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Contribution of Fe 3d states to the Fermi level of CaFe,As,
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We present density functional theory (DFT) calculations and soft x-ray spectra (soft x-ray spectroscopy and
x-ray photoelectron spectra) measurements of single-crystal CaFe,As,. The experimental valence-band spectra
are consistent with our DFT calculations. Both theory and experiment show that the Fe 3d states dominate the
Fermi level and hybridize with Ca 3d states. The simple shape of x-ray photoelectron Fe 2p core level spec-
trum (without any satellite structure typical for correlated systems) suggests that the Fe 3d electrons are weakly

or at most moderately correlated.
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I. INTRODUCTION

Soon after finding superconductivity in the ROFeAs (R
rare earth) compounds,' the AEFe,As, (AE=Ca,Sr,Ba,Eu)
family of Fe-As superconductors with a ThCr,Si,-type te-
tragonal structure (space group I4/mmm) was discovered.>?
A structural phase transformation from a high-temperature
tetragonal phase to a low-temperature orthorhombic phase
occurs in these compounds between 140 and 170 K.>? Al-
though these materials are not superconducting at ambient
pressure, superconductivity can be achieved by doping the
AE and Fe sites>*° or by applying high pressure.” In both
cases superconductivity can only occur when the phase trans-
formation from tetragonal to orthorhombic structure can be
easily realized or when it is fully suppressed. A similar struc-
tural phase transition also appears in the ROFeAs com-
pounds and is likewise suppressed by F doping,' which
strongly links the superconductivity of doped iron arsenides
to the proximity to this structural instability of AEFe,As,
compounds and possibly to the spin-density wave
ordering.!®!2 However the phase transformation in
CaFe,As, does not have a significant effect on the density of
states. '3

The calculated electronic structures of BaFe,As, (Ref. 14)
and LaOFeAs (Ref. 15) are similar, and the bands around the
Fermi level for both compounds are mainly formed by Fe 3d
states; the difference in the valence band of both compounds
is observed only in the noniron states. In the LaOFeAs sys-
tem, As 4p states hybridize with O 2p states and separate
from the Fe 3d bands whereas in BaFe,As, the Fe 3d and
As 4p states hybridize. Similar results are found from other
density functional theory (DFT) calculations.®!#1° In this re-
spect the study of the electronic structure of CaFe,As, is of
particular interest because Ca 3d states can interact with
Fe 3d states and therefore modify the distribution of Fe 3d
states near the Fermi level. Another point of interest is the
strength of the Fe 3d electron correlations. Recently it has
been proposed that the related compound, LiFeAs,'7 is
strongly correlated with significant on-site Coulomb interac-
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tions. To contrast, earlier experimental investigations of
LaOFeAs (Ref. 18) report the same high-spin state configu-
ration of Fe, but conclude that the system is at most moder-
ately correlated. A detailed study of the electronic states in
CaFe,As, is of interest in this ongoing debate, since
CaFe,As, represents yet another subfamily of the FeAs su-
perconducting materials.

We have studied both iron and calcium resonant and non-
resonant L, 3 Xx-ray emission spectra (XES), which probe the
occupied partial Fe 3d and Ca 3d densities of states (DOS).
We compare them with x-ray photoemission spectroscopy
(XPS) valence-band measurements (which probe the total
occupied DOS) and our full potential linearized augmented
plane-wave (FP-LAPW) electronic structure calculations of
CaFe,As,.

II. EXPERIMENTAL AND CALCULATION DETAILS

Single crystals of CaFe,As, were grown out of a Sn flux
using conventional high-temperature solution growth tech-
niques in experimental conditions described in Refs. 3 and
19. Elemental Ca, Fe, and As were added to Sn in the ratio
of CaFe,As,:Sn=1:48 and placed in a 2-ml alumina cru-
cible. A second catch crucible containing silica wool was
placed on top of the growth crucible and sealed in a silica
ampoule under approximately 1/3 atmosphere pressure of ar-
gon gas. The sealed ampoule was placed in a programmable
furnace and heated to 850 °C and cooled over 36 h to
500 °C. The high quality of the CaFe,As, crystals was con-
firmed by an extensive characterization employing x-ray dif-
fraction, neutron diffraction, and thermodynamic and trans-
port techniques.!®!?

XPS measurements were obtained using a Perkin-Elmer
PHI 5600 ci Multitechnique system with monochromatized
Al Ko radiation (with a full width at half-maximum of 0.3
eV). The energy resolution of the spherical capacitor ana-
lyzer was adjusted to approximately AE=0.45 eV. The pres-
sure in the ultrahigh-vacuum chamber was in the 10! mbar
range during the measurements. The CaFe,As, crystal was
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FIG. 1. XPS survey spectrum of CaFe,As,.

cleaved in situ. The surface contamination was monitored
with O 1s and C 1s core-level spectra before and after our
measurements. In addition, the XPS survey spectrum (see
Fig. 1) demonstrates a low level of oxygen and carbon con-
tamination and therefore their negligible contribution to the
valence-band spectrum.

The resonant and nonresonant X-ray emission measure-
ments of CaFe,As, were performed at the soft x-ray fluores-
cence endstation of Beamline 8.0.1 at the Advanced Light
Source in the Lawrence Berkeley National Laboratory.? The
endstation uses a Rowland circle geometry x-ray spectrom-
eter with spherical gratings and an area sensitive multichan-
nel detector. We have measured the resonant and nonresonant
Fe L,; (3d,4s—2p transition) and nonresonant Ca L,3
(3d,4s— 2p transition) x-ray emission spectroscopy. The in-
strument resolving power (E/AE) for emission measure-
ments was 10°. All spectra were normalized to the incident
photon current using a highly transparent gold mesh in front
of the sample to measure the intensity fluctuations in the
photon beam. To identify energies for resonant emission, and
for sake of completeness, we measured Xx-ray absorption
spectroscopy (XAS) for both Fe 2p and Ca2p electrons.
XAS probes the unoccupied partial DOS (the conduction
band), but for transition metals the spectra are severely dis-
torted by the presence of the 2p core hole, and therefore
XAS spectra are not very useful for our current analyses.
XAS measurements for Fe were taken with total fluorescence
yield (TFY) and total electron yield (TEY) modes. Self-
absorption in L, ; spectra of transition metals is significant,
which suppresses features in TFY XAS. However, since we
used the XAS measurements primarily to identify resonant
energies for XES, the TFY spectra were useful as they re-
duce surface oxidation effects that can cause shifts in spec-
tral features. The instrumental resolving power (E/AE) for
absorption measurements was about 2 X 10°. The chosen ex-
citation energies for XES corresponded to the locations of
the L; and L, thresholds, an energy just above each thresh-
old, and one energy well above resonance.

All partial DOS calculations were performed within the
FP-LAPW method as implemented in the WIEN2K code.?!
For the exchange-correlation potential we used the Perdew-
Burke-Ernzerhof gradient approximation variant (GGA).?
The calculation model was non-magnetic, and spin polariza-
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FIG. 2. Summary of spectra for CaFe,As,. Left panels show the
Fe L, 5 spectra, right panels the Ca L, 3 spectra. Excitation energies
for Fe L, 3 XES are indicated by arrows in the TFY spectra in the
top left panel. Note the presence of second-order Fe L, 5 appearing
in the Ca L, 3 XES; the Fe L, 3 nonresonant XES (curve a in the left
panel) at half the normal energy scale has been replotted here in

gray.

tion was not considered. The Brillouin zone integrations
were performed with a 11X 11X 11 special k-point grid and
Ry7Kmax=7 (the product of the smallest of the atomic sphere
radii Ry and the plane-wave cutoff parameter K,,,) was
used for the expansion of the basis set. The experimentally
determined lattice parameters of the high-temperature phase
of CaFe,As, (a=3.912 A, ¢=11.667 A) (Ref. 19) were
used in our calculations. We chose the z parameter of As in
BaFe,As, (Ref. 14) as a starting approximation and per-
formed structural relaxation calculations on the As z param-
eter to minimize internal forces. The resulting coordinates of
As were (0.0, 0.0, 0.35814). Atomic sphere radii of R,
=2.5, Rg.=2.17, and Rp,=1.92 a.u. were chosen in the FP-
LAPW calculation. These were selected so that the spheres
are nearly touching. For comparison, we also performed FP-
LAPW band-structure calculations for BaFe,As, using the
manner outlined in Ref. 14.

III. RESULTS AND DISCUSSION

The measured XES, XAS, and XPS spectra are shown in
Fig. 2. The XPS Fe 2p core-level spectrum (Fig. 2, top left
panel) lacks the satellite structure typical for correlated sys-
tems (for instance for FeO) (Ref. 23) and the Fe 2ps), peak is
sharp and similar to metallic iron.>* A similar simple shape
of Fe 2p XPS is observed for LaOFeAs.? This supports the
postulate that in these FeAs-based systems the Fe 3d elec-
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trons are not strongly correlated. The Fe L, ; XES (Fig. 2,
bottom left panel) indicate two main bands located around
705 and 718 eV correspond to the Fe Ly (3d4s— 2ps, tran-
sitions) and Fe L, (3d4s— 2p,, transitions) normal-emission
lines separated by the spin-orbital splitting of Fe 2p states.
The resonant XES spectra (XES curves b, ¢, d, and e in
bottom left panel of Fig. 2) show no energy-loss features;
this indicates that Fe L, ; XES of CaFe,As, probes mainly
the partial DOS. The Fe L; XES do not show any features
that would indicate the presence of a lower Hubbard band or
a sharp quasiparticle feature that was previously predicted by
LDA+DMFT analysis,® suggesting that LDA+DMFT
might not be the correct approach to calculating the elec-
tronic structure of this system. The Ca XES (Fig. 2, bottom
right panel) shows the spin-orbital splitting of Ca 2p states.
Unfortunately, the Ca XES is distorted significantly by the
second-order XES from Fe L, ;. The small spin-orbit split-
ting and low fluorescent yield (notice that the Ca L, ; XES
has more noise than the Fe L, ; XES) of Ca combined with
the distortion of the second-order Fe emission complicates
the analysis of these spectra.

The nonresonant Fe L, ; XES of LaOFeAs and CaFe,As,
have almost identical ratios in the integral intensity of the L,
and L, peaks [the I(L,)/I(L;) ratio]. For free atoms the rela-
tive intensity ratio of L, and L3 XES lines is determined only
by the statistical population of 2p;, and 2ps, levels and
therefore should be equal to % In metals the radiationless
L,L3M, s Coster-Kronig (C-K) transitions strongly reduce
the I(L,)/I(L;) ratio?” and therefore the 1(L,)/I(L5) ratio is a
measure for the metallicity of transition-metal compounds.?
The intensity ratios shown in Fig. 3 for LaOFeAs and
CaFe,As, are closer those of metallic Fe than those of the
strongly correlated FeO. This further supports our conclusion
that the Fe 3d states in FeAs systems are weakly or at most
moderately correlated.

To assist in the interpretation of the experimental data,
GGA calculations were performed. The calculated electronic
structure of CaFe,As, and BaFe,As, are shown in Fig. 4.
The As 4s states are concentrated at the bottom of the va-
lence band (~—11.2 eV). The As 4p-like band shows a two-
peak structure (at ~—5.2 and —=3.3 €V) and the upper band is
a mixture of Fe 3d and Ca 3d states or Ba 5d states. The top
of the valence band (-1-0 eV) is formed by Fe 3d and
Ca 3d states or Ba 5d states with the main spectral weight
centered at —0.48 eV. Fe 3d states dominate at the Fermi
level, similar to the situation for the Fermi level of
LaOFeAs.!>230 The Fe 3d states hybridize with As4p
states located around —4—3 eV below the Fermi level. Note
that the position and shape of Fe 3d DOS are nearly identical
for both compounds and are not altered when Ca replaces
Ba. The Ca 3d states or Ba 5d states have only a minor con-
tribution (~5%) to the DOS near the Fermi level and are
strongly mixed with the Fe 3d states and As 4p states. The
Fe and Ca 4s states and Ba 6s states have negligible contri-
bution to the valence DOS. From the band-structure calcula-
tions of CaFe,As, and the comparison with those for
LaOFeAs we conclude that the FeAs layer in both systems
determines the main features of their energy bands. In both
cases the Fe 3d states provide the main contribution to the
DOS near the Fermi level.
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FIG. 3. Fe L, ; XES spectra and comparison of the I1(L,)/1(L3)
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FIG. 5. Comparison of calculated DOS and measured spectra.
(a) XPS VB spectra and total DOS (light gray, proportional to
[states/eV/unit cell]), the As 4s, 4p DOS (dark gray, proportional to
[states/eV/atom]). (b) Fe L3 peak of L, 5 spectra, Fe 3d DOS, best-
fit curve, and the four pseudo-Voigt components contributing to the
best-fit curve. (c) Ca L; peak of L, 3 spectra, Ca 3d DOS, best-fit
curve, and the three pseudo-Voigt components contributing to the
best-fit curve. The insets on (b) and (¢) show the normalized fit
parameter F” (note that the “worst” fit has a normalized F” of 1.0,
for 1 component in Fe this is off the scale of the plot) for fits with
different numbers of pseudo-Voigt components. The estimated
Fermi level is indicated in each plot.

The XPS valence-band (VB) measurements of CaFe,As,
show four distinct sub-bands located at ~—11.9, =5.1, 3.4,
and —0.4 eV. The binding energies of these subbands are in
excellent agreement with the calculated partial DOS (Fig.
5(a)). We also note that the XPS VB of CaFe,As, is in agree-
ment with photoemission measurements of LaFeAsO,,F, (x
=0,0.06).>> Neglecting small differences due to the contri-
bution of O 2p states in LaFeAsO;,F,, the overall picture of
the XPS VB near the Fermi level is very similar for both
compounds and mainly determined by Fe 3d states.

The L, ; XES spectra were analyzed by curve fitting for
both Ca and Fe. Since the L, XES peak is the same shape as
the Ly XES but with poorer statistics, only the L; XES peak
was fitted. Least-squares fitting was applied to a superposi-
tion of pseudo-Voigt functions (of the form listed in Eq. (1)).

fv=Alnfe+ (1 -n)f]
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Each L; XES spectra was fitted with a number of pseudo-
Voigt functions. The mixing-factor » was consistent for each
pseudo-Voigt function in the fit. In addition to 7, each com-
ponent had the position w;, Lorentzian broadening I';, and
peak amplitude A; determined by least-squares fitting. The
Gaussian broadening, o, was fixed at the instrumental energy
resolution—that is, the peak center w; divided by the resolv-
ing power E/AE. The number of pseudo-Voigt components
for each spectra was varied from one to seven. The fit quality
parameter F"'=\2 [ fia(*)—fr(x)]* was used to choose the
“simplest, best” fit—the minimum number of components
which produce a consistent F” (see insets in Figs. 5(a) and
5(b)). In short; we fitted n pseudo-Voigt components to the
L; XES spectrum (for 1 =n=7) and examined the F” param-
eter to find the fewest number of components that produced
a good fit. We should point out that the fits were fairly in-
sensitive to the guesses for the initial positions w; (for ex-
ample, any location between about 700 and 707 eV for Fe L;
XES is a reasonable initial position) and extremely insensi-
tive to the guesses for the initial values of the remaining
parameters (7, A;, and I';). Only the number of pseudo-Voigt
functions chosen had a strong effect on the quality of the fit,
so the position and shape of the components is relatively free
of bias. For fitting the Fe L; XES spectrum four or more
components produced fits with F” values that were equal
within 10%, whereas the F” for three components was
~25% greater than the F” for four components. For fitting
the Ca L; XES spectrum three or more components produced
fits with F” values that were equal within 10%, whereas the
F" for two components was ~26% greater than the F” for
three components. This suggests that the Fe and Ca L; XES
spectra are composed of at least four and three bands, respec-
tively. The results from fitting are summarized in Table I.
The pseudo-Voigt components for the Fe Ly XES (see Fig.
5(b)) have roughly the same position and proportional am-
plitude as the main energy-separated features in the Fe 3d
DOS. The agreement between the calculated Fe 3d DOS and
the measured Fe L; XES further supports the conclusion that
the valence band of CaFe,As, is dominated by weakly cor-
related 3d Fe electrons. The pseudo-Voigt components for
the Ca L; XES (see Fig. 5(c)) do not agree as well with the
calculated Ca 3d DOS as did Fe. However, the effect of core-
hole broadening increases as the square of the distance from
the top of the valence band,?' the Ca XES is of generally
lower-quality compared to that of Fe, and the narrow spin-
orbit separation in Ca provides a very small pre-edge region
(essential in determining the correct spectral background for
curve fitting). It is therefore not unexpected we could not
resolve postedge features clearly. The poor quality of the
Ca L; XES spectra and the almost overwhelming influence
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TABLE 1. Fit results for the four pseudo-Voigt peaks for fitting the Fe Ly XES and three pseudo-Voigt
peaks for fitting the Ca L; XES. Note there is only one mixing-factor 7 for all Fe components and one for all

Ca components.

Fe, Fe, Fe; Fey Cay Ca, Caj
i 0.50 0.02
A; 2.39 1.09 0.64 0.18 0.73 0.74 3.03
i V) 705.4 703.98 702.5 700.6 345.6 344.8 3422
I (eV) 3.60 15.97 4.83 3.71 0.91 1.78 6.17

of second-order Fe L; XES indicate that Ca 3d electrons
contribute far less to the valence-band DOS than Fe 3d elec-
trons.

The Fermi levels for the Ca and Fe L; XES spectra in Fig.
5 were estimated by aligning the calculated DOS with the
fitted pseudo-Voigt components, so the agreement between
DOS and the first pseudo-Voigt component is manufactured.
Other methods of estimating the Fermi level in XES spectra
involve using the peak of the second derivative in the XES,*
or the metal 2p binding energy from XPS data.’®* For the
Fe L; XES spectrum the Fermi level is estimated at 706.0,
706.8, and 706.9 eV by aligning DOS and fit components,
using the binding energy of Fe 2p XPS, and using the peak
in the second derivative of the Fe Ly XES spectra, respec-
tively. For the Ca L5 spectrum the Fermi level is estimated at
346.4, 346.3, and 346.3 eV by aligning DOS and fit compo-
nents, using the binding energy of Ca2p XPS, using the
peak in the second derivative of the Ca L; XES. The agree-
ment in estimated Fermi levels for the Fe L; XES is not as
good as that for the Ca L; XES. However, the occupancy of
the Fe 3d states suffer a more abrupt cut-off at the Fermi
level than the Ca 3d states. This suggests that the Fe Ly XES
potion at higher energies than the main peak at 705.4 eV is
due only to spectral broadening. It is therefore not unex-
pected that the XPS 2p binding energy and XES second-
derivative estimates of the Fermi level are greater than the
curve-fit alignment Fermi level estimate by a shift in roughly
the instrumental broadening.

To summarize, we have performed a combined theoretical
and experimental study of the electronic structure of
CaFe,As,. Band structure calculations, experimental
valence-band spectra, and core-level spectra show that the
Fe 3d states dominate at the Fermi level and are very similar
to those of LaOFeAs. While the Ca 3d states are completely
hybridized with the Fe 3d states, the main spectral weight of
Ca 3d states is at —=0.48 eV below the Fermi level and there
is only a minimal contribution (~5% of total states) at the
Fermi level. From our experimental and theoretical evidence,
we conclude that the Fe 3d states are weakly or at most
moderately correlated.
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