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Electronic properties of metal-induced gap states formed at alkali-halide/metal interfaces
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Bunkyo-ku, Tokyo 113-0033, Japan
°Department of Chemistry, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
(Received 21 September 2004; revised manuscript received 18 January 2005; published 6 April 2005

The spatial distribution and site distribution of metal-induced gap stM&SS) are studied by thickness-
dependent near-edge x-ray absorption fine strudiNEEXAFS) and by comparing the cation and anion-edge
NEXAFS. The thickness-dependent NEXAFS shows that the decay length of MIGS depends on an alkali-
halide rather than a metal, and it is larger for alkali-halides with smaller band gap energies. By comparing the
Cl-edge and K-edge NEXAFS for KCI/@D01), MIGS are found to be states localizing at anion sites.

DOI: 10.1103/PhysRevB.71.153401 PACS nunt®er73.20—r, 73.40.Ns

The electronic structure of semiconductor/metal or In order to determine the decisive factor, we have mea-
insulator/metal interfaces has attracted wide attention in resured the NEXAFS for KCl/metal and discussed the decay
lation to intriguing phenomena, such as band-gap narrowingength of the MIGS at the alkali-halide/metal interface by
insulator-metal transition, and excitonic superconductiVity. comparing the previous LiCl/metal results. To determine the
One of the characteristic electronic structures at the intersijte distribution of the MIGS, we have studied K-edge and
faces is the formation of a metal-induced gap stdéGS).  Cl-edge NEXAFS for KClimetal systems. The NEXAFS
At the semiconductofor insulatoj/metal interface, a free- qualitatively provides information on the unoccupieelec-
electron-like metal wave function penetrates into a semiconggnic density of states of the x-ray absorbing atom. By com-
ductor (or insulato) sid_e, and thus, an interface electronic paring the intensity of the MIGS peak in K-edge and Cl-edge
state(MIGS) is formed in the band gabThe MIGS has been  \exAFS for KCl/metal, the density of states of the MIGS

considered to determine the Schottky barrier height at th(’a‘o\t the K and Cl sites are evaluated. Therefore, we can discuss

semiconductor/metal interfaée. . .
While the decay length of the MIGS is an order of a fewW.heth.er the_MIGS extend quormly n th? surface_para_llel
irection or if they are localized at the anion or cation site.

angstroms for typical semiconductors, it has generally beep. S .
believed that the decay length of the MIGS into the insula’[odInally we comment on the possibility of interface supercon-
uctivity.

is negligible. This view is based on quite a plausible tight- i , ,
binding model calculatiof For a typical ionic insulator such The experiments were performed in a custom-designed

as LiCl with a band gap of 9.4 eV, the decay length is estiultrahigh-vacuum(UHV) system with a base pressure of 1
mated to be smaller than 0.1 nm, which suggests that MIGS< 10’ Pa. Mechanically and electrochemically polished
should be irrelevant at the insulator/metal interface. How-Cu(001) and Ag001) crystals were cleaned by repeated
ever, we have obtained unambiguous evidence that the MIGsycles of Ar sputtering and annealing at 900 K. KCI was
are formed at atomically well-defined LiCl/metal interfacesevaporated from a Knudsen cell at the substrate temperature
by measuring the near-edge x-ray absorption fine structuref 300 K. The growth rate was monitored using a quartz
(NEXAFS).”-° With a decreasing LiCl thickness, a well pro- crystal oscillator, and it was on the order of
nounced prepeak appears at the bulk-edge onset in NEXAFS$,ML (0.31 nm/min. Real-time observation of the crystal-
suggesting the formation of an interface state in the bandnity of the KCI films was done by reflection high-energy
gap. The results of electron spectroscopiesay photoemis- electron diffraction(RHEED). Sharp streaks were observed
sion spectroscopy and Auger electron spectroscapy the- in the RHEED patterns of the grown KCI films, indicating
oretical calculation indicate that the prepeak originates nothat an epitaxial KGD01) film grew in a layer-by-layer
from the simple chemical bond, but from the proximity of fashion’?®
ionic material to metals. Furthermore, it has been revealed Cl-K-edge and KK-edge NEXAFS measurements were
that the decay length of the MIGS is as large as 0.3 nm andarried out at the soft x-ray double-crystal monochromator
that the MIGS have a,-like structure, extending their elec- station BL-11B of the Photon Factory in the High Energy
tron clouds along the surface normal directiparallel to the ~ Accelerator Research OrganizatihThe energy resolution
Z axis). of the G&111) monochromator was about 1.5 eV. The
Although we have reported the existence of MIGS at thefluorescence-yield detection method was employed to obtain
LiCl/metal interface, there still remain points to be dis- NEXAFS data by using an UHV-compatible gas-flow pro-
cussed. First, the decisive factor to determine the decaportional counter with P10 gg40% CH, in Ar) as a detec-
length of the MIGS is not clear at the alkali-halide/metaltor. The CI k x-ray photoemission spectrutXPS was
interface. What is the decisive factor: metal substratesmeasured using x-ray synchrotron radiation at 2900 eV with
alkali-halides, or their combinations? Second, it is not cleaa RIGAKU XPS-7000 concentric hemispherical analyzer. In
whether the MIGS extend uniformly in the surface parallelthe XPS for KCl/metal systems, the width of the Gl{deak
direction or if they are localized at the anion or cation site. does not change with the film thickness, nor does a satellite
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FIG. 1. The CIK-edge NEXAFS spectra of KCI films grown on
Cu(00)) and Ag00Y) for various thicknesses of the KCl layer taken
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FIG. 3. The CIK-edge and KK-edge NEXAFS spectra of

at the x-ray incidence angle of 15°. All of the spectra are normal-L-ML-thick KCI films grown on C(00) taken at the x-ray inci-

ized by their edge jumps.

peak appear, indicating that a chemical bof@l-Cu or
Cl-Ag bonds is not formed at the KCl/metal interface.
Figure 1 shows the Gk-edge NEXAFS for the epitaxi-
ally grown KClI film on Ag001) and Cy002) taking at graz-
ing x-ray incidenceg15°) for various thicknesses of the KCI
layer. All the spectra are normalized by their edge jumps. |
the thin film region, a well pronounced prepeak, which origi

nates from the MIGS, appears just below the bulk-edge on
set. In the following, we will discuss the spatial distribution
of the MIGS at the alkali-halide/metal interface by analyzing

the intensity of this prepeak.

dence angle of 15(line), together with the spectra of the bulk KCI
(dotted line.

the NEXAFS is thus represented Ba[1-exg—X/\)] by
integratingf(x) from 0 to X. By fitting the experimental data
with F(X), the decay length is determined to be 0.46 nm for
KCI/Cu(001), 0.41 nm for KCI/Ad001), 0.26 nm for
LiCl/Cu(001), and 0.29 nm for LiCI/Ag002). The result for

_r}he fitting is included in Fig. 2.

_ The intensity of the MIGS at the interface is (®u) for
KCI/Cu(001), 7.1 for KCI/Ag(001), 14 for LiCl/Cu001),
and 8.6 for LiCI/A00D. It can be found that the decay
length of the MIGS depends on the kind of alkali-halide, not

First, the spatial distribution of the MIGS in the surface ©n the metal. This conclusion is consistent with the recent
' S . i i ; 11
normal direction is discussed in terms of the decay length of€oretical calculation conducted by Arigaal.™ They have

the MIGS. Figure 2 shows the intensity of the prepéadt
normalized by the edge jump unlike in Fig). s a function

evaluated the decay length of the MIGS for various alkali-
halide/metal combinations by thab initio calculation, in

of the film thickness. Here, we assume that the probing deptihich they conclude that the decay length of the MIGS is

of the NEXAFS is much greatdtypically=1000 nm than
the atomic scale, and the intensity of the MIGE$x)] at the

distance x from the interface can be represented as_.

loexp(=x/\), wherely, x, and \ are the intensity of the

MIGS at the interface and decay length, respectively. ThefvII

intensity of the MIGSF(X); film thicknessX] observed by
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FIG. 2. The intensity of the prepedkot normalized by the edge

close to half the lattice constant of the alkali-halides. Since
the lattice constant of KQL=0.63 nn) is larger than that of
LiCl (L=0.51 nm), the present experimental results are con-
sistent with the theoretical calculation results.
In contrast with the decay length, the intensity of the
GS at the interface depends on the metal substrate. The
intensity of the MIGS at the alkali-halide/Qa01) interface
(Ip) is larger than that at the alkali-halide/A®2) interface.
This difference can be explained by the density of states of
metal substrates near the Fermi energy. Since the penetration
of electrons in the metal causes the MIGS, the intensity of
the MIGS at the interface relates closely with the density of
states at the Fermi enerdy;. The density of states & for
Cu is larger than that for Ag s parameter: 2.7 for Cu, 3.0 for
Ag). It is thus reasonable that the intensity of the MIGS at
the alkali-halide/C(0D0J) interface is larger than that at the
alkali-halide/Ad001) interface.

In the previous section, we have discussed the spatial dis-
tribution of the MIGS in the surface normal direction. We

jump, unlike in Fig. 3 versus the film thickness, where the curves NOW discuss the spatial distribution of the MIGS in the sur-

indicate the results of the least-square fitf{X). The intensity of

face parallel direction. The (H-edge and KK-edge NEX-

the prepeak for the alkali-halide film was obtained by subtractingAFS provide information on the unoccupied gland K

the bulk component from the spectra.

electronic densities of states. The topmost surface of the
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MIGS at alkali halide/ Kuroki Model is transferred from the insulator to the metal Efcp> Er.
metal interface P1— Arita et al. evaluate the charge transfer for various alkali-
halide/metal combinations kb initio calculations, and find

nion :
° .O . Qcetiong ¥ —p2 that the charge transfer from the insulator to the metal com-
P — monly occurs fo_r th.e alkali-halide/metal sys.teh‘ﬂhis in-
. dicates thaEcpis higher tharkg for the alkali-halide/metal
T Metal substrate catlonm =y =, systems, and thus, the electronic state rigahas a valence
zl'n',fn v band character. Since the MIGS are electronic states formed
T -

nearEg, the MIGS have a valence band character, and they

FIG. 4. Systematic view of the MIGS at the alkali-halide/metal are localized at the anion site.

interface. The positions of the catidinox) and the anioricircle) are . _Flnally, let us_pomt out that_the electronic structL_Jre Spe-
shown in the figure(Right) Kuroki model and a multiband model cific to the alkali-halide/metal interfaces can have implica-

of alkali-halide/metal interfaces. In the Kuroki model, the carriertlons for superconductivity. In the previous study, we pro-

band(a) interact Isively with the insulating b Inth pose a possibility of the MIGS working favorably for
and(a) interacts repulsively wi @ insulating baf,). In the exciton-mediated superconductivity In the presence of the

gg(r?(ljl.-hallde/metal system, the MIGS band interacts with the amoq\/_llGS at. the alka_li-halide/metal interface. an excifasso-
ciated with the wide-band gap of the alkali-haljdend car-
o riers (from the MIGS coexist within one atomic distance, a
alkali-halide/face-centered-cubifce) metal heterostructures  sjtyation which is favorable for strong interaction between
is just the(001) face of the alkali-halide crystal, consisting of the carriers and the exciton. This strong interaction leads to a
the same number of cations and anions. Therefore, we cgfhssible ground for superconductivity by the exciton mecha-
discuss the site distribution of the MIGS in the surface parism proposed by Ginzburet al3
allel direction by comparing the intensity of the MIGS peak  The |ocalization of the MIGS at the anion sites provides
in both Cl-edge and K-edge NEXAFS for the KCI/metal gnother possibility of superconductivity proposed by Kuroki
system. Figure 3 shows ®-edge and KK-edge NEXAFS  and Aokil? They propose that repulsively interacting sys-
for the 1-ML-thick KClI film on Cu001). The prepeak origi- tems consisting of a carrier band and an insulating band can
nating from the MIGS is clearly observed at the Cl edgepecome superconducting, and the system can be effectively
while the prepeak is not observed at the K edge, indicatingnapped to an attractive Hubbard model. In their model, the
that the MIGS are formed only at the anion site. On the othefetallic band is assumed to interact only with the anion sites

hand, the polarization-dependent NEXAFS results show thajy the cation sites Figure 4 shows the Kuroki model, where
the MIGS are the states extending their electron clouds alonghe carrier banda) interacts repulsivelyV) with the insu-

the surface normal directichConsidering these NEXAFS lating band (3,). At the alkali-halide/metal interface, the

results and our previous calculation resifg. 3in Ref. 9,y 55 have their amplitudes only on the anion sites, so that
we can present a systematic view of the spatial dlstrlbutloqhe MIGS should interact primarily with the anion sites,

OT the MIGS for the alkali-halide/metal interface as seen inyypcp just corresponds to the situation considered in Kuroki

Fig. 4. o o model. TheB;, B,, anda bands in the Kuroki model corre-
The localization of the MIGS at the anion site can beﬁpond to the anion, cation, and MIGS bands in the alkali-

) e . alide/metal systems, as shown in Fig. 4. So we may envis-

11

Arita et al.= Generally, the MIGS can be divided into tW0 g6 that the “alkali-halide/metal interface may provide a

grﬁUpﬁi one havllng abcor:jdurc]:tlon-band ;:]haractler anc_id thSossible ground for superconductivity, although quantitative
other having a valence-band character at the insulator side Qtqiction forT, could not be done at the present stage.

the interface. Noguera and Bordier introduced the energy

E,cp Which categorizes the character of the MI&&ccord- This work was supported by a Grant-in-Aid for Scientific
ing to their theory, an electronic state has a conduction-banResearch and Special Coordination Fund from the Ministry
character when its electronic energy is larger tBagp, and  of Education of Japar(Creative Scientific Research Project,
vice versa. On the other hand, the charge transfer betweeaBrant No. 14GS0207 The present work was performed un-
the insulator and the metal is determined by the energy poder the approval of the Photon Factory Program Advisory
sition of E;¢p relative to the Fermi energdEg). The charge  Committee(Grant No. PF-PAC N0.2001G336
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