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Spectroscopic evidence of the existence of substantial Ca 3d derived states at the Fermi level
in the Ca-intercalated graphite superconductor CaCg
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We have performed soft x-ray photoemission studies of Ca-intercalated graphite superconductor CaCg
(T,=11.2 K). The valence-band spectrum shows six main structures, with a peak at the Fermi level (Ef),
which correspond to those of calculated DOS. The intensity of the Er peak is resonantly enhanced at the
Ca 2p-3d threshold, providing spectroscopic evidence for the existence of Ca 3d electrons at Eg, which is
confirmed experimentally for the first time. The Ca 2p core-level spectrum has a very large asymmetric line
shape, which is further possible suggestion of the existence of Ca 3d derived conduction electrons at Ca sites.
These results strongly support the picture where Ca 3d derived interlayer band plays a crucial role for the
superconductivity of this material with relatively high 7.
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I. INTRODUCTION

Graphite intercalation compounds (GICs) are made by the
insertion of atomic or molecular layers between graphene
sheets and the insertion provides the variation of many prop-
erties. Alkali-metal GICs (AGICs) show two-dimensional
high conductivity that can be easily controlled by changing
number of intercalated metal layers, through charge transfer
from s band of intercalated alkali-metal atoms to C2p
band residing on the graphene layers, and some of them ex-
hibit superconductivity. The interests in low-dimensional
systems have lead to numbers of studies for the electronic
structure and electric properties of GICs.!= Since the discov-
ery of AGIC superconductor CgK, several superconducting
GICs have been reported. However, their superconducting
transition temperatures (7,’s) are generally low (<2 K).%7
Therefore, the discovery of a new GIC superconductor CaCyg
exhibiting T, of as high as 11.5 K,® which is twice of that of
C,Na (=5 K),” the highest T, before the discovery of CaCg,
has provoked much attention. This, together with a sugges-
tion of exotic mechanism of superconductivity,'® leads to
numbers of experimental''~!3 and theoretical'*~'® studies to
explore the origin of such a high 7, of CaCs.

In nonsuperconducting AGICs, it is considered that the
intercalated alkali metals give all the s electrons to the
graphene layers, and the density of states (DOS) at the Fermi
level (Eg) has only a C 2p character.>*!? In contrast, in su-
perconducting AGICs, the intercalated alkali metals are in-
completely ionized and, therefore, DOS at Ey is composed of
both s band derived from alkali metal and 7 band derived
from graphite.>* For CaCg, the theoretical studies suggest
that CaCg has an interlayer band near Ey, which has a Ca 3d
character.'*!® Since previous superconducting AGICs do not
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possess d states at Ef, the Ca 3d states at E are unique and
therefore important to realize such a high 7, as has been
discussed.'® Very recently, angular-resolved photoemission
study showed the interlayer band induced by Ca intercalation
and its relation to superconductivity.!3> However, orbital char-
acter of states at Ep of CaCy remains experimentally not to
be elucidated. Therefore, it is important to perform further
photoemission spectroscopy in order to demonstrate Ca 3d
states at Er in CaCsg,.

In this paper, we report soft x-ray photoemission spectros-
copy (SXPES) of a Ca-intercalated graphite superconductor
CaCg (=11.2 K) in order to experimentally elucidate Ca 3d
states at Er. A valence-band spectrum has, besides several
structures that can be related to those of graphite, a sharp
peak at Ep. A comparison with band calculations indicates
that the sharp peak at Eg consists of C 2p states strongly
hybridized with Ca 3d states. A Ca 2p core-level spectrum of
CaCy4 shows a very asymmetric spectral shape, possibly sug-
gesting existence of Ca 3d derived states at Eg. Moreover,
resonant photoemission spectroscopy (RPES) shows that the
intensity of the states at Ey is resonantly enhanced at the
Ca 2p-3d threshold, providing direct spectroscopic evidence
for the existence of Ca 3d electrons at Ey, which play a cru-
cial role for the superconductivity. We also discuss differ-
ences and similarities in electronic structure at Eyr between
CaCg and other GICs, which may shed light on the origin of
higher T, of CaCs.

II. EXPERIMENTAL

CaCgy samples were prepared by reacting highly oriented
pyrolytic graphite (HOPG) with a molten Li-Ca alloy at
350 °C for several hours.?’ T, of 11.2 K was confirmed as an

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.035420

OKAZAKI et al.

onset of temperature-dependent magnetization measure-
ments. Because of easy deterioration of CaCy by exposure to
the air, the sample was glued to a sample holder under argon
atmosphere. The sample was transferred to measurement
chamber under the same condition. For comparison, we also
measured HOPG.

The SXPES spectra of valence band and core level were
measured using a photon energy of 1100 eV at BL25SU of
SPring-8 with a Scienta SES200 electron analyzer. The en-
ergy resolution was set to be ~100 meV to obtain a reason-
able count rate. Resonant photoemission spectroscopy was
also performed at BL25SU of SPring-8 and the energy reso-
Iution was set to be 70 meV. The sample was cooled using a
He-cycled cryostat down to 20 K. Clean surfaces for PES
measurements were obtained by cleaving the sample under
5% 107% Pa. E of the sample was referenced to that of a Au
film which was measured frequently during the experiments.

Band-structure calculations for CaCgy are performed by the
first-principles full-potential linearized augmented plane-
wave method within the local-density approximation. Meth-

odological details follow those used in the previous
calculation.?! The result is consistent with previous
studies.!4-13

III. RESULTS AND DISCUSSION

Figure 1 shows valence-band SXPES spectra of CaCq and
HOPG measured with 1100 eV photon energy, together with
calculated DOS of CaCq. In our SXPES spectrum of CaCg,
we find six structures denoted with A-F. Note that an in-
crease in intensity on the higher binding-energy side of struc-
ture F is due to the shallow core level of Ca 3p at 26 eV. We
compared the SXPES spectrum of CaCy with the calculated
total and partial DOS, which are energy expanded by 10% to
fit the total band (light green) width below Ep to that of the
SXPES spectrum. This empirically determined band expan-
sion implies the introduction of self energy whose real part
has linear energy dependence from Eg. As indicated with the
vertical solid lines, the observed six structures correspond to
structures in the calculated DOS, where the structures E and
F are constructed by partial DOS (PDOS) mainly derived
from C 2s, the structures B and C are dominated by those
derived from C 2p, and the structure D consists of those
derived from both C 2s and C 2p (the structure A will be
discussed later). In comparison with the spectrum of HOPG
in Fig. 1, it is found that the structures B-F can be related to
those of HOPG (as shown with broken lines), although en-
ergy separation between structures B and C of CaCgq is
smaller than that of corresponding structures at 3 and 8 eV in
HOPG.?? This means that the electronic structure of CaCg is
not obtained by a simple rigid-band shift of the electronic
structure of graphite. (One could explain that the energy
separation between the top of 7 band and the bottom of the
o band in graphite is smaller due to intercalation in CaCg,
see Fig. 1 in Ref. 16.)

As a result of Ca intercalation, a new pronounced struc-
ture labeled by A appears near Er and no corresponding
structure is seen in HOPG spectrum. This is clearly different
from very small intensity at Er observed for a nonsupercon-
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FIG. 1. (Color online) Valence-band SXPES spectra from CaCg
(red/gray circles) and HOPG (blue/dark gray circles) using 1100 eV,
together with calculated DOS. Green line is total DOS. Broken lines
are partial DOS from C 2s (orange/light gray) and C 2p (blue/dark
gray). Thin lines are partial DOS from Ca 4s (sky blue/light gray)
and Ca 3d (red/gray).

ducting AGIC, LiCg, for which the experimental results show
that the Li 25 band is unoccupied.”>!? In contrast, for super-
conducting AGICs (KCg, RbCg, CsCy), similar enhancement
of DOS near Ey are observed and it is concluded that the
conduction band is mainly due to s states of the
intercalant.>~* For CaCg, the calculated DOS in Fig. 1 shows
that the electronic structure near Eg, which is important for
superconductivity, consists of PDOS derived from C 2p and
Ca 3d with negligible contributions of Ca 4s and C 2s (the
calculated PDOS ratio at Ep of C2p:Ca3d:Cads:C 2s
=125:45:5:2).

To more directly evince the existence of substantial Ca 3d
states at Eg, we have performed RPES using a Ca 2p5,, ab-
sorption edge. Figure 2(a) shows the Ca 2p;, (L3) absorption
spectrum of CaCgy. The absorption spectrum displays the lo-
cal unoccupied Ca 4s and 3d states due to the dipole selec-
tion rules of the x-ray absorption process. The Ca 2ps;, (L)
absorption spectrum is composed of a peak at photon energy
348.6 eV with an additional weak structure at the onset. The
multiple structures are similar to the 2p-3d absorption spec-
trum of Ca metal,? indicating that the Ca 2p5;, absorption
spectrum of CaCg dominantly comes from the Ca 2p-3d ab-
sorption. Thus, by RPES using the photon energy at the
Ca 2ps,, absorption edge, states with a Ca 3d character
should be enhanced. In Fig. 2(b), we show valence-band
spectra of a near Ep region measured with photon energies
around the Ca 2p5,, absorption edge. Here the labels on the
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FIG. 2. RPES using the Ca 2ps,, (L3) absorption edge. (a) The
Ca 2ps,, absorption edge of CaCg. The labels on the spectra (1-6)
correspond to photon energies for photoemission. (b) Valence band
spectra of CaCq measured using photon energies near Ca 2p;), ab-
sorption edge. The arrows indicate the Auger transition.

spectra (1-6) correspond to photon energies indicated in Fig.
2(a). Note that a new peak of curves 3—6, which is denoted
with an arrow on Fig. 2(b), is characterized by an Auger
signal, evidenced from a photon energy dependent change in
its energy position. It is clearly seen that the RPES intensity
is appreciably enhanced in the close vicinity of Ep for the
on-resonant spectrum (curve 4) and exhibits the resonant be-
havior. As the photon energy is increased from 1 to 4, the
near Ey peak intensity increases, reaching its maximum at
the photon energy of the absorption maximum (curve 4).
Then, it decreases at higher photon energies (curves 5 and 6).
This result means that Ca 3d states do exist at Eg, as sug-
gested from the band calculation and a spectral analysis of
Ca core-level discussed later. Existence of Ca 3d states at Eg
is consistent with specific-heat measurements showing that
the electronic contribution of specific heat y of CaCq (Ref.
10) is ten times greater than that of the superconducting
AGICs. >

In Fig. 3, we show core-level spectra of C 1s and Ca 2p
of CaCy as well as that of C 1s of HOPG. The C 1s spectrum
of CaCg shows a main peak at 284.9 eV with a tail to a
higher binding-energy side (around 287 eV) and a small peak
at 283.2 eV. The tail and the small peak in CaCgy are surface
components, as their intensities relative to that of the main
peak were increased in more surface sensitive SXPES using
500 eV photon energy (not shown). In the binding-energy
region of the tail structure, there are components due to ad-
sorbed C-O contaminations.”> A lower binding-energy struc-
ture compared to a C 1s main peak was reported in C ls
spectrum of Al evaporated onto a graphite surface.”® Thus we
speculate that the small peak may be due to remaining Li- or
Ca-graphite compounds on the surface. The main peak posi-
tion of CaCq (284.9 €V) is higher than that of HOPG (284.5
eV) where the energy shift is nearly the same as that of
structures D-F in their valence band and may be explained
by the increase in chemical potential. The C ls main peak
spectral shape of CaCy is broader and more asymmetric than
that of HOPG. For the Ca 2p peak, the spectrum show an
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FIG. 3. (Color online) Core-level SXPES spectra of (a) C 1s of
CaC¢ and HOPG as well as (b) Ca2p of CaCq. Circles are the
experimental data, blue/dark gray thick lines are the fitting results,
green/light green thin lines are the components used for the fittings,
and black broken lines are background.

asymmetric spin-orbit doublet peak at 349.7 eV (Ca2p,,,)
and 346.1 eV (Ca2p;,) with several weaker structures
around 348.5, 353, and 355.5 eV. The weaker structures can
be assigned as plasmon peaks since their relative energy
separation of ~3 eV from the main peaks are close to the
calculated value. We also compared Ca2p of CaCq with
those of calcium metal and other calcium compounds?’ and
found that binding energy of Ca2ps, (Eg=346.1 eV) of
CaCg is closer to that of calcium metal (Eg=345.9 eV) than
that of ionic compounds such as CaO (Eg=347.1 eV).

In order to prove the charge transfer and the existence of
substantial Ca 3d PDOS at E, we have tried curve fittings
using an asymmetric function (Doniach-Sunjic function) for
main peaks and Voigt functions for other structures. It is
known that such an asymmetric core-level spectral shape can
be explained by Mahan-Noziéres-De Dominicis effect,?®%
which comes from a core-hole screening by the conduction
electrons and is thus more evident for metallic samples. Sin-
gularity index a shows a degree of asymmetry in a core-level
spectrum due to this effect and the value depends on the
numbers of conduction electrons as well as the type of or-
bital concerned. Here we obtained singularity indices of 0.39
for Ca2p, 0.25 for C 1s of CaCg, and 0.05 for C 1s of
HOPG.3* The singularity indices of Ca 2p and C s in CaC,
imply that there are PDOS at Ey from each atom. For the
C 1s spectra, the singularity index increases from 0.05
(HOPG) to 0.25 (CaCg4) when Ca is intercalated into graph-
ite. This consistently explains the experimental observations
which are the nearly symmetric line shape of semi-metallic
HOPG having a zero DOS at Ep and the asymmetric line
shape of metallic CaCg4 having a DOS peak at Ey. This means
that, upon Ca intercalation, the number of conduction elec-
trons screening the core holes increases due to buildup of
C-derived DOS at Ef, which is induced by the charge trans-
fer from Ca to graphene layers. From the comparison of
singularity indices of Ca and C, we found that the singularity
index of Ca 2p is larger than that of C 1s in spite of smaller
PDOS at Ep of Ca3d than C 2p. In Ca metal, numerical
self-consistent field calculations predict that the conduction
electrons derived from Ca 3d electrons can make singularity
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index large and indeed give a singularity index of Ca in Ca
metal (@=0.35) (Ref. 31) similar to that in CaCg. This effect
may overcome the smaller PDOS of Ca 3d at Ef than that of
C 2p. In contrast, singularity indices of sodium, magnesium,
and aluminum (an,=0.15-0.2, ay,=0.13-0.15, and ay,
=0.10-0.16) (Ref. 31) without d-derived PDOS at Ep are
almost half as large as that of Ca in CaCg. If Ca in CaCg4 has
only conduction 4s electrons, it is expected that the singular-
ity index of Ca 2p is almost the same as above simple met-
als. These results support that there might be Ca 3d-derived
PDOS at Eg in CaCsg.

Here a comparison with other GICs is essential to clarify
the similarity and difference in their electronic structures. As
mentioned above, electronic structure of nonsuperconducting
GICs is known to be described with simple rigid-band shift
of graphite. Intercalated atoms are fully ionized to give elec-
trons to graphite layers. Thus, DOS at Ef are derived from
C 2p orbitals. These are different from those of CaCq. In the
superconducting AGICs (CgK, CgRb, and CgCs), near Ef
electronic structure is derived from C 2p and alkali-metal s
electrons, indicating incomplete ionization of alkali
metals.”* Incomplete ionization of intercalated atoms and
both the C atom and intercalated atom derived states at Eg
are the same as CaCy. However, we come to understand a
crucial difference between CaCy and the traditional super-
conducting AGICs; CaCgq has PDOS at Ef due to Ca 3d elec-
trons while the traditional AGICs have no conduction d elec-
trons. Recently, it was reported that YbCgy has a T, of 6.5 K
(Ref. 8) and ARPES observed that Yb-GIC has 5d-derived
PDOS at Eg but without confirming its composition and
superconductivity.’ Thus, in terms of electronic structure,
CaCg4 and YbCg can be classified as a type of GICs, where d
electrons play an important role for the conducting properties
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including superconductivity at relatively high 7. This is con-
sistent with the recent theoretical studies by Zhang et al.'®
suggesting that increase in d electrons leads to enhanced 7.

IV. CONCLUSIONS

We have performed high-resolution soft x-ray photoemis-
sion spectroscopy on a graphite-intercalation superconductor
CaCq in order to study the electronic structure. From the
valence-band spectra, we found that valence band of CaCg is
closely related to the calculated DOS of CaCgq that predicts
Ca 3d-derived DOS at Ep but different from a rigid-band
shift of the electronic structure of graphite. We observed the
asymmetric spectral shape of core levels (Ca 2p and C ls),
maybe suggesting that Ca 3d-derived states are located at Ex.
A more direct spectroscopic evidence of Ca 3d character of
states at Er was provided from resonant photoemission spec-
troscopy using the Ca 2ps,, absorption edge. The existence
of Ca 3d-derived states at Er is unique to CaCg, suggesting
close correlation with its relatively high 7... New GIC super-
conductors having a T, higher than that of CaCq may be
realized among transition-metal GICs.
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