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and
Departments of Chemistry and Physics

University of California
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Abstract

An angle-resolved photoelectron spectroscopy (ARPES) study of
Ck(OOl) near-surface e]éctronic strucfure i§ presented. Measurements
are reported for energy-band dispersions along the [010] 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 high]y surface-sensitive ARPES
measurements of the energy-band dispersions along the fOOl] direction
normal to the surface. The results suggest'that the surface magnetic
moments, which couple ferromagneticaily to each other within the
surface layer, couple antiferromagnetically to the moments of the
atoms in the second layer. Temperature-dependent studies are-
bresented that reveal the persistence of near-surface antiferro-
magnetic order for temperatures up to 2.5 times the bulk Néel
temperature. The temperature dependence'of this antiferromagnetic
order suggests that its therma]_stabj]ity derives in part from the

stébi]ity of the Cr(001) ferromagnetic surface phase.

*Department of Physics, Zhejiang University, Hangzhou, People's
Republic of China.
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I. INTRODUCTION

We report'hére an investigation of the'near-sufface e1ectronic
sfructuré of Cr(001) using angle-resolved phofoelectron spectroscopy
(ARPES). The ARPES technique has itself been the subject of
' considerab]e study. To introduce the physics of the measqrement that
are relevant to this investigation, we will highlight the evolution of
ARPES as a probe of transition metal valence electronic structure.

Over 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‘s, for
which it was easy to prepare clean pnreconstructed surfaces. Copper
also had the advantage of being a Pauli paramagnet. The conceptual
simplicity of its paramagnetism encouraged confidence in the accuracy

7

of‘existing band structure calculations. The agreement between

8 and the ab initio théoret1Ca1 results

Fermi surface measurements
syggested that the band structure for copber.was'undérstood. The
result of these ARPES investigations was a qué1itative understanding
of va]ence-band phofoemission.

It became clear that the ARPES teéhniqué yie)déd 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:

ki *+g=k S (1)



-3-

Here, Ei is the wavevector (in the first Brillouin zone) of the

valence-band initial state responsible for the spectral peak; Ef is
the wavevector (outside the first Brillouin Zone) of the final-state
phqtoe]ectron in the so]ﬁd; and g is the reciprocal lattice vector
supporting the transition. The initial-state wavevector Ei is |
inferred using equation (1) by the experimental determination of the
| final-state wavevector Ef (to be discussed). The spectroscopic
initial-state energy E . is obtained directly from the ARPES
spectrum as the binding energy (referenced to the Fermi level, EF)
of the spectral peak. The interpretation of va]ence-band
photoemission in this direct—transition model (DTM)9 yielded
initial-state ;) (k;) values that agreed almost quantitatively
. with theoretical one-electron valence-band dispersion relations.
Total agreement has been élusive. Thé remaining discrepancy‘bétween
——“—*‘”éiEEFTﬁEﬁfET-;;E_Eg;g;;;;;;1vEIN(gi) is due in part to the
influence of many-body processés (screening) on the'spectroécopic
binding energies E observed in the ARPES exper*iments.lo"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 (Qroup
representation) of those initial states producing spectral peaks. Thé
valence-band representation labels determined by ARPES measurements
using polarized light were found to be consistent with group fheory.

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 simplicity of the paramagnetic
state at elevated temperatures made - the Pauli paramagnets once again

16 and

the logical starting point. Measurements on. copper
tungstenl7>18 confirmed the theoretical predictionl?d that the

thermal excitation of initial-state phonons leads to phonon-assisted
nondirect transitjohs (NDT). These NDT degrade the k;space resolution

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

realized percentage of direct transitions (7 DT) depends on the energy

of the transition (throhgh |g|)‘and‘the temperature, T, via a
Debye-Wa]lef factor:

o1 Llsl%um® 3 )
where (u(T)2> is the meaﬁ-square atomic displacement at temperature
T. To summarize, ARPES studies of paramagnetic metals established the
technique's utility in determining va]ence-band<dispersiéns and
symmetries directly. However, at high-excitation energies (1akge|§|)
or high temperature (]érge (u(T)2>) a loss of k-space resolution -
occurs. |

This precedent work on paramagnets has provided the cohceptual
base that was necessary to extend the ARPES technique to magnetic
elements. Numerous ARPES investigations have been made.of
ferromagnetic Fe20 and Ni2l, The results have shed cpnsiderabfe
light on the valence electronic structure of these metals, 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(001) and its imp]icafions fof magnétism is the subject of this
investigation. . |

The nearly half-filled 3d band of Cr produces unique electronic
and magnetic properties in the bulk meta]. Neutron diffraction
measurements on cré2-27 reveal the existence of a spin-dehsity wave
(SDN)28 whose periodicity is incommensurate with the body-centered
cubic (bcc) crystal lattice. The SDW requires nearest-neighbor atoms
to possess antiparailel magnetic moments, y. Its incommensurate

periodicity causes the magnitude of these moments to vary sinusoidally:

w = ug cos (Q-r) (3)

~

Here, g is the maximum magnitude of u; ug = 0.59%ug. The
periodicity of the SDW is given by the wavevector 9; 9 = (li_a)-
(2n/a) <100). The value of & indicates the deviation from
commensurate periodicity. It is observed to be temperature dependent
but is typically ~ 0.05 A~1.22-27 The lattice constant, a, takes
the value 2.884 A. |

The true iﬁcommensurate (6§ # 0) SDW ground state of bulk C} is
too complicated to be treated easily with band-structure theory.
However, severé] ca]cu]atibn529'32 have been made of a commensurate
(6 = 0) SDW state cofréspondihg 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 Tocated on a bcc crystal Tattice. However, the AF spin
arrangement defines a simple cubic (sc) magnetiC'1attice; Con-
§equent1y, 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
reciproca]\space labelled (I') and (H) in the PM Brillouin zone, 32

The existence of a magnetic lattice affects the periodicity of the
valence-band dispersions. This is demonstrated in Fig. 3 er a model
sinusoidal band along the [010] direction. In the absence of |
antiferromagnetism,‘thejband wog]d disperse with a periodicity
consistent with the PM Brillouin zone, as shown in Fig. 3(a). A
magnefic potential with comménsurate wavevector 2n/a would mix PM
states with wéveveétors‘k and k *+ 2r/a. Thus the energy-band
structure for a commensurate antiferromagnet arises from the
translation of the PM energy bands by 2n/&.32 This is shown for our
sﬁnusdida] band albng [010] in Fig. 3(b). An energy gap would appear
at the X point where the bénds cross. This is omitted for simplicity.
The périodicity 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]TM
and [111]TR lines of the sc Brillouin zone.32 These gaps stabilize
the SDW state. Nature chooses an incommensurate periodicity fof the
SDW because the ground-state of lowest energy results froﬁ the mixture
of PM states differing in wavevector by (1 * s§)+2r/a. This is
attributed to the difference in size between the electron jacket
around (T') and the octahedral hole pocket around (H) in the PM band
structuré.33 The periodicity (and hence the Brillouin zone) of the
band.diépersions for an incommensurate SDW state may not be simply
defined.34 However a first-order estimate is obtained by

translating the PM.energy bands by (1 *+ &)+2n/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‘dispersioﬁ need not
show this periodicity. Figure 3(a) demonstrates that in a péra-
magnetic state, the same sinusoidal band would disperée about the (H)
point, since this point corresponds to a zone boundary ih'the PM
Brillouin zone. Figure 3 suggests that commensurate (Fig. 3(b)) or
incommensurate (Fig. 3(c)) antiferromagnetism shoufd be distin-.
guishable from paramagnetism (Fig. 3(a)) by a measurement of the
valence-band diépersions along the [001] or [010] axes of Fig. 2.
However, to valence-band measurements with finite energy and
wavevector resolution, commensurate and incoﬁmensﬁrate AF order would

seem indistinguishable. We will therefore refer to the dispersive



-8-

behavior shown in Fig. 3(b) as representative of our expectations for
a gehera] AF order. Since the néture'of the magnetism in the Cr(OOI)
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
T'(H)-X-r(T).

‘Most ARPES experjments probe within the first 10 atomic layers
neér a metal surface. ‘Despite ihis'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
layer. In contrast, there is considerable experimenta135.and

theoretica136'39

support for the existence of a ferromagnetic
surface phase 6n clean Cr(OOl)Q The magnetic moment posséssed by the
(001) surface atoms (~2u8)35 is muéh larger than the max imum bulk
value (0-59u8) observed .in neutron diffraction.2> The transition
from surface to bulk electronic stfucture must encompass a finite
number of near-surfate layers. It is this near-surfacé region that is
probed by ouf ARPES measurements. |

Chromium's Unusﬁal electronic structure and chemical reactivity
have made it a challenging system for study with ARPES. Johansson et
a1.%0 ysed normal-emission ARPES to study the energy bands of

Cr(110) along the [110] I'M symmetry line. Unfortunately their spectra

indicate substantial surface contamination, as we shall explain. This



renders their results suspect. Gewinner et al.%! made off-normal
ARPES measurements of the Cr(001) surface in an attempt to probe the
[010] T(H)-X-T(T) symmetry line. They found no evidence of

antiferromagnetic band properties. On the contrary, their

room-temperature resulfs were compared with a bq]k paramagnetic band
calculation for the H-a-I' symmetry line of the PM Brillouin
zone.*1,42 |

We feit that if antiferroMagnetism exists in the near-surface
layers of Cr(OOl), then'itlshbuld have an influence on the periodicity
of the I'(H)-X-T(T) electronic structure, as postulated in Fig. 3(b).
Thus, we have made a comprehensive ARPESiinvestigation of the
near-surface electronic structure of Cr(001) along the I'(H)-X-I'(T)
symmetry line for both the [010] and [001] (surféce normal)
directions. The experimental details are given in Section II. The
use of the DTM in data acquisition and interpretation is developed in-
Section III. We present in Section IV the results for the [010] and
[001] band dispersions, complete with symmetry assignments. We also
present in Section IV our results for the temperature dependence of
the {010] electronic structure. In Section V we examine the
imp]ications of these results for the near-surface magnetism‘of
Cr(001). 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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IT. EXPERIMENTAL

" Almost all of our ARPES measurements employed synchrotron

-fadiation from the Stanford Synchrotron Radiation Laboratory. Beam

Line I-I was used for méasurements requiring ultraviolet photon
energies (12 < hv < 25 eV). Beam Line III-I covered the required soft
x-ray range (80 < hv < 150 eV). For both beam lines, the radiation is
about 98 percent polarized in the horizonta]'p]ahe. 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 ev
were made using a helium dischargé lamp equipped-ﬁith a 3-element
polarizer. The plane of photon polarization could be rotated
continuously 360° about the photon k vector.

The electron ana]yser43 used for all measurements was of the
electrostatic 180° hemispherical sector varieﬁy. The angular resolu-
tion was *+ 3°, Thevkinetic 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'fhe UPS and SXPS-measUrements
respecfively. The electron analyser has the capacity for independent
rotation in the horizonta] 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 [001] crystal normal (azimuthal rotation) and about the
[100] 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 [001] and [010]
axes) contained the vector potential A of the radiation. The sample's
polar position was calibrated via laser alignment, and adjusted so
that the A vector made a 25.0° 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 A vector-in-the (100) mirror
" plane. Experimental angles are accurate to within # 0.5°. We label
the photdn-surface orientation of Fig. 4 P-polarization. For
S—po]arization ARPES measurements using 21.22 eV HeIa radiation, the
e vector is rdtateq to lie along the [100] direction perpendicular to
the (100) mirror plane.

Qur samp]e was a high-purity'chromium single crystal that was
spark cut to within *# 0.5° of the (001) plane and meéhanica]]y
polished (0.5. diamond paste) to a mirror finish. As in a previous

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

study
with high temperature (1120 K) cycling for three weeks to remove bulk
nitrogen as detected by Auger electron spectroscopy (AES). fhe
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(001) 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
(operatihg pressure = 2x10-10 Tdrr),_the crystal surface became
coﬁtaminated with carbon and oxygen via carbon‘monoxide'(CO)
decomposition. This produced faint, blurry spots in the c(2X2)
fegions of the LEED pattern, and an impurity (carbon and oxygen) 2p
:phbtoeiectron peak at 6.7 ev binding energy.in the ARPES spectrum.
F]ashing the crystal to 1120 K for three minutes removes ~ g5 percent
of this'impurit}lvia CO desorption. This restores the Tow-background
1X1 LEED 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
temperafdre for one hqur to remove accumulated impurity. We then
annealed the crystal at 1120 K for five minutes to restoré order to
the clean shrface. | ,

The periodicity of the SDW in bulk chromium can be changed by
small (~O.5,a£omic percent) levels of transition metal |
impurities.46{47 Consequently, after our experiments we analysed
our cfysta] for such bulk contaminants. X-ray fluorescence
measurements of the Cr(001) surface revealed no transitién meta}
impurities to within the 0.05 atomic percent sensitivity of fhe
method. This technique probes the crysfa] to a depth of ~1000 A from
the surface. To investigate the possibility of deep bulk |
contamination, we performed two independent spectrochemical ana]yses

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.
111, SPECTROSCOPIC METHOD

As déscribed in Section I, ARPES of valence bands involves a
direct excitation in wavevector spaée (egn. (1)). However, ARPES
measures the energy E(pf) and wavevector pf, of the plane-wave
photoeleﬁtrén state at the detector. Two comincations'prevent the

direct relation of pf

for a photoelectron spectral peak and Ei for
the initial state. First, an assumption must be made about the
final-state dispersion relation E(Ef) 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
measured in the vacuum., The value of Kf must be inferred from
pf.48

L
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A model has been deve]opedl’g’48 that addresses both of thése
-tqueétions; It has proven very useful in interpreting‘a large body of
*fARPES'data.- It is called the free-electron final-state model because
,a‘freé-eiectroh dispersion relation is assumed for the final-state
fphotoelectron in the solid. The refraction effect is included by

3§hifting the dispersion relation in energy by the inner potential
.48
Vo.

2.
2, f
: f h™ |k
e(]) = Ry (4)
Consérvation 6f'energy in the photoexcitation event requires:48
fFoo |
hv - EIN -9 =E(|k]) (5)

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

respect to Ec; ¢ is the metal's work function (4.6 eV for Cr(001))

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

 passes the surface and enters the vacuum:*3

2 2
2, f 2, f
e = Sl v - Ml s ep®)) (6)

Refraction does not affect the final-state wavevector component

parallel to the surface kf, so that in the absence of surface

umklapping:48
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From the relationships (4)-(7) kinematic equations for the components
kf (A1) -and k{ (A'l) of the final-state momentum in the solid

can be dem‘ved:49

kl = .512 [(hv ;'EIN.' 9) coszee + VO]l/2 (8)
K =512 (h - Epy - )% sin o (9)

Here o, is the angle of electron detection with respect to the

. surface norma],'a; shown in Fig. 4.. With Ef.of thé spectral peak
determined, relation (1) is_used to éssjgn'the va}ue Eigto the
dnitial state,respbngible for the peak in.the ARPES spectrum.

The inner potential V, can often be determined by normal-

f
l.

‘ad justed so that eqn. (8) yields initial-state disbersions that are

emission (e, = 0°) ARPES measurements of k

e The value of Vo is

symmetric. about the theoretical Bfi]]ouin zone center or boundary.2’20’49
Results for V  obtained in this way -usually agree well with.the.
theoretical values of,Vo takeh as the energy’différencé between the
vacuum level and the bottom of the"S'band.z’zo’a'.9 We were unable to

make UPS measuréments over the required photon energy range to permit

a determination.of Voo Consequently, we assiimed fOr Vo,the'va]ue
~chosen bylsewinher ef;a1;41 (1O,8_eV) with the hope that final-state
momentum broadening (discusséd be]oW)_woﬁjd.make &n exact knowledge of

V_ unnecessary. As we shall show, subséquent norma]-ém{ssion SXPS

0
measurements’suggest that»the_vaiué 10.8 eV is probab1y c1ose to the
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correct value for VO, |
| The established vaTidity of egns. (8) and (9) allows one to base
an experiment'on'them.49 The first objective of our experiméhts is
bto probe Cr initial states whose k; lie parallel to the surface
along the [010] T(H)-X-T(I') symmetry line in the first Brillouin
20ne. To observe such initial states in.a photoelectric transition,
the DTM (egn. (1)) requires Ef to lie on a paraliel final-state
[010] T(H)-X-F(F)-]ine in a higher Bri]louin zone. The photon
- energies available for our UPS measurements required that we use the
[010] T(H)-X-T(T) fina]-state line in the second Brillouin zone. This
is indicated by thé 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
Ef on this line have kf = 2.18 &1,

Suppose we suspect (from a théoretica] band structure for ‘

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

energy near'EIN and wavevector near k. Equations (8) and (9) can
be used to calculate the hv and 8, necessary to observe this
suspected band state because we know the Ef required by the DTM.

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

f
I

so that Ef probes the Ei of interest. The required hv and e

UPS measurements kf = 2.18 A‘l. The component k, is then chosen

e
are then calculated and the spectrum is taken. The appearance of a
peak in the ARPES spectrum near EIN confirms our original suspi-

cion. The measured E,. is then used with hv and e, in egns. (8)

and (9) to calculate the kf and k: of the observed photoelectron
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peak. Equation (1) is then used to determine Ei'
If the observed E;y differs substantially from the suspected
| f

EIN’ then the observed kl

may deviate significant]y from

2.18 A'l. 'Fortunate]y, the k-spacé resolution of ARPES is finife;
“Inelastic scattéring_of.the bhotoe]ectron introduces an‘ihtrinsic';
final-state momentgm bkoadéning akf. an estimate of this broadening
based on the photoelectron mean free path50 gives Akf =% 0.06'K'l.

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, aktOl is estimated to be # 0.12 A-1.
This is shown as a:box around the tip of gf in Fig. 5(b). As‘aul
consequence of'this broadening, UPS spectral peaks whose kf values

are within * 6 percent of.2.18 A'l can be viewed as arising from
initial states along the [010] I'(H)-X-T'(T') symmetry 1ine.: For the
'SXPS spectra, akf is estimated to be + 0.10 A'l. In the normal-
emission geometry, the finite éngu]af reso]utidn degrades the
extrinsic k resolution. Consequently, for the SXPS méashrements,

AkEOt ~+0.25 &L, and aktOt - » 0.10 &-1.

IV. RESULTS

Figure 6 displays five UPS spectra out of 50 that were taken of
.Cr(OOI) (at 298 K) to probé the [010] T(H)-X-I'(T) line for bindihg
energy (EIN) values of 2 - 4 eV. The va]ue_k{,(A'l) is the
magnitude of the parallel component (a10n§ [O10]5 ofithe fﬁna]-state
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wavevector for the peak marked with a tic. We use the DTM (eqgn. (1))

to associate k; with an initial-state wavevector g% along the
[(010] T(H)-X-T(T') symmetry line in the first Brillouin zone. For the
_ kH
since kI is chosen to be 2.18 A'l. When viewed in the AF Bri]}ouih

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

zone of Fig. 5(b), direct transitions to kﬁ = 0 arise from ki at

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

EF as k{ increases. It attains maximum binding energy at kﬁ =

1.07(8) AL, as k; increases beyond 1.07(8) R-1, the spectra
become dominated by a high-intensity feature at 0.6 < Ern < 0.9 eV,
Despite the increased.background, the marked peak is still obserV-
able. For k”f > 1.07(8) A-1, it disperses back toward E. |

Figure 7 plots E;\ versus k{ along T'(H)-X-I(T) for the
features observed in our UPS spectra. Three distiqct bénds of points
are present. Band III is the high-intensity initial state of Fig. 6.
It is observed for 1.0 < k{ 5_2.OVA’1, and disperses from EfN ~ 0.9 eV
to ~ 0.6 eV. Figure 81disp1ays the sharp onset of Bénd IIl at k{ ~
1.0 A’l. As kﬁ increases, the Band III photoelectron peak grows
in intensity. Figure 9 displays Band III's remarkable sensitivity to
surface contamination. The Band 111 feéture at E;y = 0.70(5) eV
with k{ = 1;33(8) AL s strongly attenuated by exposing the
Cr(001) surface to 1 L of CO. This suggests that Band III is a
feature of the surface electronic structure. The existence of Band

II1 inhibits the sfudy of near-surface Cr(001) electronic structure
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for the region of kﬁ and EIN over which it is present. We defer a

complete discussion of the origin and characteristics of this surface
feature to a future publication.

Band II is located at E;y = 2.4(1) eV for k{ - 0.15(8) AL in

Fig. 7. As'ﬁf increases, Band II disperses toward EF. At k{

f | . L .
~ 1.06(8) A1, Band I1 suddenly flattens out, with E;y = 1.5(1) eV.
Band I is the valence band sampled by the marked peaks in the spectra

of Fig. 6. At kﬁ = 0.20(8) A, Ery = 3.2(1) ev for Band 1. As kﬁ
increases, E;\ increases to a maximum of 4.1(1) eV at kI = 1.07(8) ;1.
I corresponds to the X point (1.09 A-l) of the theoretical

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

This value of k

increases beyond 1.07(8) A~1, Band I. disperses symmetrically

I !
back toward Ec. In contrast to Band III, Bands I and II show negli-

gible sensitivity to surface contamination. This suggests that Bands
I and I1 arise from the Cr(001) near-surface electronic structure.

The smooth symmetrical dispersion of Band I abouf the X point in
Fig. 7 is strong eVidénce that the X point is a Brillouin zone
boundary for the [010] near-surface electronic structure. This
periodicity is only consistent with that expected for an AF electronic
structure, Fig. 3(b). The periodicity of Band I's dispersion is

certainly inconsistent with our expectations for a PM phase, Fig. '

3(a). We therefore ihterpret‘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.

léyers of Cr(001). This conclusion is also consistent with thé’_
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flattening of Band II at the X point, although the absence of

symmetrical diépersion for Band II is not understood. These -

properties suggest that the near-surface electronic structure of

Cr(001) 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 é]ong 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 DTM as it
app]fes to our ARPES investigation of Cr(001). We now discontinue the

dual notation I'(T') and I'(H), and hereafter refer to this point as T,

f
I

With,ki along [010] (Fig. 5(b)), and is hereafter referred to simply

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

2 Ky |

The lines graphed in Fig. 7 are the theoretical I' -X-T dispersion
relations for commensurate AF bulk chromium, as'calculafed by
Skriver.30 The experimental and theoreticalix point critical

binding energies are in excellent agreement. Within # 0.4 -1 of

the X point, Band [ is predicted very'welljby the theory. However,
for Band II Jjust off the X point and for both Band 1 and Band II with
k < 0.5 A‘l, experiment and theofy agree poorly. An interesting

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

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

with k” near I'. In the theory, these vaTence bands are essentially

degenerate for k < 0.3 A-L.

t
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The off-normal UPS measurements probe the [010] I'-X-T Tine
parallel to the surface. We have also collected normal-emission ARPES
spectra at 298 K using soft x-réyAphotons of energy 80 < hv.§>150 ev.
Thése SXPS spectra probe the [001]>F-X-F symmetry line pérpendicular
to the surface by detecting Qn]y those Ef that lie along the [001]
r-X-T line in the third Brillouin zone.._Since k{ = 0, all
near-surface spectral features arise from [001] T'-X-T initial states
in the first Brillouin zone. Figure 11 disp]ays five SXPS spectra.
For hv < 105 eV, strong transitions arise from surface-fe]ated,states
that produce photoelectron peaks with EIN < 1 eV. As the photon

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 ev.

'The kl value associated with each spectrum in Figs. 11 and 12 is
the magnitude of the wavevector k. (along [001]) of the initial
state producing the spectrum’s,near-surface photoelectron peak. This
was ca]cu]ated from eqn. (8) using Vo = 10.8 eV, and eqgn. (1). The
value kl =0 corresponds.to the T point. Figure 11 demonstrates that
as kl for the near-surfaée peak increases, the feature disperses away
from EF' It attains a maximum binding energy of EIN = 3.7(1) ev
at k= 0.94(8) AL, For k, > 0.94(8) R-1, 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 V  through eqn. (8). We have plotted in

Fig. 13 the near-surface EIN VS. kl results'from our SXPS spectra.
In dping so, we have recalculated the kl values using Vo = 16.6 eV
in egn. (8). This choice of Vo shifts the position of the band
minimum from 0.94(8) A-1 (Vo = 10.8 eV) to the theoretical bulk X

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

the experimentally observed band shape to the theoretical bulk

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

band dispersion, Skriver's theoretical 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 [001] I'-X-T
analogue to the Band I observed along the [010] I'-X-T 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 qiffer by ~ 0.25 eV for
the binding energy of Band I near the F'boint.

The value V = 16.6 eV required to make the SXPS Band I
dispersion symmetrical about the [001] X pofnt is rather large. The
theoretical value of V, (derived from Skriver's AF Cr band

2,20 of other transition

structure) is 12.6 eV. ARPES investigations
metals have reported values for V0 in the range 12 - 14 eV. This
indicates that the true point of symmetrical band dispersion is not
the X point for k, along [001]. The fact that Band I disperses
symmetrically about a point near the [001] X point is an indication

that antiferromagnetism exists in the near-surface region of Cr(001).

This is the same conclusion that was drawn from our UPS results for
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the [010] electronic structure. However, in contrast to the [010]
direction, the observed periodicity of the [001] band dispersions is
“different than that expected for presumably indistinguishable
commensurate (F%g, 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 R51 or 4 atomic
layers. It will become clear fn Section V that whén the [OOIj
electronic structure is investigated with such high surface
sensitfvity; a result differing from that obtained for the [010]
direction is not alarming. Consequently, we will only conclude that a
value of V_ a little higher than 10.8 eV, perhaps ~ 13 eV, might be
more suitab]e for the interpretation of the ARPES measurements. This

possibility has on]y‘é six percent effect on the inferred values of

f

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 Vd,

The comparison of the UPS and S$XPS results with bulk AF theory
suggests that Band I be]ongs to the Ai representation and Band II to
the 8, representation of the C4V point group. Both representa-
tions are even with respect to ref]ection'thrdugh the (100) mirror
plane containing the photoelectron and photon po]arizatibn 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

ki = 0.34(8) -1 along [001]. For this P-polarization geometry,
only Ay and g initial stqteé are allowed.1® That Band I has

41 symmetry is shown by spectrum 14(b). For 14(b) the'g vector has
been rotated to lie on the surface along the [100] direction. For
this S-polarization geometry, only A5 initial states are

aHowed.15 The strong suppression of the Band I photoelectron peak
indicates that Band I has 4; symmetry. Spectra 14(c) and 14(d)
present a similar test for Band I, only for EIN = 4,15(5) ev at Hl =
1.18(8) A-Ll. These two spectra show that at this k", Band I is even
with respect to ref]ecfion through the (100) mirror plane. This is
consistent with the assignment of 4, symmetry.

It is interesting to compare spectrum 14(a) with the 8, = 9°
spectrum of Fig. 10. Both spectra probe I'-X-I' lines near 0.3 A'l.
However, Band Il is observed only in the off-normal measuremehf of
Fig. 10. This shows that Band II.has 4, symmetry because Ay
inifia] states are symmétry'allowed in the P-polarization off-nofma]
measurements, but are symmetry forbidden in the normal-emission
geometry. Note that the higher-energy normal-emission SXPS
measurements are also consistent with these symmetry assignments.
Only Band I of 8, symmetry is observed. Band II of 4, symmetry is
absent, as shown in Eig. 13.

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

ARPES measurements of Cr(001) can be interpreted as direct transitions

- from AF initial states along the r-X-r symmetry line. However, Fig. 7
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disp]ay§ a clﬁster of low-intensity peaks at EIN ~ 2.3 eV and k”
~1.1 &1 that has no theorefica] counterpart. Their binding energy

" coincides with that of Band II near Ff We speculate that these weak
peaks are produced by final-state. scattering that results in a type of
nondirect transition (NDT) from the high density of states fegion of
Band Il near I'. AS such, they would have 4, symmetry. The fact

that they are not observed in the normal-emission SXPS measurements
(Fig. 13) is consistent with this conjecture. Similarly, a NDT
feature of a4, symmetry might arise from the high density of states
region of Band I near ~ 3 eV binding energy. We tentatively interpret
theAshou]der 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.ité absence in spectrum
14(d). This supports our expectation of 4, symmetry. The physical
originAOf‘these NDT peaks is'hot well understood;

The temperature dependence of antiferromagneti¢ 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 dispérsion of Band I about thevx 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< E;y<4.1levandk > 1.09 R-1 (X point) is a pfoperty of

il
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.i 4.1 eV and k, < 1.09 A'l is possible for both the AF

I
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and PM phases. That it is possible for the PM phasé can be understood
by referring to a PM band calculation and interpreting the photo-
emissioh in the PM Brillouin zone of Fig. 5(a). A briori,'one might
éxpect the bulk Neel température, TN = 312 K, to mark'a sharp
transition between well-defined near-surface AF and PM phases. For
T > Ty, one might then expect the persistence of those Band I
spectral features with k” < 1.09 A’l, and the disappearance of those
Band I peaks with k" > 1.09 A'l. Figure 15 presents ARPES spectra
taken at temperatures as high as 670 degrees above TN' There is
almost no change with temperature in the appéarance of the Band I peak
at Epy = 3.32(5) eV k; = 0.72(8) AL, The only spectral change
occurs for Band II and then only for T ~ 980 K. These observations
afe consistent with the above expectations for Band I.
Figure 16'disp1ays ARPES spectra that sample Band I at E

IN &

3.07(5) ev; k, = 1.64(8) R-1. Contrary to our hypothesis, Band I

[
is still observed as high as 500 degrees above the bulk Néel
temperatUre, although the'fntensity of the spettra] 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.
‘Bandll; We interpret the persistence of Band I‘in Fig. 16 as a clear
indication of near-surface antiferromagnetic order in Cr(001) for

T < 2.5 Ty. The highest temperature spectfum suggests that this
order is disrupted at 3.3 TN'

. As described in Section I, phonon-assisted NDT can degrade the

k-space resolution of high-temperature ARPES spectra. The realized
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percentage df direct transitibns canlbe estimated from the Debye-
‘Waller factor, eqn. (2). For chromium at T = 1000 K, we estimate
‘Z[ﬂ'~ 95 percent. The highest temperature spectra of Figs. 15 and 16
thus contain the largest contribution from phonon-assisted NDT. 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(001) near-surface electronic
structure. Experiment35 has confirmed the theoretica]lpre-
diction36-39 of a ferromagnetic surface phase on Cr(001).
Theoretically, thé relatively small number of nearest-neighbors (4)
~for the (001) surface atoms leads to energy-band nafrowing, resulting
in the formatidn of large ( *2.7uB ) localized surface magnetic -
moments. - The 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 2) was
observed in normé]-emission ARPES and assigned to the majority
SSDOS.35 The temperature dependence of its binding energy signals a
surface magnetic phase transition on Cr(001) near 780 K.35

Since the nﬁmber of nearest neighbors (8) is already bulklike for
the second-]ayer 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

max imum bqu value of 0.59 . A11an38 nhas predicted that the
magnitude of the maghetic moment on'layer 1, M(1), differs from that
of the bulk according to:

where 10 = 1.67 in units of the 1nferp1anar spacing. If the surface
Tayer has M(0) = 2.7ug then this model predicts that 5 layers'ihto
the surface, M(4) = 0.8ug. This magnitude still deviates
significantly from the maximum bulk value.

These expectations for Cr(001) 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 atom's magnetic
moment as predicted by egn. (10). The sign of the sublattice
magnetization is expected to a]ternéte along both the [001] and [010]
directions. ‘Hence, the near-surface region is predicted to be
antiferromagnetic.. However, the Cr(001) surface ferromagnetism would
distinguish between the [001] and the [010] directions. Along the
[o10] direction, the atomic .magnetic moment is not changing in
magnitude. Tﬁus, péra]]e] to the (001) surface, the.near-su}face

antiferromagnetism is predicted to be commensurate with the crystal

lattice. Along the [001] direction, the magnitude of the magnetic
moment is expected'to change according to eqn. (10). We emphasize
that this layer-dependent magnetization profile is conceptually

distinct from the incommensurate SDW magnetization that exists in bulk
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chromium. The near-surface magnetic properties are thoughf to be
compietely determined by the ferromagnetism of the Cr(001)
surface.36’38

' We have already cited the experimental evidence3® fdr a ferro-
magnetic surface phase on Cr(001). We now show that our results for
the Cr(OOl) near-surface electronic structurelare consistent with
the theoretical predictions for Cr(001) 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 [010] direction. This is
consistent with a commensurate AF spin density é]ong,[OlO], as
depicted in Fig. 17. Our SXPS measurements revealed the dispersion of
Band i about a position near the [001] X point (Fig. 13). This
suggests that wfthin the first four 1ayérs, an AF spin density (not
necessarily of simple cubic symmetry) obtains along the [001]

direction. This is strong evidence 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 fo disperse symmetrically about
the [001] X point when physically reasonable values are assumed for
the inner potential V,. This dispersive behavior is inconsistent

W1th the (spectroScopical]y indistinguishable) energy-band periodicity
expected for commensurate (Fig; 3(b)) and incomhensurate (Fig. 3(c))

antiferromagnetism. We speculate that the observed behavior might in
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somé way reflect a reduced symmetry along the [001] direction in the
near-surface layers of Cr(001). A likely contribution to this reduced
symmetry would be the decreasing magnetizafion a]oné the [001]
directioh postulated in Fig. 17. If this inferpfetation is correct,
then simple cubic symmetry may be only approximately realized along
the [001] 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 [001] 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 |k) and |k *_Zn/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 weak photoeﬁectron peaks in our
ARPES measurements. For a real AF syStem, one Would expect these
bands to produce ARPES features with a cbnsiderab]y reduced relative
intensity. The UPS pbservation of Band I with 3.0 < Epy i'4,1 eV
and k. > 1.09 -1 signals the existence of.antifehromagnetism in the

I
Cr(001) near-surface layers. However, the existence of Band I with

3.0 < Ejy < 4.1 eV oand k, < 1.09 A1 s not a determining

, ll
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 k > 1.09 A1 (AF) and K < 1.09.A-1 (PM or AF)..

The prominence of Band [ for k”.l 1.09 A-1 (AF) is considerably
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< 1.09 AL (M or AF).

However, angle- and hv-dependent variations in the specfra]

reduced relative to that observed for k

backgrounds as well as the absence of phOtoh intensity measurements
preclude a meaningful discussion of the relative Band I intensities
observed in our UPS measurements.

The incident photon intensifies were not measured for our SXPS
data. Therefore, we cannot rigorousiy determine the variation of the
Band I spectral intensity with kl from those results. However, the
inelastic background intensity in the SXPS photoelectron speétra
appeared to be well-behaved and varied slowly with photon energy.
Consequently, we can use tﬁis background as an approximate
nbrmalizétion standard to make qualitative statements concerning ﬁhe
re]ativé Band I intensities observed in our SXPS investigation. The
existence of Band I with 3.5 SLEIN.i 3.7 eV and k; < 1.09 AL s
the manifestation of antiferromagnetism in our SXPS results. This
cannot be claimed for the opservation of Band [ with:kl‘z 1.09 A'l,
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 kl is sampled from 0.57 -1 to 1.31 A“lf
Figure 12 reveals directly that the Band I spectral intensity observed
with kl = 0.30 g-1 (AF) is dramatically less than that observed with

kl - 1.56 AL (PM or AF). Note that these near-surface initial

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

k, ~0.94 A1, The relative weakness of the Band I intensity for

k, < 0.94 &1 (aF) s qualitatively consistent with the reduced
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spectral intensity expectéd for a photoelectron peak of AF origin.

The electronic structure of Cr at elevated temperature is of
great interest. Bulk chromium undefgoes a macroscopic SDW to PM.phase
transition at Ty = 312vK. This is observed as a cusp in the |
magnetic éusceptibility at Ty. However, the theoretical

52 of temperature-dependent linear expansion

description
measurements®3 of Cr suggests that. substantial and localized

magnetic moments persist in the paramagnetic phase. Theoretically,
these mOmentsAaré 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 measurement523’_24 of the
paramagnetic phase have shown that these moments exist on at least fhe
picosecond time scale, and that they are considerably correlated.
Above Ty well-defined spin-wave excitations and elastic magnetic
reflections have been observed.23’24 Neither the Stoner (or Band)
Model that predicts zero spin density above TN’ nor the Heisenﬁerg.
(or Local) Model that predicts totally randomized local magnetic -
moments above TN can account for the existence of such phenomena in
the paramagnetic phase of chromium.

The Local Band Theour'1'e5‘r’5'70

were .developed to explain similar
spin-correlation phenomeha in itinerant ferromagnets above the.Curie
temperature, T.. In their general application, the Local Band
Theories introduce localized magnetic moments whose magnitﬁdes 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 tranéition temperature.
Within several unit cells, the moments are sufficiently correlated to
permit a short-range magnetic order. However, thé spin waves destroy
the long-range alignment of the moments between cells, and with it,
1ong-range magnetic order. Remaining questions concern the spatial
éxtent of the magnetic order at a given temperature and the manner in
which the moment magnitudes and directions fluctuate with time.

of partiéu]ar relevance to our work are Grempel's
spin-fluctuation calculations of the temperature-dependent surface
magnetic ordering on Cr(OOl).36 His theoretical surface magnetic .
phaée.transition temperature T = 850 K, and surface magnetic moment
M = 2.6ug are near the values T, ~ 780 K and M¢ ~ 2ug
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 Ty- In spin-fluctuation theory, a decrease in |
magnetization occurs via the thermal pdpu]ation of spin configuration$
for which the moments are disordered.and possibly reduced in magnitude
to some extent. Grempel predicts only a ~ 107 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 oﬁr previous.resulfs35
for the surface featurelg that reveal a marked decrease in the local
surface magnetization for temperatures approaching Ts’ Grémpe]'s
work remains the only theoretical treatment 6f the témperature—
dependent magnetization of the Cr(001) surface. |
The observation of Band I in Fig. 16 for T < 2.5_TN indicates

the existence of AF order in the Cr(001) near-surface region well
above the bulk Neel femperature. Since we observe this order via
ARPES, we estimate the spatial extent 6f 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
léyers‘might be largely determined by the Cr(001) 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(001) surface be]owATS, We
believe that the temperature dependence'of feature 2's binding energy
is a manifestation of the thermal decrease of the local surface
exchange potential, and therefore, the local surface

35

magnetization. If the near-surface AF order observed above T

N
were induced solely by the ferromagnetism of the surface, then one
would expect a correlation between the temperafure dependence of the
Band [ intensity in Fig. 16, and the thermal decrease of feature 2's
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, M. 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 temperatu}es 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

53

measurements~~ of bulk Cr are consistent with the existence of

substantial, though probably fluctuating, locél magnetic moments in
the paramagnetic phase.52’54 Neutron diffraction measurement523’24

have shown that as high as.100 K above TN, these moments exist on
the‘picogecond time scale, and are highly corre]ated. Our ARPES measure-
ment is a much faster (10'16 sec.) and much more local (~15 R) probe.

of thé magnetic structﬁre than neutron diffraction. Consequently, the
near-surface AF order observed at temperatures as high as 500 K above

Ty (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 A at T = 2.5 Ty 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 Ty- The overall correlation shown in Fig. 18 would
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then be considered coincidental. Such short-range AF order in Cr

above T\ might then have a description in the Local Band Theories.
It seems likely that the physfcs of both of these explianations

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

observed for temperatures up to 2.5 T, 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(001) surface ferromagnetism.

Almost all of our experimental results confirm the theoretical
belief36:38 that tﬁe Cr(001) near-surface antiferromagnetism is
perturbed primarily by the Cr(001) surface ferromagnetism, and notvby
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)) antiferfo-
‘magnetic band dispersions may be spectroscopically indistinguishable.
However, our ARPES results are consistent with Fig. 17's portrayal of
, _Cr(OOl) surface and near-surface magnetism. Consequently, we believé
that the Cr(001) near-surface AF order is in fact commensurate with
the crystal lattice along the.[Olo] direction.

This finding Jjustifies the comparison made in Fig. 7 between our
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UPS [010] r~X-r results and Skriver‘s calculation for commensurate AF
chromium.30 The comparison is nbt completely appropriate because
"the moments fn 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-sufface ARPES results, as shown
in Fig. 7. The origin of some of these discrepancies will hopefully
be elucidated in future fheoretical work. The comparison made in Fig.
13 between the SXPS [001] I'-X-T 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'[001]
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 investfgations of metal surfaces. We have made a
similar separation for Cr(001). In this work, we have considered Band

I and Band II as representative of the near-surface electronic
35

structure. In our previous paper~”, we assigned the surface feature
2 to the majority SSDOS. In view of the influence that the Cr(001)
surface ferromagnetism may have on the near-surface electronic |
.Structure, the distinction between surface and neaf-surface properties
may seem unclear. We point out that the surface feature 2 is highly
sensitive to surface contamination. Neither Band I nor Band II shows

significant sensitivity to CO decomposition on the Cr(001) surface.

In addition, the temperature dependence ofvfeature 2 is qualitatively
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different than that of the AF bands observed in this work. The
surface feature 2 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 2 displays different characteristics than the AF
initial states. It is by these properties that we differentiate
between surface and near-surface electronic structure. This makés

possible the assignment of feature 2 to the Cr(001) ferromagnetic

surface electronic structure, and Bands I and II to the

antiferromagnetic near-surface electronic structure.

o

VI. RELATIONSHIP TO PRIOR‘NORK

There have beén fwo prior ARPES investigations of chromium
near-surface electronic structure. Johansson et. al.%0 probed the
M symmetry line in normal-emission ARPES measurements of Cr(110).
However, ARPES spectra of Cr(110) recently published by Wincott et.
a].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 E;\ ~6 eV and ~3 eV in Ref. 40 are not present
in spectra of the clean surfécé. We feel that such surface

contamination prohibits‘a comparison of the results of Johansson

et. al. with our investigation of clean Cr(00l) electronic structure.

Gewinner and co-workers#l made a previous ARPES study of
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Cr(001). Using a helium discharge lamp (hv = 21.22 eV) they attempted
to probe the [010] symmetry line in off-normal ARPES. vThey
jnterpreted the wavevector conservdtion of the photoemission process
in the PM BEil]oUin zone (Fig. 5(a)). They also observed initial
states whose dispersions seemed consistent wifh those calculated for

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

that the AF Brillouin zone is the meore 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 [010] 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 pﬁotoe]ectron peak at
6.7 eV binding energy that is absent in our spectra of clean Cr(001).
This feaﬁure is due to impurity (oxygen and carbon) Zb photoemission.
Its presence signals surface contamination by CO decomposition, as
shown in Fig.. 9, However, our study indicates that the near-s&rface
AF electronic structure is not drastically affected by the small
amounts of impurity necessary to produce this spectral peak.

| We feel that the inabifity of Gewinner et. al. to observe the AF
characteristics of the Cr(001) electronic structure probably stems
from the fact that they did not use tunable synchrotron radiation in
their 6ff-norma1 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 kI and
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f
k” -
photon energy so that we were always probing the initial-state 51 of

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

interest with Ef on the r-X-r line, as described in Section III. .
This may be particularly necessary to observe the Band [ features with
k” > 1.09 A-! 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 I's

prominence is further reduced for k> 1.09 A-1 by the spectral

Il
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 brigin. The possible underestimate of the
inner potential VO, as discuSsed in Section IV, also emphasizes the
need for synchrotron radiation if egns. (8) and (9) are to be used
accurately in the investigation of near-surface electronic structure.
Qe point out that the incorrect cone]usions reported in Refs. 41
and 42 regarding the near-surface Cr(00l) electronic structure have
1mplications'for their interpretation of Cr(001) surface electronic
features. For instance, they assign a surface feéture to a Al
symmetry surface state located in a 4, 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 2) has a different origin.
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VII. CONCLUSIONS

We conclude by recalling tHe méjor 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 thét the valence electrons
feel, and self-consistently establish, antiferromagnetism in the
Cr(001) near-surface layers. With respect to the [010] direction,
this near-surface antiferromaghetism appears to possess simple cubic
symmetry.

2. The agreement between these UPS results and theory for bulk
commensurate AF chfomium3o is good near the X point. Agreement is
poor near the T point.

3. The periodicity of the va]ence—band dispersions along the
[001] direction normal to the crystal surface were measured in our
SXPS investigation. The'resﬁlts-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 1ayef, couple antiferromagnetically to
the magnetic moments of the secoﬁd-]ayer atoms. However, the
periodicity of the [001] band dispersions indicates that this
near-surface antiferromagnetism does not possess purely simple cubic
symmetry along the [Obl] direction.

4. The temperature'debendence 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 Z'S’TN° This order is disrupted at

T =3.3 Ty. 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(001) surface.
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FIGURE CAPTIONS

FIG. 1. The real space spin-lattice of commensurate
antiferromagnetic chromium. The topmost atoms define the
(001) crystal plane.

FI6. 2. The AF (solid line) and PM (dashed line) Brillouin zones
in the (100) mirror plane (defined by the [001] and [010]
vectors). High symmetry points in the AF Brillouin zone
are labelled with the conventional gréek letters; those
in the PM Brillouin zone are labelled with the appropfiafe
letters enclosed by parentheses.

FIG. 3. (a): The dispérsion of a model. sinusoidal band along the
[010] direction for a PM state. (b): The dispersion of

- the sinusoidal band$ along the [010] direction for a
commensurate AF state. (c): A first-order estimate of
the [010] dispersion of sinusoidal bands when an
incommensurate SDW exists along the [010] direction. The
deviation from commensurate periodicity, &, is assigned
the value 0.03 A~1 that is observed near room |
temperature (Ref. 23). The symmetry point notation is
that adopted in Fig. 2. _

FIG. 4. The experimental geometry. The [001] direction lies
ndrha] to the Cr(001) surface. The polar angle of
electron detection o, (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

Anormal; as shown. We label this geometry P-polarization.

For our measurements using HeIa-radiation, the A vector

could also be oriented along the [100] direction

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

(a): Wavevector conservation (egn. (1) in text) depicted
\! .

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

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

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

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

The square around Ef in 5(b) has dimensions (0.24 A-1 x
0.24 A‘l) and gives the k-space resoTution in the (100)
plane for the UPS spectra. The dashed line is the
fiﬁal-state symmétry line that is used to probe the [010]
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(001) at 298 K. The photon energy hv (eV)
and the poTar angle of é]ectron detection 9 (degrees)

dre listed for each spectrum. The values kﬁ (-1 are

the components of the final-state wavevectors parallel to
the surface for the peaks labelled with a tic.mark. The
intensities of the spectra have been scaled to clarify the

presentation.
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Experimentally observed band dispersions along the [010]
symmetry line. Values of E;\ (eV) are plotted versus |
kﬁ (A’l) for the features observed in our UPS

spectra. The size of the symbol gives the experimental
error in EI&' The greek letters at the top of the

figure label the [010] symmetry line in the manner
appropriate for simpie cubic symmetry. The solid lines
are the TI'-X-T band dispersions for commensurate AF
chromium as calculated by Skriver (Ref. 30). Afabic
numerals label the symmetry of these theoretical bands. A
beak is observed at E;\ ~ 0.25 eV fof,many values of

k{. A feature is also present for k{ <=0.3 &1 with

0.7 < E;y < 0.9 eV. 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 Ery ~ 0.9 ev. The value

k{ (A'l) is given for the Band III spectral peak. All
spectral intensities have been scaled for presenfation.

A comparison of Cr(001) UPS spectra before (line) and
after (dots) 1L CO exposure. The‘experimental geometry is

that of Fig. 4; hv = 21.22 eV, 9, = 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 eV.
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UPS spéctra displaying the bersistence of Band I and Band

1 splitting (dashed line) near T. The electron detection

angle 9 is given for each spectrum. The value Hl_is

1istéd'for the Band I and Band I1 peéks (they have nearly

“the same values of k”). Spectral intensities have been

scaled to clarify the presentation.

Normal-emission (e, = 0°) SXPS spectra for Cr(001). The

A\t

' va]ue_s_-kl (A;;) are the wavevector magnitudes (along

[OOIj) of the initial states responsiblie for the peaks
1abe]]éd Qith a tic mafk. These kl values have been
¢a1cu]§ted hsing Vé = 10.8 eV. Spectra have been scaled
for pnesentation.

Line:i‘Normal-emission SXPS spectruh of Cr(001) using hv =
130.0 eV. Dots: Normal-emission SXPS spectrum of Cr(001)
using hv = 80.0 eV. Thé kl values are.the magnitudes of
the wéVevécfors (along [001]) of the initial states
producfngbthe near-shrface ﬁhotoelectrdn peaks at EIN ~
3.5 eV; fhe two spectra have been normalized at EIN =

6.5 eV. | |
Experimenta]]y observed band dispersions along [001].
Values of E;y (eV) are plotted versus kl (A'l) 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 V = 16.6 eV (see

text). The solid lines are Skriver's theoretical f-x-r

band dispersibns for commensurate AF chfomium (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. Spectrdm
(a): Normal-emission (e

e = 0°) spectrum of Cr(001)

using hv = 21.22 eV. The A vector is oriented as shown ‘in

~

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

with the é vector oriented in the surface plane along the
[100] direction (perpendicu]af'to the (100) mirror

p]ane). This is S-polarization. Spectrum (c): UPS
spectrum taken in P-po]arizatioh; 9, = 40.6°, hv =

21.22 eV. Spectrum (d): same as (c) ohly with
S-polarization. The spectral intensities have been scaled.
The influence of temperature on Band I. The value Hl_is

given for the Band I spectral peak at- Epy = 3.32(5) eV,

The temperature range-is listed for each spe;trum.‘ The:

intensities have been scaled for presentation..

The influence of temperature on Band I. The yélue‘k“ is

given for the Band I peak at_EIN = 3.07(5) ev. 'All

intensities have been scaled.
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The theoretical prediction for Cr(001) surface and
near-surface magnetism. . Atoms whose magnetic moments
point.io the right afe fndicated by darkened'spheres.
Atohs whose magneiic moments point to the left are
symbo]fzed by open spheres. The diameter of the sphere
represénting an atom at layer 1 is drawn proportional to
the magnitude of the atom's magnetic moment M(1) as
predicted by eqn. (10) in the text.

Left scale: The temperature dependence of the binding
energy E. of the surface feature 2. Right scale: The
temperature dependence of the Band I spectral inténsity,
normalized to the value observed at 298 K. The dashed

line is only a guide for the eye.
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