PHYSICAL REVIEW B 102, 195126 (2020)

Direct evidence of uneven d,, and d,; orbital occupation in the superconducting state of iron pnictide
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The origin of nematicity and its relation to superconductivity in iron pnictide high-temperature superconduc-
tors remains unclear. One of its possible sources is the uneven occupation of Fe d, and d,. orbitals. Here, by
using x-ray linear dichroism technique, we show that such an imbalance is present in Eu(Fe,_,Co,),As, single
crystals deep in the tetragonal phase and also in the superconducting state, where we find that the d,, orbital
has a higher occupation as indicated by an x-ray linear dichroism magnitude of 1.5%. Our result shows the
importance of orbital polarization in the theoretical description of nematicity and superconductivity, particularly
for determination of the superconducting gap symmetry, which is affected by orbital fluctuations.
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I. INTRODUCTION

The presence of different types of order and phase transi-
tions can be regarded as a characteristic of high-temperature
superconductors. In the cuprates, except for the superconduc-
tivity, one has to consider antiferromagnetic order, pseudogap,
and charge density fluctuations. In iron pnictides, one has
to typically add spin-density wave and structural phase tran-
sition. These two are connected to nematicity, which was
first observed in underdoped compounds from anisotropy
of the in-plane resistivity that was also present above the
structural /magnetic phase transition [1]. Up to now, nematic
fluctuations have been observed by several techniques, also
in optimally doped and overdoped materials or families with
no structural/magnetic phase transition [2—-10]. Moreover,
recent studies demonstrated that nematicity shows strong spa-
tial variation [11-14], which makes the description of these
materials even more complex. Of particular interest, with re-
gard to nematicity and superconductivity, is the importance
of the orbital degrees of freedom [15], with the key role
played by Fe d., and d,, orbitals. The unexpected differ-
ence in occupation of those orbitals, also in the tetragonal
phase, was first reported from scanning tunneling microscope
(STM) [16] and angle-resolved photoemission spectroscopy
(ARPES) [17] studies, and indicated that nematicity is rather
of electronic than structural origin. Here, by using x-ray
absorption spectroscopy and x-ray linear dichroism, which
allows us to measure the difference of occupation of said Fe
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orbitals in the superconducting state, we show that such a
difference is present well above structural phase transition,
but more importantly, also below the critical temperature of
superconductivity, 7, in Eu(Fe;_,Co,),As; single crystals.

II. EXPERIMENTAL

Preparation and characterization of Eu(Fe;_,Co,),As; sin-
gle crystals is thoroughly described in literature [18]. We
studied two single crystals, undoped EuFe,As, exhibiting
simultaneous spin density wave and tetragonal /orthorhombic
structural transition at Tspw=7; ~ 190 K, and the temperature
of Eu magnetic ordering (7g,) equal to 19 K. The second
crystal was an electron doped (underdoped) superconductor
EuFe, §Cog,As; (i.e., with x=0.1) of Tspw and T; ~ 130 K-
135K, Tgy,=17 K, and 7.=10 K.

An x-ray diffraction (XRD) study was done on powdered
samples at Panalytical Empyrean powder diffractometer in the
Bragg-Brentano geometry. An x-ray tube with Cu anode was
used for measurements. For low-temperature XRD studies, an
Oxford Instruments PheniX closed-cycle helium refrigerator
was used (14 K-300 K). During the low-temperature mea-
surements, the sample position was corrected against thermal
displacement of the sample stage. Temperature stabilization
was better than 0.1 K. The XRD patterns were refined using
the Rietveld-type package FULLPROF [19].

X-ray absorption spectroscopy (XAS) measurements were
performed at the PEEM/XAS beamline of Solaris National
Synchrotron Radiation Centre, Poland [20]. The spectra were
collected at the L3 , edge of Fe using total electron yield detec-
tion mode. Before collecting XAS spectra, the crystals were
cleaved in situ (under vacuum better than 7.5 x 10~7 mbar).

©2020 American Physical Society
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FIG. 1. (a) A scheme of the experimental setup showing the device for mechanical detwinning of single crystals and geometry of XAS
experiments. The arrows show the direction of pressing and rotation; a and b (with a>b) indicate lattice parameters in the orthorhombic phase
with respect to the polarization E of the incoming x-ray radiation. (b) Temperature dependence of electrical resistivity close to the structural
phase transition. (c) Diffraction pattern and (d) full width at half maximum (FWHM) of the reflection at 35.75° of Co doped sample. (e), (f)
Temperature dependence of characteristic reflections: 022, 202 of Fmmm space group and 112 of 14 /mmm space group.

For mechanical detwining of single crystals by applying uni-
axial pressure, we used a specially designed sample holder.
It allowed for 90 degrees rotation inside the experimental
chamber to change the angle between crystal axes and light
polarization direction for detecting the x-ray linear dichro-
ism signal (XLD). The experimental setup and geometry are
schematically shown in Fig. 1(a). Prior to XAS measurements
single crystals were cut at a 45-degree angle with respect to
the tetragonal a axis.

III. RESULTS AND DISCUSSION

To carry out analysis of the XLD signal, particularly to
evaluate the structural contribution as described by Kim e al.
[21], we conducted detailed XRD studies. XRD patterns of
both Eu(Fe;_,Co,),As, samples at 300 K can be indexed by
the tetragonal I4/mmm space group (No. 139). An example
of the collected full-range diffraction patterns is presented in
Fig. 1(c). Low temperature XRD studies revealed that for the
undoped sample, a structural transition takes place at about
190 K, as shown in Fig. 1(e). The low-temperature structure
of the pristine EuFe,As, shows the orthorhombic (Fmmm
space group) symmetry. The most prominent change can be
noticed around 35.75° of 20, where the 112 reflection of the
high-temperature tetragonal phase (I4/mmm) splits into two
022 and 202 reflections of the low-temperature one (Fmmm).
In contrast to that, for EuFe; sCog,As, the evolution of the
112 reflection is not so pronounced and no splitting is visible,
suggesting that this transition is far less defined than for the

undoped sample. The presence of the structural transition
can only be deduced from the temperature dependence of
the width of this reflection and the related intensity change
as shown in Fig. 1(d). The full width at half maximum that
increases gradually with decreasing temperature shows a pro-
nounced step in the temperature range 110-140 K.
Resistivity measurements show that, in the case of the
undoped compound, there is a sharp upturn at the phase tran-
sition temperature and this upturn shifts to lower temperatures
and broadens with Co doping (Fig. 1(b) and Ref. [18]), which
is consistent with our XRD measurements. The Fermi surface
of the iron-pnictides undergoes a reconstruction at the mag-
netostructural transition [22]. This leads to the formation of
Dirac cones [23], which can significantly participate in the
electronic transport due to high mobility of Dirac fermions
[24]. As a result, the resistivity of the EuFe;As, parent com-
pound decreases in the spin-density-wave state, as can be seen
in the top panel of Fig. 1(b). On the other hand, the contribu-
tion from Dirac fermions was shown to vanish quickly with
cobalt doping [25]. In the absence of highly mobile charge
carriers, the resistivity in the magnetic phase of the electron-
doped 122-pnictides increases, interestingly, mostly along the
b axis [9]. In twinned crystals, this leads to an increase of the
overall resistivity, which is the average of a- and b- axes values
[see the bottom panel of Fig. 1(b)]. Such behavior can, for ex-
ample, be caused by strongly anisotropic scattering of charge
carriers [26] or large variations of the Drude weight [27].
Recent x-ray and neutron scattering results on other com-
pounds from the 122 family, namely, (Sr, Na)Fe,As,, revealed
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FIG. 2. Fe L3, edge XAS spectrum for (a) undoped EuFe,As; and (c) Co doped EuFe; 3Cop,As, (x = 0.1) measured at 150 K and XLD
spectra at selected temperatures for both samples. Panel (b) schematically shows the phase diagram [18], solid points indicate temperatures for

which XLD results are shown in (a) and (c) panels.

the presence of short length scale (1-3 nm) orthorhombic
distortions of the instantaneous local structure in compounds
with overall tetragonal symmetry. These local structural fluc-
tuations are present at temperatures much higher than 7; and
occur even in highly doped compounds, which do not show
structural phase transitions [12,13]. Also, other results, e.g.,
from elastic measurements or ARPES, indicate the presence
of spatially varying structural and electronic fluctuations even
in optimally doped and overdoped samples [2,14].

‘We now proceed to our main results, i.e., XAS and XLD.
Figure 2 presents an example of the Fe L3 , edge XAS spectra
for both single crystals studied, which look typical for iron
pnictides and metallic materials with Fe in the high-spin state
and with weak electronic correlations [28—-30]. There are two
white lines in the spectra, which result from 2p to 3d dipole
transitions (2p®3d® — 2p°3d”) with spin-orbit split 2p states
2p3j2 (L3) and 2py,; (L), which are located at about 708 eV
and 721 eV, respectively. No distinct multiplet features are
visible.

As in previous studies on compounds from the 122 family,
we found that for a given orientation, the Fe L3 ; XAS spectra
do not show noticeable temperature or doping dependence
[21,31-33]. However, if we take a difference between normal-
ized spectra measured for different orientations of the x-ray
polarization vector E and crystal axes, we obtain a clear XLD
signal for both single crystals (Fig. 2). To calculate the XLD
signal, we take I, — I, with x and y as defined in Fig. 1(a),
i.e., I, is the intensity of the XAS spectrum measured for £
parallel to the a lattice parameter (/,, E || b). Our XLD spectra
are similar in shape to those obtained for Ba(Fe;_,Co,),As;
[21] and we also observe the XLD signal at temperatures

significantly higher than 7. In principle, in the tetragonal
phase there should be no difference between the I, and I, XAS
spectra. However, several experimental techniques in various
iron pnictide materials reported anisotropic in-plane proper-
ties to also be present above T, which are generally referred
to as nematic fluctuations, in contrast to nematic order present
below 7. These fluctuations can be of structural /spin/orbital
origin and have also been observed in the Eu-based 122 family
according to the resistivity and thermopower measurements
[34,35].

The origin of an XLD signal in iron pnictides can be
twofold [36]. First, there may be a contribution coming
from the structural anisotropy. While in the high-temperature
tetragonal phase, the crystals have the overall C4 symmetry
and no in-plane anisotropy can be expected, below 7; in the
orthorhombic phase, the C;, symmetry is broken and one ex-
pects a contribution from structural anisotropy due to a small
difference between a and b lattice parameters (less than 1%).
Second, there could be a contribution due to unequal occupa-
tion of orbitals that are probed in measurement along a and
b directions. In the case of the Fe L3, edge in iron pnictides,
those orbitals are d,; and d,, respectively [36].

The shape of both structural and orbital contributions has
been theoretically calculated and the total XLLD was predicted
to reach up to a few percent relative to the total XAS signal
[36]. This is what was found for Ba(Fe;_,Co,),As; [21]
and in the present study for Eu(Fe;_,Co,),As,. Those con-
tributions, depending on the incident photon energy, can be
positive or negative and might even cancel out. Therefore, a
careful separation is needed to obtain their temperature and
doping dependence. Such a refinement procedure has been
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FIG. 3. Total experimental XLD signal (open black circles), the
calculated structural (blue line), orbital (red line), constant (green
line) contributions, and their sum (gray line) at selected tempera-
tures for undoped EuFe,As, (left panel) and EuFe; 3Cog,As; (right
panel).

formulated by Kim ez al. [21] and we follow it, describing only
the most important steps (more information in the Supplemen-
tal Material) [37-41]. As in Ref. [21], we observe an XLLD
signal at the highest temperatures, which possibly results from
a small sample misalignment and a corresponding admixture
of the out-of-plane (i.e., for E || ¢) component related to the
anisotropy between the ¢ axis and aa (or ab) plane. We stress
that for both single crystals, this contribution is significantly
smaller compared to orbital and structural ones (Fig. 3).

Similar to Ba(Fe;_,Co,),As, [21], we observe that around
T, (190 K for undoped and 135 K for Co doped sample), the
shape of the total XLD signal drastically changes and even
changes its sign (Fig. 2). This behavior of the XLD signal is an
indication of the structural phase transition and the appearance
of the finite (assumed to be constant) structural contribution
[21]. The assumption of constant structural component is
supported by the fact that the relative change of the ratio of
lattice parameters (a/b) in the orthorhombic phase is of the
order of 0.1% or less [37]. Following Kim et al., we calculated
the structural and orbital contributions, which are presented in
Fig. 3. We would also like to note that both contributions are
of opposite signs and, thus, partly cancel each other at low
temperatures, as was observed for Ba(Fe;_,Co,),As; [21]
and predicted theoretically [36].

We now discuss the temperature dependence of the orbital
contribution. First, one can notice that in both compounds,
in the entire temperature range the orbital contribution is
negative. Since it is due to the difference in occupation of
dy; and d,; orbitals, one concludes that there are more empty
states in the d,, orbital, i.e., it is less occupied. This is in
agreement with previous XLD studies on Ba(Fe;_,Co,),As;
[21] but also with ARPES results, which indicate that once
the material transforms from the tetragonal to orthorhombic
structure, previously degenerated d,, and d.,, orbitals split, and
dy, shifts up whereas d,; shifts down in energy [15,17,42].
The orbital contribution is present at temperatures roughly by
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(b) EuFe, gCoy ,AS,

—Structural
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FIG. 4. Temperature dependence of the structural (blue) and or-
bital (red) contributions to the XLD signal for the undoped EuFe,As,
and EuFe,; §Coj,As, single crystals. Dotted lines show the uncer-
tainty margin. The shaded area corresponds to the temperature range
of an abrupt change in the width (or splitting) of the reflection at

35.75° shown in Fig. 1(d) [Fig. 1(e)].

50 K higher than 7§, indicating unequal occupation of d,, and
d,, orbitals deep in the tetragonal phase. The magnitude of the
orbital contribution decreases with increasing temperature, as
anticipated by the theory [36,43].

For the Co-doped crystal, the total XLD signal, the orbital
contribution and its temperature dependence appear to be
weaker compared to the undoped sample. While this could
be expected, as the replacement of Fe by Co is an electron
doping, we admit that it may also be a result of experimental
precision limitations (crystal alignment, x-ray polarization)
[21]. Therefore, quantitative comparison of bare values of
structural and orbital contributions seems superfluous. We
can, however, discuss more quantitatively the ratio of the
orbital to structural component (O/S), which is not affected by
experimental artifacts. As the relative difference between lat-
tice parameters ((a — b)/a) is slightly bigger for the undoped
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compound (1.0% vs 0.7%) one expects that the structural
component should be proportionally larger for the undoped
compound. This is indeed well reproduced in the experiment
(see Fig. 4). In the temperature range between Tg, and Tj,
the ratio O/S amounts to approximately 0.5 and 0.2 for the
undoped and Co doped material, respectively. One can then
conclude that the relative value of the orbital component is
significantly smaller in the Co-doped sample, which may be
attributed mainly to reduced imbalance between d,; and d,,
orbitals of Fe due to structural disorder caused by Co doping.
We observe that when the temperature decreases and ap-
proaches T, the magnitude of the orbital contribution starts
to increase and remains nonzero in the superconducting state
with XLD amplitude of 1.5% [Fig. 4(b)]. It is worth noting
that our observation of an XLD signal in the superconducting
state is, to our knowledge, unprecedented. A possible origin
of this change of XLD signal close to 7; in magnetic ordering
of Eu moments can be discarded as our XRD measurements
do not show noticeable structural changes around Tg,. Also,
resistivity measurements on detwinned single crystals do not
show a change of its anisotropy close to Tg, either [34]. MOss-
bauer measurements indicate the appearance of a transferred
contribution to the magnetic hyperfine field on Fe nuclei at
Tsu [44,45]. However, this is related to the polarization of
the s-like conduction electrons and not to the modifications
in the Fe 3d orbitals due to Eu ordering. These Fe orbitals
are predominantly hybridized with As 4s/4p states [31] and a
possible Eu influence could only be indirect and very weak.
On the other hand, it has recently been shown that the
transition to the superconducting state can significantly affect
the nematic order. Nematic correlation length, which peaks at
T., strongly decreases in the superconducting state [46], which
suggests that although nematic order can still be present below
T. [47,48], it actually competes with superconductivity [46].

Orbital fluctuations may play an important role in determining
the symmetry of the superconducting gap in iron pnictides,
although their significance depends on their relative strength
compared to spin fluctuations, see, e.g., Ref. [49]. Theoretical
calculations predict that orbital fluctuations would lead to the
s++ type, while if the pairing is induced by antiferromagnetic
spin fluctuations, it would lead to the s _ type [5S0]. However,
up to now there is no consensus regarding the gap symmetry
in iron pnictides, for more information see Refs. [15,49,51].
With Co (electron) doping, not only the d../d,, hole pockets
vanish, but also their energy splitting decreases as has been
shown for LiFe _,Co,As [4]. This is consistent with our find-
ings.

Our results show convincingly the presence of the nematic-
ity due to the structural anisotropy and the imbalance in the
occupation of dy, and d,; orbitals of Fe. Unequal occupa-
tion of these orbitals already occurs in the high-temperature
tetragonal phase but also persists in the superconducting state
of the Eu-based 122 family. This points to the importance
of interplay of orbital, structural, and also spin degrees of
freedom in iron-based superconductors.
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