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Investigation of the Near-Surface 
Electronic Structure of Cr(OOl) 

L. E. Klebanoff~ S. W. Robey, G. Liu,* and D. A. Shirley 

Abstract 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 

and 
Departments of Chemistry and Physics 

University of California 
Berkeley, California 94720 

An angle-resolved photoelectron spectroscopy (ARPES) study of 

Cr(OOl) near-surface electronic structure is presented. Measurements 

are reported for energy-band dispersions along the [010J direction 

parallel to the crystal surface. The periodicity of these band 

dispersions indicates that the valence electrons experience and 

self-consistently establish antiferromagnetism in the near-surface 

layers of Cr(OOl). We also present highly surface-sensitive ARPES 

measurements of the energy-band dispersions along the [OOlJ direction 

normal to the surface. The results suggest that the surface magnetic 

moments, which couple ferromagnetically to each other within the 

surface layer, couple antiferromagnetically to the moments of the 

atoms in the second layer. Temperature-dependent studies are 

presented that re~eal the persistence of near-surface antiferro­

magnetic order for temperatures up to 2.5 times the bulk Neel 

temperature. The temperature dependence of this antiferromagnet;c 

order suggests that its thermal stability derives in part from the 

stability of the Cr(OOl) ferromagnetic surface phase. 

*Department of Physics, Zhejiang University, Hangzhou, People's 
Republic of China. 
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1. I NTRODUCTI ON 

We report here an investigation of the near-surface electronic 

structure of Cr(OOl) using angle-resolved photoelectron spectroscopy 

(ARPES). The ARPES technique has itself been the subject of 

considerable study. To introduce the physics of the measurement that 

are relevant to this investigation, we will highlight the evolution of 

ARPES as a probe of transition metal valence electronic structure. 

O~er the past ten years, ARPES has developed into the most direct 

method for the study of the electronic structure of transition 

metals. Many early ARPES measurements were made on copperl - 6, for 

which it was easy to prepare clean unreconstructed surfaces. Copper 

also had the advantage of being a Pauli paramagnet. The conceptual 

simplicity of its paramagnetism encouraged confidence in the accuracy 

of existing band structure calculat~ons.7 The agreement between 

Fermi surface measurements8 and the ab initio theoretical results 

suggested that the band structure for copper was understood. The 

result of these ARPES investigations was a qualitative understanding 

of valence-band photoemission. 

It became clear that the ARPES technique yielded spectroscopic 

binding energies to which initial-state wavevectors could be 

assigned. Peaks in a valence-band photoemission spectrum were 

produced by direct (or vertical). transitions in wavevector (k) space: 

( 1 ) 

.. 
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Here, ~i is the wavevector (in the first Brillouin zone) of the 

valence-band initial state responsible for the spectral peak; kf is 

the wavevector (outside the first Brillouin zone) of the final-state 

photoelectron in the solid; and g is the reciprocal lattice vector 

supporting the transition. The initial-state wavevector ~i is 

inferred using equation (1) by the experimental determination of the 

final-state wavevector ~f (to be discussed). The spectroscopic 

i'nitial-state energy ErN is obtained directly from the ARPES 

spectrum as the binding energy (referenced to the Fermi level, EF) 

of the spectral peak. The interpretation of valence-band 

photoemission in this direct-transition model (DTM)9 yielded 

initial-state ErN(~i) values that agreed almost quantitatively 

with theoretical one-electron valence-band dispersion relations. 

Total agreement has been elusive. The remaining discrepancy between 

experimental and theoretical EIN(~i) is due in part to the 

influence of many-body processes (screening) on the spectroscopic 

binding energies ErN observed in the ARPES experiments.10~12 Con­

sistent with the DTM was the discovery that symmetry selection rules 

govern the photoelectric transition. 13- 15 Thus, under certain 

experimental conditions, ARPES could determine the symmetry (group 

representation) of those initial states producing spectral peaks. The 

valence-band representation labels determined by ARPES measurements 

using polarized light were found to be consistent with group theory. 

With these aspects of photoemission qualitatively understood, 

experiments were performed to investigate the effect of temperature on 
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the photoelectric transition. The ~imp1icity of the paramagnetic 

state at elevated temperatures made the Pauli paramagnets once again 

the logical starting point. Measurements on copper16 and 

tungsten17,18 confirmed the theoretical prediction19 that the 

thermal excitation of initial-state phonons leads to phonon-assisted 

nondirect transitions (NOT). These NOT degrade the k-space resolution 

of the spectroscopy. For the direct transition of equation (1), the 

realized percentage of direct transitions (%OT) depends on the energy 

of the transition (through Igl) and the temperature, T, via a 

Oebye-Wa11er factor: 

2· 2 1-8& = e-[ Igl < u(T) )J/3 (2) 

where <u(T)2) is the mean-square atomic displacement at temperature 

T. To summarize, ARPES studies of paramagnetic metals established ~he 

technique's utility in determining valence-band dispersions and 

symmetries directly. However, at high-excitation energies (large Igl ) 

or high temperature (large <u(T)2») a loss of k-space resolution 

occurs. 

This precedent work on paramagnets has provided the conceptual 

base that was necessary to extend the ARPES technique to magnetic 

elements. Numerous ARPES investigations have been made of 

ferromagnetic Fe20 and Ni 21 • The results have shed considerable 

light on the valence electronic structure of these met~ls, and 

consequently on the origin of their itinerant ferromagnetism. By 
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comparison, few ARPES investigations have been made of the itinerant 

antiferromagnets Cr and Mn. The near-surface electronic structure of 

Cr(OOl) and its implications for magnetism is the subject of this 

investigation. 

The nearly half-filled 3d band of Cr produces unique electronic 

and magnetic properties in the bulk metal. Neutron diffraction 

measurements on Cr22- 27 reveal the existence of a spin-density wave 

(SOW)28 whose periodicity is incommensurate with the body-centered 

cubic (bcc) crystal lattice. The SOW requires nearest-neighbor atoms 

to possess antiparallel magnetic moments, lJ. Its incommensurate 

periodicity causes the magnitude of these moments to vary sinusoidally: 

lJ = lJO cos (Q-r) (3) 

Here, lJO is the maximum magnitude of lJ; lJO = 0.59lJS. The 

periodicity of the SOW is given by the wavevector Q; Q = (l~ 0)­

(2w/a) <100}. The value of 0 indicates the deviation from 

commensurate perioditity~ It is observed to be temperature dependent 

but is typically - 0.05A~1.22-27 The lattice constant, a, takes 

the value 2.884 A. 

The true incommensurate (0 ~ 0) SOW ground state of bulk Cr is 

too complicated to be treated easily with band-structure theory. 

However, several calculations29- 32 have been made of a commensurate 

(0 = 0) SOW state corresponding to perfect itinerant 

antiferromagnetism. The magnetic lattice of this commensurate 

antiferromagnetic (AF) state is shown in Fig. 1. The chromium atoms 
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are located on a bcc crystal lattice. However, the AF spin 

arrangement defines a simple cubic (sc) magnetic lattice. Con­

sequently, the reciprocal space lattice is sc, and the associated AF 

Brillouin zone is a volume of simple cubic symmetry.32 This differs 

fundamentally from the symmetry of the paramagnetic (PM) phase, for 

which the reciprocal space lattice is face-centered cubic. The 

associated PM Brillouin zone is a regular rhombic dodecahedron with 

twice the volume of the AF Brillouin zone. The relationship between 

the AF and PM Brillouin zones ·is shown in Fig. 2. A commensurate spin 

structure would render equivalent the two symmetry points in 

reciprocal space labelled (r) and (H) in the PM Brillouin zone. 32 

The existence of a magnetic lattice affects the periodicity of the 

valence-band dispersions. This i~ demonstrated in Fig. 3 for a model 

~inusoidal band .along the [010J direction. In the absence of 

antiferromagnetism, the band would disperse with a periodicity 

consistent with the PM Brillouin zone, as shown in Fig. 3(a). A 

magnetic potential with commensurate wavevector 2n/a would mix PM 

states with wavevectors k and k + 2n/a. Thus the energy-band 

structure for a commensurate antiferromagnet arises from the 

translation of the PM energy bands by 2n/a. 32 This is shown for our 

sinusoidal band along [010J in Fig. 3(b). An energy gap would appear 

at the X point where the bands cross. This is omitted for simplicity. 

The periodicity of the band dispersions in Fig. 3(b) is consistent 

with the sc Brillouin zone. 

When using realistic PM valence bands in this "folding" 
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procedure, energy gaps appear near the Fermi level along the [110] r M 

and [111]fR lines of the sc Brillouin zone. 32 These gaps stabilize 

the SOW state. Nature chooses an incommensurate periodicity for the 

SOW because the ground-state of lowest energy results from the mixture 

of PM states differing in wavevector by (1 ~ 6)·2w/a. This is 

attributed to the difference in size between the electron jacket 

around (r) and the octahedral hole pocket around (H) in the PM band 

structure. 33 The periodicity (and hence the Brillouin zone) of the 

band d i spers ions for an incommensurate SOW state may not be si mp ly 

defined. 34 However a first-order estimate is obtained by 

translating the PM energy bands by (1 ~ 6)e2w/a. This is shown in 

Fig. 3(c) for our sinusoidal energy band. 

We expect from Fig. 3(b) that the energy bands of an ideal AF 

state would disperse symmetrically about the X point. In the absence 

of commensurate antiferromagnetism, energy-band.dispersion need not 

show this periodicity. Figure 3(a) demonstrates that in a para­

magnetic state, the same sinusoidal band would disperse about the (H) 

point, since this point corresponds to a zone boundary in the PM 

Brillouin zone. Figure 3 suggests that commensurate (Fig. 3(b)) or 

incommensurate (Fig. 3(c)) antiferromagnetism should be distin­

guishable from paramagnetism (Fig. 3(a)) by a measurement of the 

valence-band dispersions along the [001] or [010] axes of Fig. 2. 

However, to valence-band measurements wi th fi n ite energy and 

.~ wavevector resolution, commensurate and incommensurate AF order would 

seem indistinguishable. We will therefore refer to the dispersive 
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behavior shown in Fig. 3(b) as representative of our expectations for 

a general AF order. Since the nature of the magnetism in the Cr(OOl) 

near-surface layers is the subject of this study, we will not specify 

initially which of the Brillouin zones (AF or PM) drawn in Fig. 2 is" 

in fact applicable. We will therefore temporarily adopt a dual 

notation in which the [010] and [001] symmetry lines are labelled 

f(H)-X-f(f). 

Most ARPES experiments probe within the first 10 atomic layers 

near a metal surface. Despite this surface sensitivity, for many 

metals semi-quantitative agreement exists between ARPES results and 

bulk valence-band theory. This suggests that in these metals, the 

electronic structure is already "bulklike" by the second or third 

1 ayer. In contrast, there is considerable experimenta1 35 and 

theoretica1 36-39 support for the existence of a ferromagn"etic 

surface phase on clean Cr(OOl). The magnetic moment possessed by the 

(001) surface atoms (-2PB)35 is much larger than the maximum bulk 

valu~ (0.59PS) observed in neutron diffraction. 25 The transition 

from surface to bulk electronic structure must encompass a finite 

number of near-surface layers. It is this near-surface region that is 

prob~d by our ARPES measurements. 

Chromium's unusual electronic structure and chemical reactivity 

have made it a challenging system for study with ARPES. Johansson et 

a 1. 40 used norma l"-emi ss ion ARPES to study the energy bands of 

Cr(110) along the [110J fM symmetry line. Unfortunately their spectra 

indicate substantial surface contamination, as we shall explain. This 
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renders their results suspect. Gewinner et al. 4l made off-normal 

ARPES measurements of the Cr(OOl) surface in an attempt to probe the 

[OlOJ r(H)-X-r(r) symmetry line. They found no evidence of 

antiferromagnetic band properties. On the contrary, their 

room-temperature results were compared with a bulk paramagnetic band 

calculation for the H-~-r symmetry line of the PM Brillouin 

zone. 4l ,42 

We felt that if antiferromagnetism exists in the near-surface 

layers of Cr(OOl), then it should have an influence on the periodicity 

of the r(H)-X-f(r) electronic structure, as postulated in Fig. 3(b). 

Thus, we have made a comprehensive ARPES investigation of the 

near-surface electronic structure of Cr(OOl) along the r(H)-X-r(r) 

symmetry line for both the [OlOJ and [OOlJ (surface normal) 

directions. The experimental details are given in Section II. The 

use of the OTM in data acquisition and interpretation is developed in 

Section III. We present in Section IV the results for the [OlOJ and 

[OOlJ band dispersions, complete with symmetry assignments. We also 

present in Section IV our results for the temperature dependence of 

the [OlOJ electronic structure. In Section V we examine the 

implications of these results for the near-surface magnetism of 

Cr(OOl). The relationship of our work to prior ARPES investigations. 

of chromium is described in Section VI. Finally, our main conclusions 

are summarized in Section VII. 
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II. EXPERIMENTAL 

Almost all of our ARPES measurements employed synchrotron 

radiation from the Stanford Synchrotron Radiation Laboratory. Beam 

Line I-I was used for measurements requiring ultraviolet photon 

energies (12 ~ hv ~ 25 eV). Beam Line 111-1 covered the required soft 

x-ray range (80 ~ hv ~ 150 eV). For both beam lines, the radiation is 

about 98 percent polarized in the horizontal plane. The photon energy 

resolution for the ultraviolet photoelectron spectroscopy (UPS) 

studies was maintained at 0.10 eV FWHM, while the soft x-ray photo­

electron spectroscopy (SXPS) photon energy resolution was kept below 

0.35 eV FWHM. Polarization-dependent measurements at hv = 21.22 ~V 

were made using a helium discharge lamp equipped ·with a 3-element 

polarizer. The plane of photon polarization could be rotated 

continuously 360 0 about the photon k vector. 

The electron analyser43 used for all measurements was of the 

electrostatic 180° hemispherical sector variety. The angular resolu­

tion was ± 3°. The kinetic energy. resolution was fixed at 0.12 eV fWHM, 

providing an overall (photons and analyser) instrumental resolution of 

0.15 eV FWHM and 0.40 eV FWHM for the UPS and SXPS meastirements 

respectively. The electron analyser has the capacity for independent 

rotation in the horizontal and vertical planes. The experimental 

geometry for our synchrotron radiation UPS and SXPS measurements is 

shown in Fig. 4. Our sample manipulator provided crystal "rotation 
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about the [OOlJ crystal normal (azimuthal rotation) and about the 

[100J axis (polar rotation). The sample's azimuthal angle was 

oriented with the low-energy electron diffraction (LEED) pattern so 

that the (100) mirror plane (the plane defined by the [OOlJ and [010J 

axes) contained the vector potential ~ of the radiation. The sample's 

polar position was calibrated via laser alignment, and adjusted so 

that the A vector made a 25.0 0 angle with the crystal normal, as shown 

in Fig. 4. Off-normal measurements were made by rotating the analyser 

away from the normal, and toward the ~ vector in the (100) mi~ror 

plane. Experimental angles are accurate to within ± 0.5 0

• We label 

the photon-surface orientation of Fig. 4 P-polarization. For 

S-polarizat~on ARPES measurements using 21.22 eV HeI radiation, the 
a 

A vector is rotated to lie along the [100J direction perpendicular to 

the (100) mirror plane. 

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

spark cut to within ± 0.5 0 of the (001) plane and mechanically 

polished (0.5~ diamond paste) to a mirror finish. As in a previous 

study44, the sample was argon-ion bombarded (5x10-5 Torr, 1.5kV) 

wi th high temperature (1120 K) cyc 1 i ng for three weeks to remove bu 1 k 

nitrogen as detected by Auger electron spectroscopy (AES). The 

crystal then displayed a very sharp, low background 1X1 LEED pattern. 

No impurities were detectable by AES, or more sensitively, by ARPES. 

Even more sensitive high-resolution electron energy loss spectroscopy 

(HREELS) measurements on Cr(OOl) have subsequently confirmed. that this 

cleaning procedure produces an adsorbate-free surface. 45 
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After an hour exposure to the residual gases in our spectrometer 

(operating pressure = 2x10-10 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 LEEO pattern, and an impurity (carbon and oxygen) 2p 

photoelectron peak at 6.7 eV binding energy in the ARPES spectrum. 

Flashing the crystal to 1120 K for three minutes removes - 95 percent 
\ I 

of this impurity via CO desorption. This restores the low-background 

1X1 LEEO pattern, and removes the 6.7 eV impurity peak from the ARPES 

spectrum. Flashing the crystal in this way permits relatively 

uninterrupted study of the clean surface for four to five hours. 

After this time, we argon-ion sputtered the crystal at room 

temperature for one hour to remove accumulated impurity. We then 

annealed the crystal at 1120 K for five minutes to restore order to 

the clean surface. 

The periodicity of the SOW in bulk chromium can be changed by 

small (-0.5. atomic percent) levels of transition metal 

impurities. 46 ,47 Consequently, after our experiments we analysed 

our crystal for such bulk contaminants. X-ray fluorescence 

measurements of the Cr(OOl) surface revealed no transition metal 

impurities to within the 0.05 atomic percent sensitivity of the 

method. This technique probes the crystal to a depth of -1000 A from 

the surface. To investigate the possibility of deep bulk 

contamination, we performed two independent spectrochemical analyses 

of portions of our crystal. To within the 0.005 atomic percent 
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sensitivity of these methods, no transition metal impurities could be 

found. Our ARPES results are thus characteristic of an extremely pure 

chromium sample. 

High-temperature spectra were collected by flashing the crystal 

to 1120 K, turning off the heater, and taking quick ARPES scans during 

well-defined temperature intervals on the cooldown curve. Crystal 

temperatures were measured with a thermocouple-calibrated infra-red 

pyrometer, and are accurate to within * 5 K. 

III. SPECTROSCOPIC METHOD 

As described in Section I, ARPES of valence bands involves a 

direct excitation in wavevector space (eqn. (1)). However, ARPES 

measures the energy E(pf) and wavevector pf, of the plane-wave 

photoelectron state at the detector. Two com~lications prevent the 

direct relation of pf for a photoelectron spectral peak and k. for _1 

the initial state. First, an assumption must be made about the 

final-state dispersion relation E(~f) in the solid. The second 

concerns photoelectron refraction at the metal surface. The 

photoelectric transition takes place in the presence of the solid's 

attractive inner potential, Vo.48 As the photoelectron traverses 

the surface, it passes into the potential-free vacuum region. The 

resulting refraction changes the wavevector component perpendicular to 

the surface of the photoelectron in the solid kf to the value pf 
1 1 

measured in the vacuum. The value of k: must be inferred from 

Pf 48 
1 . 
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A model has been developed1,9,48 that addresses both of these 

questions. It ha~ proven very useful in interpreting a large body of 

.. ARPES data. It is called the free-electron final-state model because 

a free-electron dispersion relation is assumed for the final-state 

photoelectron in the solid. The refraction effect is included by 

shifting the dispersiDn relation in energy by the inner potential 

V .48 
o· 

\1 

(4) 

Conservation of energy in the photoexcitation event requires: 48 

( 5) 

where EIN is the binding energy (~ 0) of the initial state with 

respect to EF; ¢ is the metal's work function (4.6 eV for Cr(OOl)) 

and hv is the photon energy. Energy is conserved as the photoelectron 

passes the surface and enters the" vacuum: 48 

Refraction does not affect the final-state wavevector component 

f parallel to the surface k~, so that in the absence of surface 

umklapping: 48 

(6) 

( 7) 
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From the relationships (4)-(7) kinematic equations for the components 

kl (A-1) and k~ (A-1) of the final-state momentum in the sol id 

can be derived: 49 

(B) 

(9) 

Here ee is the angle of electron detection with respect to the 

surface normal, 'as shown in Fig. 4. With kf of the spectral peak 

determined, relation (1) is used to assign the va~ue ~i to the 

initial state responsible for the peak in the ARPES spectrum. 

The inner potential Vo can often be determined by normal-

emi s's i on (ee = 0°) ARPES measurements of f 
k 1. The value of Vo is 

'adjusted so that eqn. (B) yields initial-state dispersions that "are 

symmetric about the theoretical Brillouin zone center or boundary.2,20,49 

Results for Vo obtained in this way usually agree well with the 

theoretical values ofVo taken as the energy difference between the 

vacuum level and the bottom of theS' band. 2,20,49 We were unable to 

make UPS measurements over the required photon energy range to permit 

a determination of Vo. , Consequently, we assUmed f6r Vo ,the value 

chosen by Gewinner et. al~41 (10.B eV) with the hope that final-state 

momentum broadening (discussed below) would make ~n exact knowledge of 

Vo unnecessary. As we shall show, subsequent normal-emission SXPS 

measurements suggest that the value 10.B eV is probably close to the 
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The established validity of eqns. (8) and (9) allows one to base 

an experiment onthem. 49 The first objective of our experiments is 

to probe Cr initial states whose ~i lie parallel to the surface 

along the [010J r(H)-x-r(r) symmetry line in the first Brillouin 

zone. To observe such initial states in a photoelectric transition, 

the DTM (eqn. (1)) requires ~f to lie on a parallel final-state 

[010J r(H)-X-r(r) line in a higher Brillouin zone. The photon 

energies available for our UPS measurements required that we use the 

[010J r(H)-X-r(r) final-state line in the second Brillouin zone. This 

is indicated by the solid line in Fig. 5(a) for the PM Brillouin zone, 

and by the dashed line in Fig. 5(b) for the AF Brillouin zone. All 

kf on this line have k[ = 2.18 A-I. 
Suppose we suspect (from a theoretical band structure for 

commensurate AF Cr) the existence of an initial state with binding 

energy near ErN and wave~ector near ~i. Equations (8) and (9) can 

be used to calculate the hv and Qe necessary to observe this 

suspected band state because we know the ~f required by the DTM. 

Note that synchrotron radiation is required. As stated above, for our 

UPS measurements k[ = 

so that kf probes the 

2.18 A-I. The component k~ is then chosen 

k. of interest. The required hv and Qe _1 

are then calculated and the spectrum is taken. The appearance of a 

peak in the ARPES spectrum near ErN confirms our original suspi­

cion. The measured EIN is then used with hv and Qe in eqns. (8) 

and (9) to calculate the kI and k~ of the observed photoelectron 
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peak. Equation (1) is then' used to determine ~i. 

If the ob~erved EIN diff~rs substantially from the suspected 

EIN , then the observed kfmay deviate significantly from 
1 . 

2.18 A-I. Fortunately, the k-space resolution of ARPES is finite. 

Inelastic scattering of the photoelectron introduces an intrinsic . 

ftnal-state momentum broadening Akf. An estimate of this broadening 

based on the photoelectro~ mean free path50 gives Akf = * 0.06 A-I. 

An extrinsic constraint on momentum resolution is the acceptance angle 

(* 3°) of our electron analyser. For. the off-normal UPS measure-

ments, the total k~space resolution, Ak tot is estimated to be * 0.12 A-i. 
This is shown as ~box around the tip of ~f in Fig. 5(b). As a 

consequence of th.is broadening, UPS spectral peaks whose k[ values 

are within * 6 percent of 2.18 A-I can be viewed as arising from 

initial states along the [010] r(H)-X-r(r) sym~etry line. For the 

SXPS spectra, Akf is estimated to be * 0.10 A-I. In the normal-

emission geometry, the finite angular resolution degrades the 

extrinsic kll resolution. Consequently, for the SXPS measurements, 

Ak tot - * 0.25 A-I, and Ak tot - * 0.10 A-I. II 1 

IV. RESULTS 

Figure 6 displays five UPS spectra out of 50 that were taken of 

Cr(OOl) (at 298 K) to probe the [010] r(H)-X~r(r) line for binding 

energy (E IN ) values of 2 - 4 eV. The value kr (A-I) is the 

magnitude of the parallel component (along [010]) of .the final-state 
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wavevector for the peak marked with a tic. We use the DTM (eqn. (1)) 

to associate k~ with an initial-state wavevector ~i along the 

[010J f(H)-X-f(f) symmetry line in the first Brillouin zone. For the 

PM Brillouin zone of Fig. 5(a), k~ = 0 probes ~i at the (H) point 

since kI is chosen to be 2.18 A-1. When viewed in the AF Brillouin 

zone of Fig. 5(b), direct transitions to k~ = 0 arise from ~i at 

the f point. Note in Fig. 6 how the marked peak disperses away from 

EF as k~ increases. 
/! 1f 1.07(8) ",-. As kll 

It attains maximum binding energy at k~ = 

increases beyond 1.07(8) A-1, the spectra 

become dominated by a high-intensity feature at 0.6 ~ EIN ~ 0.9 eVe 

Despite the increased background, the marked peak is still observ­

able. For kl; > 1.07(8) A-1, it disperses back toward EF• 

Figure 7 plots EIN versus ~; along f(H)-X-f(f) for the 

features observed in our UPS spectra. Three distinct bands of points 

are present. Band III is the high-intensity initial state of Fig. 6. 

It is observed for 1.0 ~ ~f ~ 2.0 A-1, and disperses from EIN - 0.9 eV 

to - 0.6 eVe Figure 8 displays the sharp onset of B~nd III at kf -
II 

1.0 A-1. As k~ increases, the Band III photoelectron peak grows 

in intensity. Figure 9 displays Band IIIls remarkable sensitivity to 

surface contamin~tion. The Band HI feature at EIN = 0.70(5) eV 

with k~ = 1.33(8) A-1 is strongly attenuated by exposing the 

Cr(OOl) surface to 1 L of CO. This suggests that Band III is a 

feature of the surface electronic structure. The existence of Band 

III inhibits the study of near-surface Cr(OOl) electronic structure 
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f for the region of k" and EIN over which it is present. We defer a 

complete discussion of the origin and characteristits of this surface 

feature to a future publication. 

Band II is located at EIN = 2.4(1) eV for k~ = 0.15(8) A-I in 

Fig. 7. As~i increases, Band II disperses toward EF• At kif 

- 1.06(8) A-I, Band II ;uddenly flattens out~ with EIN = 1.5(1) eVe 

Band I is the valence band sampled by the marked peaks in the spectra 

of Fig. 6. At k~ = 0.20(8) A-I, EIN = 3.2(1) eV for Band I. As k~ 

increases, EIN increases to a maximum of 4.1(1) eV at k: = 1.07(8) A-I. 

This value of k~ corresponds to the X point (1.09 A-I) of the theoretical 

AF Brillouin zone (Fig. 2) to within the experimental uncertainty. As 

k~ increases beyond 1.07(8) A-I, Band I disperses symmetrically 

back toward EF• In contrast· to Band III, Bands.I and II show negli­

gible sensitivity to surface contamination. This suggests that Bands 

I and II arise from the Cr(OOl) near-surface electronic structure. 

The smooth symmetrical dispersion of Band I about the X point in 

Fig. 7 is strong evidence that the X point is a Brillouin zone 

boundary for the [010] near-surface electronic structure. This 

periodicity is only consistent with thqt expected for an AF electronic 

structure, Fig. 3(b). The periodicity of Band lIs dispersion is 

certainly inconsistent with out expectations for a PM phase, Fig. 

3(a). We therefore i~terpret the dispersion of Band I in Fig. 7 as 

evidence that the near-surface valence electrons feel, and 

self-consistently establish, antiferromagnetism in the near-surface 

layers of Cr(OOl). This conclusion is also consistent with the 
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flattening of Band II at the X point, although the absence of 

symmetrical dispersion for Band II is not understood. These· 

properties suggest that the near-surface electronic structure of 

Cr(OOl) along the [010] direction should be described in the sc 

Brillouin zone of the AF state. This result implies that simple cubic 

symmetry is at least approximately realized along the [001] 

direction. This remains to be evaluated. However, we can conclude 

that the AF Brillouin zone, Fig. 5(b), and not the PM Brillouin zone, 

.Fig. 5(a), gives the more appropriate description of the OTM as it 

applies to our ARPES investigation of Cr(OOl). We now discontinue the 

dual notation f(f) and f(H), and hereafter refer to this point as f, 

as shown at the top of Fig 7. The magnitude k~ can now be equated 

with ~i along [010] (Fig. 5(b)), and is hereafter referred to simply 

as k • 
II 

The lines graphed in Fig. 7 are the theoretical f-X-f dispersion 

relations for commensurate AF bulk chromium, as calculated by 

Skriver. 30 The experimental and theoretical X point critical 

binding energies are in excellent agreement. Within % 0.4 A-I of 

the X point, Band I is predicted very well by the theory. However, 

for Band II just off the X point and for both Band I and Band II with 

k < 0.5 A-I, experiment and theory agree poorly. An interesting 
II 

aspect of Fig. 7 is that Bands I and II remain split very near the r 

point. Figure 10 shows the persistence of this splitting for peaks 

with kll near f. In the theory, these valence bands are essentially 

degenerate for ~I ~ 0.3 A-I. 

.. 
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The off-normal UPS measurements probe the [010.] f -X-f 1 i ne 

parallel to the surface. We have also collected normal-emission ARPES 

spectra at i98 K using soft x-ray photons of energy 80 ~ hv ~ 150 eVe 

These SXPS spectra probe the [001] f-X-f symmetry line perpendicular 

to the surface by detecting only those ~f that lie along the [001] 

f f-X-f line in the third Brillouin zone. Since kll = 0, all 

near-surface spectral features arise from [001] f-X-f initial states 

in the first Brillouin zone. Figure 11 displays five SXPS spectra. 

For hv < 105 eV, strong tr~nsitions arise from surface-related states 

that produce photoelectron peaks with eIN < 1 eVe As the pho~on 

energy is increased, the prominence of both surface features 

decreases, and that of the marked near-surface peak increases. Figure 

12 emphasizes these intensity variations by directly comparing SXPS 

spectra collected with hv = 80.0 eV and hv = 130.0 eVe 

The kl value associated with each spectrum in Figs. 11 and 12 is 

the magnitude of the wavevector ~i (along [001]) of the initial 

state producing the spectrum's near-surface photoelectron peak. This 

was calculated from eqn. (8) using Vo = 10.8 eV, and eqn. (1). The 

value kl = 0 corresponds to the f point. Figure 11 demonstrates that 

as kl for the near-surface peak increases, the feature disperses away 

from EF. It attains a maximum binding energy of EIN = 3.7(1) eV 

at kl = 0.94(8) A-I. For kl ~ 0.94(8) A-I, the near-surface 

feature disperses symmetrically back toward EF• 

Unlike the UPS measurements, the position of the band minimum 

observed in our SXPS measurements depends on our assignment of the 
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k: values, and hence on Vo through eqn. (8). We have plotted in 

Fig. 13 the near-surface EIN vs. k results from our SXPS spectra. 
1 . 

In doing so, we have recalculated the k values using V = 16.6 eV 
1 0 

in eqn. (8). This choice of Vo shifts the position of the band 

minimum from 0.94(8) A-I (Vo = 10.8 eV) to the theoretical bulk X 

point. This shift was made only to clarify Fig. 13 1s comparison of 

the experimentally observed band shape to the theoretical bulk 

dispersion relations. There is a similarity between the shape of the 

band dispersion, Skriver1stheoretical prediction (the lines in Fig. 

13) and the UPS results (Fig. 7). This suggests that the band 

observed in the SXPS spectra and plotted in Fig. 13 is the [OOlJ f-X-f 

analogue to the Band I observed along the [010J f-X-f line in the UPS 

measurements. The dispersion of Band I in Fig. 13 is shallower than 

that shown in Fig. 7. Figures 7 and 13 also differ by - 0.25 eV for 

the binding energy of Band I -near the fpoint. 

The value Vo = 16.6 eV required to make the SXPS Band I 

dispersion symmetrical about the [OOlJ X point is rather large. The 

theoretical value of Vo (derived from Skriver1s AF Cr band 

structure) is 12.6 eVe ARPES investigations2,20 of other transition 

metals have reported values for Vo in the range 12 - 14 eVe This 

indicates that the true point of symmetrical band dispersion is not 

the X point for ~i along [OOlJ. The fact that Band I disperses 

symmetrically about a point near the [OOlJ X point is an indication 

that antiferromagnetism exists in the near-surface region of Cr(OOl). 

This is the same conclusion that was drawn from our UPS results for 
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the [010J electronic structure. However, in contrast to the [010J 

direction, the observed periodicity of the [OOlJ band dispersions is 

. different than that expected for presumably indistinguishable 

commensurate (Fig. 3(b)) or incommensurate (Fig. 3(c)) AF states. 

It must be emphasized that the mean free path for the SXPS 

photoelectrons is particularly small, only -5 ~51 or 4 atomic 

layers. It will become clear in Section V that when the [OOlJ 

electronic structure is investigated with such high surface 

sensitivity, a result differing from that obtain~d for the [010J 

direction is not alarming. Consequently, we will only conclude that a 

value of Vo a little higher than 10.8 eV, perhaps - 13 eV, might be 

more suitable for the interpretation of the ARPES measurements. This 

possibility has only a six percent effect on the inferred values of 

ki for our UPS spectra. It has no effect on the inferred k~ 

values. The position of the Band I dispersion in Fig. 7 is 

independent of the choice of Vo. 

The comparison of the UPS and SXPS results with bulk AF theory 

suggests that Band I belongs to the 61 representation and Band II to 

the 62 representation of the C4V point group. Both representa­

tions are even with respect to reflection through the (100) mirror 

plane containing the photoelectron and photon polarization vectors 

(Fig. 4). Hence, both are allowed by the symmetry selection rules 

governing our off-normal UPS measurements. 15 The symmetry of Band I 

is revealed in Fig. 14. The UPS spectrum 14(a) was recorded in the 

normal-emission geometry (ee = 0° in Fig. 4). The peak at 
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EIN = 3.25(.5) eV arises from a Band I initial state with 

~i = 0.34(8) A-I along [OOlJ. For this P-polarization geometry, 

only 61 and 65 initial states are allowed. 15 That Band I has 

61 symmetry is shown by spectrum 14(b). For 14(b) the A vector has -
been rotated to lie on the surface along the [100J.direction. For 

this S-polarization geometry, only 65 initial states are 

allowed. 15 The strong suppression of the Band I photoelectron peak 

indicates that Band I has 61 symmetry. Spectra 14(c) and 14(d) 

present a similar test for Band I, only for EIN ~ 4.15(5) eV at ~I = 

1.18( 8) A-I. These two spectra show that at thi s k", Band lis even 

with respect to reflection through the (100) mirror plane. This is 

consistent with the assignment of 61 symmetry. 

It is interesting to compare spectrum 14(a) with the Qe = gO 

spectrum of Fig. 10. Both spectra probe r-x-r lines near 0.3 A-I. 
However, Band II is observed only in the dff-normai measurement of 

Fig. 10. This shows that Band II has 62 symmetry because 62 
initial states are symmetry allowed in the P-polarization off-normal 

measurements, but are symmetry forbidden in the normal-emission 

geometry. Note~hat the higher-energy normal-emission SXPS 

measurements are also consistent with these symmetry assignments. 

Only Band I of 61 symmetry is observed. Band II of 62 symmetry is 

absent, as shown in Fig. 13. 

Almost all of the near-surface spectral features observed in our 

ARPES measurements of Cr(OOl) can be interpreted as direct transitions 

from AF initial states along the r-X-r symmetry line. However, Fig. 7 
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displays a cluster of low-intensity peaks at EIN - 2.3 eV and ~ 

-1.1 A-I that has no theoretical counterpart. Their binding energy 

coincides with that of Band II near r. We speculate that these weak 

peaks are produced by final-state. scattering that results in a type of 

nondirect transition (NOT) from the high density of states region of 

Band II near f. As such, they would have to 2 symmetry. The fact 

that they are not observed in the normal-emission SXPS measurements 

(Fig. 13) is consistent with this conjecture. Similarly, a NOT 

feature of Al symmetry might arise from the high density of states 

region of Band I near - 3 eV binding energy. We tentatively interpret 

the shoulder in spectrum (c) of Fig. 14 with EIN = 3.0(2) eV as such 

a NOT feature. This feature is even with respect to reflection 

through the (100) mirror plane, as shown by its absence in spectrum 

14(d). This supports our expectation of to1 symmetry. The physical 

origin· of these NOT peaks is not well understood. 

The temperature dependence of antiferromagnetic properties are of 

fundamental interest. We have therefore investigated the influence of 

temperature on the [010] AF energy bands observed in our UPS 

measurements. The symmetrical dispersion of Band I about the X point 

in Fig. 7 is a manifestation of antiferromagnetism in the near-surface 

region of Cr(OOl). More specifically, the existence of Band I with 

3.0 ~ EIN ~ 4.1 eV and kll > 1.09 A-I (X point) is a property of 

the AF state that distinguishes it from our expectations for the PM 

electronic structure. In contrast, the existence of Band I with 

3.0 ~ EIN ~ 4.1 eV and kll ~ 1.09 A-1 is possible for both the AF 
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and PM phases. That it is possible for the PM phase can be understood 

by referring to a PM band calculation and interpreting the photo­

emission in the PM Brillouin zone of Fig. 5(a). A priori,' one might 

expect the bulk Neel temperature, TN = 312 K, to mark a sharp 

transition between well-defined near-surface AF and PM phases. For 

T > TN' one might then expect the persistence of those Band I 

spectral features with k < 1.09 A-I, and the disappearance of those 
II 

Band I peaks with kll > 1.09 A-I. Figure 15 presents ARPES spectra 

taken at temperatures as high as 670 degrees above TN. There is 

almost no change with temperature in the appearance of the Band I peak 

at EIN = 3.32(5) eV; ~I = 0.72(8) A-I. The only spectral change 

occurs for Band I I and then on ly for T - 980' K. These observat ions 

are consistent with the above expectations for Band I. 

Figure 16 displays ARPES spectra that sample Band,I at EIN = 

3.07(5) eV; k" = 1.64(8) A-I. Contrary to our hypothesis, Band' I 

is still observed as high as 500 degrees above the bulk Neel 

temperature, although the intensity of the spectral peak is reduced 

, from that observed at 298 K. For the spectrum taken in the range 

955 < 'T < 1130 K there is evidence for.the expected disappearance of 

Band I. We interpret the persistence of Band I in Fig. 16 as a clear 

indication of near-surface antiferromagnetic order in Cr(OOl) for 

T ~ 2.5 TN. The highest temperature spectrum suggests that this 

order is disrupted at 3.3 TN. 

As described in Section I, phonon-assisted NOT can degrade the 

k-space resolution of high-temperature ARPES spectra. The realized 
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percentage of direct transitions can be estimated from the Debye­

Waller factor, eqn. (2). For chromium at T = 1000 K, we estimate 

%DT - 95 percent. The highest temperatur~ spectra of Figs. 15 and 16 

thus contain the largest contribution from phonon-assisted NOT. For 

these spectra, it constitutes a - 5 percent effect. 

V. DISCUSSION 

A discussion of these results must consider the influence of 

surface ferromagnetism on the Cr(OOl) near-surface electronic 

structure. Experiment35 has confirmed the theoretical pre­

diction36-39 of a ferromagn~tic surface phase on Cr(OOl). 

Theoretically, the relatively small number of nearest-neighbors (4) 

for the (001) surface atoms leads to energy-band narrowing, resulting 

in the formation of large ( -2.7lJB ) localized surface magnetic 

moments. Th~ surface ferromagnetism is. characterized by an 

exchange-split surface spin density of states, SSDOS. A surface­

related feature (hereafter referred to as the surface feature~) was 

observed in normal-emission ARPES and assigned to the majority 

55DOS.35 The temperature dependence of its binding energy signals a 

surface magnetic phase transition on Cr(OOl) near 780 K. 35 

Since the number of nearest neighbors (8) is already bulklike for 

the second-layer atoms, the Cr(OOl) surface ferromagnetism is expected 

to be highly surface-localized. However, several near-surface layers 
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must be encompassed by the decrease of the magnetic moment to the 

maximum bulk value of 0.59 ~B' Allan38 has predicted that the 

magnitude of the magnetic moment on layer 1, M(l), differs from that 

of the bulk according to: 

M(1)-M(bu1k) _ 
M(O}-M(bulk) exp (-1/10) (10) 

where 10 = 1.67 in units of the interplanar spacing. If the surface 

layer has M(O) = 2.7~B then this model predicts that 5 layers into 

the surface, M(4) = 0.8~B' This magnitude still deviates 

significantly from the maximum bulk value. 

These expectations for Cr(OOl) surface and near-surface magnetism 

are presented in Fig. 17. In this figure, the diameter of the sphere 

representing an atom is drawn proportional to the atom1s magnetic 

moment as predicted by eqn. (10). The sign of the sublattice 

magnetization is expected to alternate along both the [001] and [010] 

directions. Hence, the near-surface region is predicted to be 

antiferromagnetic. However, the Cr(OOl) surface ferromagnetism would 

distinguish between the [001] and the [010] directions. Along the 

[010] direction, the atomic.magnetic moment is not changing in 

magnitude. Thus, parallel to the (001) surface, the near-surface 

antiferromagnetism is predicted to be commensurate with the crystal 

lattice. Along the [001] direction, the magnitude of the magnetic 

moment is expected to change accord i ng to eqn. (10). We emphas i ze 

that this layer-dependent magnetization profile is conceptually 

distinct from the incommensurate SOW magnetization that exists in bulk 
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chromium. The near-surface magnetic properties are thought to be 

completely determined by the ferromagnetism of the Cr(OOl) 

surf ace. 36,38 

We have already cited the experimental evidence35 for a ferro­

magnetic surface phase on Cr(OOl). We now show that our results for 

the Cr(OOl) near-surface electronic structure are consistent with 

the theoretical predictions for Cr(OOl) near-surface magnetism. The 

band dispersions observed in our UPS spectra and presented in Fig. 7 

show that the sc Brillouin zone describes the periodicity of the 

valence electronic structure along the [010J direction. This is 

consistent with a commensurate AF spin density along [OlOJ, as 

depicted in Fig. 17. Our SXPS measurements revealed the dispersion of 

Band I about a position near the [OOlJ X point (Fig. 13). This 

suggests that within the first four layers, an AF spin density (not 

necessarily of simple cubic symmetry) obtains along the [OOlJ 

direction. This is strong evi~ence that the surface magnetic moments, 

while coupling ferromagnetically to· each other within the surface 

layer, couple antiferromagnetically to the moments of the second-layer 

atoms, as shown in Fig. 17. These SXPS results reveal a single 

well-defined band (Band I) that fails to disperse symmetrically about 

the [OOlJ X point when physically reasonable values are assumed for 

the inner potential Vo. This dispersive behavior is inconsistent 

with the (spectroscopically indistinguishable) energy-band periodicity 

expected for commensurate (Fig. 3(b)) and incommensurate (Fig. 3(c)) 

antiferromagnetism. We speculate that the observed behavior might in 
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some way reflect a reduced symmetry along the [001] direction in the 

near-surface layers of Cr(OOl). A likely contribution to this reduced 

symmetry would be the decreasing magnetization along the [OOlJ 

direction postulated in Fig. 17. If this interpretation is correct, 

then simple cubic symmetry may be only approximately realized along 

the [OOlJ direction. If so, then the depiction of wavevector 

conservation in Fig. 5(b) is only approximately correct, for Fig. 5(b) 

involves exact simple cubic symmetry along the [OOlJ direction. 

In stating our general expectations for AF electronic structure 

(Fig. 3(b)), we have not indicated the size of the energy gap created 

at the X point. Thus the strength with which the AF potential mixes 

the sinusoidal states Ik) and Ik z 2w/a) has not been specified. For 

an infinitesimal AF potential, the extra bands that distinguish 

antiferromagnetism (Fig. 3(b)) from paramagnetism (Fig. 3(a)) would 

manifest themselves as infinitely ~eak photoelectron peaks in our 

ARPES measurements. For a real AF system, one would expect these 

bands to produce ARPES features with a considerably reduced relative 

intensity. The UPS observation of Band I with 3.0 ~ EIN ~ 4.1 eV 

and kll ~ 1.09 A-I Signals the existence of antifer"romagnetism in the 

Cr(OOl) near~surface layers. However, the existence of Band I with 

3.0 ~ EIN ~ 4.1 eV and kll ~ 1.09 A-I is not a determining 

property, since it is consistent with either a PM or an AF state. An 

attempt was made to contrast the spectral intensities of Band I 

features with kl > 1.09 A-I (AF) and k < 1.09 A-I (PM or AF). 
1"- II - " 

The prominence of Band I for kl > 1.09 A-I (AF) is considerably 
1-
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reduced relative to that observed for ~I < 1.09 A-I (PM or AF). 

However, angle- and hv-dependent variations in the spectral 

backgrounds as well as the absence of photon intensity measurements 

preclude a meaningful discussion of the relative Band I intensities 

observed in our UPS measurements. 

The incident photon intensities were not measured for our SXPS 

data. Therefore, we cannot rigorously determine the variation of the 

Band I spectral intensity with kl from those results. However, the 

inelastic background intensity in the SXPS photoelectron spectra 

appeared to be well-behaved and varied slowly with photon energy. 

Consequently, we can use this background as an approximate 

normalization standard to make qualitative statements concerning the 

relative Band I intensities observed in our SXPS investigation. The 

existence of Band I with 3.5 ~. EIN ~ 3.7 eV and kl ~ 1.09 A-1 is 

the manifestation of antiferromagnetism in Our SXPS results. This 

cannot be claimed for the observation of Band I wit~ k > 1.09 A-I, 
1 -

since that observation is consistent with either a PM or an AF state. 

Figure 11 displays the increasing prominence of the marked Band I 

near-surface peak as k1is sampled from 0.57 A-I to 1.31 A-I. 

Figure 12 reveals directly that the Band I spectral intensity observed 

with kl = 0.30 A-I (AF) is dramatically less than that observed with 

kl = 1.56 A-I (PM or AF). Note that these near-surface initial 

states are equidistant in k-space from the observed Band I minimum at 

kl - 0.94 A-I. The relative weakness of the Band I intensity for 

kl ~ 0.94 A-I (AF) is qualitatively consistent with the reduced 
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spectral intensity expected for a photoelectron peak of AF origin. 

The electronic structure of Cr at elevated temperature is of 

great interest. Bulk chromium undergoes a macroscopic SOW to PM phase 

transition at TN = 312 K. This is observed as a cusp in the 

magnetic susceptibility at TN. However, the theoretical 

description52 of temperature-dependent linear expansion 

measurements53 of Cr suggests that substantial and localized 

magnetic moments persist in the paramagnetic phase. Theoretically, 

these moments are not well-defined because they are believed to be 

fluctuating about zero magnitude. 52 ,54 However, the rms magnitude 

of these moments is reduced by only 3 percent from the values observed 

in the SOW phase. 52 Neutron diffraction measurements 23 ,24 of the 

paramagnetic phase have shown that these moments exist on at least the 

picosecond time scale, and that they are considerably correlated. 

Above TN well-defined spin-wave excitations and elastic ~agnetic 

reflections have been observed. 23 ,24 Neither the Stoner (or Band) 

Model that predicts zero spin density above TN' nor the Heisenberg 

(or Local) Model that predicts totally randomized local magnetic 

moments above TN can account for the existence of such phenomena in 

the pa~amagnetic phase of chromium. 

The Local Band Theories55- 70 were .developed to explain similar 

spin-correlation phenomena in itinerant ferromagnets above the Curie 

temperature, TC. In their general application, the Local Band 

Theories introduce localized magnetic moments whose magnitudes and 

relative orientation can change with temperature by itinerant 
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effects. The result is an itinerant paramagnetic state that consists 

of transverse spin waves composed of localized magnetic moments. The 

disordering of these moments produces a reduction of the moments' 

magnitude from the value found below the transition temperature. 

Within several unit cells, the moments are sufficiently correlated to 

permit a short-range magnetic order. However, the spin waves destroy 

the long-range alignment of the moments between cells, and with it, 

long-range magnetic order. Remaining questions concern the spatial 

extent of the magnetic order at a given temperature and the manner in 

which the moment magnitudes and directions fluctuate with time. 

Of particular relevance to our work are Grempe1's 

spin-fluctuation calculations of the temperature-dependent surface 

magnetic ordering on Cr(001).36 His theoretical surface magnetic 

phase transition temperature Ts = 850 K, and surface magnetic moment 

Ms = 2.6uB are near the values Ts - 780 K and Ms - 2uB 

inferred in our previous paper. 35 Grempel also calculated the 

magnetization profile as a function of temperature. 36 His results 

predict that the high thermal stability of the surface ferromagnetic 

phase will hold the near-surface region of Cr(001) antiferromagnetic 

well above TN. In spin-fluctuation theory, a decrease in 

magnetization occurs via the thermal population of spin configurations 

for which the moments are disordered and possibly reduced in magnitude 

to some extent. Grempel predicts only a - 10% decrease in the surface 

local band splitting (e.g. in the magnitude of the surface magnetic 

moment) during the surface magnetic phase transition. This particular 
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prediction is not quantitatively supported by our previous results 35 

for the surface feature 2 that reveal a marked decrease in the local 

surface magnetization for temperatures approaching Ts' Grempel's 

work remains the only theoretical treatment of the temperature­

dependent magnetization of the Cr(OOl) surface. 

The observation of Band I in Fig. 16 for T ~ 2.5 TN indicates 

the existence of AF order in the Cr(OOl) near-surface region well 

above the bulk Neel temperature. Since we observe this order via 

ARPES, we estimate the spatial extent of the AF order to be at least 

- 15 A.71 There are at least two possible causes of this 

phenomenon. The first stems from Grempel's calculation. As described 

·previously, the thermal stability of the AF order in the near-surface 

layers might be largely determined by the Cr(OOl) surface 

ferromagnetism. The persistence of AF order well above TN might 

then be viewed as an AF order induced in the Cr(OOl) near-surface 

region by the ferromagnetism of the Cr(OOl) surface below Ts' We 

believe that the temperature dependence of feature ~IS binding energy 

is a manifestation of the thermal decrease of the local surface 

exchange potential, and therefore, the local surface 

magnetization. 35 If the near-surface AF urder observed above TN 

were induced solely by the ferromagnetism of the surface, then one 

would expect a correlation between the temperature dependence of the 

Band I intensity in Fig. 16, and the thermal decrease of feature ~IS 

binding energy. We make such a comparison in Fig. 18. The two 

properties do show a gross similarity. If our interpretation of the 

.. 
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feature 2 is correct, then by 600 K, Ms has decreased by at least 

40 percent. Despite this reduction of the local surface 

magnetization, Band I (and therefore local AF order) is still 

observed. It may be that the remnant surface magnetism can induce a 

residual near-surface AF order at this temperature. Only for the 

highest temperatures is this AF order completely disrupted, as 

suggested by Fig. 18. 

A second explanation of the observed AF 'order at high 

temperatures does not consider it to be a near-surface phenomenon. As 

discussed above, temperature-dependent linear expansion 

measurements53 of bulk Cr are consistent with the existence of 

substantial, though probably fluctuating, local magnetic moments in 

the paramagnetic phase. 52 ,54 Neutron diffraction measurements23 ,24 

have shown that as high as 100 K above TN' these moments exist on 

the picosecond time scale, and are highly correlated. Our ARPES measure­

ment is a much faster (10-16 s.ec.) and much more local (-15 ft.) probe 

of the magnetic structure than ·neutron diffraction. Consequently, the 

near-surface AF order observed at temperatures as high as 500 K above 

TN (Fig. 18) might result from a local AF coupling of essentially 

bulklike magnetic moments. This coupling could be capable of 

producing AF order within a range of - 15 ft. at T = 2.5 TN' but not 

for temperatures as high as 3.3 TN' as indicated by Fig. 18. In 

this way, short-range AF order even deep in the bulk would become 

consistent with the macroscopic (long-range) paramagnetism of bulk 

chromium at 2.5 TN. The overall correlation shown in Fig. 18 would 
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then be considered coincidental. Such short-range AF order in Cr 

above TN might then have a description in the Local Band Theories. 

It seems likely that the physics of both of these explanations 

are operative. Thus we believe that the near-surface AF order 

observed for temperatures up to 2.5 TN is caused by the AF 

correlation of localized Cr magnetic moments. The strength of this 

interaction, and thereby the thermal stability of the near-surface AF 

order, is increased because the near-surface moments are enhanced due 

to the Cr(OOl) surface ferromagnetism. 

Almost all of our experimental results confirm the theoretical 

belief36 ,38 that the Cr(OOl) near-surface antiferromagnetism is 

perturbed primarily bJ the Cr(OOl) surface ferromagnetism, and not by 

those electronic effects responsible for the incommensurate' 

periodicity of the SOW in the bulk. Thus along the [010] direction, 

the near-surface AF order is predicted to be commensurate with the 

crystal lattice, as depicted in Fig. 17. We have shown that this 

prediction is consistent with our UPS investigation of the [010] 

electronic structure. Unfortunately it cannot be proven because 

commensurate (Fig. 3(b)) and incommensurate (Fig. 3(c)) antiferro­

magnetic band dispersions may be spectroscopically' indistinguishable. 

However, our ARPES results are consistent with Fig. 17 1 s portrayal of 

Cr(OOl) surface and near-surface magnetism. Consequently, we believe 

that the Cr(OOl) near-surfaceAF order is in fact commensurate with 

the crystal lattice along the [010] direction. 

This finding justifies the comparison made in Fig. 7 between our 
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UPS [010J r-X-r results and Skriver's calculation for commensurate AF 

chromium. 30 The comparison is not completely appropriate because 

·the moments in the near-surface region are expected to be enhanced. 

Skriver's theory for bulk AF chromium does not incorporate this 

complication. It is therefore not surprising that discrepancies exist 

between the bulk theory and our near-surface ARPES results, as shown 

in Fig. 7. The origin of some of these discrepancies w.ill hopefully 

be elucidated in future theoretical work. The comparison made in ~ig. 

13 between the SXPS [OOlJ r-x-r results and bulk AF theory is not in 

principle justified by symmetry, because there is evidence that a 

strictly simple cubic symmetry does not exist along the [OOlJ 

direction. Nevertheless, the comparison aids in the qualitative 

identification of the band observed in the SXPS measurements. 

A distinction is often made between surface and bulk electronic 

structure in ARPES investigations of metal surfaces. We have made a 

similar separation for Cr(OOl). In this work, we ha.ve considered Band 

I and Band II as representative of the near-surface electronic 

structure. In our previous paper35 , we aSSigned the surface feature 

~ to the majority SSDOS. In view of the influence that the Cr(OOl) 

surface ferromagnetism may have on the near-surface electronic 

structure, the distinction between surface and near-surface properties 

may seem unclear. We point out that the surface feature ~ is highly 

sensitive to surface contamination. Neither Band I nor Band II shows 

significant sensitivity to CO decomposition on the Cr(OOl) surface. 

In addition, the temperature dependence of feature 2 is qualitatively 
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different than that of the AF bands observed in this work. The 

surface feature ~ displays a decrease in binding energy as the 

temperature is raised. In contrast, the Band I and Band II binding 

energies remain constant with temperature, as shown in Figs. 15 and 

16. Thus in both surface sensitivity and temperature dependence, the 

surface feature ~ displays different characteristics than the AF 

initial states. It is by these properties that we differentiate 

between surface and near-surface electronic structure. This makes 

possible the assignment of feature ~ to the Cr(OOI) ferromagnetic 

surface electroni~ structure, and Bands I and II to the 

antiferromagnetic near~surface electronic structure. 

VI. RELATIONSHIP TO PRIOR WORK 

There have been two prior ARPES investigations of chromium 

near-surface electronic structure. Johansson et. al. 40 probed the 

rM symmetry line in normal-emission ARPES measurements of Cr(110). 

However, ARPES spectra of Cr(110) recently published by Wincott et. 

al. 72 , as well as our own data for the (110) surface reveal that the 

results of Ref. 40 are influenced by surface contamination. The 

features reported at EIN -6 eV and -3 eV in Ref. 40 are not present 

in spectra of the clean surface. We feel that such surface 

contamination prohibits a comparison of the results of Johansson 

et. ale with our investigation of clean Cr(OOI) electronic structure. 

Gewinner and co-workers41 made a previous ARPES study of 

• 
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Cr(OOl). Using a helium discharge lamp (hv = 21.22 eV) they attempted 

to probe the [010J symmetry line in off-normal ARPES. They 

interpreted the wavevector conservation of the photoemission process 

in the PM Brillouin zone (Fig. 5(a)). They also observed initial 

states whose dispersions seemed consistent with those calculated for 

the energy bands of the paramagnetic phase. Our results have shown 

that the AF Brillouin zone is the more appropriate structure for the 

description of both wavevector conservation in the photoemisssion 

process (Fig. 5(b)), and the dispersion of the initial states along 

the [010J direction. The valence bands are thus antiferromagnetic in 

nature. 

One difference between our work and that of Ref. 41 is the level 

of surface cleanliness. Reference 41 reports a photoelectron peak at 

6.7 eV binding energy that is absent in our spectra of clean Cr(OOl). 

This feature is due to impurity (oxyyen and carbon) 2p photoemission. 

Its presence signals surface contamination by CO decomposition, as 

shown in Fig. 9. However, our study indicates that the near-surface 

AF electronic structure is not drastically affected by the small 

amounts of impurity necessary to produce this spectral peak. 

We feel that the inability of Gewinner et. al. to observe the AF 

characteristics of the Cr(OOl) electronic structure probably stems 

from the fact that they did not use tunabl~ synchrotron radiation in 

their off-normal ARPES study.41 We emphasize that both our study 

and theirs use the same kinematic equations (8) and (9) to infer 

the values of the the final-state wavevector components kf 
1 

and 
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k~. However, in contrast to Ref. 41, we were able to tune the 

photon energy so that we were always probing the initial-state k. of 
-1 

interest with kf on the f-X-f line, as described in Section III. 

This may be particularly necessary to observe the Band I features with 

kll > 1.09 A-1 that are unique to the antiferromagnetic phase. In 

this region of k-space, the spectral intensity of Band I is expected 

to be intrinsically low due to its magnetic origin. Band lis 

promi nence is further reduced for kll > 1.09 A-1 by the spectral 

dominance of the high-intensity surface feature that we have called 

Band III. Differences between our data for Band II and the results of 

Ref. 41 may have a similar origin. The possible underestimate of the 

inner potential Vo' as discussed in Section IV, also emphasizes the 

need for synchrotron radiation if eqns. (8) and (g) are to be used 

accurately in the investigation of near-surface electronic structure. 

We point out that the incorrect conclusions reported in Refs. 41 

and 42 regarding the near-surface Cr(OOl) electronic structure have 

implications for their interpretation of Cr(OOl) surface electronic 

features. For instance, they assign a surface feature to a A1 

s}ffimetry surface state located in a A1 symmetry gap of the bulk 

paramagnetic band structure. The results that we have presented 

suggest that this assignment is not correct. In a future publication 

we will show that this surface feature (referred to in our work as the 

surface feature ~J has a different origin. 
• 
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VII. CONCLUSIONS 

We conclude by recalling the major results of our investigation 

of Cr(OOl) near-surface electronic structure. 

1. Our UPS measurements revealed the periodicity of the 

valence-band dispersions along the [010] direction parallel to the 

crystal surface. The results indicate that the valence electrons 

feel t and self-consistently establish t antiferromagnetism in the 

Cr(OOl) near-surface layers. With respect to the [010] direction t 

this near-surface antiferromagnetism appears to possess simple cubic 

symmetry. 

2. The agreement between these UPS results and theory for bulk 

commensurate AF chromium30 is good near the X point. Agreement is 

poor near the r point. 

3. The periodicity of the valence-band dispersions along the 

[001] direction normal to the crystal surface were measured in our 

SXPS investigation. The ~esults are consistent with an AF spin 

arrangement within the first 4 atomic layers. This strongly suggests 

that the surface magnetic moments,· which couple ferromagnetically to 

each other within the surface layer t couple antiferromagnetically to 

the magnetic moments of the second-layer atoms. However t the 

periodicity of the [001] band dispersions indicates that this 

near-surface antiferromagnetism does not possess purely simple cubic 

symmetry along the [001] direct.ion. 

4. The temperature dependence of the [010] near-surface AF 
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electronic structure was investigated. The results (Figs. 16 and 18) 

suggest that near-surface AF order persists on at least a local scale 

of - 15 A for temperatures up to 2.5 .TN• This order is disrupted at 

T = 3.3 TN. The temperature dependence of the AF Band I intensity 

(Fig. 18) correlates to some extent with the decrease in the local 

surface ferromagnetism that we reported previously.35 We interpret 

this correlation as evidence that the thermal stability of the 

near-surface AF order is determined in part by the ferromagnetism of 

the Cr(OOI) surface. 
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FIGURE CAPT IONS 

FIG. 1. 

FIG. 2. 

FIG. 3. 

FIG. 4. 

The real space spin-lattice of commensurate 

antiferromagnetic chromium. The topmost atoms define the 

(001} crystal plane. 

The AF (solid line) and PM (dashed line) Brillouin zones 

in the (100) mirror plane (defined by the [OOlJ and [OlOJ 

vectors). High symmetry points in the AF Brillouin zone 

are labelled with the conventional greek letters; those 

in the PM Brillouin zone are labelled with the appropriate 

letters enclosed by parentheses. 

(a): The dispersion of a model sinusoidal band along the 

[OlOJ direction for a PM state. (b): The dispersion of 

. the sinusoidal bands along the [OlOJ direction for a 

commensurate AF state. (c): A first-order estimate of 

the [010] dispersion of sinusoidal bands when an 

incommensurate SOW exists along the [OlOJ direction. The 

deviation from commensurate periodicity, 0, is assigned 

the value 0.03 A-I that is observed near room 

temperature (Ref. 23). The symmetry point notation is 

that adopted in Fig. 2. 

The experimental geometry. The [OOlJ direction lies 

normal to the Cr(OOl) surface. The polar angle of 

electron detection ge (degrees) was varied in the (100) 

mirror plane. For our synchrotron radiation ARPES 
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measurements, the vector potential A lies in the (100) 

mirror plane and makes a 25.0° angle with the surface 

normal, as shown. We label this geometry·P-polarization. 

For our measurements using HeI radiation, the A vector a _ 

could also be oriented along the [100] direction 

perpendicular to the (100) mirror plane (S-polarization). 

(a): Wavevector conservation (eqn. (1) in text) depicted 
\ I 

in the PM Brillouin zone of Fig. 2. The solid line is the 

final-state symmetry line that is used to probe the [010J 

electronic structure (see text). (b): Wavevector 

conservation viewed in the AF Brillouin zone of Fig. 2. 

The square around kf in 5(b) has dimensions (0.24 A-IX 

0.24 A-I) and gives the k-space resolution in the (100) 

plane for the UPS spectra. The dashed line is the 

final-state symmetry line that is used to probe the [010J 

electronic structure (see text). The symmetry notation 

used in both 5(a). and 5(b) is that adopted in Fig. 2. 

UPS specta of Cr(OOl) at 298 K. The photon energy hv (eV) 

and the polar angle of electron detection Qe (degrees) 

are listed for each spectrum. The values f 
kll (A-I) are 

the components of the final-state wavevectors parallel to 

the surf ace for the peaks labelled with a tic mark. The 

intensities of the spectra have been scaled to clarify the 

presentation. 

.. 

.. 
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FIG. 8. 

FIG. 9. 
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Experimentally observed band dispersions along the [010J 

symmetry line. Values of EIN (eV) are plotted versus 

kt (A-I) for the features observed in our UPS 

spectra. The size of the symbol gives the experimental 

error in EIN • The greek letters at the top of the 

figure label the [010J symmetry line in the manner 

appropriate for simple cubic symmetry. The solid lines 

are the f-X-f band dispersions for commensurate AF 

chromium as calculated by Skriver (Ref. 30). Arabic 

numerals label the symmetry of these theoretical bands. A 

peak is observed at EIN - 0.25 eV for many values of 

kf. A feature ;s also present for kf <·0.3 A-I with 

0.7 ~ EIN ~ 0.9 eVe Both have been previously assigned 

(Ref. 35) to the ferromagnetic surface electronic 

structure and are omitted from this figure for clarity. 

The onset of Band III at EIN - 0.9 eVe The value 

kf (A-I) is given for the Band III spectral peak. All 

spectral intensities have been scaled for presentation. 

A comparison of Cr(OOl) UPS spectra before (line) and 

after (dots) 1L CO exposure. The experimental geometry is 

that of Fig. 4; hv = 21.22 eV, Qe = 40.6°. The 

contamination-induced peak at EIN = 6.7 eV is assigned 

to impurity (carbon and oxygen) 2p photoemission. The 

intensities of the two spectra have been normalized at 

EIN = 8.0 eVe 
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UPS spectra displaying the persistence of Band I and Band 

"II splitiihg (dashed lihe) near r. The electron detection 

angle ee is given for each spectrum. The value kll is 

listed for ~he Band I and Band II peaks (they have nearly 

the same values of k). Spectral intensities have been 
" II 

scaled to clarify the presentation. 

Nonnal-emission (ee = 0°) SXPS spectra for Cr(OOl). The 
\J 

values kl (A-I) are the wavevector magnitudes (along 

[OOlJ) of the initial states responsible for the peaks 

labelled with a tic mark. These kl values have been 

calculated using Vo = 10.8 eVe Spectra have been scaled 

for presentation. 

Line:' Nonnal-emission SXPS spectrum of Cr(OOl) u~ing hv = 

130.0 eVe Dots: Normal-emission SXPS spectrum of Cr(OOl) 

using hv= 80.0 eVe The kl values are the magnitudes of 

the wavevectors (along [OOlJ) of the initial states 

producing the near-surface photoelectron peaks at EIN -

3.5 eVe The two spectra have been normalized at EIN = 

6.5 eVe 

Experi~entally observed band dispersions along [OOlJ. 

Values of EIN (eV) are plotted versus kl (A-I) for the 

near-surface features observed in our SXPS spectra. 

Features observed with EIN < 1 eV have been previously 

assigned (Ref. 35) to the ferromagnetic surface electronic 

structure~ and are omitted from this figure. The size of 

. 
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the symbol gives the error in determining EIN for the 

near-surface features. For clarity, the initial-state kl 

values have been recalculated using Vo= 16.6 eV (see 

text). The solid lines· are Skriver's theoretical r-X-r 

band dispersions for commensurate AF chromium (Ref.· 30). 

Arabic 'numerals label the symmetry of these calculated 

bands. The [001] symmetry line is labelled at the top of 

the figure using the simple cubic symmetry notation. 

The polarization dependence of Band I features. Spectrum 

(a): . Normal-emission (e'e = 0°) spectrum of Cr(OOl) 

using hv = 21.22 eVe The A vector is oriented as shown in 

Fig. 4 (P-polarization). Spectrum (b): Same as (a) only 

with the A vector oriented in the surface plane along the 

[100] direction (perpendicular to the (100) mirror 

plane). This isS-polarization. Spectrum (c): UPS 

spectrum taken in P-polarization; g e = 40.6°, hv = 

21.22 eVe Spectrum (d): same as (c) only with 

S~polarization. The spectral intensities have been scaled. 

The i nfl uence of temperature on Band I. The value k" is 

given for the Band I spectral peak at' EIN = 3.32(5) eVe 

The temperature range ' is 1i ,sted for each spectrum.' The 

intensities have been scaled for presentation. 

The influence of temperature oil Band I. The value k
n 

is 

given for the Band I peak at EIN = 3.07(5) eV.Al1 

intensities have been staled. 
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The theoretical prediction for Cr(OOl) surface and 

near-surface magnetism. Atoms whose magnetic moments 

point to the right ~re indicated by darkened spheres. 

Atoms whose magnetic moments point to the left are 

symbolized by open spheres. The diameter of the sphere 

representing an atom at layer 1 is drawn proportional to 

the magnitude of the atom's magnetic moment M(l) as 

predicted by eqn. (10) in the text. 

Left scale: The temperature dependence of the binding 

energy EIN of the surface feature 2. Right scale: The 

temperature dependence of the Band I spectral intensity, 

normalized to the value observed at 298 K. The dashed 

line is only a guide for the eye. 
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