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Unoccupied electronic states of the high-temperature superconductor B$r,CaCu,Og
investigated by two-photon photoemission spectroscopy
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Two-photon photoemission spectrosca@PES has been applied to an optimally doped high-temperature
superconductofHTSC) Bi,Sr,CaCuyOg(Bi2212). 2PPES with photon energy between 4.0 and 4.9 eV revealed
four structures, labeled @sto D, arising from unoccupied states<a0.5, 1.8, 2.7, and 3.7 eV above the Fermi
level (Eg), respectively. Structures andB show no strong polarization dependence, whereas struciuaesl
D appear inp-polarization configuration and completely disappeas-polarization. The polarization depen-
dence indicates that the unoccupied states for strucAieeslB are composed of orbitals parallel to the GuO
plane. The unoccupied states for structuCeandD are composed of atomic orbitals perpendicular to the LuO
plane. Unoccupied states for structufeandB are attributed to the unoccupied band of carrier and the upper
Hubbard band, respectively.
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I. INTRODUCTION formed on HTSCs$233Here we report 2PPES for optimally
doped BjSr,CaCyOg(Bi2212) to reveal unoccupied elec-

The electronic structures of high-temperature supercontronic states. Preliminary results have been reported in our
ductors(HTSCg have been extensively studied by variousprevious papet? We chose the optimally doped Bi2212 as

spectroscopic methods. Especially, occupied states just behe sample, because it is a typical material of HTSC and high
low Er are measured with angle-resolved photoemissiomuality single crystal is available.

spectroscopyARPES of energy resolution as high as mévV.
On the other hand, the methods to probe the unoccupied
states are not comparable to ARPES in the energy resolution. II. EXPERIMENT

Since unoccupied states play key roles in carrier transporta- e apparatus consists of a titanium sapphliesa) laser

tion, optical properties, and so forth, a high-resolution SPECgystem and an ultrahigh vacuuitdHV) photoelectron spec-

troscopy of the unoccupied states is important. Here we havg, meter. We used two Ti:Sa lasers Mai-T8pectra Phys-
applied two-photon photoemission spectrosC@YPEI 10 gy and Mira 900FCoherent. The pulse durations were 80

probe the unoccupied electronic states. Though the energy,q 100-120 fs for the former and the latter lasers, respec-
resolution of 2PPES is limited by a bandwidth of a short-yely The output of the Ti:Sa laser was frequency tripled
pulse laser light, it is substantially higher than those of thgqio 5 photon energy range from 4.0 to 4.9 eV. The power
! o o7 . . .

inverse photoemission spezgc_t{?sco@yES or x-ray ab-  \yas typically regulated te<0.1 nJ/pulse by using a neutral
sorption spectroscqp@(AS). . density filter. The light was focused with a quartz lens of
_In 2PPES, the first photon excites an electron from ark5y mm focal length on a sample surface in the UHV cham-
initial occupied state to an intermediate unoccupied stat§,o; 4t an angle of 60° from the surface normal. The photo-

and the second photon stimulates photoemission from thgja trons emitted to the surface normal were measured with a
intermediate stat¥. In 2PPES with photon energy bi, two hemispherical energy analyz&/G, CLAM 2). Overall reso-

processes compete giving photoemission peaksSi 82 hv | tion including the bandwidth of the laser light and the reso-

(2 hv procesg and atE,+hv (1 hv procesy whereE; and | tion of the analyzer was better than 30 meV as measured

En are the energies of occupied and unoccupied states, g the . feature of a copper sample cooled to 30 K. An
speqtlvely. The 2)1/_ process is due to direct two-photon ex- optimally doped single-crystal of Bi2210T.~ 90 K) was
citation from the initial occupied state to a free electron f'nalcleaved by Scotch tape under a vacuum of By ® Pa at

state above the vacuum level via virtual intermediate stategoom temperaturéRT). The ¢ axis of Bi2212 is parallel to

and the Ihy process s due to one-photon phqtoemissioqhe surface normal. Azimuth angle of the crystal was not
from the unoccupied state populated by dephasing or relaxs'pecified. All the experiment was performed at RT.
ation of photoexcited electrons. When the photon energy is

varied, these peak energies move twice or once of the photon

energy increment, giving the energies of the initial state and Ill. RESULTS AND DISCUSSIONS
the intermediate state. An advantage of 2PPES over optical
method$®1° or electron energy loss spectroscdfis that

the energies are obtained with respecEfo The method has 2PPES results for a samplebeled as sample) lat RT
been successfully applied to the image-potential states omeasured wittp-polarized light of different photon energies
metal surface$??1-23 semiconductord!=2¢ and adsorbed are shown in Fig. 1. The sample was biased by -1.0 V from
molecule’-31 However, few 2PPES works have been per-the chamber ground. The horizontal axis is the intermediate

A. Unoccupied states and their symmetries
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Intermediate Energy (eV) s-polarized light indicates that the unoccupied states for
structuresC and D are even-symmetric with respect to the

FIG. 1. Normal emission 2PPES results for Bi2212 measured afnirror plane. The symmetries of unoccupied states for struc-
room temperature withp-polarized light of the photon energies turesA andB are not purely even or odd. Taking account of
shown at the right-hand side. The sample is labeled as “sample 1the layered structure of Bi2212, structur@sand B arise
Four structures denoted Asto D arise from respective unoccupied from orbitals parallel to the Cufplane, and structureS and
states. The intensity of each spectrum is normalized to stru€ure D from orbitals perpendicular to the Cy@lane.

Part of the spectra around structubeis magnified by 5 times.

Spectra around structure are demagnified by factor 15.
B. Structures A and B

energyE.—hv, whereE, is the energy of photoelectrons with  StructureA appeared at photon energy higher than 4.4 eV,
respect taEg. StructuresA to D are denoted by vertical lines. which is close to the work function. The structure was partly
The vertical alignments of the peak positions indicate thaoverlapped with a structure at an energy region belgw
the structures are due to thenk process. The energies of the We label asA only the structure abovEg. The peak below
unoccupied states are0.5, 1.8, 2.7, and 3.7 eV for struc- Ef is due to one-photon photoemission from occupied states.
turesA to D, respectively. The dip atEr in the spectrum at the photon energy of
The polarization dependence at photon energy of 4.71 e¥.77 eV shown in Fig. 1 is the indication that one-photon and
is shown in Fig. 2. Structure& and B show no strong po- two-photon photoemission components are separately ob-
larization dependence. Meanwhile, structu@sind D are  served. In order to further confirm that structuxés due to
clear in p-polarization, and completely disappear in two-photon photoemission from an unoccupied state just
s-polarization. The polarization dependence was similar t@boveEg, a time-resolved experiment was performed at the
that in Fig. 2 for all the photon energies shown in Fig. 1. Thephoton energy of 4.43 eV as shown in Fig. 3. The laser light
polarization dependence reveals the symmetry of the unosvas divided into two beam@ump and probe pulsgsind
cupied states. Here, only photoemission processes from introduced onto the surface with a skewed configuratioh.
termediate states are taken into account, since the intermedihe photoemission intensity at the intermediate energy of
ate states for the v process are populated after elastic or0.3 eV was measured as a function of the optical delay time
inelastic scatterings. Assuming plane waves for photoelediAt). The fast decay ait<<200 fs is close to the autocorre-
trons, the final state of photoemission process has even paritgtion of the laser pulse, indicating that the unoccupied state
under reflection with respect to the mirror plane defined byis populated by a direct photoexcitation. The slowly decay-
the incident light and the surface nornialThe disappear- ing component visible akt>200 fs arises from electron dy-
ance of structuresC and D with the odd-symmetric namics at the unoccupied state. The shoulder around 300 fs
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T T of the local spin order which rapidly decreases with
Bi2212 doping®”-28 On the other hand, 2PPES simply reflects the
| sample 2 i density of the unoccupied states. The deep valley between
hv=4.43 eV structuresA andB is attributed to the CT gap. The gap en-
RT ergy larger than 1 eV is in agreement with the optical con-
ductivity for the single crystalline Bi systefd.The valley
= .. feature of 2PPES has not been observed in IPES in which
unoccupied states due to Cd-® 2p and Bi -0 2p hy-
brids were observed at the energy redidhseems as if an
unresolved selectivity is working in the pumping process.

C. Structures C and D

StructuresC and D were not dependent on the bias volt-
= 4 age. The energy of structuf®, 2.7 eV, is close to the IPES
structure at 2.9 eV-®>The IPES structure was attributed to a
component of the UHB or the Bibderived state. The un-
occupied state for structu@ cannot be the UHB because of
1 L the symmetry. An out-of-plane unoccupied state involving
0 500 1000 15800  Cu 3ds,2,2 is known for L., Sr,Cu0, 83940 The width of
. structureC, which is as sharp as 0.3 eV, implies a relation
Delay Time  (fs) with the theoretical Cu &,2_,2+O 2p, unoccupied staté?4°
]But, the energy of structur€ is too high to be compared

2PPE Intensity at 0.3 eV

FIG. 3. Photoemission intensity at the intermediate energy of . .
0.3 eV is plotted against the pump-probe delay time). The fast with the state that is at several hundred meV abByeUn-

decay atAt<200 fs and the slow decay with the shoulderAdt occupied states derived from Bpg(Ref. 41 or from a hy-
=300 fs indicate that the unoccupied state was populated by botprld state between Cudg 2 and Cu 4 (Ref. 42 may con-

direct photoexcitation and the cascade. The ratio of intensities dfIPUte to structureC. In p-polarized Cu-l; XAS, a step-like
At=0 and>1000 fs was 3.4, indicating that contribution of one- Structure at about 3—5 eV above the absorption edge was

photon photoemission from occupied states is small. attributed to the unoccupied Cwl3. 2. The relation be-
tween our structur€ and the XAS result is not clear because
indicates that the unoccupied state is also populated by ca#iie shape and width are different.
cade from upper states. The lifetime of electron decay pro- Expanded view of 2PPES results measured for “sample 2”
cess was several hundred fs. The ratio of intensitieAtat are shown in Fig. 4. The intensity of each spectrum is nor-
=0 and >1000 fs was about 3.4, which is larger than themalized to structur€. The sample bias voltage was changed
ideal value of 3.¢%31 The large ratio indicates that the con- to —0.5 V to reduce the background due to structBren
tribution of one-photon photoemission from thermally ex- Fig. 4 where the spectra are plotted against the intermediate
cited occupied states is very small, and suggests a contrib@nergy, the peak positions of struct@ere not aligned on a
tion of nonequilibrium-electron heating by the pump light. single vertical line, but are aligned on two lines with separa-
The intensities of structure& and B were found to in- tion of 0.2 eV; at an intermediate energy of 2.6 eV fop
crease as the sample bias voltage became higher negatismaller than 4.23 eV and at 2.8 eV fohv larger than
voltage, indicating that the low-energy photoelectrons emit4.54 eV. The deviation from the alignment on a single ver-
ted at large emission angles were collected by the bias voltical line is not due to dispersion of the relevant states, be-
age. Thus the structures are due to angle-integrated photoause strong dispersion in the normal direction is not prob-
emission. The 2PPES results can be compared with thable for the layered material. Otherwise, the unoccupied state
optical conductivity spectroscopy for HTSCs and their parenfor structureC is considered to be composed of two subcom-
insulators'®-16 Optical conductivity below 1 eV for Bi sys- ponents. Similarly, energies of structudeare aligned on two
tem arises from mobile carriers and the weight at 1.5—2.5 eVines with separation of 0.2 eV.
arises from the charge trans{@T) excitation*>14The spec- The fine features of structur€sandD were found to be
tral features of the carrier and CT excitations resemble strucslightly dependent on samples. The energies of them mea-
turesA andB in their peak energies and widths. Thus, thesured for different samples are plotted in Fig. 5 against the
unoccupied state for structufg just abovekg, is attributed  photon energy. The energy separations of the subcomponents
to the unoccupied band of mobile carriers and strucBiie  are 0.2 eV for samples 2, 4, and 5. The separation was
related to the Cu @ upper Hubbard ban@JHB). Since the smaller for samples 1 and 3, for which the structures were
carrier band and the UHB are parallel to the Gulane3*3¢  weak. We assume that the clearer features for samples 2, 4,
these assignments are consistent with the polarization depeand 5 reflect the intrinsic property. Structuds aligned on
dence. The UHB feature in 2PPES is clear even for the opa line of slope 2 within the photon energy region between
timally doped Bi2212, while the CT excitation in optical 4.23 and 4.54 eV. This suggests that the structure at the pho-
conductivity is strongly suppressét* The suppression of ton energy region is due to thel@ process from an initial
the CT excitation has been discussed to be due to the degretate of —1.6 eV, which is close to the @ &tate at -1.5 eV
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slope 2 line for structureC indicates that the initial state is at
FIG. 4. Expanded 2PPES of “sample 2" measured at room tem=-1.6 eV.
perature plotted against the intermediate energy. Stru€tis&om-

posed of two intermediate states at 2.6 and 2.8 eV with energy . L .
separation of 0.2 eV. Spectra around strucirare magnified by ~resolution that is higher than IPES or XAS is advantageous

factor 5. Structurd also shows two subcomponents. The different {0 reveal unknown unoccupied states. Though the origins of
signal-to-noise ratios of the traces are due to different accumulatioitructuresC and D are not clear at the present stage, the
times. unoccupied states might be a clue to resolve the long
discussed*’ role of apical oxygen and the out-of-plane elec-
observed in ARPES worKS-* Since the unoccupied state tronic structure to the superconductivity. The present results
of even-parity(structureC) was not excited witls-polarized  show the importance of further experiments on temperature

light, the initial state is symmetric with respect to the mi”ordependence doped-hole dependence and on time-resolved
plane. Thus O @, orbital may be relevant to the initial state g|actron dynamics.

of structureC.
Though the origin of the subcomponents for structdiis
not clear, the energy separation is similar to the spin-flip
energy of 0.2 eV observed in a resonance Raman scattering
work*® on SLCuO,Cl,. No spectroscopic feature comparable
to structureD has been reported. The similarities on subcom- The authors thank Professor K. Kadowaki of Tsukuba
ponents and on the polarization dependence suggest that thiiversity for providing the BiSr,CaCyOg single crystals.
origin of structureD is strongly correlated with structu@.  The authors acknowledge Professor S. Maekawa and Profes-
sor T. Tohyama of Tohoku University for helpful sugges-
IV. CONCLUSIONS tions. This study was partially supported by the Special Co-
We have successfully observed the in-plane and the outrdination Funds of “Ministry of Education Culture, Sports,
of-plane unoccupied states by means of 2PPES. The ener@gcience and Technology” of the Japanese Government.

ACKNOWLEDGMENTS

134517-4



UNOCCUPIED ELECTRONIC STATES OF THE HIGH- PHYSICAL REVIEW B 70, 134517(2004)

*Corresponding author. Email address: munakata@riken.jp 22T, Fauster, C. ReuRB, I. L. Shumay, and M. Weinelt, Chem. Phys.
1T. Yokoya, A. Chainani, T. Kiss, S. Shin, K. Hirata, N. Kameda, 251, 111(2000.
T. Tamegai, T. Nishio, and H. Uwe, Physica &8-381 97 233, Ogawa, H. Nagano, and H. Petek, Phys. Rev. 1881116801

(2002. (2002.
2T. J. Wagener, Y.-J. Hu, Y. Gao, M. B. Jost, J. H. Weaver, N. D.2*K. Shudo, S. Takeda, and T. Munakata, Phys. Re@58075302
Spencer, and K. C. Goretta, Phys. Rev3B, 2928(1989. (2002.
3R. Claessen, R. Manzke, H. Carstensen, B. Burandt, T. Buslapg®C. Kentsch, M. Kutschera, M. Weinelt, T. Fauster, and M. Rohlf-
M. Skibowski, and J. Fink, Phys. Rev. B9, 7316(1989. ing, Phys. Rev. B65, 035323(2001).
4W. Drube, F. J. Himpsel, G. V. Chandrashekhar, and M. W. Sha?8G. Moos, C. Gahl, R. Fasel, M. Wolf, and T. Hertel, Phys. Rev.
fer, Phys. Rev. B39, 7328(1989. Lett. 87, 267402(2001D.
5T. J. Wagener, Y.-J. Hu, M. B. Jost, J. H. Weaver, Y. F. Yan, X.2"T. Munakata, Surf. Sci454-456 118 (2000).
Chu, and Z. X. Zhao, Phys. Rev. B2, 6317(1990. 28K. J. Gaffney, C. M. Wong, S. H. Liu, A. D. Miller, J. D. Mc-
6H. J. Bernhoff, K. Tsushima, and J. M. Nicholls, Europhys. Lett.  Neill, and C. B. Harris, Chem. Phy251, 99 (2000.
13, 537(1990. 29Q. zZhong, C. Gahl, and M. Wolf, Surf. Scé96, 21 (2002.

’T. Watanabe, T. Takahashi, S. Suzuki, S. Sato, H. Katayama®H. Petek, H. Nagano, M. J. Weida, and S. Ogawa, J. Phys. Chem.

Yoshida, A. Yamanaka, F. Minami, and S. Takekawa, Physica C B 105 6767(200J.

176, 274(1991). 31E. Knoesel, T. Hertel, M. Wolf, and G. Ertl, Chem. Phys. Lett.
8]J. Fink, N. Niicker, E. Pellegrin, H. Romberg, M. Alexander, and 240, 409 (1995.

M. Knupfer, J. Electron Spectrosc. Relat. Pheno6®, 395 82y, Sonoda and T. Munakata, Surf. S&07-51Q 165 (2002.

(1994. 33W. Nessler, S. Ogawa, H. Nagano, H. Petek, J. Shimoyama, Y.
9F. J. Himpsel, G. V. Chandrashekhar, A. B. McLean, and M. W.  Nakayama, and K. Kishio, Phys. Rev. Le&1, 4480(1999.

Shafer, Phys. Rev. B8, 11 946(1988. 34A. Damascelli, Z. Hussain, and Z.-X. Shen, Rev. Mod. PHg5;.
1ON. L. Saini, D. S.-L. Law, P. Pudney, K. B. Garg, A. A. Men- 473(2003.

ovsky, and J. J. M. Franse, Phys. Rev5bB 6219(1995. 35B. Rethfeld, A. Kaiser, M. Vicanek, and G. Simon, Phys. Rev. B
1N. L. Saini, S. Venkatesh, P. Srivastava, B. R. Sekhar, K. B. Garg, 65, 214303(2002.

L. H. Tjeng, C. T. Chen, A. Menovsky, and J. J. M. Franse, J.36T. Tohyama and S. Maekawa, Physical85-189 1575(1991).

Phys.: Condens. Matte, 2467(1996). 3TH. Eskes, A. M. Ol¢, M. B. J. Meinders, and W. Stephan, Phys.
2. Steinmann and T. Fauster, imser Spectroscopy and Photo- Rev. B 50, 17 980(1994.

chemistry on Metal SurfacesAdvanced Series in Physical 38H. Eskes and A. M. Olg Phys. Rev. Lett.73, 1279(1994.

Chemistry Vol. 5, edited by H.-L. Dai and W. HaVorld Scien- 39V, I. Anisimov, S. Yu. Ezhov, and T. M. Rice, Phys. Rev. &5,

tific, Singapore, 1996 12 829(1997.

13|, Terasaki, T. Nakahashi, S. Takebayashi, A. Maeda, and K%0J. K. Perry, J. Tahir-Kheli, and W. A. Goddard, Ill, Phys. Rev. B
Uchinokura, Physica C165 152 (1990. 65, 144501(2002.

14T, Itoh, K. Fueki, Y. Tanaka, and H. Ihara, J. Phys. Chem. Solids"'P. Marksteiner, S. Massidda, J.-J. Yu, A. J. Freeman, and J.
60, 41 (1999. Redinger, Phys. Rev. B8, 5098(1988.

153, Uchida, T. Ido, H. Takagi, T. Arima, Y. Tokura, and S. Tajima, 2C.-J. Mei and G. Stollhoff, Phys. Rev. B3, 3065(1997).
Phys. Rev. B43, 7942(1991). 43T. Takahashi, H. Matsuyama, H. Katayama-Yoshida, Y. Okabe, S.

165, L. Cooper, G. A. Thomas, J. Orenstein, D. H. Rapkine, A. J. Hosoya, K. Seki, H. Fujimoto, M. Sato, and H. Inokuchi, Phys.

Millis, S.-W. Cheong, A. S. Cooper, and Z. Fisk, Phys. Rev. B Rev. B 39, 6636(1989.

41, 11 605(1990. 44T. Yokoya, T. Takahashi, T. Mochiku, and K. Kadowaki, Phys.
173, P. Hill, C.-C. Kao, W. A. L. Caliebe, M. Matsubara, A. Kotani,  Rev. B 50, 10 225(1994.

J. L. Peng, and R. L. Greene, Phys. Rev. L&, 4967(1999.  “%J. Mesot, M. Randeria, M. R. Norman, A. Kaminski, H. M.
18p, Abbamonte, C. A. Burns, E. D. Isaacs, P. M. Platzman, L. L.  Fretwell, J. C. Campuzano, H. Ding, T. Takeuchi, T. Sato, T.

Miller, S. W. Cheong, and M. V. Klein, Phys. Rev. Le&3, 860 Yokoya, T. Takahashi, I. Chong, T. Terashima, M. Takano, T.
(1999. Mochiku, and K. Kadowaki, Phys. Rev. B3, 224516(2001.
19M. Z. Hasan, E. D. Isaacs, Z.-X. Shen, L. L. Miller, K. Tsutsui, T. “6P. Kuiper, J.-H. Guo, C. S&the, L.-C. Duda, J. Nordgren, J. J. M.
Tohyama, and S. Maekawa, Scien288 1811(2000. Pothuizen, F. M. F. de Groot, and G. A. Sawatzky, Phys. Rev.
20A. Goldoni, V. Corradini, L. Siller, U. del Pennino, and F. Parmi-  Lett. 80, 5204(1998).
giani, Surf. Sci.372 329 (1997). 47y, Ohta, T. Tohyama, and S. Maekawa, Phys. RewB 2968
21H, Petek and S. Ogawa, Prog. Surf. SB6, 239 (1997. (1991).

134517-5



