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The effect of pressure on the valence state of Eu in EuFe,As, has been investigated at high
pressures up to 43GPa at 10K using resonant inelastic x-ray scattering and x-ray absorption
spectroscopy using partial fluorescence yield. Two distinct density functional approaches have
been used to complement the experiments. Our experimental results show that the Eu valence
increases from a divalent state to a nearly trivalent state under application of pressure in
consistence with theoretical simulations. Furthermore, our calculations show that the Eu magnetic

moments prevail at high pressure up to 45 GPa. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4863203]

Discovery of iron based superconductors with transition
temperature (7,.) up to 56K in the so called “1111” com-
pounds, RFeAsO (R = Lanthanide such as La, Ce, Sm, and
Gd) and T, up to 38K in “122” compounds, AFe,As,
(A =Ca, Sr, Eu, and Ba) has drawn tremendous attention in
recent years.'* EuFe,As, is the only rare earth member of
the 122 class of compounds and exhibits a superconducting
transition temperature 7, of around 28 K under application of
pressure above 2.5 GPa.”® At ambient conditions, the com-
pound is in a paramagnetic state with a tetragonal ThCr,Si,
type structure. It further undergoes an orthorhombic struc-
tural transition together with a spin density wave (SDW)
type antiferromagnetic ordering at 190 K.”~'® Application of
pressure suppresses the SDW and Neel temperature and
favors the charge transfer between the insulating and con-
ducting layers. Furthermore, pressure not only influences the
important parameters correlated to the 7. such as crystal
structure, magnetic and spin ordering of the system but also
alters the valence which is another important parameter
affecting the T,.. Here, we report an investigation of the Eu
valence in EuFe,As, for pressures up to 43 GPa and at low
temperature, where superconductivity appears on application
of pressure. Resonant Inelastic X-ray Scattering (RIXS)
measurements are bulk sensitive and constitute an excellent
probe to determine valence changes under extreme
conditions.''™"* Our experiments and calculations show that
the Eu valence sharply increases on application of pressure
to a nearly trivalent state above 9 GPa at 10 K. Further, this
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sharp increase in valence is found to occur around the critical
pressure where a structural transition to a collapsed tetrago-
nal (CT) phase is observed.

Single crystals of EuFe,As, were grown by using Sn
through flux technique with starting composition
Eu:Fe:As:Sn in the ratio 1:2:2:19. The Sn was removed by
centrifugal method. The grown crystals were characterized
by Energy Dispersive Analysis of X-rays (EDAX), resistiv-
ity, specific heat, and magnetic susceptibility as reported
elsewhere.'® A small crystal is selected from the batch
and loaded into a 125um hole drilled in a Be gasket
pre-indented to 40 um with a ruby sphere in a symmetric
type diamond anvil cell using He as pressure transmitting
medium. RIXS and Partial Fluorescence Yield (PFY) experi-
ments were performed at Sector 16 ID-D of the Advanced
Photon Source by focusing the incident x-ray beam to
20 x 50 um? (V x H). The incident energy was set at the Eu
L; absorption edge, where the signal from the sample was
analyzed by a spherically bent Si single crystal and an
AmpTek detector in a Rowland circle. The total energy reso-
lution in our experiments is 1 eV. First principle calculations
presented in this work are performed wusing the
Perdew-Burke-Ernzerhof generalized gradient approxima-
tion (GGA) as implemented in the VASP code.® We used the
projector augmented plane wave (PAW) pseudopotential
method with a plane wave basis and a cutoff energy of
400eV. We have included the strong Coulomb repulsion in
the Eu-4f orbital using the GGA + U approximation. The
standard U of 8 eV for the Eu”" ion is chosen in the calcula-
tion. The results with different U values have been tested for
consistency. The self-interaction corrected local spin density
(SIC-LSD) approximation'*'° has been used to calculate the

© 2014 AIP Publishing LLC
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effective Eu valence, similar to the previous applications to
Yb compounds.'*'? The SIC-LSD method was implemented
with the linear muffin-tin orbital method'” using the atomic
spheres approximation, by which the crystal volume is split
into slightly overlapping spheres centered on the nuclear
positions. In these calculations, a ferro-magnetic ordering of
Eu moments was adopted.

Figure 1 shows both the RIXS and the PFY spectra
obtained for EuFe,As, around 10K at representative pres-
sures. Two distinct peaks, observed around 6.975keV and
6.983keV in the PFY spectra, represent the 4f electron con-
figuration for Eu®" (4f7) and Eu®" (4f°). In the representative
PFY spectra, above 9 GPa the 2" peak intensity drops rap-
idly and a simultaneous increase of intensity of 3" peak is
observed. A gradual shift of intensities between the two
peaks indicates the progressive change from divalent to tri-
valent state of Eu. The RIXS spectra collected at 1 GPa and
43 GPa at 10K are shown in the upper panel. In the 1 GPa
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spectrum, the 2+ contribution is predominant and could be
observed around 6.975keV, the same PFY peak energy
where the 2+ intensity is high. At 43 GPa, the collected
RIXS spectrum revealed separation of two branches of inten-
sities corresponding to two different valence contributions.
At each pressure, the average valence was estimated by sub-
stituting the integrated intensities of the 2+ and 34 compo-
nents at that pressure into the linearly interpolating
expression: v="2+I(3+)/[1(2+) + 1(3+)], where I(2+4) and
1(3+) represent the 2+ and 3+ intensities, respectively.lo_12
The effective valence thus extracted is plotted as function of
pressure in Fig. 2(a). The Eu valence increases sharply above
10 GPa to a value of 2.55, then grows more gradually to 2.7
around 43 GPa. Thus, the Eu valence does not completely
change into a trivalent state in the pressure range studied
here. The Eu effective valence as calculated with the
SIC-LSD method is illustrated in Fig. 2(b), which shows the
valence change as function of pressure. The calculations
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FIG. 2. (a) Pressure versus valence plot at 10K for Eu in EuFe,As,. The
open circles represent the data collected from the PFY measurements, and
the filled squares represent the RIXS data. (b). Valence change as a function
of pressure obtained by SIC-LSD calculations. (c). Calculated total and pro-
jected electron density of states of EuFe,As, at 0 and 30 GPa.

show a gradual shift from Eu”" towards Eu®", which is at
variance with the rapid change observed below 9 GPa, and
more in line with the behavior observed at higher pressures.
The interplay between the crystal structure, the super-
conducting transition temperature 7., and the Eu valence in
EuFe,As, upon compression is of parametric importance.
We may compare the transition pressure on valence changes
observed in our experiments with the structural changes,
superconductivity, and magnetic ordering reported under
high pressures at low temperatures for EuFe,As,. The
pressure-temperature phase diagram reported on EuFe,As,
by Uhoya et al. shows that the /4/mmm tetragonal phase
transforms into a CT phase around 9GPa at ambient
temperature.'® A similar CT phase is also induced around
12 GPa when the low temperature orthorhombic phase is
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compressed.l&19 These experiments show that the CT phase
is observed at high pressures at both low temperature and
room temperature. The structural transition is however not
associated with the pressure induced superconducting transi-
tion. The superconductivity phase diagram reported by
Kurita et al. shows that the bulk superconductivity exists
only in a narrow range of pressures from ~2.5GPa to
3.0GPa.*® Similar to external physical pressure, chemical
pressure imparted in the system through doping also stabil-
izes the superconductivity in the 122 systems.21 A further
important observation is that application of pressure does not
fully suppress the antiferromagnetic ordering, and the coex-
istence of superconductivity and magnetism prevails around
20K. At higher pressures, above 8 GPa, the antiferromag-
netic ordering changes to ferromagnetic, and Eu*" magnetic
moments remain up to high pressures above 20 GPa. A dras-
tic Eu valence increase has been observed at 2 GPa by con-
ventional x-ray absorption spectroscopy measurements
(XAS) for tetragonal EuFe,As, at room temperature.22 The
valence reaches up to 2.33 and saturates around 9.8 GPa.
However, the present experiments at low temperatures for
the orthorhombic phase of EuFe,As, show a distinct change
in valence evolution around 9 GPa. The valence increases
rapidly up to 9 GPa and continues increasing more sluggishly
up to the highest pressure, reaching a value around 2.7, i.e., a
fully trivalent state is not reached even at pressures above
40 GPa. The slope change in the valence plot above 9 GPa
observed in both our experiment and theoretical calculations
follows with a rapid decrease in the c/a ratio.'” This suggests
that the evolution of bulk superconductivity and the Eu va-
lence change do not occur simultaneously, and instead the
change in valence behavior above 9 GPa could well be corre-
lated to the structural change from the orthorhombic to the
collapsed tetragonal phase reported in literature.'®'® In addi-
tion, the magnetic transition reported under compression®'
occurs around similar pressure range.

The calculated electron density of states (DOS) for
EuFe,As, is shown in Figure 2(c). For tetragonal EuFe,As,,
we have obtained A-type anti-ferromagnetic ordering of Eu.
The calculated magnetic moment of Eu is 6.995 uB. In the
figure, we see that the Eu 4f states form a localized peak
2.7eV below the Fermi level at ambient pressure. As the
pressure increases to 30 GPa, the 4f peak shifts to higher
energy state but is still 2eV below the Fermi level.
Furthermore, our theoretical calculations show survival of
antiferromagnetic ordering at high pressures above
8 GPa.?>** The magnetic moment increases slightly to
7.012 uB at 40 GPa. These changes are not associated with
the typical trivalent Eu state in EuN and EuP, which is char-
acterized by lower magnetic moments and an empty f-state
sitting very close to the Fermi level.** In the case of
EuFe,As,, the occupied Eu f-states are deeper in the valence
band. The 3d-states of Fe are dominant in both conduction
band and valence band edge. Therefore, it is energetically
unfavorable to transfer one f-electron to satisfy the trivalency
of the Eu ion. The calculated f-electron charge decrease is
less than 0.02e /Eu from O to 30 GPa. Nevertheless, we
obtain a charge increase of the projected d-electron charge of
Eu from 0.416 to 0.832¢" /Eu, corresponding to a net mag-
netic moment increase from 0.090 to 0.146 uB. As a result, a
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plausible cause for the divalent-trivalent transition could be
the transfer and delocalization of the d-state electrons of Eu.
In addition, a slight 4f-delocalization and increased Eu 4f-Fe
3d hybridization can be seen in the high pressure DOS plot,
which may also promote the valence transition. In summary,
the valence state of Eu has been investigated in EuFe,As, at
low temperatures and high pressures up to 43 GPa at 10K. A
valence transition from the divalent state to a nearly trivalent
state has been observed under compression. The experimen-
tal results are consistent with theoretical calculations.
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