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The experimental band structure of the rare-earth pnictide erbium ars@fiédls), grown epitaxially on
GaAg100), has been mapped out using photoelectron spectroscopy and inverse photoemission spectroscopy.
The electronic structure is dominated by bulk bands qualitatively consistent with the calculated band structure.

A number of additional nondispersing #nultiplet levels can be identified in the valence-band structure as well

as at least one surface resonance band. From symmetry selection rules, photoemission provides strong evidence
that theA s (or e) symmetry bands are a consequence of hybridization between Er and As, whilg tbea; )

symmetry bands have possible contributions from nonbonding or antibonding states ffamdr Ag.

DOI: 10.1103/PhysRevB.67.035104 PACS nunider71.20—b, 79.60-i, 71.70.Ch

INTRODUCTION sion and inverse photoemission undertaken on this class of
materials?>~2° there are very few experimental band
Erbium arsenide(ErAs) is one of a class of rare-earth Mappings:“** In the previous experimental band structure
pnictides that have been the subject of much discussion réfudies of ErA€100) (Ref. 24 some comparison with theory

garding the band structdré® because of the “coupled” IS possible, but much of the bulk band structure was not

magnetic and electronic properties. As magnetic materialseXplored' In this paper, we detail some aspects of the experi-

: . tal bulk band structure of the growprare-earth pnictide
these materials are dominated by the strong exchange Co[]w_en - . i
pling between the relatively large local moments df a@hd compound ErA€L00. This is made possible by the develop

: . t of techni f i talli fil f
valence and conduction electrons near the Fermi lekZg) ( E]rins(l(g)O) oﬁ%gﬂgigo 'z%r growing - crystafine fims 0

as well as exhibit strong wave vector dependent exchange

splitting.l‘3 Both ferromagnetic and antiferromagnetic order- EXPERIMENT

ing are known:!~3with the nitrides typically exhibiting fer- o _ o

romagnetic ordering while the rare-earth arsenides and phos- Several epitaxial crystalline thin films of Erf0
phides adopt antiferromagnetic ordering. With the couplingd®Wn on GaAgl00 were created by molecular-beam epi-
between the largef4Amoments mediated by the valence andt@xy as described elsewhérﬁ_eanql then capped with a thick
conduction electrons nedi,, clearly the magnetic proper- 'S OVerlayer to prevent oxidation. The samples were then
ties are very sensitive to the band structure. While stron ptroduced into the separate ultra high vaculitiV) sys-

wave-vector exchanae  splitting is known in  pure €MS for angle-resolved photoemission or angle-resolved in-
dolinium15 with thg P tk? ictides. th 'Ilpt verse photoemission, and the base pressure was maintained
gadolinium, ~=with the rare-earth pnictides, th€ osclialor ;, the |ow 1071° Torr range. The sample surfaces were

strength of.the bands shiftssfrom a rare earth to a pr_‘iCtid%leaned in ultrahigh vacuum by Asion sputtering and an-
with changing wave vectdr;® so that there are complica- heajing to around 500 K to remove oxygen contamination
tions, additional to the expected contributions of band symyq excess arsenic. The surfaces were found to be free of
metry, short-range moment ordering, and spin-orbit couplingyoth oxygen and carbon using shallow core-level photoemis-
in determining the wave-vector-dependent exchange splitsion. With careful annealing of the sample, E(280), the
ting. stoichiometric surface of ErAs was prepared. Both the low-
Band structure is also the key to understanding the detailenergy electron-diffractiofLEED) pattern, as well as in situ
of the spin-dependent tunneling through ErAs quantunmscanning tunneling microscopy images of the HA&€) ul-
wells *~28Indeed the symmetry of the valence-band states irira thin films during the growth process, are consistent with
the vicinity of thel point of the bulk band structure is be- the C,, surface point group symmetry of the NaCl crystal
lieved to play a key role. In general, the tunneling between atructure, as described elsewtérand indicated in Fig. 1.
magnetic metal and a semiconductor is also expected to déwngle-resolved x ray photoemission spectroscdpiPS
pend strongly upon band symmetrigs?* measurements taken after the removal of the As capping
Unfortunately, there is very little experimental data on thelayer provide further evidence of a compositionally uniform
band structure of the rare-earth pnictides. Of the photoemisand stoichiometric ErAs thin filmthe normalized Er/As
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FIG. 1. (Color The structurga) of ErAs(100) is shown together with the LEEID) of the stoichiometric ErA400) surface grown on
GaAd100 for an electron kinetic energy of 58.5 eV. Thesituimage of STM of the growth of ErA&00) film (25X 25 nmY is also shown
(c), and was acquired with &2.5 V bias.

XPS intensity ratios are nearly independent of the emissiomesolved photoemission, is equipped with an electron energy
angle, and in agreement with a stoichiometric ErAs as wellnalyzer with an angular acceptancetof® and a combined
as consistent with the known thickness of the ErAs film on(including the monochromatprenergy resolution of 150
the GaA$100) substrate The structural integrity was also meV or bettef® The application of symmetry and selection
confirmed by photoelectron diffractiofiorward scattering rules to photoemission was undertaken by comparing light
and is similar to the photoelectron diffraction effects ob-incident angles of 45°q+ p polarized to 65° (more p po-
served for YbAs on GaA$' larized with respect to the surface normal, making use of the
Angle-resolved photoemission experiments were perhighly linearly polarized light from the synchrotron as is now
formed at the Center for Advanced Microstructures and Decommonly doné®*°
vices, using the 3 meter toroidal grating monochromator The spin-polarized inverse photoemission experiments,
(3-m TGM) beam line. The UHV chamber, used for angle- using an apparatus described extensively in Refs. 14 and 31,
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were undertaken in the spin-integrated mode with a trans- It is well known that a straightforward LSDA band treat-
versely polarized spin electron gun based upon the Ciccacenent for the 4’s in ErAs leads to rather poor and inadequate
design as described elsewhettThe spin electron gun was results! because the strongly correlatedl dlectrons cannot
designed in a compact form in a separate chamber and thee adequately described within the standard LSDA frame-
UV light (9.4=0.3eV) detected with an iodine based work. This is obvious because the band treatment must lead
Geiger-Muler isochromat photon detector with a $rwin-  to a narrow 4 band at the Fermi level which strongly per-
dow. The combined inverse photoemission energy resolutioturbs the rest of the band structure drastically, distorting the
was in the vicinity of 400 meV, and the wave-vector uncer-Fermi surface, in strong disagreement with transport
tainty was +0.025 A? for these measurements. Typically, measurement&*3 The previously used treatment of thé 4
many experimental results were summed to improve the sigevels as core-likeis much closer to the actual situation, in
nal to noise ratio in spin-polarized inverse photoemissiorwhich a set of narrow occupiedf4evels several eV below
spectra. the Fermi level and a narrow set of unoccupiefl states

For both photoemission and inverse photoemission, thgeveral eV above the Fermi level have only a minor effect on
Fermi level Er) was established from tantalum foils in elec- bands neaEg . Effectively, the treatment of thef4electrons
trical contact with the sample of Er&K00. Conduction as open-shell core-like states is equivalent todbiestrained
band features were reported with respect to this Fermi level SDA approach of Dederichat al** It is also closely related
and emission angléor incidence angle in the case of the to the frozen-core treatment used by Hasegawa and Yanase
inverse photoemissigrwith respect to the surface normal. and by Brooks and co-workef3*® These approaches are
Both measurements of photoemission and inverse phot@omewhat controversi4i*®*6because the #levels overlap
emission reported here were carried out at ambient temperavith valence and conduction states, and the band character of
tures. the 4f electrons is widely recognizéd*°

The wave-vector-dependent band dispersion was investi- For the purposes of this work, the treatment beyond the
gated both parallelk,, and perpendiculark, , to the core-like description of the f4electrons is necessary and is
ErAs(100 sample surface, as previously undertaken by ugrovided by the LSDA-U method<"* which can be
for other system&>3* The parallel component of the wave viewed as a self-consistent generalization of the periodic
vector () is determined from the photoelectréor incident ~ Anderson Hamiltoniar® In the case of ErAs, this approach
electron kinetic energy and the emissiofor incidencg¢  describes a narrowf4band with strong Coulomb correla-

angleé as tions that can hybridize with broad banésg., Er &, As
vz 4p), in which explicit Coulomb correlations are treated
kj= ?Ekin) sin(9), (1) within the LSDA. Essentially, the LSDAU approach cor-
responds to an unrestricted Hartree-Fock treatment of the
andk is conserved across the vacuum-solid interface. average 4 electron configuration with a screened effective

The perpendicular component of the wave vedkor, is  Coulomb energyJ and an exchange enerdy As a result,
not strictly conserved across the surface-vacuum interfacthe energy functional becomes orbital dependent rather than
because of the crystal truncation. The valuekofcan be only density dependent. We use the rotationally invariant

estimated from form of the LSDA+U functional?!>?
2m 1/2 1
k = Exi )12+ U; , 2 - oo
+ (F{ anl COSO)] 'n}) @ Elspa+u=ELspat E(U_J)E [Tr(p?)=Tr(p%p")],
where U;, is the inner potential, or, effectively, about the 3

occupied bandwidth. which leads to an orbital-dependent correction to the one-

electron potential,
THEORETICAL METHODOLOGY

The general framework of our electronic structure calcu- Visparu(MM )=V gpat (U= (G—ppy) (4
lations is the density functional thedryin the local (spin) " oo , ,
density approximatioiL(S)DA] (Ref. 36 with additional ~Wherepy, ., = —(U/m)Im [*G ,(E)dEis the 4 orbital den-
Hubbard correction terms describing electron-electron corresity matrix, andG,, , (E) is the one-electron Green’s func-
lations associated with the narrow bands of theefectrons  tion corresponding to thef4orbitalsm, m’, and spino.
(LSDA+U approacf’9. The local-density-approximation We emphasize that the energlésandJ used in this paper
part of the problem was treated within the linear muffin-tinare determined from the first-principle constrained LSDA
orbital method® in the atomic sphere approximation. As is calculations for a four-atom ErAs supercell and by no means
usual for non-close-packed lattices, empty spheres were irare fitting parameters. In determining these parameters we
troduced in the appropriate interstié@sThe calculations followed the procedure outlined by Anisimov and
were carried out scalar relativistically. The Brillouin-zone in- Gunnarssori® More precisely, we conducted total-energy
tegrations were performed by the tetrahedron methott a  calculations with different occupations of thé fevel treat-
regular mesh of 1000 points in the Brillouin zone of theing an Er atom as an impurity in a four-atom ErAs supercell
rocksalt lattice. These were found to be sufficient to providewith zero intra-atomic and interatomic hopping between the
results with good convergence. 4f orbital and all other orbitals. The on-site Coulomb and
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exchange energies can be obtained from Slater’s transitioenergy, as shown in Fig. 4. There are also a number of over-

state approachf, which leads to U=8.6eV and J lapping features that can be resolved between 7 and 10 eV

=0.75 eV. A combination of the photoemission and inversebinding energy. All of these photoemission features contain

photoemission spectra of ErAs provides an excellent opporseveral overlapping bands, often of different symmetry.

tunity to verify these value®:°¢As we will see below, they Because of the high point groug,, symmetry at the

are in a good agreement with the experiment. center of the surface Brillouin zoné&,, we can observe a
Our spin-polarized calculations allow the extent of thenumber of photoemission symmetry selection rules effects.

influence of the local moments to be assessed in a materiﬂngle-resolved photoemission spectra atfhgoint (normal
anticipated to be largely rigid band “spin-mixed” paramag- emission for several different photoemission geometries are
net, under the experimental conditions used here. It followgompared in Fig. 4. With the surface component of the vector
from our LSDA+U calculations(in agreement with previ- potential A (A=A, +A,, A, comprises the perpendicular
ous resulty that in the present case the Er ion is trivalentcomponent of, andA, is the parallel component & to the
(Er"3). The ground state, therefore, i$'4 for Er with 4f  surface, respectivelywhich is parallel to th&M line of the
occupation numbers corresponding to the maximal total spigyrface Brillouin zongA,\\['M in Fig. 4@a)], the photoemis-
configuration, which is consistent with the first Hund's sjon feature at about 1 eV binding energy is enhanced with
rule>" The existence of the localized magnetic moments réjncreasings polarization of the incident lighincreasingA,).
sulting from the 4 spins in ErAs has been well The gominant symmetry of this band is theref8r8 A (or
establishe”**even up to fairly elevated temperatulesy., ¢ containing possible contributions from orbitals df;,
well above the Nel temperature in ErAsThe magnetism in d,,. p., andp, character. Thi$M line of the surface Bril-
this material is thus a combination of localized magneticloylji’n zx(;ne co?responds to the direction from Er to nearest-
moments from the openfdshell and induced itinerant mag- neighbor As siteand vice versa Given the valence con-
netic moments in the valence bands. The fully spin-polarizeqi uration of erbium and arsenic, the band symmetries

4f electrons in the paramagnetic phase produce a stro ggest that there are strong A, 4and 4p, orbital hybrid-

spln-dependent random potentllal for ba,f‘d 'electro"ns. Thﬁations with Er 9, and &, orbitals, respectively. This is
electronic structure of such a disordered “spin alloy” could .- cictent with our theoretical expectations

for example be calculated by means of the coherent potential '\, i the in-plane surface component of the incident light

approximation(CPA).%® While this description is probably ) — o ’
satisfactory fors andp electrons it is clearly inadequate for vector potential along thEX symmeiry direction of the sur

; ; ; « Brillouin zone, A\\I'X), a somewhat different light
4f states since these states are always spin-polarized “Id2ce Brill M _ . ,
cally” with the “rigid band” exchange splitting between ma- polarization dependence is obseni&dy. 4(b)]. With an in-

jority and minority states of about several eV. The spin-Créasingp polarization of the incident lightincreasingA ),
polarized calculations, on the other hand, tredt states the photoemission feature near the Fermi level is enhanced,

properly and, therefore are suitable for the interpretation o hile, with an increasings _polarization_, the photoemis_sio_n
the photoemission spectra, as indicated in Fig. 2. These calcature at about 5 eV binding energy is enhanced. This light

. 0 . . . .
culations may be thought of as representing either a ferro'cidence angle dependerfce’’in this geometry, indicates

magnetic phase or the saturation limit of the paramagnetif1@t along this mirror plane of the surface, the band rgar
phase in a magnetic field. is of dor_mnantIyAl (or a;) symmetry, with cqntnbunons
The partial densities of statéBDOS$ for Er and As are from orbitals ofs, Pz, anddg,2_,2 qharacters, while the band
presented in Fig. 3. For both sets of calculations, we hav&t about 5 eV binding energy is now of mofg (or e)
displayed the PDOSs of Er and As for majority and minority SYmmetry. _ _ .
spins. The PDOSs for Erfdlevels in both the calculations These results are consistent with _the previous calculated
are similar to those in experiment and show some evidencB2nd structuré. There are two relatively closely spaced
of hybridization with As(Fig. 2). The position of the occu- Pands ofA; (ora;) andAs (or e) symmetry along thé' to X
pied bands and the unoccupiefl lesonance in the conduc- d|r_ect|on of the bL_JIk Bnllow_n zone, and more recent ca_lcu—
tion band is in good agreement with the experiment, whicHations are described herein. When these bands projected
clearly confirms the calculated value of the Hubbard energynto thel” point of the surface Brillouin zone, they appear to
U=8.6 eV, but the absence of equivalently good agreemerverlap. While calculations suggested that there should be
of the unoccupied # levels indicates strong hybridization spectral weights centered at abett.5 to—2.5 and—3.5 to
effects. Arsenic hybridizes very strongly but only with —4 eV of energy(binding energyif one considers the band
nearest-neighbor Er atoms. This results in a large number eftructure across the entire bulk Brillouin zofféig. 3), we
the Ers, p, and d states, near the Fermi level, becomingfind a similar (although far from identicalspectral weight
“pulled down” (the band binding energies increpse the  density in our photoemission spectra with just the projection

location of the As bands. alongT". This suggests that further refinements, possibly in-
cluding modifiedf-d and f-s hybridizations(as suggested
BAND SYMMETRIES AND ORBITAL HYBRIDIZATION elsewher& ) and surface and umklapp contributions, might

be necessary in future band-structure calculations. Further
For ErAq100), the photoemission spectra are dominatedinsight into the nature of the Er-As and As-As plus Er-Er
by three strong photoemission features, with one betvitigen orbital hybridization is provided by the band-structure dis-
and about 1 eV binding energy, and another at 5 eV bindingersion.
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Density of states
(1/eV/unit cell)

E 4f5f1

ErAs(100)

Intensity (arb. units)

e

"..I‘I. i
2 4 6

E - E; (eV)

FIG. 2. (Colon Er 4f density of states from LSDAU calculations of bulk ErAgsee the te3t The agreement with experiment is
generally fairly good for dJ=8.6 eV. The detailed photoemissigieft) and inverse photoemissidmight) of the Er 4f multiplets for
ErAs(100 grown on GaA&100 (in red) are compared with theoretical calculations and experimental réRefs55 for polycrystalline Er.
The details of the unoccupied 4evels are shown as an ingein enlargement of inverse photoemission regutsowing further multiplet
splitting of 4f unoccupied states.

BAND STRUCTURE changes irk;, the surface Brillouin zonein Figs. 6 and 7.

To avoid any possible confusion with potential contribu-
tions from the GaAs substrate to the E(A80), band disper-
sions along the high-symmetry directions of the surface Bril-
llouin zone were undertaken at 50 eV. At this photon energy,
the GaAs states near the Fermi energy are easier to distin-
guish from ErAs, based on the GaAs band structfinaith

The entire electronic band structure of E(A80) along
the high-symmetry directions of the surface Brillouin zone
I'’X andI’'M and with changind, along the bulkl-X di-
rection shows dispersion consistent with crystalline orde
and interatomic hybridization. In Fig. 5, the overlapping
bands with strong Er & and 6 and As 4 contributions are > ) X
indicated in the combined angle resolved photoemission an@n increasing wave vectok() parallel to the surfacein-
inverse photoemission spectra along thé direction of the ~ Créasing emission anglehe dispersion curves of Erd00
surface Brillouin zone. The bands ne&g exhibit a strong @longI’X andI'M of the surface Brillouin zone are plotted
dispersion while the other peakihie two overlapping peaks N Fig. 6. The band at about 1 eV binding energy disperses
around—5 to —6 eV and three peaks aroune? to —10 eV) rather strongly withk, as well as withk, along theI'X
are related to the Erf4multiplet levels(Fig. 2) and exhibit ~ directing(Fig. 7). The feature at about 1.8 eV binding energy
negligible apparent dispersion as summarized in the experithe second band frofeg) disperses weakly witk, (Fig. 7)
mentally determined band mapping with wave vediwith but not withk; along thel’X symmetry directiongFig. 7).
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25

EI. i

b2
I

— Majority F
L5 — Minority

Density of states (1/eV/unit cell)

o H
o

0
E-E,_(eV)

FIG. 3. (Colorn The Er & density of statega) and As density of state) near the Fermi energy from LSDAU calculations of
ErAs(100 (see the text U=28.6 eV was used.

This suggests that this band is a surface resonance, and pratiraracter(the adjacent contributing atomic wave functions
ably does not fall into a gap of the bulk band struct(dee
to the extensive dispersion of the bulk bands indicated in
Fig. 7, and therefore it is not a true surface state. The occ
pied dispersing bulk barig) must contain both\; and Ag

are out of phase at the surface Brillouin-zone cente‘l?)or
The unoccupied\; (or a;) and theAs (or ) symmetry
Yand components also disperse toward higher binding ener-
contributions that we do not resolve in this woflkig. 5). gies with increasi_ng<”_ from zone center to zone edge; this
The significant negative dispersion or dispersion towardcCurs al_ong_ theX dlreptlon of the surface Bn_lloum Zone,
as seen in Fig. 5. In spite of the lower resolution of inverse

higher bindi f h h -

igher binding energy “’T'” e zone center to.t © zone edgphotoem|SS|on, these bands can be resolved along both the
occurs along th& X direction of the surface Brillouin zone. X andT'M directi ed in Fia. 6. Th

Indeed, as seen in Fig. 7, botty (or a;) and Ag (or ) an Irections, as summarized in Fg. 5. The unoc-

symmetry bands disperse toward greater binding energies 8'[_ined band structure does_geléhibit a quglitgtive_agreement
X. This suggests an in-phase relationship for the orbital@Vith the bulk band structure,***but the splitting aff", be-

I tweenA; (or a;) and theAs (or ) symmetry bands, is far
contributing toAs (or €) symmetry bands alongX (or the 1 1 5 o
o . larger than the 80 meV splittin@ince it is resolvable at two
direction corresponding to_Er fo Er and As to)Aand an unoccupied bandspredicted to occur at th€ point of the

out-of-phase relationship &. For theAs character band, 1,k hand structurd® This is possibly because in the isoch-
this is consistent with the dominant bonding orbitals between,mat mode of inverse photoemission one may be offlthe

Erand As sharing alAs (or €) symmetry, as indicated in Fig. it of the bulk band structure. The angle-resolved inverse

4(@. The increasing binding energy toward the surfacenotoemission is very surface sensitive, and cannot be ex-
Brillouin-zone edge along thEX direction of theA; (ora)  ploited to probe only the bulk band structure in our appara-
symmetry band indicates that the orbitals of this symmetryfys, but does suggest the possibility of a Fermi level crossing
are out of phase dt but partly in phase aX. TheA; (or a) alongI'X of the surface Brillouin zone, as indicated in Fig.

symmetry band is therefore nonbonding or antibonding in5, and plotted in Figs. 6 and 7. The first band at about 1.6 eV
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X
M : .
p-polarized in blue
s+p-polarized in red

'_ I Xz - [ I I I FIG. 4. (Color) Normal-

e, 5 : emission photoemission spectra of
epitaxial ErA$100 grown on
GaAg100) in different light polar-
ization geometries for a 50 eV
photon energy. The spectra were
taken with the component oA
parallel with the surface along dif-
ferent mirror planes of the surface
Brillouin zone, i.e., thd'M direc-
tion, ANI'M (a) andI'X A\\I'X
(b). For each mirror plane geom-
etry, two different light incidence
angles or orientations of the polar-
ization vector with respect to the
surface normal are shown: 65° or
largely p-polarized light (A is
relatively normal to the sample
surface in blue, and 45° or §
+p)-polarized light in red. The
As (or e) and theA, (or a;) sym-
metry bands are indicated with ar-
rows as appropriate. The sche-
matic of the surface Brillouin
zone of the crystal is an inset at
the top of the figure.

Intensity (arb. units)

12 -10 -8 -6 -4 -2 EF 2
E-Eg (eV)

aboveE does disperse toward the Fermi level with increas-than in the bulk. It was already nof¥dhat the surface of
ing wave vector, in good agreement with our theoretical exErAs(100) exhibits large surface to bulk core-level shifts of
pectations plotted in Fig. 9. From the density of states, neasbout 1.1 eV and a low effective surface Debye temperature.
the Fermi level, obtained in inverse photoemission, we idenThese are further indications that the surface has a different
tify an unoccupied band crossing of the Fermi level at abouglectronic structure from the bulk, possibly related to a sur-
0.4 A "' along thel' X direction of the surface Brillouin zone face relaxation, discussed in detail elsewttére.

(not seen in the angle resolved photoemisgias indicated Figure 8 shows the photon energy dependence of the
in the intensity plot in Fig. 7. In spite of the fact that the bandoverlappingA; (or a) andA;s (or €) peaks near t&g, in the
dispersion is larger than expected in photoemission, in gerangle-resolved photoemission spectra. There is a shift of the
eral, the negligible density of states at the Fermi level inphotoemission feature binding energy tow&igdand a dimi-
inverse photoemission suggests that the surface is far lessition of intensity as the photon energy is increased from
metallic than the near-surface region or bulk material. Thet5 eV to about 60 eV photon energy followed by an increase
correlation energy, therefore, must be greater at the surfada photoemission intensity and binding energy with a contin-
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band-structure calculatio’s® and those described later.
Schematically, to illustrate the effect of a Fermi-level cross-
ing, we have superimposed peak fittings to each spectrum as
a function of photon energy, shown in Fig. 8. These results
are consistent with the Fermi-level crossing identified in in-
verse photoemission across the surface Brillouin zone.
These binding energy and intensity changes albng
symmetry lines of surface Brillouin zone are compared with
the band structure alorlg (the bulk band structujen Fig.
7. There are few changes in the photoemission intensity
along thel'X direction of the surface Brillouin zone, though
there is a significant dispersion of the b&)dOn the other
hand, alond" to X of the bulk Brillouin zone, in photoemis-
sion, and along thd X direction of the surface Brillouin
zone, in inverse photoemission, there are significant changes
in intensity as well as even more significant band disper-
sions. The dramatic change in the photoemission intensity of
the A, (or a) andAg (or ) symmetry bands is a vivid indi-
cator of theEr crossing of the valence bands with changing
k-perpendicular values. By taking intensity changes into ac-
count, we assert that the band dispersion along the
E - Eg(eV) k-perpendicular(directory alongl” to X) is more significant
than indicated by binding energy alodgx, as alluded to

X dicative of a Fermi-level crossing, as suggested by the earlier
t

1/3

=

Intensity (arb. units)

3 ) -1 Eg 1

~
»

FIG. 5. The combined angle-resolved photoemisgleft) and

. o — ) above and as we summarize in Fig. 7.
inverse photoemissiofright) along thel X symmetry line of sur- This result for the bulk band structure shows a good quali-
face Brillouin zone. The peak positions and possible dispersion ar?

indicated for these bands closest to the Fermi energy. There are twgtlve agreement with the theoretical ~band-structure

. -3 . . .
occupied bands in photoemission, as is indicated by a possible ﬁf;alculatlonsl, and our recent calculations plotted in Fig. 9.

ting to the photoemission data, and suggested by the light polariza{:'9weverv the extent of the experimental band dispersion is
tion dependence, but are not easily resolved. still smaller than that calculated for thbl (Or a) alongf to

X of the bulk Brillouin zone by abou}, and much smaller
ued increase in photon energy from 60 to 80 eV. These corthan the dispersion expected from band structure theory
comitant changes in the band dispersion and intensitglongI to L of the bulk Brillouin zone. A simple admixture
changes are summarized in Fig. 7. These changes in bindirffigpm A would bring the experiment into greater consistency
energy and photoemission intensity can be understood as imvith the calculation, as the band dispersion calculated for the

X
M x T M
O--.O' T T T T T T T T T ]
L N DR CSLLE LTI NPG Qe PEYoN
6 o0 ':%---%---8---8'"88---O---8.:'O---8---o-:g~_-:)_-_‘87
o---d --O---o--o---o---oo---O-~.O..-8::0.228_20--53-0--
dF "4 T . FIG. 6. The experimental band structure of
— o the ErA£100), alongI’X andI"M high-symmetry
o . . . .
% 2| '/‘\.—/;'_ - - lines of the surface Brillouin zone compiled from
~ / '''' 0\.\. M combined photoemissiofibottom) and inverse
m“' E photoemission(top) results. The high-symmetry
1 F points and directions of the surface Brillouin
= :& i %IW 3 zone of the crystal is indicated in the inset at the
27 7 N top of the figure. Bands with a strond 4veight
are indicated by the dashed lines.
s 4 -
T Ed SF SEEEY SECRCE TUECRY (B T T ¥ 20 o5 £t 3 T8 I &
JEEOF 781 SF IEECED SRRCE TLLLD ’,If 285958855 |
-6t 1 1 1 1 L 1 [ 1
10 08 06 04 02 0 0.4 0.8 1.2
-1
k (A7)
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FIG. 7. (Color) The bulk band dispersion alodgto X (normal emission, but changing photon engrggmpared to the dispersion along
T'X (50 eV photon energy but changing emission angfethe surface Brillouin zone. This compares teleft) with k, (right) dependent
dispersion of the highly dispersive baednearE . The surface resonance can be identified near the Brillouin-zone center by a dispersion
that is largely independent of photon eneftlye dashed line and square symbols in red along X). The intensity changes, with the wave
vector, of the occupied bafsl closest to the Fermi level are indicated. This suggests a Fermi level crossing of this band, albrig ¥e
direction of the bulk band structure, as indicated by the dashed black line. The data are summarized from spectra like those shown in Fig.
8. A Fermi-level crossing alonG X is suggested by the intensity plots, n&r, from inverse photoemissiamed but not in photoemission
at 50 eV(blue).

A, band is one-half that of experiment, but even without apersion with changing photon enejgyere attributed to the
clear resolution of the\s bulk band it is clear that this band two-dimensional character of an epitaxial E(A80) surface
disperses more in the experiment than predicted by theory.grown on GaA&L00). Our films are similar in thickness to
We do not see a clear separation of theandAs bands  those discussed in that previous work, yet we have observed
resolved ak, values well away from the bulk Brillouin zone bulk band dispersion. Obviously, other considerations may
I" point, as would be expected from theory, except in inverséiave to be considered, such as the necessity for single-phase
photoemission. Further, the data in Fig(@ongI to X) are  materials and possible contributions from strain and strain-
taken with p-polarized light that should suppress tidg  induced dislocations.
band. In the previous study of the experimental band struc- There is good agreement between the binding energies of
ture of ErA€100),%* the unexpectedly small surface band the 4f levels in experiment and theory, with the calculated
dispersion and the absence of bulk band dispergiondis-  correlation energy of 8.6 eV. As noted previously, the ab-
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value of the HubbardU is finite, although large U
=8.6 eV), this does suggest some hybridization between the
Er 4f and Er & levels. The very localized nature of thé 4
electrons is a result of the high centrifugal “barriel{l
+1)/r? for the 4f states. Thus, in spite of the fact that their
energetic positions overlap with the broad bands of the sys-
tem, these levels form very narrow resonances. In the case of
the uranium 5 levels and the f levels in CeSh, where
5f/4f level dispersion was observed experiment3f}? this
suggests a smallétevel localization(greater delocalization
than occurs for ErA400) or Gd0001).34

MULTIPLET STRUCTURES

The multiplet structure of Er # levels in ErA$100),
grown on GaA&l100), is clearly evident in Fig. 2. Suchf4
multiplet splittings for Er metaP and erbium silicide¥ have
been reported. Er 4 multiplet splittings of epitaxial
ErAs(100) grown on GaAg&l00 can be compared to the
theoretical>®® and experimental multiplet splittings of Er
metal. Figure 2 shows the experimental results for EtA6)

FIG. 8. Photon energy dependence of the photoemission &long (Upper experimental spectra in jeand theoretical and ex-

to X. The data was taken witp-polarized light and normal emis-

sion.

perimental calculations of Er metal cited in Ref. 55. With
shifts of about 0.5 eV toward increasing binding energy for
the occupied & multiplets(seen in photoemission belok

sence of any significant dispersion of any of the occupied oin Fig. 2), and shifts of about 3 eV away frofg for the
unoccupied 4 multiplet states, as plotted by the dashed linesunoccupied 4 levels (seen as inverse photoemission above
in Fig. 6, is consistent with the expected dispersion of thes&r in Fig. 2), we can align the # multiplets observed with

levels in the calculated band structuiieig. 9). Since the
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FIG. 9. The calculated LSDAU band structure of ErAs for
majority (top panel and minority spinglower pane).

ErAs with those of Er metal.

The increase in the energy difference df drbitals be-
tween occupied and unoccupied suggests strong chemical
shifts and crystal-field effectbut the large shift away from
the Fermi level for the unoccupied 4evels of ErAs relative
to the smaller shift away from the Fermi level by the occu-
pied 4f levels cannot be entirely explained by the differences
in occupied and unoccupiedf opulations. Final-state ef-
fects in photoemission, and inverse photoemi€€icannot,

a priori, be excluded. This is particularly true as it appears

that the surface layer electronic structure tends toward that of
a p-type semiconductor, as noted in the discussion of the
band structure above. Final-state effects, therefore, may af-
fect inverse photoemission to a greater extent than photo-
emission.

CONCLUSIONS

The rare-earth pnictides Erf&0), group-V compounds
grown epitaxially on GaAd00), show sufficient crystalline
order to exhibit band dispersion. Combining the experimen-
tal band mappings and photoemission selection rules, we as-
sign the surface resonance and bulk bands of &@G.
Through a combination of photoemission and inverse photo-
emission spectroscopy, and changes in spectral weight, we
have band dispersion with the wave vector paralkg) @nd
perpendicular K,) to the sample surface. The experimental
band dispersion is qualitatively similar to that of theoretical
calculations, but the extent of the dispersion is far smaller
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