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Surface Dependence of the Cr(OOl) 3s Photoemission Li neshape 

ABSTRACT 

L. E. Klebanoff* and D. A. Shirley 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 

and 
Department of Chemistry 
University of Cal ifornia 

Berke1 ey, Cal iforni a 94720 

An angle-resolved photoelectron spectroscopy (ARPES) study of the 

Cr(OOl) 3s core level is reported. The relative intensities of the exchange-

spl it photoelectron components change as the ARPES spectra become more sur-

face sensitive. Surface contamination suppresses these intensity variations, 

and decreases the energy width of the 3s spectral profile. Almost all of the 

spectral observations are consistent with a surface-sensitive enhancement of 

the atomic 3d spin at the Cr(U01) surface • 

*Present Address: National Bureau of Standards 

Gaithersburg, MD 20899 



I. INTRODUCTION 

Theory and experiment have established that itinerant electron magnetism 

persists at the surfaces of magnetic 3d transition metals. Theoreticallyl-7, 

this surface magnetism is characterized by exchange-split surface electronic 

structures and by increased atomic 3d spin polarizations. The predicted 

characteristics of magnetic surface states and resonances are in overall 

agreement with angle-resolved photoelectron spectroscopy (ARPES) studies8 - 14 

of 3d magnetic metals. However, there has been no direct photoemission 

evidence for an enhancement of the atomic spin at the surface of a 3d 

transition metal. Such evidence is presented here for Cr(OOl). 

We use core-level ARPES to probe the valence-electron spin at an atom in 

a metal. Consider photoelectron emission from the atomic 3s level of a 3d 

magnetic solid. 15- 20 Jhe simplest expectations~5-21 are of two photoelectron 

peaks. One peak corresponds to the high-spi n fi nal state (HSI in which the 

spin angular momentum of the remaining 3s electron is oriented parallel to 

h f . 1 3d' Sf h h t' . d tenet 1 na -state Spl n vector ,,3d at t e p 0 OlOnlZe atom. The second 

peak corresponds to the low-spin final state (LSI for which the spin of the 

f remaining 3s electron is oriented antiparallel to ~3d. The (HSI energy 

E(HSI) is preferentially lowered below E(LSI) by the intra-atomic 3s-3d 

exchange interaction. For our qualitative discussion, we equate ~;d with the 

initial-state atomic spin angular momentum S. This equality assumes that 

the atomic valence electronic structure in the initial state persists in the 

photoexcited final state. 22 

2 

.. 

.. 

.. 



• 

One-electron theory 16-'lS,21 predicts that the "multiplet splitting" llE 

between E«HSI) and E«LSI) is given by: 

llE = E(LSI) - E(HSI) = (2S+1 )K(3s,3d) (1) 

In Eq. (1), K(3s,3d) is the intra atomic exchange integra1 17 between the 3s 

and 3d orbitals, and S is the initial-state atomic spin quantum number. The 

ratio R of the (LSI spectral intensity to the (HSI intensity is 

predicted16 '17,23 to be the ratio of the spin multiplicities for <LSI and 

(HSI: 

= 2(S-1/2)+1 _ S 
R 2(S+1/2}+1 - 5+1 (2 ) 

Photoemission studies15 - 20 of the 3s level of 3d magnetic metals and their 

compounds have qualitatively confirmed the above expectations. Intra-shell 

electron correlation can reduce the observed values of llE and R from the 

values predicted by these equations. 24 ,25 However, for a given element, llE 

and R vary with S in a manner qualitatively consistentt5 - 20 with Eqs. (1) and 

(2) • 

The small spatial extent of the 3s orbita1 26 1 imits the 3s-3d exchange 

interaction to regions within .... 1 A of the atomic center. Consequently, we 

attribute the multiplet splitting llE to the atomic 3d spin 5. It is not 

clear that the spectral intensity ratio R is, to the same extent, an atomic 

ljuantity. However, R is sensitive15- 20 to spin variations that are known to 

be localized. In addition, R is influenced by intra-shell electron corre1a

tion24 ,25- a purely atomic phenomenon. The sensitivity of R to these local 

interactions suggests that a given variation in R is likely of atomic origin. 
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The above considerations indicate that an increase in the atomic 3d spin 

at a surface may manifest itself as a surface dependence of the 3s photo

emission 1 ineshape. The Cr(U01) surface was chosen for this investigation 

because its surface spin polarization is thought to be -2.4-3.0 

electrons. 1 - 4 ,a,9 Assuming a g-factor of 2.00, the corresponding surface 

magnetic moment (-2.4-3.U~ ) would be -4 times the maximum magnitude U.59~B 

reported27 for the bulk chromium magnetic moment. Therefore, the Cr(OOl) 

surface may provide a detectable contrast between surface and nonsurface 

atomic magnetism. In addition, the valence electronic structure of Cr(U01) 

has recently been investigated by ARPES.a,9,28,29 The present investigation 

of Cr(UU1) atomic surface electronic structure is complementary to those 

previous ARPES studies. 

The remainder of this paper is organized as follows. The experimental 

details are presented in Section II. Results for the surface dependence of 

the Cr(U01) 3s ARPES 1 ineshape are displayed in Section III. A discussion of 

the chromium 3s lineshape and an explanation for its modification at the 

(001) surface are given in Section IV. Finally our conclusions are 

summarized in Section V. 

II. EXPERIMENTAL 

All of our ARPES measurements employed 156.U eV synchrotron radiation 

from Beam Line 111-1 of the Stanford Synchrotron Radiation Laboratory. The 

radiation is -98 percent polarized in the horizontal plane. The electron 

analyzer was of the electrostatic 18Uo hemispherical sector variety.30 The 

angular resolution was ±3°. The overall instrumental resolution was 1.5 eV 
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FWHM as determined by the observed width of the Fermi edge. The experimental 

geometry is shown in Fi g. 1. 

au r samp1 e manipu1 ator provi ded crystal rotat ion about the [001 J crystal 

n6rma1 (azimuthal rotation) and about the [lOOJ axis (polar rotation). The 

samp1e ' s azimuthal angle was observed using the low-energy electron 

diffraction (LEED) pattern, and adjusted so that the (100) mirror plane (the 

plane defined by the [OOlJ and [010J axes) contained the vector potentia1 31 

~ of the radiation. The sample's polar position was calibrated via laser 

alignment, and adjusted so that the ~ vector made a 25° angle with the 

crystal normal, as shown in Fig. 1. The electron analyzer had the capacity 

for independent rotation in the (100) and (010) mirror planes. The polar 

angle of electron detection 0 (degrees) was varied by rotating the electron e 

analyzer toward the [OlOJ direction in the (100) mirror plane. Experimental 

angles are accurate to within ±0.5°. 

Our sample was a high-purity chromium single crystal that was spark cut 

to within ±0.5° of the. (00l) plane and mechanically polished (0.5~ diamond 

paste) to a mirror finish. For a previous study 8, the Cr(OOl) crystal had 

been argon-ion bombarded (5XIO-S Torr, 1.5 kV) with high-temperature cycling 

(1120 K) for three weeks to remove bulk nitrogen as detected by Auger 

electron spectroscopy (AES). For the present study, this crystal was cleaned 

for three days using the same procedure. The sample then displayed a very 

sharp, low-background (lXI) LEED pattern. No impurities were detectable by 

AES, or more sensitively by ARPES. High-resolution electron energy loss 

spectroscopy (HREELS) measurements 32 on Cr(OOl) have confirmed that this 

cleaning procedure produces an adsorbate-free surface. 



After an hour exposure to the residual gases in our spectrometer 

(operating pressure = 5X10-10 Torr), the crystal surface became contaminated 

with carbon and oxygen via carbon monoxide (CO) decomposition. This produced 

faint, blurry spots in the c(2X2) regions of the LEED pattern, and an 

impurity (carbon and oxygen) 2p photoelectron peak at 6.7 eV binding 

energy in the ARPES spectrum. Flashing the crystal to 1140 K for 5 minutes 

removes ~95 percent of this impurity via CO desorption. This restores the 

low-background (IX1) LEED pattern, and removes the 6.7 eV impurity peak from 

the ARPES spectrum. 

The crystal was flashed in this manner every 30 minutes during the 

photoemission measurements. Spectral accumulation began after the crystal 

had cooled to 500 K (typically within 7 minutes). Every 90 minutes, the 

crystal was argon-ion sputtered (8X10- 6 Torr, 1.5 kV) for one hour, and then 

annealed to 1140 K for five minutes to restore order to the clean surface. 

II I. RESULTS 

Figure 2 displays a normal-emission (0e= 0°) ARPES spectrum of clean 

Cr(001). All binding energies are referenced to the Fermi level. The solid 

line is an unconstrained simplex 33 ,34 fit to the experimental spectrum. The 

model function consists of a second-order polynomial for the inelastic 

background, and two Voigt functions 35 for the 3s spectral profile. The use 

of a two-peak fit is riot ~ priori justified (see Section IV). Al so, the 

lineshape parameters obtained from fits to the 3s spectra are not unique. We 
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therefore use the fits only to obtain a spectral background, and as a guide 

to the eye. As observed previously18, the Cr3s photoelectron lineshape 

consists of a large component (referred to hereafter as component A) with 

binding energy 74.0(2) eV, and a smaller shoulder (referred to hereafter as 

component B) on the high binding energy· side of component A. Si nce the 

kinetic energy of the 3s photoelectrons is -75 eV, only the first -5 A or -5 

atomic layers36 contribute substantially to the 3s photoemission spectrum of 

Fig. 2. 

The surface sensitivity of our ARPES measurement can be enhanced by 

increasing the polar angle of electron detection e. Figure 3 presents a 
e 

Cr(OOl) 3s ARPES spectrum with e adjusted to 60°. The surface sensitivity 
e 

of this spectrum is estimated to be -3 A or -3 atomic layers. 36 Note the 

increased prominence of component B in Fig. 3. The Cr(OUl) 3s photoemission 

lineshapes of Figures 2 and 3 are directly compared in Figure 4. It is clear 

from Figure 4 that the spectral intensity of component B is enhanced relative 

to that of component A as the surface sensitivity of the measurement is 

increased. However, this intensity variation is not accompanied by a signif-

icant broadening of the 3s spectral profile. 

Figure 5 reveals that the Cr(UUl) 3s photoemission lineshape observed at 

e = 60° is sensitive to the condition37 of the surface. The presence of -0.5 e 

monolayer of dissociated CO on the Cr(OOl) surface decreases the relative 

intensity of component B. The clea~ and contaminated e = 60° spectra are 
e 

directly compared in Fig. 6. It is apparent from Fig. 6 that surface contam-

i nat ion al so produces an overall narrowi ng of the 3s spectral envelope. 
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IV. DISCUSSION 

It was described in Section I how initial-state atomic magnetism can 

lead to exchange-spl it final states in 3s level ARPES. However, one could 

propose that the Cr(OOl) 3s photoemission lineshape is determined not by 

initial-state magnetism, but by essentially nonmagnetic final-state phenom

ena. These processes would lead to the following different interpretations 

of the 3s components A and B: 

1. Component A is the primary 3s photoelectron peak. Component B is an 

extrinsic energy loss peak produced by, inelastic scattering of out

going 3s photoelectrons. 

2. Component A is due to 3sphotoionization in which the final state is 

the ground state of the ion. Component B is a 3s satell ite that 

arises from the existence of a localized 3d hole at the site of the 

3s core ho 1 e. 

3. Corrponent A is due to 3s photoionization in which the 3s core hole 

is "well-screened" by a local ized 3d charge. Component B corre

sponds to a final state whose 3s core hole is IIpoorly-screened" by 

delocalized charge. 

These interpretations cannot explain in a consistent way the Cr 3s ARPES 

spectra. We reject interpretation 1 because component B appears only at the 

3s photoelectron peak. An analogous component is not observed at the 3p 

photoelectron peak, as one would expect for an extrinsic loss. Electron 

energy loss studies of chromium3S ,39 reveal extrinsic loss peaks at -9 eV and 

-22 eVe These losses are much higher in energy than the energy separation 

(-2.9 eV) between components A and B. The Cr 3s lineshape is not determined 

by discrete inelastic scattering events. 
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Interpretat ion 2 has been used to account 40 - 44 for the 6 eV satell ite in 

valence-band and core-level ARPES studies of Ni. We do not attribute compo

nent B to 3d-hole localization in the final state. In contradiction with 

previous claims 4S - 47 , we find no evidence48 for a valence-band satellite in 

Cr. Also, such a satellite would accompany 3p photoionization. We do not 

observe a component analogous to B at the 3p photoelectron peak. On theoret

ical grounds, one would not expect a discrete satellite for chromium, because 

the unoccupi ed port ion of the 3d bands has a 1 arge energy extent. Indeed, 

one would expect the propensity for 3d-hole localization in antiferromagnetic 

chromium to be nearly the same as that in paramagnetic vanadium. The fact 

that chromium exhibits a multicomponent 3s ARPES peak whereas vanadium 

displays a single well-defined 3s photoelectron peak18 suggests that 3d-hole 

localization is not responsible for the chromium 3s component B. 

The final-state screening rodel of interpretation 3 has been advanced in 

studies of the core-level ARPES lineshapes of transition metal compounds. 22 

A similar rodel has been proposed for the satellite structure observed at the 

core levels of some metals. 49 ,so We argue that the Cr 3s lineshape is not 

determined by variations in final-state screening. Such a mechanism would 

produce analogous structure at 3p when in fact none is observed. Also, the 

paramagnetic 3d metals Sc,Ti and V display a single weJl-defined 3s photo

electron peak. i8 The core-hole screening in these metals is likely to be very 

similar to that in chromium. Therefore, the structure observed in the Cr 35 

photoelectron spectrum cannot be attributed to variations in final-state 

screeni ng. 
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The preceding interpretations 1-3 cannot satisfactorily account for 

either the multicomponent nature of the Cr 3s ARPES lineshape, or the 

observed variation of the 3s 1 ineshape at the Cr(OU1) surface. Both inade

quacies justify our assertion, and those made originally18, that the chromium 

?s ARPES components A and B represent a magnetically-induced exchange-split 

structure as described in Section I. 

Our results have shown that the Cr(UUl) 3s photoemission 1 ineshape is 

modified at the surface (Fig. 4) and that this modification is surface sensi

tive (Fig. 6). These findings are qualitatively consistent with the latest 

layer-dependent calculations of the Cr(OOl) surface magnetization by Victora 

and Falicov. 51 In agreement with previous theoryi-4, Victora and Falicov 

predict a ferromagnetic Cr(OOl) surface phase characterized by a very large 

and localized surface 3d spin polarization. Their theoretical magnetization 

profile is presented in Fig. 7. In this figure, the diameter of an atom is 

drawn proportional to its predicted spin polarization. The enhanced 

polarization decreases with distance from the surface. The surface, second 

and third layer spin polarizations are 3.00, -1.56, and 1.UU electrons, 

respectively. However, even 4 layers below the surface, the predicted spin , 
polarization (U.86 electrons) is still larger than the maximum bulk value27 

of ... 0.6 electrons. 

Figure 7 suggests that the 3s photoemission spectrum of Fig. 2 may not 

be an exchange-split doublet. On the contrary, the observed spectral profile 

may be a composite of 5 sets of exchange-spl it doubl ets, one for each 1 ayer 

within the estimated 5 A sensitivity of the measurement. This possibility 
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encourages one to 1 abel A and B as "components" rather than as "peaks". 

Component A may in an average way be associated with the high-spin final 

state (HSI discussed in Section 1. Component B would have mostly (LSI 

character • 

Increasing the surface sensitivity of the ARPES measurement from -5 A 

(Fig. 2) to-3 A (Fig. 3) increases the ratio R of the component B intensity 

to that of cOfllJo'nent A (Fig. 4). From Eq. (2), the observed increase in R 

indicates that the average atomic spin S detected within the first -3 layers 

is larger than that detected within the first -5 layers. This conclusion is 

qualitatively consistent with the magnetization profile of Fig. 7. However, 

by Eq. (1), one would expect an increase in R to be accofllJanied by an 

increase in the overall width of the Cr(OOl) 3s lineshape. Such a broadening 

is not apparent in Fig. 4, but might be present in 3s ARPES spectra with 

o > 60°. The low signal to background ratio for such spectra demands a 
e 

higher photon intensity than that available for the present study. 

Figure 6 displays the chemical sensitivity of the 0 ~ 60° Cr(U01) 3s e 

photoemission lineshape. After the surface is contaminated, both the 

observed value of R and the energy width of the 3s envelope decrease. This 

sensitivity is entirely consistent with the existence of an enhanced atomic 

spin polarization at the clean Cr(UU1) surface. From Eqs. (1) and (2), we 

attribute the lineshape variation of Fig. 6 to a contamination-induced 

decrease of the atomic spin S at the Cr(U01) surface. The surface 

sensitivities of macroscopic surface magnetism52 and of magnetic surface 

states8 - 14 have also been reported. 

Recently, Sinkovie and Fadl ey 53 have predicted that spin-polarized 

photoelectron diffraction (SPPD) can produce an angul ar dependence ina 3s 
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multiplet intensity ratio R. For the ionic antiferromagnet KMnF 3 , they 

predict variations in the Mn2+ value of R up to 8 percent. We believe that 

.SPPD does not cause the vari at ions in R reported here for Cr (001). The 

Cr(OOl) surface and near-surface atomic spins are thought to be much smaller 

(S .. 9/2) than the spin o_f Mn2+ (S=5/2). This will greatly reduce potential 

SPPD in 3s ARPES spectra of Cr(OOl). Also, photoelectron detection in our 

ARPES experiment is confined to a (lUU) mirror plane. Significant SPPD is 

not expected for this detection geometry. 

v. SUMMARY 

ARPES spectra of the Cr(OOl) 3s level reveal an exchange-split two-

cOfllJonent lineshape (Figs. 2 and 3). The relative intensities of the 

spectral components change as the ARPES measurement becomes more surface 

sensitive (Fig. 4). However an overall spectral broadening is not observed 

for e = 60°. Surface contamination suppresses these intensity variations, e 

and decreases the energy width of the 3s envelope. Almost all of these 

atomic spectral characteristics are consistent with a surface-sensitive 

enhancement of the atomic 3d spin at the Cr(OOl) surface. 
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Figure Captions 

FIG. 1. The experimental geometry. The [OOlJ direction lies normal to the 

Cr(OOl) surface. The polar angle of electron detection 0 e 

(degrees) was varied in the (100) mirror plane. The photon vector 

potential ~ 1 ies in the (100) mirror plane and makes a 25° angle 

with the surface normal, as shown. 

FIG. 2. Normal-emission (0 = 0°) 3s ARPES spectrum (dots) of clean Cr(U01). 
e 

The solid line is a simplex fit to the spectrum (see text). 

FIG. 3. A 0 = 60° 3s ARPES spectrum (dots) of clean Cr(OOl). The solid 
e 

1 ine is a simplex fit to the spectrum (see text). 

FIG. 4. A direct comparison of the 0 -= 0° (line) and 0 = 60° (dots) 3s e e 

ARPES spectra of clean Cr(OOl). For each spectrum, we have 

subtracted a quadra~ic background determined from simplex fits to 

the spectra (see text). The two background-subtracted spectra were 

smoothed with a 9-point least-squares quadratic convolution, and 

normalized to each other at 74.0 eV binding energy. 

FIG. 5. A 3s ARPES spectrum (dots) of Cr(OU1) contaminated with 0.5 

monolayers of carbon (C) and oxygen (0). The polar angle of 

electron detection is 60°. 

FIG. 6. A direct co~arison of the clean (dots) and contaminated (line) 

Cr(OOl) 3s ARPES spectra measured at 0 = 60°. For each spectrum, e 

we have subtracted the quadratic background obtained from simplex 

fits to the spectra (see text). The two background-subtracted 
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spectra were smoothed using a 9-point least-squares quadratic 

convolution, and normalized to each other at 74.0 eV binding 

energy. 

FIG. 7. The Cr(U01) surface and near-surface magnetization as calculated by 

Victora and Falicov (Ref. 51). Atoms whose spins point to the right 

are indicated by darkened spheres. Atoms whose spins point to the 

left are symbolized by open spheres. The diameter of the sphere 

representing an atom is drawn proportional to the magnitude of the 

atom's spin polariZation. The surface spin polarization is 

predicted to be 3.UU electrons. 
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