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PHYSICAL REVIEW B, VOLUME 64, 125115

X-ray standing-wave investigations of valence electronic structure
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(Received 1 February 2001; revised manuscript received 4 June 2001; published 10 September 2001

We have examined the valence-electron emission from Cu, Ge, GaAs, InP, and NiO single crystals under the
condition of strong x-ray Bragg reflection; i.e., in the presence of the spatially modulated x-ray standing-wave
interference field that is produced by the superposition of the incident and reflected x-ray beams. These crystals
span the entire metallic, covalent, and ionic range of solid-state bonding. It is demonstrated that the valence-
electron emission is closely coupled to the atomic cores, even for electron states close to a metallic Fermi edge.
Using the bond-orbital approximation, the x-ray standing-wave structure factor for valence-electron emission is
derived in terms of the bond polarities and photoionization cross sections of the atoms within the crystalline
unit cell and compared to experiment. Additionally, we demonstrated that by exploiting the spatial dependence
of the electric-field intensity under Bragg condition, site specific valence electronic structure may be obtained.
The technique is demonstrated for GaAs and NiO.

DOI: 10.1103/PhysRevB.64.125115 PACS nuniber68.49.Uv, 78.70.Ck, 79.26m

[. INTRODUCTION cel*=® or the photon-energy dependence or Faresonant
behavior of these atoms near a core-ionization threshold.

One of the most powerful experimental tools for examin-Additionally, x-ray photoelectron diffraction has also been
ing the electronic structure of a solid or film is photoelectronused to obtain site specific valence information.
spectroscopy. Due to the conservation of energy between the In this work, we utilize the spatial dependence of the
incident photon and the ejected photoelectranuch direct ~ X-ray standing-waveXSW) interference field that results
and important electronic information pertaining to the occu-from the coherent superposition of the |nC|den_t and reflec‘ged
pied valence-band density of states has been obtained féff@y beams near a crystal x-ray Bragg reflection to examine
many materials, and this information has been used to estaff1€ valence-electronic structure of a number of materials that

lish the validity of complicated band-structure calculationsSPa" the entire range of so!@-statg bonding; i.e., ”."eta”'c'
for metals, semiconductors, insulators, and alfoys. covalent, and ionic. By combining this form of x-ray diffrac-

Typical photoemission measurements are performed Witlr1i0.n with valence-photoelectron spectrc_Jscopy, we are able to
excitation sources that are monochromatic plane waves. pdain a better expenmen_tal_understandlng of the_ fundamental
cause the intensity of a plane wave is constant over the chysms O.f .the_ photoemlsslon process. In a.ddl.t|on,. by sglec—
mensions of the crystalline unit cell, standard photoemissiorll'VGIy positioning the maximum of the electric-field intensity

measurements are unable to produce direct, site specific v. fithin the crystalline unit cell and _recording h[gh-resol_ution
lence information. As many of the recent d,ensity of state valence-photoelectron spectra, site-specific information on

calculations that have been performed for compound mater he (.)CC“p'Ed valence-band density of states may be directly
als are element or site specific, such information is necessaRPtamed'

for the detailed comparisons between theory and experiment

that are necessary to advance our knowledge of solid-statﬁ_ THEORY OF VALENCE-ELECTRON EMISSION IN AN
bonding. This limitation of the photoemission technique has X-RAY STANDING-WAVE EIELD

been partially mitigated by experiments that have exploited

either the photon-energy dependence or Cooper minfmum We turn our attention to the problem of the photoelectron
of the atomic cross sections of the atoms within the unitemission from a valence band of a single crystal. Because the

0163-1829/2001/64.2)/125115%15)/$20.00 64 125115-1 ©2001 The American Physical Society



J. C. WOICIK et al. PHYSICAL REVIEW B 64 125115

valence electrons are delocalized, we must consider the The general importance of E¢b) arises because within
emission from all of the atoms within the crystalline-unit the region of dynamical x-ray Bragg diffractidfhthe phase
cell, rather than from a single type of atom as is typically v may be continuously varied from 0 t& Consequently, the
assumed for standard x-ray standing-wave analysiur-  maxima(or minima of the sinusoidal electric-field intensity
thermore, we assume that we do not energy discriminate benay be experimentally scanned across the atomic planes of a
tween valence states of different energy. This situation willcrystal simply by slightly varying either the angle of the
be discussed in later sections. For simplicity, we assume thaample or the photon energy around the Bragg condition.
our unit cell has two atoms, and we label these atonzsfas To calculate the cross section of the photoelectron effect
the anion sites and for the cation sites, respectively. in the presence of the x-ray standing-wave field, we must
The initial bound-state wave function of a valence elec-first calculate the differential cross section using the total
tron can be taken in the tight-binding, bond-orbital electric field from Eq.(4). The intensity of the photoexcita-
approximatioh™'? as the sum of the hybridized valence tion process is proportional to the square modulus of the
atomic orbitals on each of the cores. As a Bloch wave, outransition-matrix elemenM;; between the initial and final

initial-state wave function may therefore be written stated®
. : do/dQo|Mi¢]2, (6)
||>:2 elk‘R[ua(;ba(r_ra_R)+uc¢c(r_rc_R)]- (1) !
R where
Here ¢,(r) and ¢.(r) are the hybrid, atomic-state valence Mif:<f|Eoeiko-r(e0.p)+Eheikh~r(Q1.p)|i>' (7)

orbitals of atoma and atonc. (For the Ill-V semiconductors . )
they are thes-p states. Coefficientsu, andu, are defined in and p=—ihV is the momentum operator. It follows from

terms of the bond polarityr, which is calculated from the Ed. (7) that the matrix element of the photoelectron process
Hartree-Fock term values of the free atdims is the sum of the matrix elements corresponding to the direct

and diffracted waves

Ua=[(1+ap)/2)"™ and Ue=[(1=apl2  (2) Mir=Eolf|€%o" (& p)[i}+ En(flen (&) p)]i),  (8)

The coordinate vectorR describe the positions of the unit
cells, andr, andr, are the positions of the anion and the ©f

cation atoms within ef_:lch unit ce(lFor tl’_lel(lll) reflection M =EoM (ko) +EnM s (Kp). 9)
of the group IlI-V semiconductors.—r,= za[ 111], where
a is the lattice parametér. We will now calculate each matrix element separately.

Since we are working at several keV photon energy, welsing Egs.(1) and (3) for our initial- and final-state wave
may use the Born approximatibhthat describes the final- functions, and performing the change of variables to electron
state wave function of the escaping photoelectron as an ewroordinatesri=r—r,—R andri{=r—r.—R in each anion
ergetic plane wave travelling with wave vector and cation term, we arrive at an expressionNog (ko)

— ikf-r

|f)=e"rr. (3) Mif(ko) =D el (k+ko—kRpy_gikokp) ra

Under the condition of x-ray Bragg reflection, the electric R

field is given by the superposition of the coherently coupled ><<f|e”‘o'r2( )| )

incident E, and reflectedg,, monochromatic plane waves o P)IPa

that travel with wave vectors, andk;,, polarization vectors T+ u.elkokpre/flaiko Te(a . 10
e, ande, , and frequencyy c (f] (& P)|bc)]- (10)
o et it Performing the sum in Eq10) over the coordinateR of

E(r,t)=[&E.e™" +e,Epen ]e (4 the unit cells, we obtain the conservation law of quasimo-
ko and k, are connected by the Bragg condition mentum for the photoelectron prOCG@Fge'(kJrkO__kf)'R
h=k,—k,, whereh is a reciprocal-lattice vector of the crys- =N&k, k+k,+g. WhereNis the number of unit cellsjis the

tal. Kronecker delta, andy is a reciprocal-lattice vectdf Fi-
This field squares to give the wavefield intensity at annally, we obtain an expression for the matrix element
arbitrary pointr in space Mit(Ko)
I(r)=|Eo|’[1+R+2CyRcog v+h-1)], 5 Mif(Ko) [ g€ o™ 1 MaV (ko) +uce! Ko™ 0 Tev (ko) ],
(11)

where v is the phase of the complex-field amplitude ratio )
E./E,=JRE”, Ris the reflectivity functionR=|E,/E,[2,  Where the matrix elementg,(k,) andVc(k,)

andC=g,- g, is the polarization coefficient which is equal to B kg1

1 for o-polarization and equal to co®zfor = polarization. Va(ko) =(f[e"e "e(& P)| b,

(0g is the Bragg angle.Both R and v are functions of pho- _ e C

ton energy and angle around the Bragg condition. For the Ve(ko) =(f[e" " e(&- p)| bc), (12

symmetric reflections studied in this wo&=1, although correspond to the elementary photoexcitation process from
we will consider both situations in the following derivation. the anion and cation sites and c for the incident beam.
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Integration in Eq.(12) is performed over the electron coor- gible binding energy, it becomes a good approximation for
dinatesr? and r{ which are the electron-position vectors the low x-ray energies that the momentum of the photon may
from the anion and cation sites in each integral, respectivelybe neglected compared to the momentum of the electron in-
Performing the same calculation for the diffracted beamside the matrix elements; i.ek¢>k, ,,.** Additionally, be-
we obtain for the matrix elememd ;(k;) cause we are utilizing a bond-orbital wave function, the di-
i(K—Ke) -t (K —Ko)r ole approximation is implicit becausg, and ¢. are atomic
Mis (k) o= [uge' ™0 TaV (k) + uge! eV k), grbitalg.p(We will addrepss higher-ﬁaer rﬁlcjltipole terms

(13 shortly) Consequently, because the directions of propagation
where we also have of the incident and diffracted x-ray beams do not affect the
_ @ matrix elements, all the terms in E@.7) are directly propor-
Va(kp)=(f|e"n e(ey-p)| da), tional to the total cross sections of the anion and cation wave
e functions within this approximation
Ve(kn) = (f|e" (& p) ). (14 PP
If we now substitute the expressions for the matrix ele- f Vo(k. ) 12dQ e oT
ments of the incidenfEq. (11)] and diffracted[Eq. (13)] [Va(ko,)| Ta

beams into Eq(9), after some algebra we arrive at the most
general expression for the transition-matrix element for the
photoelectron effect from a crystal-valence band

Mi¢=Eq{uqe'“e™ " "oV, (ko) + (En/Eo) €™ eV (kp)]

| Netkoizdozol,

_ . V3 (Ko)Va(kp)dQxCal,
U@l V(o) + (B /Eg)e™ eVi(ky ]} | vitkovatisasesl

(19

From Eq.(6), taking the magnitude squared of this expres-
sion gives us the differential cross section for the valence-
electron emission in the presence of two coherently coupled From Egs.(17) and (18), we now obtain the intensity of
x-ray beams the total valence-electron emission from the two coherently
coupled beams

f V& (Ko)Ve(kp)dQoxCo . (18)

do/dQocu2|V, (ko) + (En/Eg)e "aV (kp)|?
) 2T .
AUV (ko) + (En/Eo) e eV (Ky) 2 Yr=u201[1+R+2C\Rcogv+h-r,)]

+ulol[1+R+2CVyRcogv+h-ry)]. (19

+uaucei(k07kf).(r07ra)[va(kO)
+(Ep, /Eo)eih-rava(kh)]* Compgrlson Wlt.h Eq.(5) shows that Fhe .valence—electron

‘ emission associated with each atom is directly proportional
X[Vo(ko)+ (Ep/Eq)e eV (k) ]+c.c. (16)  to the electric-field intensity at the location of its electronic

Note that the equation usually used to study x-ray photoelec=> <
ithe eq y Y yp The above expression can be written in the usual param-
tron emission from a crystal-valence band from one propa-

gating electromagnetic bedrtis obtained from Eq(16) by etrized form of the XSW yield from an ensemble of atdfhs
settingE,,=0. _ B

As we are interested in the integral photoeffect, we will be Yr=1+R+2C \/ﬁFCOE( v=2mD), 20
integrating Eq.(16) over all solid angled(). As valence where the parametei® andF are referred to as the coherent
electrons have negligible binding energies,{0), the position and coherent fraction, respectivelfFor core-
product|(k,—k;¢) - (re—r,)| will be much greater than 1 at emission XSW measuremenB,andF may be interpreted as
x-ray energies; consequently, the phase faeldf k) (e the phase and amplitude of the charge-density Fourier coef-
—r, will be highly oscillatory, and therefore the cross termsficient for theh reflection’?)
can be neglected compared to the first two terms of Eq. Using a trigonometric identity, Eq$19) and(20) render
(16).41516 This approximation leads us to the differential _ _ _
cross section for two independent, mixed-site emitters in the ~ Fe>™>=[u3oe" "a+uioe™ ]/[ujos +uio],
presence of two coherently coupled x-ray beams (21)

da’/dQOCu§|Va(k0)+(Eh/Eo)eih‘rﬁVa(kh)|2 which may be generalized for a unit cell with an arbitrary
number ofi atoms
+ U Ve(ko) + (Ep/Eo)e™eVe(kp)|2. (17)

For the moment, we will make the dipole approximatibn Fe?"P=2 UiZUiTe'h'ri/ PINTIAN (22)
in the matrix elements of Eq$12) and (14) that eoe?.C ' '
~eknTed.— 1 Due to the spatial extent of the valence elec-Equation(22) is the xray standing-wave structure factor for
trons, one might not expect the dipole approximation to bevalence-electron emissiohote that both the bond polarities
valid. However, again because a valence electron has negind photoelectron cross sections appear in(Eg).
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It is also possible to take into account nondipole contri-mator and a double-pass cylindrical-mirror analy@mMA)
butions to the x-ray standing-wave yield. This amounts tosimultaneously through the photon-energy range of the crys-
including the first term in the Taylor-series expansion of thetal x-ray Bragg back reflection. The CMA was operated with
retardation terms in Eq18); i.e.,e'o' "2 ~1+ik,-rg°and  x-ray photoelectron-spectroscopy slits and a pass energy of
e'knredC~1+ik,-r&°. According to the results of Ref18], 200 eV to give an electron-energy resolution-e8.2 eV. The
we may write the integrals of Eq18) in terms of their horizontal axis of the spectrometer was aligned parallel to
dipole and quadrupole contributions the polarization vector of the synchrotron radiation, and a

pair of InSK111) crystals provided the monochromatized
2 D, Q x-ray beam. In this geometry, the CMA accepts electrons
J Vakon)"d o5 + 03 with an angular range of 6° about the CMA cone which has
a half angle of 42.3° with respect to the CMA axis. Fiducial
2 D information on the photon energy, the photon-energy
j [Ve(kon)[*d€2ex o +US’ rocking-curve width(~0.7 eV), and the sample alignment
was obtained from the reflectivity curves which were mea-
sured simultaneously to the electron-emission curves with an
I, grid upstream of the sample.
(111) back-reflection x-ray standing-wave data were re-
. D D, ~0.0Q corded from freshly cleaved GEL1). From freshly cleaved
Ve (ko)Ve(kyp)dQxCPog +CRa¢, (23 GaAq110, GaAd-1-10), InP(110), and INR—1—10), (111),

5 0 _ (=1-1-1), (111, and (—=1-1-1) back-reflection x-ray
whereo, . ando . are the total dipole and quadrupole crossstanding-wave data were recorded, respectively. The sample
sections for the anion and cation atoms, @ft=e,-&, and  geometries were adjusted to make the incident beam normal
CO=[(&-€n) (Ko~ kn) + (& kn) (en- ko) 1/[Ko|* are the dipole g either the(111) or (—1—1—1) diffraction planes. Ge @,
and quadrupole polarization parameters. Equatib® is  Ga 3d, As 3d, In 4d, and P 3 core-level intensity data
then modified to include the ratio of the dipole to quadrupoleyere recorded in addition to the intensity from the top of
cross sections for the angle-integrated yield each crystal-valence band as the photon energy was scanned

o7 b R through the Bragg back-reflection condition. Only in the case
Y1=U30,[1+R+2C7(1-Qa) yRCOS v+ -15)] of the P & core line was it necessary to measure the modu-

W0 T1+R+2CP(1— Th. _ Iqtion of_ th_e inelastic-electron backgrqund at a slightly

Usoe[ 1+R+2C7(1 Qc)\/ﬁcos(v h-ro)l higher kinetic energy and then subtract it from the data re-
(29 corded at the kinetic energy of the elastic core lifiEne

valence band has no extrinsic inelastic background due to

T _ D Q H H T~ D_
= + = S . o : .
where Tac” Tac Ug‘f’ polarization coeff|C|gnC 1 for electron emission at higher kinetic energies, and the signal to
o polarization andC” =cos P for 7 polarization, andQ, . background is large for the other core levels.

;rt((::,\sthreesqlje:a::(:icjeﬁ()l?rrf:ntgr%ugOEZI ft%r the anion and cation We also examined the core- and valence-photoelectron
» 1esp Y- y q spectra at fixed photon energies for the GdA$) and

fv;(ko)va(kh)dnochag+cQag,

Qac=2(0%aT), . sir? 05 (25) GaAgq—1—-1-1) reflections with the CMA operating with a
e ac pass energy of 50 eV, to give a high-resolution electron-
for o polarization and energy width of~0.8 eV. For the GaA411) reflection, these

_ QT data were recorded with the photon energy set to place the

Qa,c=2(0/0")a,[COS 25— oS 405]/cOs 5. (26)  maximum of the electric-field intensity near the Ga atomic
for 7 polarization. Note that the inclusion of the quadrupolePlanes, and for the Gags1-1-1) reflection, these data
contributions to the integral photoyield breaks the strict pro-were recorded with the photon energy set to place the maxi-
portionality between the electric-field intensities and themum of the electric-field intensity near the As atomic planes.
valence-electron emissions found in E&9) by reducing the The experimental studies of Cu and NiO were conducted
amplitudes or coherent fractions of the x-ray standing-wavet the National Synchrotron Light Source using beamline
modulations. The coherent position will also be affected, but{24a and a standard ultra-high vacuum chamber. This
only in cases wher®, and Q. are large and differ by a double-crystal monochromator was operated witli1Hi

significant amount. crystals, and electron-emission spectra were recorded with a
multichannel hemispherical analyzer. Atomically clean Cu
Il EXPERIMENTAL DETAILS surfaces were produced by repeated cycles of argon sputter-

ing and annealing. NiO surfaces were produced by repeated

The experimental studies of the covalent semiconductorsycles of argon sputtering and annealing in oxyéefor the
Ge, GaAs, and InP were performed at the Stanford Synchros«ray standing-wave experiments, the (CLL) crystal was
tron Radiation Laboratory using the “Jumbo” double-crystal aligned so that th€l1—1) diffracting planes were normal to
monochromator and a standard ultra-high vacuum chambethe synchrotron beam, and the N@D1) crystal was aligned
Electron-emission, back-reflection x-ray standing-waveso that the(111) diffracting planes were normal to the syn-
datd®1%2021 were recorded in a fixed-angle, normal- chrotron beam. For both the Cu and NiO studies, the hori-
incidence diffraction geometry by scanning the monochrozontal axis of the spectrometer was aligned parallel to the
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1.4

1.2

1.0

0.8

03T

FIG. 2. Side views of the G&11) and GaA$§111) crystal struc-
] tures. The(111) atomic planes are indicated.

02+
Reflectivity

01 errors between them. The lower part of the figure shows the

reflectivity curve recorded simultaneously with the electron-
emission data.

The Ge 3l core-level emission shows the characteristic
x-ray standing-wave pattern from this centrosymmetric
crystal®® The emission from the delocalized valence band is

FIG. 1. Photon-energy dependence of the Geadd the Ge startlingly similar, showing only a small reduction in XSW
valence-electron emission near the(Gd) Bragg back-reflection ~amplitude.
condition. Also shown is the G&l1) reflectivity curve. The lines In order to obtain quantitative information, following
are the theoretical fits to the data points. standard XSW analysis, these data were fit by §) (C
=1), using the photon-energy offset and photon-energy
width obtained from the fit to the reflectivity data. The
%omplex-reﬂectivity function was calculated from the dy-
namical theory of x-ray diffractioh? both R and v are func-

Unlike the CMA, the hemispherical analyzer utilizes g tions of photon energy. The pertinent XSW fitting parameters

multichannel detector plate, so Cu x-ray standing-waveareD' the average position of the resulting emission relative
electron-emission data were recorded by setting an analyzé? the d(ljﬁlr:ac;[;]ng pla;]nes ”t] lfm'tf. of th? reflgct_mg F:rlla?e spac-
window around either the Cu Bcore line or the Cu valence ng, aDn » (e conerent fraction of emission that arises
band and summing the counts in all of the 16 channels of th!arom :

: : For the Ge 8l core distributionD andF are found to be
analyzer while a bias voltage connected to the sample was ~ " o4
scanned together with the photon energy. Cu and NiO phgﬁ_ +0'01'9td(').0'09 a_mr(]Fk; +?'682tho'038' Thgse r?aragm—f
toelectron spectra were collected at different photon energie%terS are indistinguishable from the expected valueDo

around the Bragg condition by setting the photon energy ang 0 andF=0.71 for the ideal, nonvibratifg lattice sites

scanning the electron analyzer in a high-resolution mode. Fo?hOWn in Fig. 2. Note that for this centrosymmetric reflec-

the Cu data, valence spectra were recorded with a pass efidh: the(11D atomic planes bisect the Gel1) double layer;

ergy of 11.75 eV to give an electron-energy resolution ofconsequentlyF is not equal to 1, but rather it is equal to
~0.18 eV. For NiO, a pass energy of 23.50 eV was used t805(77/4)21&/2:0.71. This reduction in amplitude reflects

give an electron-energy resolution 60.35 eV. In both the spread of positions between the two spectroscopically
cases, the photon-energy width wa®.45 eV. indistinguishable Ge atoms of the diamond-unit cell, which

are displaced by a quarter of(all) lattice constant along
the[111] direction.[The two Ge atoms of the unit cell have
displacements of- £ and —3 (111) lattice spacings from the

Normalized Intensity (arb. units)

0.0

1898 1900 1902 1904 1906
Photon Energy (eV)

polarization vector of the synchrotron radiation. In this ge-
ometry, the hemispherical analyzer accepts electrons within
cone of =20° with respect to the polarization vector.

IV. RESULTS . . L
center of thg111) diffraction planes. For the valence distri-
) bution, the same fitting procedure finds=0.002+0.011
A. Covalent semiconductors andF = 0.650+ 0.045.

1. Homopolar Ge

Figure 1 compares the photon-energy dependence of the 2. Heteropolar GaAs and InP

Ge 3d core-level emission with the Ge valence-electron Figure 3 compares the photon-energy dependence of the
emission in the vicinity of the G&11) Bragg back-reflection Ga 3d, the As 3, and the GaAs valence-electron emission
condition. These are raw electron-yield curves recorded byn the vicinity of the GaAgL11) Bragg back-reflection con-
scanning both the monochromator and CMA simultaneouslydition. For the GaA&l1l) reflection, the Ga atoms occupy
they have been scaled only by a constant to make equal thdine top half of the diamond bilayer, and the As atoms occupy
yield away from the energy of the crystal Bragg back reflecthe bottom half, as shown in Fig. 2. This is easily verified
tion. Additionally, they have been recorded in quick, alter-experimentally by the Gadand the As 8 core-level XSW-
nating scan-by-scan succession by changing only the deteemission patterns that show the characteristic yield for each
tion energy of the CMA in order to eliminate any systematicsite?® Unlike the case of the centrosymmetric Ge planes,
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-~
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- GaAs(111) . INP(111)

-
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Normalized Intensity (arb. units)

Normalized Intensity (arb. units)

n | " » 1 L 1
1896 1898 1900 1902 1904 1826 1828 1830 1832 1834

Photon Energy (eV) Photon Energy (eV)
FIG. 3. Photon-energy dependence of the @atBe As 3, and FIG. 5. Photon-energy dependence of the ¢h the P &, and

the GaAs valence-electron emission near the GhH$ Bragg the InP valence-electron emission near the(11® Bragg back-
back-reflection condition. The lines are the theoretical fits to thereflection condition. The lines are the theoretical fits to the data
data points. points.

these noncentrosymmetric sites are displaced+iy(Ga  the hybridized valence electrons differ by 2; i.e., the valence
and —3 (As) (11D lattice spacings from the center of the panq'is composed of the hybridized B &nd 3 electrons
GaAs bilayer, and each of the sites produces a coherent fragyq the In % and 5 electrons. Consequently, atomic cross-
tion much closer to 1. The valence pattern appears similar tQaction effects should be more apparent in the InP data than
the average of the Ga and As core-level patterns, but it i§, the GaAs data.
shifted significantly towards the As site. _ An interesting consequence of the large difference in
To demonstrate that this result is not an experimental aryiomic number between the In and P atoms is that the posi-
tifact, we also collected—1—1-1) electron-emission data jon of the diffracting planes does not coincide with the cen-
from the same GaAs crystal. These data are shown in Fig. 4er of the atomic planes. Rather, the position of the diffract-
The positions of the Ga and As atoms are now reversed, 38 planes is shifted significantly towards the In sites, as
seen from the core-level emission patterns. Once again, thgjigenced by the In and P core-level emission patterns. This
valence-emission pattern is close to the average of the tWejration arises due to the large difference in the atomic form
sites, but it is skewed significantly toward the As site. factors of In and P that appear in the x-ray structure f&&tor.
Figure 5 shows similar data for InP acquired from the ne atomic form factors are included in the determination of
InP(111) reflection. Figure 6 shows similar data acquiredine atomic positions.For Ge, the reflection is symmetric.

from the INR—1—1-1) reflection. We also chose to study g in the absence of anomalous dispersion, the Ge charge
InP because, unlike GaAs, the principal quantum numbers of

: r r T T T i AASR T

INP(-1-1-1)

16 - GaAs(-1-1-1) .

N
=)

Normalized Intensity {(arb. units)
5

Normalized Intensity (arb. units)

. | , | L L 1 L L L 1 L 1 I L . | 3
1896 1898 1900 1902 1904 1826 1828 1830 1832 1834

Photon Energy (eV) Photon Energy (eV)
FIG. 4. Photon-energy dependence of the @atBe As 31, and FIG. 6. Photon-energy dependence of the th the P &, and

the GaAs valence-electron emission near the GaAs-1-1) the InP valence-electron emission near the(inP-1-1) Bragg
Bragg back-reflection condition. The lines are the theoretical fits tdack-reflection condition. The lines are the theoretical fits to the
the data points. data points.
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TABLE |. XSW fitting parameter®, coherent position, anH,

coherent fraction, for the covalent semiconductors Ge, GaAs, and é

InP. =
z

Ge(111) g

Geld D=+0.019t0.009 F=+0.682+-0.038 -

VB D=+0.002-0.011 F=+0.650+0.045

GaAgq11))

Ga3d D=+0.107-0.009 F=+0.775-0.047

As3d D=-0.096-0.006 F=+0.776:0.029

VB D=-0.055-0.010 F=+0.667-0.040

GaAg—1-1-1)
Galdd

D=-0.100+0.011

F=+0.827-0.053

As3d D=+0.136:0.014 F=+0.821+0.076 FIG. 7. Theoretical calculations of the normalized electric-field
VB D=+0.072-0.015 F=+0.605-0.061 intensity for the GaA&1l) (shaded ling and GaA¢$—1-1-1)
InP(111) (solid line) Bragg back-reflection conditions at photon enefgy
In4d D=+0.111+*0.010 F=+0.811+0.049 =1900.05eV. This photon energy maximizes the electric-field in-
P2s D=-0.133+0.016 F=+0.880+0.080 tensity on the Ga atomic planes for tfd1) reflection and on the
VB D=+40.051+0.012 F=+0.660+0.050 As atomic planes for thé—1—-1-1) reflection. The spatial posi-
INP(—1 —1 —1) tiolns_ of thehfieclg intednzities withinlthe Giﬁs ;nit (;ell_l are shown
relative to the Ga and As atomic planes. The dotted line represents
Inad D=-0.126=0.009  F=+0.970=0.054 the electric-field intensity away from the Bragg condition which is
P2s D=+0.13370.025  F=+1.065-0.183 constant and equal to 1 throughout the unit cell.
VB D=-0.062£0.014 F=+0.746:0.066

Figure 8 shows the resulting GaAs crystal valence-band
spectra, referenced to the valence-band maximum. These
gata are characteristic of the GaAs valence-band density of

7'28 . s . _
and the center of the atomic planes coincide. For GaAs, A tates’ The intensities of the three different lobes ob

has a larger atomic number than Ga; consequently, the di1s_erved in the spectra modulate significantly depending on

fracting planes are shifted toward the As site, but not by awhlch of the atomic planes; i.e., either the anion or cation

large amount® For InP, the effect is much greater due to theatomic planes, was preferentially excited. The features at the
much larger diﬁ‘erencé in atomic number lowest and highest kinetic energies are enhanced when the

Table | shows the resulting fitting paramet&sndF for

distribution is uniformly distributed across the diffracting
planes; consequently, the position of the diffracting plane

the various core levels and the crystal-valence bands of the L L
Valence Band

covalent semiconductors. Note that in the case of the GaAs
data, the valence emission is skewed towards théAm®n

sites, whereas for the InP data, the valence emission is
skewed towards the Ication sites. Clearly, the importance

of the atomic cross sections in EG.9) is immediately evi-
dent because the direction of the charge transfer is the same
for both GaAs and InP; i.e., from the positively charged cat-
ion to the negatively charged anion.

12

3. Site-specific valence-electronic structure

Intensity (counts/second)

We also collected high-resolution valence photoemission
spectra at fixed photon energies around the GHEK$ and
the GaA$—1—1-1) reflections with the CMA pass energy
set at 50 eV. For thg11l) reflection, these data were col- d6 oz AT
lected with the electric-field intensity maximum placed close - i}
to the Ga atomic planes, and for the1—1—1) reflection, Kinetic Energy (eV) (E - Evgw)
these data were collected with the electric-field intensity g5 g Comparison of the Gahaded lingand As(solid line
maximum placed close to the As atomic planes, as shown ig.atom GaAs valence-photoemission spectra. Note the sensitivity
Fig. 7. These experimental geometries and photon energigs the spectra to the location of the electric-field intensity within the
correspond to the peaks in the Ga and As core-level scanng@stalline-unit cell. The features at the lowest and highest binding
XSW data of Figs. 3 and 4, respectively. Both reflectionsenergies are enhanced when the maximum of the electric-field in-
were utilized in order to maximize the contrast between theensity is placed on the As atomic cores, whereas the feature at
electric-field intensities on the Ga atomic sites and on the Asmtermediate kinetic energy is enhanced when the maximum of the
atomic sites. electric-field intensity is placed on the Ga atomic cores.
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FIG. 9. Photon-energy dependence of the Gu &re (solid FIG. 10. Comparison of the high-resolution Cu valence-
line) and the Cu valence-electron emissiqdoty near the photoemission spectra. The spectra have been normalized to equal
Cu(11—1) Bragg back-reflection condition. peak height and referenced to the Fermi energy. The large peak at

intermediate binding energy arises from the Qi ®ntribution to

maximum of the electric-field intensity is placed on the As the Cu density of states, while the emission near the Fermi energy is
atomic sites, whereas the feature at the intermediate kinetff 4S origin. The spectral line shapes are indistinguishable within
energy is enhanced when the maximum of the electric-field"® experimental uncertainties.

intensity is placed on the Ga atomic sites.
In order to test this hypothesis, we recorded high-

5. Metallic Cu resolu_tion valence-photoelectron spectra at different photon
' energies throughout the energy width of the(T-1) re-

The XSW emission patterns and high-resolution photoflection; i.e., with the electric-field intensity maximum
emission spectra from a CLL1) surface were also studied. placed on the Cu sites, between the Cu sites in the region of
Figure 9 compares the photon-energy dependence of the Goaximum bonding charge, intermediate to these two ex-
3p core-and valence-electron emission in the vicinity of thetremes, and with the photon energy seb eV below the
Cu(11-1) Bragg back-reflection condition. Once again, Bragg condition wherdR=0 and the electric-field intensity
these are raw electron-yield curves; they have been scalés constant over the dimensions of the Cu unit cell. These
only by a constant to make equal their yield away from thespectra are shown in Fig. 10. They have been referenced to
Bragg condition. Additionally, they have been recorded inthe Fermi level and scaled to equal peak height. The weak
quick, alternating scan-by-scan succession by changing onkegion of flat emission near the Fermi level is due to the Cu
the detection energy of the analyzer in order to eliminate anyts band, and the intense, more tightly bound and structured
systematic errors between them. features are due to the Cu Zmission.

As in the case of crystalline Ge, the photon-energy depen- Experimentally, these lineshapes are indistinguishable;
dence of the valence-electron emission is startlingly similatherefore, it is clear that the entire Cu valence band or,
to the photon-energy dependence of the core-electron emigquivalently, each-energy state of the valence band has the
sion; the valence-emission pattern shows only a small redugame response to the x-ray standing-wave interference field.
tion in XSW amplitude or coherent fraction relative to the We may therefore conclude that all of the Cu valence elec-
core-emission pattern. trons contribute equally to the experimentally observed small

These data were also fit by EO0). For the core distri- reduction in valence coherent fraction, independent of their
bution D= +0.994+0.013 andF= +0.918+0.069, while initial-state binding energy.
for the valence distributiorD=+0.990+0.012 andF=
+0.870+0.061.

Although the Cu valence band is composed mostly of Cu
3d electrons, the less tightly bound electronic states extend- We also studied the valence-electron emission from the
ing to the Fermi edge are composed of the Getectrons®  ionic crystal NiO. Unlike the crystal structures studied above
In anticipation of the data presented in Fig. 9, it was ourthat are all formed from the face-centered cubic lattice, NiO
belief that the 4 states composing the Fermi edge would becrystallizes in the NaCl rocksalt structuf&The polar(111)
less “atomiclike” and therefore more “free-electron-like” reflections allow the placement of the x-ray standing-wave
than the more tightly bound and structured 8tates. Con- electric-field intensity maximum on either the Ni or O atomic
sequently, we presumed that the states at the Fermi edgées.
would account for the small reduction in coherence or am- Figure 11 shows the x-ray photoelectron spectrum from
plitude of the Cu XSW valence-emission pattern relative tothe spin-orbit split Ni 2, and Ni 2p3, core levels. The
the core-emission pattern observed in Fig. 9. spin-orbit splitting is~17.3 eV. In addition to the main spec-

C. lonic NiO
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L R A core spectrum are similarly reproduced in the crystal
Ni 2p Ni2pg, 1 valence-band spectra, although their energy separation from
Fre 2575 eV the main line is somewhat reduced. In the valence spectra
they now occur at-1.6 and~6 eV from the main line, with
the additional complexity that the lowest-energy feature ap-
pears split. The filling of the large trough4.5 eV below the
main line in the valence spectra relative to the core spectrum
has been attributed to the presence of a broad oxygen 2
valence band at this energy in both early photoemission
and later theoretical work¥.However, only the intensity of
the O X level in the scaled spectra modulates with the place-
ment of the x-ray standing-wave field; i.e., the line shapes of
the two valence spectra recorded with the maximum of the
electric-field intensity placed on either the Ni or O atomic
sites are indistinguishable above the kinetic energy of the O
2s line. Consequently, it is clear that the filling of the trough
FIG. 11. High resolution Ni B core-photoemission spectrum ~4.5 eV below the Ni @ main line in the valence versus
from NiO. core spectrum must be due to emission from Ni derived
states, rather than from an Qpand, which is counter to

tral lines, there are several additional satellite features thdhe previous interpretatioris:>>?
are of many-body origin. Similar features are apparently also

present in the valence-band spectra which are shown in Fig. V. DISCUSSION
12. The valence spectra were recorded near the(INiDp
Bragg back-reflection condition with the electric-field inten-
sity maximum placed close to the Ni atomic sites and with In order to critically evaluate our theory for valence x-ray
the electric-field intensity maximum placed close to the Ostanding-wave emission presented in Sec. Il, we begin our
atomic sites. They have been scaled to equal peak height discussion with crystalline Ge. For a homopolar material
the top of the Ni & valence band, which occurs atl eV such as crystalline Ge that has two atoms in its primitive unit
binding energy. They have also been referenced to theell, the quantum mechanical parameters of Eif) are
valence-band maximum. The peak-a20.5 eV binding en- identical for each of the two Ge atoms;=u.=1#2 and

ergy in the valence-band spectra is the ®lide. (T;ZO'I. In our x-ray energy limit of two independent emit-

Upon comparison of the Ni 2 core spectrum with the ters, the valence-electron emission pattern should therefore
valence spectra, it is clear that both satellite features occuappear similar to the core-level emission pattern recorded by
ring at~1.9 and~7.3 eV below the main line in the Nil2  monitoring the more tightly bound Ged3core electrons. As
seen from Fig. 1, this is indeed the case.

The data from crystalline Ge therefore preclude any sig-
nificant (>5%) electron emission emanating from the
bonding-charge region between the cores. Had our data been
sensitive to this region of intramolecular bonding charge,
then the XSW-emission pattern from the valence electrons
would dramatically differ from the XSW-emission pattern
from the electronic cores. In fact, due to the large amount of
bonding charge that is amassed between the atdihsyas
presumed by us that the amplitude of the valence-emission
pattern would be reduced by a considerable fraction relative
to the core-emission pattern. For examgteyould be iden-
tically equal to zero for a uniform emission of electrons from
throughout the unit-cell volume. Rather, our data have deter-

S — mined D =0.000+0.011 andF=0.66+0.05 for the valence
distribution, which shows only a small reduction in XSW
amplitude relative to the ideal core distribution.

FIG. 12. Comparison of the high-resolution NiO valence- In order_tc_J reconcile our physiC_aI intuition With th? mea-
photoemission spectra recorded with the electric-field intensiySUrément, it is necessary to examine the basic physics of the
maximum placed close to the Ni atomic sites and with the electricPhotoemission process that leads to these emission patterns.
field intensity maximum placed close to the O atomic sites. TheéFOr core states at typical x-ray energies, the product of
spectra have been normalized to equal peak height at the top of the I'e Will be much less than 1 wherever the core-wave func-
Ni 3d band and referenced to the valence-band maximum. Th&on gives an appreciable contribution to the matrix elements
spectra are indistinguishable at kinetic energies higher than the Of the photoionization process. Consequently, the spatial part
2s level within the experimental uncertainties. as well as the directions of propagation of the incident and

Intensity (arb. units)

Ll L
1680

L il 1 Ll

T TN vl
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reflected photon beams of the electric field will not effect thecontribution Q to the valence-XSW yield is only a few
integrals of Eq.(7). Hence, in the dipole approximation, the percent’ which quantitatively accounts for the small ob-
electron emission is found to be directly proportional to theserved reduction in coherent fractiGend hence the sensitiv-
electric-field intensities at the locations of the atomic coresity to the spatial distribution of the valence wave funcjion
Due to the large spatial extent of the valence wave func- To0 explore the distortion of the atomic orbitals by the
tions, this situation will not hold for arbitrarily low photon solid-state bonding, we may quantitatively examine the de-
energy; however, because the valence electrons have neglived structural parameters from the hgteropolar semiconduc-
gible binding energy(h%k?/2m=%w—sy; £,~0), the di- tOrS and compare them to their atomic counterparts. As we
pole approximation becomes a good approximation at th@ave already argued that the basic form of Exp) is not
low x-ray energies as the final state quickly approaches altéred by the chemical bonding, deviations from atomic be-
energetic plane wavée'®"": Born approximation Because havior should be reflected as observable differences in the

the transition probability is proportional to the overlap be-fundamental parameters of our model. . .
tween the initial-and final-state wave functions, for this rap- FOr the case of heteropolar bond, the anions and cations
idly varying final state there will only be contributions to the Nave different atomic cross sections, and charge is trans-
photocurrent from the spatial regions where the initial state i$€red from the less electronegative cation to the more elec-
also rapidly varying; i.e., the slowly varying regions will tronegative anion. As the positions of the anion and cation
integrate to zero. As we know from the orthogonality rela-are known[h-ro=—m/4 andh-r.= + /4 for the (111 re-
tionship between the valence and core states in the region #ections, we may use the x-ray standing-wave structure fac-

the nucleu® and the resulting success of pseudopotentiaf©” Of Ed. (22) to derive an expression for the coherent po-
theory,33 the initial valence states have appreciable high_smons and fractions for the valence-XSW distribution of the

frequency Fourier components only in the immediate vicinityZInchlende semiconductors. Due to the symmetry of the zinc
of their electronic cores. Consequently, it is this effectivePlende structure, thé—1-1-1) reflections will have the
localization of the valence emitfSrfor high-kinetic-energy ~Same coherent fractions as ttfl1) reflections, but the co-
final states that is responsible for the core-like behavior ofi€rént positions will be of opposite sign. For theLD) re-
the valence-XSW vyield. flection the result is

In early photoemission studies this phenomenon was il- a1 T T
lustrated schematically by matching the curvature of the D=(2m) “tan H{[(1~-ap)oc—(1+ap)oy]
initial-state wave function to the de Broglie wavelength of 11— T (1+ T 2
the ejected photoelectréfi?’ only in the immediate vicinity [(1=apoct(1+ap)oal} @7
of the electronic cores does a significant overlap between thand
initial and outgoing electron-wave functions exist. Addition-

ally, becausek;>k, |, for valence states in our low x-ray F=[(1—ap)20'1-2+(1+ ap)2g;2]1/2/[(1_ap)gz
energy range, the contribution to the emission pattern from .
the photon momentum is smalk5%), and the resulting +(1+ap)o,]. (28)

angular distribution may be considered dipole-fiRe.

From the angle integrated theory presented in Sec. Il as Table Il lists the atomic cross sections of the valence elec-
well as the above analysis, it is clear that x-ray standingirons in Ga, As, In, and P calculated using the multiconfigu-
wave measurements utilizing tightly bound core levels carfation Dirac-Fock methotf: The calculations have been per-
only sense the spatial distribution of the atomic wave funcformed at 1900 eV photon energy for GaAs and 1830 eV
tion through nondipole contributions to the photoyield. Forphoton energy for InP; i.e., close to tii&ll) Bragg back-
valence emission, the interference term can also contribute t@flection condition for each crystal. The calculations were
the yield from regions away from the cores because it conperformed for the ground state of each atom; i.e., 4",
tains nonlinear terms that depend on the electric-field intenAs 4s°4p®, In5s°5p*, and P 33p®. Consequently, each
sity midway between the atoni&q. (16)]. Due to the high atomic cross section reflects the fractional occupancy of
kinetic energy of the final-state electron, the contribution€ach atomic subshell. Also listed are the bond polarities from
from these terms should be negligible compared to the localRef. [11].
ized core portion of the yield. Even for wave functions that For our measurements of the scanned valence XSW emis-
are significantly delocalized due to the chemical bondingsions of the covalent semiconductors, we monitored the
(Wannier functions the magnitude of the interference terms emission from the top of the crystal-valence bands. As these
should not be effected because they contain only the produétates are mostly qf charactef? it is appropriate to compare
of the anion and cation matrix elements, rather than a deper®ur results to the theoretical values bfand F calculated
dence on the actual overlap between the anion and catidifiom Egs.(27) and(28) using the atomic cross sections and
wave functions. Consequently, the contribution from the in-bond polaritiesx,, for p states; however, for comparison, we
terference term is not expected to increase as the atomlwave also listed the bond polaritiesg and the resulting
wave functions become delocalized, whereas the nondipolstructural parameters assuming complepg hybridization
contributions to the photoelectron yield should increase beacross the entire valence band. The theoretical valudy of
cause the product df-r. increases away from the cores. and F are compared to the experimental values obtained
From comparison of the core- and valence-XSW emissiorirom the fits in Table I. Here we have statistically combined
patterns of crystalline Ge, it is evident that the quadrupoldhe results for th€111) and(—1—1—1) reflections to reduce
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TABLE II. Theoretical atomic photoionization cross sections of with the anion resides in the bonding region between the
the valence levels of GaAs at 1900 eV and of InP at 1830 eVcores. We have already demonstrated that charge density in
photon energy(in barn:_:). Note that the cross sections r_e_flect the this region is not visible to the x rays. Consequently, a large
occupancy of each orbital. Also listed are the bond polaritigand  fraction of the charge that has been transferred from the an-
«p and the theoretical and experimental valuesaandF. ion to the cation will not contribute to the photoyield, leading
to an effectively smaller experimental measure of either the

GaAs . . L . .
4s ap effective charge transfer or its proximity to the anion sites.
Ga(4s%4pY) 661.5 107.9 ; The above ;ormallsm may Ibe treve;)sec%;o Sb;aln trtwhe rela-
As(4s?4p?) 11975 7526 Ve Cross sections on a per electron bas ¢c) from the
o 0.47 o 0.32 XSW measurements and the theoretical values of the bond
VFE’B Theory P polarities alone. For GaAs the ratio is 0.83, while for InP the
D=—0.100 F—0.88 ratio is 0.12. These ratios are much smaller than the theoret-
VB" Theory ical predictions of 2.32 for GaAs and 0.72 for InP based on
D= —0.086 F—0.82 the theoretical calculations of the atomic cross sections; i.e.,
=-u =u. T, T T, T ; ;
VB Experiment (ol 0¢) soiiak (2l 0¢) atomic- The larger d!screpancy in the
D= — 0060+ 0.008 F— +06480.033 case of InP versus GaAs may be attributed to the larger
In ' ' ' ' amount of charge that is transferred from the cation to the
P 55 5p anion in the former case. Note that for a homopolar material
In(56%5pY) 206.2 1414 ke crystalline Ge, (r;/crl)so“dz(a_;/ol)atomic:l, which is
3s 3p consistent with the above analysis.
P(3s23p%) 983.3 303.6
h
Fp O-hSS Fp 0.40 B. Site-specific valence-electronic structure
VB  Theor o .
D=—)(/).068 F—0.78 Although quantitative agreement with the quantum me-
VB" Theory chanical parameters for the heteropolar semiconductors as
D= —0.066 F—0.77 calculated from the free-atom wave functions may be lack-
VB Experin'went ' ing, it remains clear that little emission emanates from the
bonding region between the cores. Additionally, the Cu data
D= +0.056+0.009 F=+0.691+0.040

has shown that the behavior of the valence-electron emission
in the presence of the x-ray standing-wave interference field

the experimental error. In each case, the experimental valuds independent of the binding energy of the particular elec-
for the (111) and (—1—1—1) coherent positions for the two {ronic state near the core. Conseque_ntly, thg emission prob-
reflections are equal in magnitude, but of opposite sigrPility of each energy state associated with the crystal-
within the experimental uncertainties as necessitated by syny2lence band must have the same approximate linear
metry. Due to the different roles dd and F in the XSw  relationship W|th the glectrlc—fleld intensity at its core site.
equation, our determination of the coherent fraction is not as These conS|der_at|o_ns lead to the following energy-
accurate as our determination of the coherent position. ~ dependent generalization of EQL9) for the valence photo-
For both GaAs and InP, the theoretical description place§urrent €=1) in the dipole approximation
the center of the valence-electron distribution much closer to
the anion sites than what is experimentally observed. The
fact that the two experimental distributions are shifted in
opposite directions relative to the direction of eIectron-I(E’ﬁw)MEi p‘(E)U‘(E’hw)[1+R+2‘/§COS(V+h'ri)]'
charge transfer; i.e., towards the anion sites for GaAs, but (29
towards the cation sites for InP, clearly illustrates the impor-
tance of the photoionization cross sections in the analysis.
The unsatisfactory comparison of theory with experimentiere thep;(E) are the partial density of states. We have
most likely lies with the theoretical overestimate of the anionwritten them in place of the energy-dependent bond polari-
cross sections relative to the cation cross sections in goinges UZ(E) that may be interpreted as the probability of find-
from the atomic to the solid state. Obviously, the solid-stateng an electron with binding enerdy on theith atom of the
bonding suppresses the emission from the anions relative wystalline-unit cell. Ther;(E,%Z w) are the energy-dependent
the cations. Such effects have been shown to influence thghotoionization cross sections. They include both binding-
s-p cross-section ratio in the valence band of the elementatnergy and photon-energy dependence to account for the dif-
semiconductor as well as the magnitude of the Cooper ferent angular-momentuthand energy states of the crystal-
minimum in d-shell metalg? valence band as well as for the shrinking of the valence
This large discrepancy may most likely be traced to theemitter with increasing photon enerd¥i.e., the spatial de-
covalent nature of the bonding within these crystals. As seependences of the initial-state wave functions. Bothd{{&)
from the charge-density plots calculated by Chelikowsky andind theo;(E,% w) extend over the entire energy width of the
Cohen®! a large fraction of the valence charge associatedrystal-valence band. Note that E9) reduces to the com-
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T T solid-state bonding that has occurred between them. Remark-
— Theary 1 able qualitative agreement between theory and experiment is
observed, even though experimental resolution and cross-

section effects have not been considered theoretically.

Experiment

C.Cu

The Cu data experimentally confirm that the entire energy
spectrum of the crystal-valence band has the same, approxi-
mate linear response to the x-ray standing-wave field inten-
sity at the position of its atomic cores, regardless of the par-
ticular initial-state binding energy or valence wave function.
This result has provided the experimental basis for our linear
decomposition of the valence band into its individual, site

R e specific components; it is equivalent to saying that the quad-
16 12 8 4 0 rupole contributionQ.is .equivalent fpr each energy state of

Kinetic Energy (eV) (E - Eygy) the_: valence ba_nd, W!th!n our expe_rlmental reso_luuon. In a_d-
dition to providing this important piece of experimental evi-

FIG. 13. Comparison of thehemically resolvedsa and As ~ dence, the Cu data also give unique experimental confirma-
contributions to the GaAs valence band with the theoretically caltion of an important theoretical premise that has been used in
culated Ga and As partial density of states. The upper portion of theand-structure calculations for over 6 decades.
figure shows the cation contributions, and the lower portion of the In 1940, Herring* noted that because both the valence
figure shows the anion contributions. The spectra have been offsstates and the core states of a crystal are solutions to the
for clarity. The solid lines are the experimental data, and the shadedrystal Schrodinger equation, the valence states must be or-
lines are the theoretical calculations. thogonal to the core states in the spatial region of the cores

because the core states vanish outside the region of the
monly used expression for the valence photocurrent whenucleus. Additionally, the valence wave functions of the
R=0; i.e., in the presence of only one monochromatic pho<crystal must resemble the atomic wave functions of the indi-

ton bearft® vidual atoms in the region of the cores because the core wave
functions are not significantly altered by the atomic bonding.

We have already used this result in our earlier discussion of

(Ehw)a, pi(E)oi(E fiw). (30 the x-ray standing-wave valence-structure factor. Further-

' more, because the nuclear potential is weak between the

. o _ cores, the valence wave functions there should be nearly

From Eq.(29) itis clear that the individual chemical com- a6 _electron or plane-wave-like. Consequently, Herring con-

ponents of a crystal-valence band may be obtained fro_Zbctured that only a few plane waves that have been orthogo-
valence-photoelectron spectra recorded at different electriGyzjized to the core states would be needed to represent the

field conditions around the Bragg reflection by solving agnire eigenfunction spectrum of the crystal poteftial
simple set of linear equations. The coefficients of the indi-

vidual components to the valence spectra are the relative
electric-field intensities at the different atomic sites; they P(r)=>, a, OPW, (31
may be either calculated theoretically, as in Fig. 7, or deter- K
mined experimentally from core-level data. where
Figure 13 shows the resulting chemically resolved com-
ponents of the GaAs valence band obtained by taking the
appropriate linear combinations of the spectra from Fig. 8. OPW=|K) =2 [t.i)(L.lK). (32)
Indeed, the difference between the Ga- and As-related curves
is greatly enhanced with respect to Fig. 8. These componentsere|k)=V¥%'k'" are the normalized, plane-wave parts of
are compared to aab initio theoretical calculation of the Ga the valence-wave function that extend throughout the crystal,
and As partial density of states computed by Chelikowsky'sand [t,j)= ¢(r —r;) are the normalized; core eigenstates
group by usingab initio pseudopotentials within density that are centered at the individual ion positigns
functional theory with a plane-wave ba&#?® The site- In the x-ray limit, only the rapidly oscillating core parts of
specific density of states curves were computed by using Bq. (31) will contribute to the matrix elements of E¢L7)
sphere corresponding to the Ga-As covalent radius centerdebcausea,—0 ask—o andk; is very large. This situation
on each atom to deconvolute the obtained wave functionprovides little final-state overlap with the more slowly vary-
over atomic orbitals of valence electrons. ing plane-wave parts of the initial-state eigenfunctions. Con-
The calculation clearly shows the differences between theequently, the x-ray valence photocurrent will consist of a
two electronic structures centered around each atomic corsignificant core part plus a much smaller and inconsequential
These differences occur due to the natural ordering of the Gplane-wave part, as is evidenced even for the most loosely
and As atomic 4 and 4p valence states, coupled with the bound valence states residing at the Fermi level. The fact that

Intensity (arb. units)
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all energy states of the valence band have the same appro®p band lying approximately 4 eV below the valence-band

mate linear response to the electric-field intensity is apparmaximum. Previous evidence for the existence of this band
ently also a consequence of Herring’s principles; i.e., that irwas provided by experimental valence-band photoemission
the region near the nucleus, the solutions of the wave equatudies of other transition-metal oxid®ssuch as Ti@, that

tion do not depend very much on the energy of the stat&vere believed to have nonoverlapping metal @&d O 2

because the negative potential of the nucleus is so Mrge. States:*? Additionally, analysis of the NiO valence spectra
recorded at lower photon energies suggested large contribu-

tions from the O D band in this region as well.

One of the more detailed resonant photoemission studies

Although one of the first photoemission studies of NiO of NiO has been published by Tjernbestyal ** By examin-
was published in 1973, the NiO photoemission spectra ing the resonant behavior of the NiO valence band in the
have continued to receive considerable theoretical and exhoton-energy range around the Np 3and Ni 2p core-
perimental attention. The reason for the ambiguities thaphotoionization thresholds, these authors were able to con-
have persisted may be attributed to the large contributions afrm the existence of the localized Nid3states predicted by
many-body effects to both the initial- and final-state wavetheory. However, these authors found no resonances around
functions. Although the photoemission process is a manythe O 1s absorption threshold, which demonstrates either
body phenomenon in general, for the simple semiconductorgat the valence spectrum at these energies contains no
and metals, a one-electron picture adequately describes t&ong oxygen emission or that the oxygen states are highly
features which we have already discussed. However, in thgelocalized. An interesting observation from these data was
case of the transition-metal oxides such as NiO, strong eleghat a peak-4 eV below the valence-band maximum previ-
tron correlations between the valerttelectrons make inter-  oysly attributed to O @ emission in the earlier resonant-
pretations of the different photoemission spectra in suctphotoemission study by Obt al*® was found to resonate
single-particle approximations impossible. Additionally, it is strongly at the Ni $ absorption edge which supports the
recognized that NiO is a charge-transfer insulator, so elecassignment of this feature to the Ni density of states. Addi-
tronic excitations from the |igand[20rbitals to the unfilled tiona”y, Strong emission from Ni states within the energy
metal 3 shell are commonly observed in both x-ray absorp-range of the O P level is observed in the theoretical
tion and electron-emission experiments. valence-band study of van Eét al*® as well as in modified

One of the first theoretical calculations of the NiO |oca|-density approximation Ca|cu|atidﬂs and ang|e-
valence-photoemission spectrum was presented by Fujimofesolved photoemission studits.
et al*2 In their work they utilized a configuration-interaction As we have already concluded, the contribution from the
wave function for an octahedral metal-ligaftiOs]™*° O 2p states to the valence-band spectra must be negligible,
cluster that took into account the different charge-transfepecause the O <level shows strong modulation with the

D. NiO

configurations of the initial ground state: placement of the XSW-field intensity in the scaled spectra
8 o 1 that the higher kinetic-energy region does not. The fact that
hg=a|d®)+ B[d°L7). (33 there are negligible lineshape changes in the energy region of

Hered® represents the®valence electrons of the K& ion, the « emilssi_o.n demonst.rate.s that the @ Band does not
give any significant contribution to the valence photocurrent

andL represents a hole in an ®ligand-bonding orbital that . . Y
= rep g g t these photon energies. Our estimate of the emission inten-

has transferred an electron to the Ni ion. The second term ift . . .

Eq. (33) therefore corresponds to the finite probability of i'alofrom the O d2p band rell(atlve tokthr:e N'hd bfand 'Sh?bci% .

finding an O ligand electron on a Ni site. Consequently, a,' ™' compared to a peak-to-pea e;g t of roughly n
[°> and even larger

valence photoionization event produces the following mix—the s.pec.tra cglculated bY Fujimaet a ! .
ture of final ionization states: contributions in the atomic cross-section deconvolutions of

the experimental dataConsequently, we must conclude that
Yi=a'|d7y+ 8’| dBLY) + B"|d°L2). (34) the Ni valence pand ir_1 NiO is wider than fche siir113ple crystal-
field and atomic-multiplet theories of @NiOg] cluster

To complicate this configuration-interaction wave func- Predict.
tion further, both the initial and final states of the Ni 3
electrons are split by the crystal-field potential, as well as by
the Coulomb and exchange interactions of the remaining In conclusion, we have examined the behavior of the
holes. Despite the complexity of this analysis, the calculategalence-photoelectron emission from a series of crystals that
valence-photoemission spectra were found to agree remarkpan the entire range of solid-state bonding under the condi-
ably well with the experimental data. The primary result wastion of strong x-ray Bragg reflection. We find that the
that the main line lying closest to the Fermi energy wasvalence-electron emission arises from a region close to the
found not to be due to d’ final state as had been originally atomic cores in our x-ray energy range, even for electron
interpreted” but rather to ai® final state that was produced states lying close to a metallic Fermi edge. We have ex-
by a ligand to metal electron-charge transfer; i.e., a final statplained this finding by examining the basic physics of the
with considerableéd®L) character. photoemission process. Additionally, we have derived a the-

One necessity, however, for the agreement of the calculesretical expression in terms of the bond polarities and
tion with the experimental data was the inclusion of a wide Ovalence-photoionization cross sections for the x-ray

VI. CONCLUSIONS
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