18–20]. In
EuFe2As2 with pressure application, the SDW order is sup-
pressed and superconductivity emerges [21–23]. At higher
pressure a tetragonal to collapsed-tetragonal transition linked
to Eu magnetic transition has been observed [24, 25]. In addi-
tion, due to proximity of Eu2+(4f 7, J = 7/2) and Eu3+(4f 6,
J = 0) energy levels, the valence state of Eu can be tuned
by external parameters (pressure, temperature, and magnetic
field) in many Eu-intermetallic compounds such as EuM2Ge2
(M = Ni, Pd, Pt) and EuNi2P2 [26–28]. As a consequence
of the valence transition, the local moment magnetism is
weakened and eventually suppressed completely due to the
Van Vleck nature of 4f 6. Therefore, to understand mag-
netic behavior it is crucial to investigate the valence state
simultaneously.

In this study we focus on evolution of the magnetic state,
valence, and crystal structure of ferromagnetic supercon-
ductor Eu(Fe0.75Ru0.25)2As2 under pressure. Previous stud-
ies in this system have shown anisotropic superconductivity
below 23 K and magnetic order below 20 K from the Eu
sublattice [29]. Conventional transmission Mössbauer and
magnetization measurements have revealed a ferromagnetic
component in the Eu magnetic state and absence of mag-
netic order in Fe sublattice with a weak transferred field from
the Eu magnetic order. In addition, more recent neutron and
theoretical studies have identified Eu(Fe0.75Ru0.25)2As2 as a
system of a three-dimensional anisotropic quantum Heisen-
berg model with universal critical exponent (β = 0.385) due
to an enhanced Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction between Eu atoms mediated by the more extended
Ru 4d orbitals than the Fe 3d orbitals [30]. In this work, we
have conducted experimental studies of magnetism, valence
of Eu ions, and crystal structure in Eu(Fe0.75Ru0.25)2As2 under
pressure using time-domain synchrotron Mössbauer spectro-
scopy (SMS) in 151Eu up to 27.4 GPa, partial-fluorescence-
yield x-ray absorption spectroscopy (PFY-XAS) up to

38 GPa, and synchrotron powder x-ray diffraction (XRD) up
to 12.4 GPa.

The rest of this paper is organized as follows. In section 2,
a description of the three experimental methods (SMS,
PFY-XAS, and XRD) used in this work is given. Section 3
presents the experimental results, including SMS studies up
to 27.3 GPa with helium as pressure transmitting medium,
PFY-XAS studies under compression up to 38 GPa as well as
under decompression down to 1.5 GPa, and powder XRD res-
ults up to 12.4 GPa using methanol-ethanol (4:1) mixture as
pressure medium. Pressure-induced changes in valence state
of Eu estimated from isomer shift values are compared with
the results from PYF-XAS data. By linking the magnetic order
and mean valence under compression, possible origin of mag-
netism suppression is suggested. These high-pressure behavi-
ors are compared with the experimental results in parent com-
pound EuFe2As2. Finally, section 4 presents a summary of this
work.

2. Experimental methods

Eu(Fe0.75Ru0.25)2As2 single crystals were grown from self-
flux method [29] and the sample was previously character-
ized by electrical resistivity, magnetization, and conventional
transmission Mössbauer experiments at low temperatures.
High-pressure SMS experiments were carried out at Beamline
3ID at the Advanced Photon Source (APS), Argonne National
Laboratory (ANL). Mössbauer spectroscopy is a sensitive
technique for probing magnetism and electronic transitions on
a microscopic scale. Thanks to the focused micron size beam,
synchrotron-based time-domain Mössbauer spectroscopy has
been applied widely in magnetic studies under high pressure
[10, 31–34]. SMS experiments were conducted at the nuc-
lear resonant energy of 21.54 keV for 151Eu to investigate the
magnetic transition in Eu(Fe0.75Ru0.25)2As2. The synchrotron
x-rays were focused to 15 µm (h) × 15 µm (v) (full width
at half maximum, FWHM). The experiments were performed
during the standard 24-bunch timing mode of the APS with
153 ns separation between the two successive electron bunches
allowing for data collection. This timing window is several
lifetimes (14.1 ns) of the 151Eu transition, allowing accur-
ate determination of hyperfine parameters. A gas membrane-
driven miniature panoramic diamond anvil cell was used in
a specially designed helium-flow cryostat [35]. One pair of
diamond anvils of 500 µm culet was used to generate pres-
sure up to 27.4 GPa. Rhenium (Re) gasket was preindented
to ∼80 µm and a hole of 250 µm was drilled using elec-
tric discharge machining (EDM) to form the sample chamber.
A single crystalline Eu(Fe0.75Ru0.25)2As2 sample was loaded
in the gasket hole together with two ruby balls as in-situ pres-
sure marker [36]. Helium was used as pressure transmitting
medium. Information on the valence state of Eu ions was
provided bymeasuring the isomer shift of 151Eu using trivalent
Eu2O3 (1.024 mm s−1 relative to EuF3) as a reference sample
[31]. Initial pressure was applied at room temperature dur-
ing helium gas loading. Subsequent pressures were applied
at 100 K. The SMS data were analyzed using the CONUSS
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(coherent nuclear resonant scattering by single crystals)
package [37].

To provide direct information on the valence of Eu and con-
firm the valence state derived from isomer shift measurements,
PFY-XAS experiment at Eu L3 edge (6.974 keV) was con-
ducted at room temperature at Beamline 16ID-D of the APS,
ANL. The x-rays were focused to 5 µm (FWHM). The incid-
ent x-ray energy was scanned from 6.954 keV to 7.024 keV.
To avoid strong absorption by the diamond anvils, incoming
x-rays traveled through a Be gasket and the fluorescence signal
was collected. The signal was first analyzed with silicon ana-
lyzer and then collected with a Pilatus detector at 90 degree
from the incident x-ray beam. Since the measurements were
conducted in fluorescence mode, attenuation of fluorescence
may occur as it travels out of the sample. Optimal sample
position was determined by scanning the sample position to
minimize this attenuation. High pressure was achieved using
symmetric-type diamond anvil cell equipped with a pair of
diamond anvils with 500 µm culet. A beryllium gasket was
preindented to ∼100 µm and a hole of 400 µm was drilled.
Cubic boron nitride (cBN) and epoxy mixture was then filled
in the gasket hole and indented to form the gasket insert in
order to maintain a good sample thickness under pressure. A
Eu(Fe0.75Ru0.25)2As2 sample was loaded in the sample cham-
ber formed by the cBN insert. Two ruby balls were loaded
along with the sample and used as an in-situ pressure marker
[36]. No pressure medium was used. Data was normalized in
Athena, a part of the Demeter software package for XAS data
processing and analysis [38]. Eu mean valence was obtained
by modeling the XAS spectrum with two sets of Lorentzian
and arctangent functions for divalent and trivalent states.

To study the high-pressure crystal structure, powder XRD
experiment was carried out at room temperature on a powder
Eu(Fe0.75Ru0.25)2As2 sample ground from a single crystal at
the 13BM-C Beamline (PX2) of the APS, ANL. An x-ray
wavelength of 0.434 Å was used. The x-ray beam was focused
to 15 µm. High pressures up to 12.4 GPa were achieved using
a BX-90 diamond anvil cell [39] equipped with a pair of
Boehler-Almax anvils with culet of 500 µm diameter. A Re
gasket was indented to 70 and a 250 µm hole was drilled with
EDM to form the sample chamber. Methanol-ethanol 4:1 mix-
ture was used as a hydrostatic pressure transmitting medium.
Ruby was used as an in-situ pressure marker [36]. Image data
was processed using Dioptas [40] and the resulting XRD spec-
tra were analyzed using GSAS-II [41]. Structural data was
obtained from Rietveld refinements.

3. Experimental results and discussion

3.1. SMS

SMS spectra at various pressure and temperature conditions
are presented in figure 1. When the sample is cooled below
the magnetic ordering temperature To, oscillations originating
from magnetic hyperfine field (Bhf ) and quadrupole splitting
appear in the SMS data. At constant pressure, as the sample
temperature is raised the oscillation frequency decreases due
to the decrease of Bhf . When Eu(Fe0.75Ru0.25)2As2 enters the

Figure 1. Selected 151Eu SMS spectra of Eu(Fe0.75Ru0.25)2As2 at
high pressures and low temperatures. The black solid circles are
experimental data. The errors are estimated random noise by taking
the square root of the counts. Red lines are fits from CONUSS.

paramagnetic phase, the oscillations disappear, indicating no
detectable quadrupole splitting in the paramagnetic phase. In
addition, To is observed to increase initially and then decreases
sharply with increasing pressure. At 27.1 GPa no magnetic
order was observed down to 13 K. By modeling the SMS data
hyperfine parameters, such as Bhf and quadrupole splitting can
be extracted. The dependence of Bhf values with temperature
at various pressures is plotted in figure 2. At ambient pressure
and 13 K the extracted Bhf is 25.3 T, consistent with 28.8 T
measured at 5 K from conventional Mössbauer spectroscopy
[29]. And Bhf increases 49 T at 20.5 GPa and 13 K. In ele-
mental Eumetal, a large increase of Bhf has also been observed
under high pressure, which is likely due to an increase in polar-
ization of conduction electrons by neighboring atoms [33]. To
understand the enhanced Bhf of Eu(Fe0.75Ru0.25)2As2, calcula-
tions of hyperfine parameters under pressure are warranted.

Additional SMS data were taken with Eu2O3 as reference
to determine the change of isomer shift and provide informa-
tion on Eu valence state. To simplify the time-domain spectra
and data interpretation, data were taken at 100 K in the para-
magnetic phase. The SMS data and simulated energy-domain
spectra are shown in figure 3. At ambient pressure and 100 K
the derived isomer shift is −11.8 mm s−1, a typical value
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Figure 2. Magnetic hyperfine field of 151Eu in Eu(Fe0.75Ru0.25)2As2
as a function of temperature with increasing pressure from ambient
pressure (AP) up to 25.2 GPa. The dashed lines serve as a guide to
the eye.

for Eu2+. This value is in good agreement with the reported
−12.0 mm s−1 at 30 K [29]. As pressure is applied, the iso-
mer shift of Eu increases continuously toward Eu3+, reach-
ing −5.8 mm s−1 at 27.4 GPa. At 17.7 GPa the signal from
Eu(Fe0.75Ru0.25)2As2 appears to decrease relative to the ref-
erence, likely due to a change in position on the reference,
increasing the relative site ratio of Eu2O3. It is noted that in the
model for the paramagnetic SMS data from the sample, only
one Eu site is needed, indicating that Eu ions take on homo-
geneous intermediate valence state under pressure on the time
scale of Mössbauer measurements, in contrast to heterogen-
eous mixed valence case [42] where two Eu sites are needed
to model the data. The hyperfine parameters are tabulated in
table 1.

3.2. PFY-XAS

PFY-XAS data were taken under compression up to 38 GPa
and then under decompression to 1.5 GPa. As shown in
figure 4, Eu ions are in divalent state at 1.2 GPa evidenced
by a single absorption peak above 6.974 keV which corres-
ponds to 2p63/24f

75d06s2 → 2p53/24f
75d16s2 transition. As

pressure is increased, a second absorption peak starts to appear
at ∼8 eV higher in energy, indicating a transition toward
trivalent state corresponding to the transition 2p63/24f

65d16s2

→ 2p53/24f
65d26s2. At higher pressure the Eu3+ peak intens-

ity increases while Eu2+ intensity decreases, indicating a sys-
tematic increase of valence, consistent with the results from
isomer shift measurements. When pressure is released, the
divalent state of Eu ions is recovered, showing a reversible
valence transition.

It is noted that in the intermediate valence state, the PFY-
XAS data displays two distinct peaks, representing the divalent
and trivalent states of Eu, while isomer shift data shows a

Figure 3. 151Eu SMS spectra in Eu(Fe0.75Ru0.25)2As2 at various
pressures and 100 K along with Eu2O3 as reference located at
ambient condition (left column) and corresponding simulations in
energy domain (right column). In the energy-domain spectra shaded
red lines are resonant absorption from Eu(Fe0.75Ru0.25)2As2 and
shaded green lines represent absorption from Eu2O3.

single peak as seen in the simulated energy-domainMössbauer
spectra (figure 3). This observation originates from the differ-
ent measurement time of the two techniques. Valence fluc-
tuation between 4f 7 and 4f 6 configurations is typically on
the order of 10−11 s [43]. The measurement time of XAS
is ∼10−16 s which is determined by the core hole lifetime.
In the case of Mössbauer spectroscopy the typical time scale
for measurement is ∼10−8 s. The measurement time of XAS
is much shorter than the valence fluctuation rate and there-
fore two peaks are recorded. In contrast, only the average iso-
mer shift from the intermediate valence state is observed by
Mössbauer experiment due to the slow measurement time.

The mean valence of Eu is derived by modeling the
PFY-XAS data with one set of Lorentzian and arctangent func-
tions for each peak (figure 5). Assuming the relative occupancy
of Eu2+ and Eu3+ states is proportional to the integrated area
under each peak, the mean valence can be estimated and com-
pared with the values from isomer shift measurements.
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Table 1. List of Bhf , quadrupole splitting (∆), and isomer shift (δ) of 151Eu in Eu(Fe0.75Ru0.25)2As2 at high pressure and various
temperatures.

P (GPa) T (K) Bhf (T) ∆ (mm s−1) δ (mm s−1)

0 13 25.31(3) 7.3(2)
15 23.75(2) 6.9(2)
17 22.82(4) 6.7(2)
19 19.15(6) 7.7(1)
100 0 0 −11.82(1)

0.5 100 0 0 −11.78(1)
1.2 12.7 26.70(4) 8.0(2)

15 25.69(3) 7.4(1)
17 23.92(4) 6.8(2)
20 20.70(6) 6.1(2)
23 15.57(6) 6.5(2)
25 0 0
100 0 0 −11.45(1)

5.0 15 31.56(5) 8.2(3)
17 30.65(3) 8.1(2)
20 28.66(4) 8.0(2)
23 26.23(3) 7.9(1)
25 23.61(3) 7.4(2)
27 21.52(4) 7.1(2)
31 0 0
100 0 0 −10.61(1)

10.1 12.6 36.25(6) 4.9(1)
15 35.31(6) 5.6(2)
20 32.96(5) 5.8(2)
23 31.82(8) 6.9(1)
26 30.28(6) 6.7(1)
30 28.49(5) 7.2(3)
34 25.74(6) 5.6(4)
36 24.48(8) 6.2(3)
38 23.3(2) 7.0(4)
46 16.7(1) 6.5(2)
52 0 0
100 0 0 −9.75(1)

15.4 13.5 40.73(5) 5.8(1)
15 40.11(8) 5.6(1)
18 38.36(8) 5.7(2)
21 36.25(9) 6.2(1)
35 0 0
100 0 0 −8.80(1)

17.1 13.4 44.43(6) 6.5(2)
16 43.1(1) 5.0(1)
19 41.2(1) 6.2(2)
35 0 0
100 0 0 −8.10(2)

20.5 13.5 49.0(1) 6.7(3)
16 47.1(1) 5.5(1)
33 0 0
100 0 0 −7.60(7)

25.2 13 9.85(4) 5.6(2)
40 0 0
100 0 0 −6.81(1)

27.1 13 0 0
27.4 100 0 0 −5.80(2)

The results from SMS and PYF-XAS experiments are sum-
marized in figure 6. Error in valence at each pressure from
XAS data is from the fitting. To and error are estimated based

on two adjacent temperatures where Eu(Fe0.75Ru0.25)2As2 was
observed in the magnetic and paramagnetic phases at con-
stant pressure. Based on the isomer shift values mean valence
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Figure 4. Selected PFY-XAS spectra at Eu L3 edge in
Eu(Fe0.75Ru0.25)2As2 with increasing pressure from 1.2 GPa up to
38 GPa along with decompression data at 21, 10, 4.4, and 1.5 GPa.
The two peaks at low and high energy are from Eu2+ and Eu3+,
respectively, with positions shown by the dash lines.

of Eu ions can also be estimated from linear extrapolation
using−11.8 mm s−1 for Eu2+ and 0 mm s−1 for Eu3+, assum-
ing the changes in valence (4f 7 to 4f 6) is entirely respons-
ible for the pressure-induced changes in isomer shift. The
pressure-induced valence changes derived from isomer shift
and PYF-XAS measurements are in good agreement. Both
methods conclude a monotonic increase in valence with pres-
sure. An application of 38 GPa results in a mean valence of
2.6. Based on the linear dependence of valence with pres-
sure, Eu ions are expected to fully transform to trivalent at
around 63 GPa. The fact that the isomer shift data were taken
at 100 K and PYF-XAS data were taken at room temperat-
ure shows insignificant impact of temperature on valence state
of Eu in Eu(Fe0.75Ru0.25)2As2. Despite of a slight increase of
valence to∼2.2, To increases initially up to 10.1 GPa, possibly
due to pressure-enhanced RKKY exchange interactions. At
higher pressure further increase of valence weakens the mag-
netic moment and leads to a decrease in To, which eventually
suppresses the magnetic order above 25.2 GPa with a critical
valence of∼2.4. Interestingly, the parent compound EuFe2As2
demonstrates a similar initial increase of To with pressure and

Figure 5. Analysis of PYF-XAS data at 28.2 GPa using two sets of
Lorentzian and arctangent functions for Eu2+ and Eu3+.

Figure 6. Evolution of magnetic ordering temperature and Eu mean
valence under pressure in Eu(Fe0.75Ru0.25)2As2. The blue arrow at
27.4 GPa indicates the absence of magnetic order at temperatures
down to 13 K. The error bars are described in the text.

a subsequent suppression of magnetic order above 20 GPa that
is related to the increase in valence of Eu ions [24, 44, 45].

3.3. XRD

To further compare with the parent compound, synchrotron
XRD experiment were conducted to study possible crystal
structural transition. Figure 7 summarizes the XRD data in
Eu(Fe0.75Ru0.25)2As2 from 4.4 to 12.4 GPa with∼1 GPa pres-
sure step. The XRD patterns can be indexed with the tetra-
gonal structure (I4/mmm). The lattice parameters and volume
as a function of pressure are depicted in figure 8. The lat-
tice parameter a first shows an anomalous increase up to
5 GPa followed by a normal compression behavior at higher
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Figure 7. XRD spectra of Eu(Fe0.75Ru0.25)2As2 taken at various
pressures. Peaks from Re gasket are visible in the data at 5.5 and
6.6 GPa and indicated by asterisks. Tick marks show peak positions
at 4.4 and 12.4 GPa based on the tetragonal structure with space
group I4/mmm. At 4.4 GPa intense diffraction peaks are labeled
with respective (hkl) Miller indices.

pressure, while parameter c initially decreases rapidly and
above 5 GPa becomes less compressible (figures 8(a) and (b)).
The axial ratio parameter c/a shows similar but more pro-
nounced slope change with pressure (figure 8(c)). This beha-
vior has also been observed in the parent compound EuFe2As2
above 8 GPa, attributed to a tetragonal to collapsed-tetragonal
transition [46]. By comparing with the lattice behavior in
EuFe2As2, we conclude that in Eu(Fe0.75Ru0.25)2As2 the tet-
ragonal to collapsed-tetragonal transition occurs between
4.4 and 5.5 GPa, a lower pressure than in the parent
compound.

Eu(Fe0.75Ru0.25)2As2 and EuFe2As2 show similar high-
pressure behaviors. With increasing pressure both systems
show large increase in magnetic ordering temperature and
subsequent suppression of magnetic order, valence trans-
ition, and tetragonal to collapsed-tetragonal transition. Dif-
ference in high-pressure behaviors has also been observed.
In Eu(Fe0.75Ru0.25)2As2 the magnetic ordering temperat-
ure increases monotonically with pressure up to 10.1 GPa,
while in EuFe2As2 the magnetic ordering temperature is ini-
tially insensitive to the pressure change up to 2.5 GPa
and only shows increase at higher pressure. In addition,
the collapsed-tetragonal phase occurs at a lower pressure in
Eu(Fe0.75Ru0.25)2As2, which can be attributed to the chemical

Figure 8. The measured lattice parameters a (a), c (b), axial ratio
c/a (c), and volume (d) in Eu(Fe0.75Ru0.25)2As2 as a function of
pressure (solid circles). High pressure lattice data in EuFe2As2 from
[46] are included (open circles) as a comparison.

pressure by Ru-substitution that yields a smaller lattice para-
meter c at ambient pressure.

4. Summary

We have studied the magnetic order, valence state, and crys-
tal structure of Eu(Fe0.75Ru0.25)2As2 under high pressure using
synchrotron spectroscopy and diffraction techniques. Pressure
effectively enhances the magnetic ordering To to ∼49 K at
10.1 GPa from 20 K at ambient pressure. Further compres-
sion leads to a decrease in To. At 27.1 GPa no magnetic
order is detected down to 13 K. A homogeneous valence
transition from divalent to trivalent in Eu has been observed
with increasing pressure and decompression data shows that
this transition is reversible. The suppression of magnetism is
likely associated with the significant valence increase. A tetra-
gonal to collapsed-tetragonal transition around 5 GPa is con-
cluded based on the anomalous changes in lattice paramet-
ers. Future studies of pressure effect on superconductivity are
necessary to provide a complete understanding on the inter-
play of superconductivity, magnetism, and valence in this fas-
cinating material.
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