aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Electronic structure and polar catastrophe at the surface of
Li {x}CoO_{2} studied by angle-resolved photoemission

spectroscopy
Y. Okamoto, R. Matsumoto, T. Yagihara, C. Iwai, K. Miyoshi, J. Takeuchi, K. Horiba, M.
Kobayashi, K. Ono, H. Kumigashira, N. L. Saini, and T. Mizokawa
Phys. Rev. B 96, 125147 — Published 25 September 2017
DOI: 10.1103/PhysRevB.96.125147


http://dx.doi.org/10.1103/PhysRevB.96.125147

APS/123-QED

Electronic structure and polar catastrophe at surface of Li,CoQO,

studied by angle-resolved photoemission spectroscopy

Y. Okamoto,! R. Matsumoto,' T. Yagihara,'! C. Iwai,? K. Miyoshi,? J. Takeuchi,? K.
Horiba,> M. Kobayashi,®> K. Ono,> H. Kumigashira,® N. L. Saini,* and T. Mizokawa!

I Department of Applied Physics, Waseda University, Shinjuku, Tokyo 169-8555, Japan
?Department of Material Science, Shimane University, Matsue 690-8504, Japan
SInstitute of Materials Structure Science,

High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Japan
4 Department of Physics, University of Roma ”La
Sapienza” Piazzale Aldo Moro 2, 00185 Roma, Italy
(Dated: August 2, 2017)

Abstract

We report an angle-resolved photoemission spectroscopy (ARPES) study of Li, CoOg single crys-
tals which have a hole-doped CoO; triangular lattice. Similar to Na,CoOs, the Co 3d a;, band
crosses the Fermi level with strongly renormalized band dispersion while the Co 3d e; bands are
fully occupied in Li,CoOy (x=0.46 and 0.71). At x=0.46, the Fermi surface area is consistent
with the bulk hole concentration indicating that the ARPES result represents the bulk electronic
structure. On the other hand, at x=0.71, the Fermi surface area is larger than the expectation
which can be associated to the inhomogeneous distribution of Li reported in the previous scanning
tunneling microscopy study by Iwaya et al. [Phys. Rev. Lett. 111, 126104 (2013)]. However,
the Co 3d peak is systematically shifted towards the Fermi level with hole doping excluding phase
separation between hole rich and hole poor regions in the bulk. Therefore, the deviation of the
Fermi surface area at £=0.71 can be attributed to hole redistribution at the surface avoiding polar
catastrophe. The bulk Fermi surface of Co 3d a1, is very robust around 2=0.5 even in the topmost

Co0Os layer due to the absence of the polar catastrophe.

PACS numbers: 71.28.+d, 79.60.-1, 73.20.At



I. INTRODUCTION

Li,CoOy has been widely used as an electrode material in commercial Li ion batteries
[1-4]. Li,CoO, has the layered a-NaFeO, structure (space group R3m) in which the CoO,
layers and the Li layers are alternatingly stacked along the ¢ axis. [5] In the CoOs layer,
the CoOg octahedra share their edges and form the two-dimensional Co triangular lattice as
shown in Fig. 1(a). While the Li ions occupy the octahedral sites between the CoOs layers in
Li,Co0Os, the well studied Na,CoO, has a similar structure with different staking sequence
in which the Na ions are in the prismatic sites between the CoO, layers. The electronic
structure of Na,CoO, has been intensively investigated in order to understand the origins
of the good thermoelectric properties, [6] the superconductivity in the hydrated compound
Nag35C005:1.3H50 below T, ~ 5K, [7] and the interesting low temperature phase diagram
as a function of z. [8-10] X-ray absorption spectroscopy (XAS) studies on Na,CoOq and
related systems [11-13] have established that both Co®" and Co** have the low-spin #§, and
tgg configurations, respectively, with the trigonal ligand field splitting of triply degenerate
tyg into the aj, and doubly degenerate e) states [Fig. 1(b)]. The ARPES studies [14-22)]
revealed that the doped holes are accommodated by the a;, band and that the circular
hole pocket is formed around the I' point. The a;, band is strongly renormalized with
large effective mass, and Geck et al. have assigned the strong band renormalization to the
inter-orbital Coulomb interactions and magnetic correlations. [18]

Compared to Na,CoOy, number of electronic structural studies on Li,CoOy is rather
small due to the difficulty of growing single crystals. LiCoOs is a nonmagnetic insulator
with Co®* low-spin state (¢5,). [23-26] By removing the Li ions using an electrochemical
reaction, Li,CoO, exhibits an insulator-to-metal transition at around x=0.95 by hole doping
in the t5, band. [27, 28] Single crystals of Li,CoO, were successfully synthesized by Miyoshi
et al. [29, 30] and their electronic structure has been studied by photoemission spectroscopy,
[31] x-ray absorption spectroscopy, [32] and hard x-ray absorption and emission spectroscopy.
[33] In particular, the x-ray absorption study has revealed that the a;, band with strong
mixture of O 2p accommodates the doped holes and that the O 2p hole plays an important
role for the Li-ion motion in Li,CoO,. [32]

It has recently found that surface of Li,CoO, exhibits micro-scale inhomogeneous distri-

bution of insulating and metallic regions by means of scanning tunneling microscopy (STM).



[34] In addition, the STM study revealed that a small fraction of the cleaved surface is cov-
ered by Li and the subsurface CoO, layer is insulating. On the other hand, most of the
imaged surface is the metallic CoO5 layer with hole concentration larger than the bulk hole
concentration. [34] If the Li* ions are homogeneously distributed in the bulk and the crystal
is cleaved at the Li layer, half of the Li ions remain at the cleaved surface in a homogenous
or inhomogeneous manner as illustrated in Fig. 1(c) or 1(d). In this context, an interesting
question is whether the surface CoO, layer of Li,CoOy has a Fermi surface similar to that
reported in Na,CoOs or not. It is highly interesting to study the bulk and surface electronic
structure of Li,CoO, with strong inhomogeniety and to compare it to that of Na,CoO,. In
the present work, in order to reveal the electronic structure of Li,CoO, in the momentum
space, we have performed ARPES of single crystals. At x=0.46, the area of the a;, Fermi
surface is consistent with the bulk hole concentration and the effect of inhomogeniety is
limited. On the other hand, at x=0.71, the Fermi surface area is larger than the expectation
indicating the inhomogeneous distribution of Li and the surface charge redistribution for

avoiding polar catastrophe.

II. EXPERIMENT

Single crystals of Li,CoOs with £=0.71, 0.46, and 0.25 were prepared as reported by
Miyoshi et al. [29, 30] The ARPES measurements were performed at beamline 28A of Photon
Factory, KEK using a SCIENTA SES-2002 electron analyzer with circularly polarized light.
The total energy resolution was set to 25-30 meV for the excitation energies from hr = 60
eV to hv = 70 eV. The angular resolution was set to ~ 0.2° that gives the momentum
resolution of 0.014 A=! for hv = 70 eV. The base pressure of the spectrometer was in the
1072 Pa range. The single crystals were cleaved in situ in order to obtain clean surfaces at
20 K. The ARPES spectra were acquired at 20 K within 12 hours after the cleaving. The

Fermi level was determined using the Fermi edge of clean gold reference samples.

III. RESULTS AND DISCUSSION

Figure 2 exhibits a Fermi surface map for x=0.46 taken at hv = 70 eV. The Fermi surface

map is obtained by plotting ARPES intensity integrated within £5 meV from the Fermi



level (E'r) as a function of in-plane wave numbers k, and k,. The out-of-plane wave number
k. is approximately given by 4.37 A=! (~ 6.5x7/c) for hv = 70 eV. A Fermi surface centered
at the I' point is clearly observed. The band maps indicate that the Fermi surface is created
by the hole-like band with very small band dispersion near Er. Such a hole-like Fermi
surface was reported in Na,CoOy which has extensively been studied by APRES [14-19).
In the ARPES studies on Na,CoOs, the hole-like band at Er was assigned to the Co 3d
a14 orbital with strong mixture of O 2p. Considering the similarity between Na,CoO, and
Li;CoOs,, it is reasonable to assign the hole-like Fermi surface in Li;CoOs to the Co 3d ay,
orbital. The Fermi surface area is estimated by extrapolating the observed Fermi surface
considering the six-fold symmetry of Li,CoOs crystal. The extrapolated Fermi surface is
almost circular and can be fitted to a circle with radius of 0.71 £ 0.03 A~!. Since the
observed Fermi surface is hexagonally distorted from an ideal circle, the upper limit of the
radius is set to cover the Fermi surface while the circle with the radius in the lower limit
is included in the Fermi surface. The Fermi surface area is estimated to be ~ 1.58 £+ 0.15
A2, Assuming that the Fermi surface does not depend on the out-of-plane wave number k.,
the estimated area is consistent with the area expected from the Li content (1.55 A=) that
is obtained by multiplying the first Brillouin zone area by (1-z)/2. Indeed, Fermi surface
areas observed at photon energies of 60 eV and 150 eV are similar to that obtained at 70 eV
supporting the assumption. This agreement with the theoretical estimation indicates that
the hole concentration of the surface CoO, layer is very close to the bulk hole concentration.

Under the trigonal ligand field, the Co 3d ty, orbitals are split into the e and a4 orbitals,
and the a;, orbital is located at Er and accommodates the holes in Li,CoO,. The Co 3d
e, orbitals and the O 2p orbitals are fully occupied by electrons and form the valence band.
The Fermi velocity of the Co 3d a;, Fermi surface is estimated to be ~ 0.46 eVA. Since
the bare Fermi velocity of the ay, is calculated to be ~ 2 eV A for x=0.46, [31, 35, 36] the
renormalization factor is ~ 4. In addition to the Co 3d a;, band near Er, another dispersive
band is observed in the energy range from -0.3 eV to -0.8 eV and can be assigned to the Co
3d e;, orbital. The energy width of the observed e band dispersion (from -0.8 eV to -0.3 eV
for 0.2 A=' to 0.7 A= along the I-M direction) approximately agrees with the calculated
result for Nag5CoOy without band renormalization (-1.0 eV to -0.5 eV for 0.2 A1 t0 0.7
A=1) [36] in contrast to the strong renormalization of the a;, band.

If the topmost CoO, layer has the same hole concentration as the bulk, the stacking



of [CoOy]7%¢ layer and [Lig 4] ™0 layer should have polar catastrophe. In order to avoid
the catastrophe, the hole concentration of the topmost layer may increase to [CoO4] 7023,
inconsistent with the present ARPES result. However, when single crystals are cleaved at
the Li layer, it is natural to assume that half of the Li* ions remain on the measured surface
while the other half of the Li* ions are on the other side of cleaved surface. If the Li* ions
are homogeneously distributed on the surface, the top most layer is [Lig 23] ™% followed by
the stacking of [CoOq] 7046 layer and [Lig46) "¢ layer as illustrated in Fig. 1(c). In such
case, the polar catastrophe can be avoided and the surface CoO, layer has the same hole
concentration as the bulk.

If half of Li* ions remain at cleaved surface of LizCoQs,, polar catastrophe can be avoided
without changing hole concentration of CoO, layers near the surface. For example, in
LiCoOg, the surface [Lig 5] layer followed by stacking of [CoOq]™ and [Li]Tlayers does not
have polar catastrophe. In the STM study by Iwaya et al. for £=0.66, a small fraction of
the cleaved surface was covered by Li with insulating subsurface CoO, layer while the other
part was not covered by Li with metallic CoOs layer. [34] Assuming that the topmost Li and
Co0Os layers are modified from the bulk, their total charge should be -0.33. It is reasonable
that the subsurface CoO, layer is insulating with [CoOg]~ when it is covered by [Lig 6] ™-%.
Also the surface CoO, layer has higher hole concentration with [CoO,] 7?33 when it is not
covered. If the surface of Lij46C00O5 is covered by Li with inhomogeneous distribution just
like =0.66, half of the surface would be covered by [Lio,5]+0'5 and the underlying CoO,
layer would be undoped and insulating. On the other hand, the other half of the surface is
not covered by Li, and the topmost CoOs layer should be metallic with hole concentration
higher than the bulk one. The excellent agreement of the observed Fermi surface area with
the bulk hole concentration for x=0.46 indicates that the surface CoO layer is dominated
by the metallic region with the bulk hole concentration at x=0.46. Therefore, the situation
at x=0.46 is inconsistent with the STM study for x=0.66.

Figure 3 exhibits a Fermi surface map for z=0.71 taken at hv = 70 eV. The extrapolated
Fermi surface is almost circular and can be fitted to a circle with radius of 0.67 4+ 0.03
A=, Since the observed Fermi surface is hexagonally and elliptically distorted from an ideal
circle, the upper limit of the radius is set to cover the Fermi surface while the circle with
the radius in the lower limit is included in the Fermi surface. The small elliptic distortion

is probably due to the transition matrix element effect since the spectral weight is strongly



suppressed around cut 5. The Fermi surface area is estimated to be ~ 1.41 + 0.15 A2
whereas that expected from the Li content is 0.83 A~2. Again assuming that the Fermi
surface does not depend on the out-of-plane wave number k., the area of the Fermi surface

is much larger than that expected for the bulk. If the crystal is cleaved at the Li layer and

+0.355

half of the Li ions remain at the measured surface, the topmost layer is [Lig 355 and is

followed by the [CoOy]~%™ layer and [Lig7]T*™ layer. In such case, the Fermi surface of
the subsurface CoOy layer should be similar to that of the bulk. However, at x=0.71, the
Fermi surface area larger than the expectation is probably consistent with the STM study

for =0.66. [34] Here, one can assume that the Li* ions are distributed inhomogeneously

]+0.645

and that smaller fraction of the surface is covered by [Lig g5 and the other part is

]+0.195‘ ( ]+0.355.)

covered by [Lig 195 The average should be close to [Lipss5 In order to keep

the total charge of +0.355 at the topmost two layers for avoiding the polar catastrophe,
the subsurface CoO, layer is undoped and insulating under the [Lig g45]70-54°

that under [Lig 195) 719 is [CoO4] %% as shown in Fig. 1(d). The Fermi surface area of the

region while

[Co0Oy] %5 layer is expected to be about 1.3 A2 partly consistent with the experimental
result.

Since the large Fermi surface area at x=0.71 is as large as that of x=0.46, the ARPES
result would be consistent with electronic phase separation between x=0.0 and z=0.5. In
order to examine this possibility, x dependence of the angle-integrated valence band spectra
of x=0.71, 0.46, and 0.25 is shown in Fig. 4. The x=0.25 sample is metallic and exhibits
substantial spectral weight at Er as shown in Fig. 4. However, in ARPES measurements
for x=0.25, the spectral weight at Er does not show any momentum dependence, and no
clear Fermi surface is observed. Here, the angle-integrated spectrum of x=0.25 is compared
with those of x=0.71 and 0.46 which are integrated along the I'-M direction. The Co 3d
peak is systematically shifted towards the Fermi level with decreasing = or the hole doing in
the CoOs layers indicating that the chemical potential is shifted downwards with the hole
concentration. If the bulk of Li,CoO, has electronic phase separation into hole-rich and hole-
poor regions, the chemical potential is kept constant and the the volume fraction of of the
hole-rich regions increases with the hole doping. Therefore, the monotonic chemical potential
shift with x excludes possibility of the phase separation scenario. Here, we speculate that
the inhomogeneous Li distribution at the surface is responsible for the deviation of the

Fermi surface area at x=0.71. It is also interesting that the Co 3d peak width of x=0.46 is



smaller than that of x=0.71. This observation is probably consistent with the homogeneous
(inhomogeneous) distribution of Li in =0.46 (x=0.71).

The Fermi velocity is ~ 0.56 eV A for =0.71 which is slightly enhanced from that for
2=0.46, indicating that the renormalization factor is ~ 3. The € band is observed in the
energy range from -0.4 eV to -0.9 eV. The energy width of the observed e band dispersion
(from -0.9 eV to -0.4 eV for 0.2 A=! to 0.7 A=! along the I'-M direction) approximately
agrees with the calculated result for Nag;CoOy without band renormalization (-1.0 eV to
-0.5 eV for 0.2 A" to 0.7 A=') [36] indicating that the renormalization factor is almost 1.
As predicted by the calculation [36], the band dispersion of the e, band becomes very steep
near the I' point and is not clearly observed in the experimental results.

As shown in Fig. 4, the valence-band peak is shifted towards Er consistent with the
hole doping. Considering the Fermi velocity estimated from the ARPES result, the energy
shift is estimated to be ~ 0.1 eV per 0.1 hole. Such a large chemical potential shift is
inconsistent with the small Fermi velocity observed for the a;, band, indicating anomalous
metallic state of Li,CoOy. Without the renormalization effect, the a;, band is almost flat
for k, < 0.5 A~ and becomes steep for k, > 0.5 A~!. Therefore, for z < 0.6 with kp > 0.5
A~ the large chemical potential shift is consistent with the bare band dispersion before the
renormalization [31] while the a;, band is strongly renormalized with renormalization factor
of 3-4. The shoulder structure at ~ -0.3 eV can be assigned to the bottom of a;, band and the
top of €, band. The main peak at ~ 1leV can be assigned to the incoherent weights of the ay,
and e, bands due to strong electron-electron or electron-lattice interactions. In particular,
since O 2p components are heavily mixed into the Co 3d states near Er, the electron-lattice
interaction can be enhanced by strong coupling with Co-O lattice distortions.

Figures 5(a) and 5(b) show band maps of the entire valence band taken at hv = 70 eV
approximately along I'-M for x=0.46 and x=0.71, respectively. The band maps are compared
with the calculated band dispersions for LiCoOy by Czyzyk, Potze, and Sawatzky. [25] The
structure at ~ -1 eV with small band dispersion can be assigned to the incoherent part of the
Co 3d a1, and € bands while the broad band ranging from -2 eV to -6 eV to the O 2p band.
Compared to the dispersive Co 3d a;, and e, bands in Figs. 2 and 3, the incoherent Co 3d
band is very broad with small dispersion. The dispersive Co 3d e’g band is located at ~ -0.9
eV around the zone center and is moved to ~ -0.4 eV at its band maximum for x=0.71 (Fig.

3). As for x=0.46, it is located at ~ -0.8 eV around the zone center and is moved to ~ -0.3



eV at its band maximum (Fig. 2). The energy shift between £=0.71 and £=0.46 is consistent
with the chemical potential shift suggested from Fig. 4. Interestingly, the incoherent Co
3d band exhibits small dispersion of ~ 0.1 eV in going from the zone center to the zone
boundary. The dispersion of the incoherent component would be related to incoherent
hopping transport of Co** species in background of low-spin Co®* as suggested in other
triangular-lattice Co oxides. [11] This picture is consistent with the observation of Co?™ and
Co3* peaks in the O 1s XAS spectra [32] as well as the strong charge fluctuation suggested
by recent theoretical [37] and optical [38] studies. The present ARPRES study shows that
the £=0.46 sample exhibits homogeneous electronic states compared to the in homogeneous
x=0.71. Here, a challenging question is how one can understand the coexistence of the
incoherent Co®" /Co3" components and the coherent Femi surface beyond a simple phase

separation picture.

IV. CONCLUSION

We have studied the electronic structure of Li,CoO, single crystals by means of ARPES.
The Co 3d a4, band crosses E'r with strongly renormalized band dispersion while the Co 3d
e; bands are fully occupied without renormalization in Li,CoO,. The area of the a;, Fermi
surface is consistent with the hole concentration at z=0.46 indicating that the ARPES results
represent the bulk electronic structure and that the surface charge redistribution is unlikely.
At £=0.71, the Fermi surface area is larger than the expectation which can be associated to
the inhomogeneous distribution of Li and the surface charge redistribution for avoiding polar
catastrophe. Since the Co 3d peak is systematically shifted with z, the possibility of phase
separation between hole-rich and hole-poor regions is excluded. Therefore, the coexistence
of the a;, Fermi surface and the incoherent Co 3d peak ~ 1 eV below Ep indicates strong

electron-electron and electron-lattice interactions in the present system.
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Figure captions

Figure 1: (Color online) (a) Schematic drawing of CoO, layer. The CoOg octahedra share
their edges. (b) Electronic configurations for Coz, (d®) and Coyy (d°) . (c) Stacking of
Li and CoO, layers for x=0.46 with homogeneous Li distribution at surface. The dashed
line indicates the surface layer where half of Li* ions remain. (d) Stacking of Li and CoOq
layers for x=0.71 with inhomogeneous Li distribution at surface. The surface layer consists
of the [Liggs) %% region and the [Lig 195]7%1% region (indicated by the dashed line). In
order to keep the total charge of 4+0.355 in the topmost two layers, the subsurface CoO,

+0.645

layer is undoped and insulating (indicated by the thick line) under the [Lig g45] region

and is metallic with larger hole concentration under the [Lig 195] 7%

region.

Figure 2: (Color online) (a)Fermi surface map at hv = 70 eV for x=0.46 (20 K)
and (b) band maps along the cuts indicated in the Fermi surface map. The Fermi surface
map is obtained by plotting ARPES intensity integrated within £+5 meV from the Fermi
level as a function of in-plane wave numbers k, and k,. The band maps are obtained by
plotting second derivatives of momentum distribution curves as a function of energy and
wave number along the cuts. (¢) Band map near the Fermi surface. The squares indicate
the band positions obtained by fitting momentum distribution curves to Gaussians. The

line indicates the least squares fit for the band positions.

Figure 3: (Color online) (a) Fermi surface map at hv = 70 eV for 2=0.71 (20 K)
and (b) band maps along the cuts indicated in the Fermi surface map. The solid lines
in the Fermi surface map show the Brillouin zone boundaries. The Fermi surface map is
obtained by plotting ARPES intensity integrated within +5 meV from the Fermi level as
a function of in-plane wave numbers k, and k,. The band maps are obtained by plotting
second derivatives of momentum distribution curves as a function of energy and wave
number along the cuts. (c¢) Band map near the Fermi surface. The squares indicate the
band positions obtained by fitting momentum distribution curves to Gaussians. The line

indicates the least squares fit for the band positions.

Figure 4: (Color online) Angle-integrated photoemission spectra of x=0.71, 0.46, and
0.25.
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Figure 5: (Color online) Band maps of the entire valence band at hv = 70 eV ap-
proximately along I'-M for (a) £=0.46 and (b) x=0.71. The dot-dash curves indicate the
calculated band dispersions for LiCoOs by Czyzyk, Potze, and Sawatzky. [25]
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