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Band structure of strained Gd„0001… films
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The electronic structure of strained and unstrained Gd~0001! surfaces has been studied both theoretically and
experimentally with spin-polarized photoemission spectroscopy and spin-polarized inverse photoemission
spectroscopy. Good agreement between calculated surface bands and surface-induced features of the spectra
provides the basis for a more detailed explanation of the origin of the spin-polarized bands than was previously
possible. It has been found that observed relaxation of the expansively strained in-plane crystal lattice constant,
of Gd~0001! on Mo~112!, significantly affects the electronic structure of the surface.
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I. INTRODUCTION

Strain is known to affect magnetism, with possible d
matic effects as suggested by the theoretical calculation
Moruzzi and Marcus1 and experimental results of Shind
et al.,2 Bartholinet al.,3 and others. There is a general acce
tance of the strong influence of magnetoelastic interacti
on the Curie temperature and other magnetic properties.
rare-earth metals, the magnetoelastic interactions
large.3–6 Compression of gadolinium is seen to lead to
suppression ofTc ,3,6 while expansion leads to an increase
Tc .7,8 Not only does strain affect the magnetic properties,
now detailed fairly extensively for the perovskites,9–17 but it
has long been established that the lattice constant has a
found influence on the electronic structure,18–20 even for the
thinnest of thin films.21–26

Gd~0001! grown on Mo~112! exhibits a substantial in
plane expansive strain compared to a similar thickness
Gd~0001! on W~110!.21 For Gd grown on Mo~112!, the lat-
tice is expanded by 4% for a film thickness of 30 to 150 Å21

The expansive 4% in-plane strained Gd~0001! on Mo~112!
results in a quite different electronic structure and alte
magnetic properties compared to the strain reliev
Gd~0001! grown on W~110!,27 as noted elsewhere.8,21,28,29

Based on studies of rare-earth alloys, Andrianov19,20 sug-
gested that the Fermi surface is sensitive to both compos
and lattice deformation. It was shown28 that the relief of the
strain in Gd~0001! on Mo~112! with increasing film thick-
ness results in a spin-polarized electronic structure tha
increasingly similar to the largely unstrained Gd~0001! films
grown on W~110!.

Gd~0001! grown on a W~110! surface has been heavil
investigated over the past decade.30 For Gd~0001! grown on
W~110!, the hexagonal-close-packed~hcp! film has been ob-
served to be strained~2–3 %! for a film thickness of 10–50
Å.27 Gd grown on W~110! then relaxes toward a bulk lattic
constant with increasing film thickness, so that with su
cient deposition of Gd, the bulk Gd lattice parameter~3.63
Å! is reached at 100–1000 Å.27 While it is now clear that the
Gd~0001! films on Mo~112!, for a thickness less than 40 ML
are substantially more strained than Gd~0001! overlayers on
W~110!,27 the mechanism of strain relief with increasing fil
0163-1829/2002/66~3!/035406~8!/$20.00 66 0354
-
of

-
s
or
re

f
s

ro-

of

d
d

n

is

-

thickness which is observed for Gd~0001! on W~110! ~Ref.
27! should be applicable to Gd~0001! on Mo~112!.28

While a number of experimental studies have been und
taken to investigate the spin-polarized band structure
strained Gd~0001!,7,8,29 an interpretation of experimenta
data is complicated by the close proximity of bulk and s
face bands, and the large number of observed unoccu
bands, not seen with Gd~0001! on W~110!.30–32 A great in-
terest in the behavior of the surface and bulk band struc
of gadolinium has provoked a number of theoretical inve
gations of the Gd~0001! surface using various calculationa
techniques and approximations for exchange-correla
potential.33–45 Nevertheless, mostly due to biased treatm
of 4f electrons, the calculations~despite the diversity of ap
proaches! have exhibited only limited agreement with e
periment. In particular, to date, there is no convincing exp
nation for the spectral features observed for strain
Gd~0001! surface, while for unstrained surface only a qua
tative agreement, at best, with angle-resolved photoemis
~ARPES! data has been achieved.

The objective of the present paper is to reconcile some
the differences between the calculated band structures
results of spin- and angle-resolved photoemission and s
and angle-resolved inverse photoemission studies for
strained and unstrained Gd~0001! surfaces. With this aim, we
perform a detailed comparison of theoretical surface a
bulk band structures, with experimental data obtained
spin-polarized photoemission~SPES! and spin-polarized
inverse photoemission ~SPIPES! ~partly published
elsewhere8,29!. The band structures have been calculated
the linear augmented-plane-wave~LAPW! method for thin
films.46–49

II. EXPERIMENT

We have mapped out the spin-polarized band structur
thin Gd films grown on the Mo~112! surface along theḠ-M̄
high-symmetry direction of the surface Brillouin zone. Spi
polarized inverse photoemission spectra were obtained in
ultrahigh-vaccum system in the isochromatic mode~\v59.4
60.3 eV! with a Geiger-Mu¨ller tube and a spin-polarized
electron gun based on the Ciccacci design~with a GaAs
©2002 The American Physical Society06-1
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photocathode!.50 The results were complemented by SP
experiments carried out at the U5A undulator beamline of
National Synchrotron Light Source~NSLS! at Brookhaven
National Laboratory. The details of the experimental setup~s!
are described elsewhere.51

The clean Mo~112! surface was obtained after the sta
dard surface preparation treatment which included heatin
oxygen atmosphere with subsequent serial flashing to
temperatures above 2100 K to remove the oxygen conta
nation. The Gd~0001! films were grown at room temperatur
at the base pressure of 7310211 Torr and subsequently an
nealed. The crystal quality of the Gd~0001! films was deter-
mined by low-energy electron diffraction, which was al
used to determine the extent of the expansive strain.
experimental band dispersion, from both spin-polarized p
toemission and spin-polarized inverse photoemission,
used to confirm the presence of strain from the position
the surface Brillouin zone critical points.21,29

III. THEORETICAL METHODOLOGY

The band structures of bulk Gd with hcp and fcc stru
tures and for a single slab of 5-ML thickness to simulate b
surface and bulk contributions, were calculated by the sc
relativistic all-electron linearized augmented plane-wa
~LAPW! method for thin films.45–48 The self-consistent po
tential was recalculated for each iteration taking into acco
the redistribution of all core electrons. The number of ba
functions was adjusted to provide mRy convergence for
bands nearEF . Bulk and surface densities of states~DOS’s!
were calculated using the tetrahedron or triangular integ
tion method, respectively.49

The LAPW method is widely recognized, and spi
polarized band-structure calculations would be routine if o
could accurately treat exchange-correlation effects. It
been established that the local-spin-density approxima
~LSDA! fails to describe the electronic structure of strong
correlated systems such as Mott insulators, insulator fe
magnets, and 4f metals correctly.33,38,44The inability of the
LSDA to correctly describe 4f metals occurs mainly becaus
of incorrect position of spin-upf ↑ and spin-downf ↓ bands if
the 4f electrons are treated as bands~not as core states!.34–36

Harmon and Freeman37 calculated the band structure fo
Gd by the augmented plane-waves method using
exchange-correlationXa potential with two values, i.e.,a
51 ~‘‘total Slater’s exchange’’! and a52/3 ~‘‘Kohn-Sham
potential’’!. In this pioneering work, the occupied 4f ↑ , states
were treated as core states and given, following Hund’s r
a rigid value of magnetic momentm57mB associated with
spin-up 4f 7 electrons. In order to get the experimental val
of 7.55mB for Gd, the rest magnetic moment, some 0.55mB ,
was provided by properly choosing the configuration of
5d6s valence electrons~these calculations were not sel
consistent!. The results fora51 were in reasonable agree
ment with experiment, though obtained width of the valen
band ~from the bottom atG1 to EF! of 3.1 eV seems too
small comparatively to derived from photoemission spectr
copy value of about 4 eV.
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Later, Harmonet al.38 and Singh44 suggested that correc
total energies for Gd could not be obtained if 4f electrons
were treated as core states. Instead, a claim was made
these states must be considered as band states, while in
sistencies of the energies of these calculated states with
periment were explained by a failure of the LSDA. The i
creasingly compelling evidence that gadolinium was a lo
moment system with correlated electrons30 provoked the de-
velopment of improved version of the LSDA by includin
the Hubbard U method, taken from the mean-fie
approach.33 To date, the LSDA1U method is widely recog-
nized and has proved fruitful in recent calculations of t
bulk and surface electronic structure of Gd.41–43 Due to a
better accounting of the intra-atomic correlations, the 4f mi-
nority band rises away from the Fermi level while the 4f
majority band increases in binding energy to the corr
position41 @approximately28.5 eV with respect toEF ~Ref.
30!#. Implementation of the LSDA1U method into the
LAPW method for thin films has been accomplished,42 and
calculated self-consistent densities of states for Gd~0001!
surface provide a reasonable positioning of the occupiedf
band. Again, inclusion of the Hubbard U allowed for a co
rect estimation of the magnetic moment as well as of
width of thes-d valence band~about 4 eV!.43

On the other hand, the LSDA1U results ultimately pre-
dict the existence of the spin-minority unoccupied band
proximately at12 eV aboveEF . This band originates from
the Gd 4f minority localized ‘‘atomic’’ state and therefore i
very narrow@0.5 eV ~Refs. 41 and 43!# thus it results in an
extremely high peak in unoccupied DOS’s@the ‘‘pure’’
LSDA approach puts this peak ontoEF ~Ref. 41!#. The chal-
lenge here is that for the Gd surface, such a peak is v
difficult to observe in angle resolved invers
photoemission,52 and the existing assignment cannot be co
pletely definitive.

An alternative approach to rare earths, with considerat
of 4f states as core states, has been argued45 to be relevant,
due to a strong localization of the 4f electrons within the Gd
core. Thus Wu et al.,45 using von Barth and Hedin’s
exchange-correlation potential, calculated the Gd~0001! band
structure by the FLAPW method. The 4f 7 electrons were
treated as core states, which canceled the problem of
‘‘ghost’’ 4 f minority band. Despite the overly large width o
the occupieds-d band~almost 6 eV!, the results are in quali-
tative agreement with angle-resolved photoemiss
data.53–55 In particular, the calculations reveal the existen
of the spin majority20.3 eV ~in the vicinity of Ḡ! surface
band ofd3z22r 2 symmetry53,54 as well as spin-minority sur-
face resonance bands aboveEF which are observed in the
spin-polarized photoemission56 and spin-polarized inverse
photoemission31 spectra, respectively. The issue of corre
description of 4f states was addressed by Erikssonet al.36 It
was suggested that the ‘‘first-principles’’~pure! LSDA ap-
proach can be rescued and resuscitated, provided that thf
states are treated as core states.

Bylander and Kleinman,34,35 in considering 4f states, pro-
posed that the key to the problem is that exchange and
relation should be treated differently for core states and
6-2
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BAND STRUCTURE OF STRAINED Gd~0001! FILMS PHYSICAL REVIEW B 66, 035406 ~2002!
FIG. 1. ~Color.! The bulk and surface band structures of gadolinium. The bulk band of unstrained Gd~0001! is shown in ~a! with
spin-minority~dashed line! and spin-majority~solid line! alongGM symmetry direction of bulk Brillouin zone. The experimental results
spin integrated angle-resolved photoemission~Refs. 53 and 55! and inverse photoemission~Ref. 52! are indicated by circles in~a!, for
comparison. The experimental band structure of 4% strained Gd~0001! surface is shown in~b! ~in part, adapted from Ref. 29!. In ~b!,
downward and upward triangles refer to spin-up~majority! and spin-down~minority! band characters, respectively. The theoretical ba

structure~c! along theḠ-M̄ ~S̄ symmetry line in the surface Brillouin zone!, calculated for a five-layer slab of Gd~0001!, with 4% expansive
strained lattice, provides a comparison with experiment. Surface states~SS! and surface resonances~SR! for spin-majority and minority
electrons are marked by solid and dashed lines. True surface states, with more than 90% of the charge in the outmost surface la
in vicinity of Ḡ in the relative gap in projected bulk band structure.
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bands. Thus, the LSDA must be adequate for valence e
trons in the band states, while for core electrons the Hart
Fock approximation seems more appropriate. It should a
be mentioned that authors have questioned whether
LSDA1U approach is able to provide a correct electro
structure of Gd. We note that the ‘‘4f as core states’’ ap
proach involves certain parameters which are difficult
evaluate rigorously. On the other hand, the latter metho
not only simpler from a computation point of view, but als
avoids the above-mentioned problems of the LSDA1U ap-
proach, and provides quite a reasonable band structure
Gd—thes-d bandwidth of 4.2 eV and no narrow 4f minor-
ity bands just aboveEF .34 Hence this method seems th
most attractive approach for purposes of our present stu

Following the methodology of Harmon and Freeman37

we treated the core 4f 7 shell as completely spin~up! polar-
ized, and thus providing a fixed magnetic moment of 7mB .
We do not consider the chosen methodology as a ‘‘fi
principles’’ approach, and, following Bylander an
Kleinman,34 we adopt the parameter description for corre
tion energy, while the core electrons are treated within
same approximation for the exchange-correlation poten
Obviously, properly determined parameters of the exchan
correlation potential should yield a correct value of magne
moment per Gd atom. This requirement has been used in
adjustment of the parametera2 for correlation potential
taken in ther1/3 form. Thus the self-consistent band structu
for hcp Gd@Fig. 1, left panel~a!#, obtained witha150.8 for
exchange~for electrons with the same spin orientation! and
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a250.2 for correlation~opposite spins! potential parameters
is in a good agreement with results of band calculations
the mixed-basis pseudopotential method~Bylander and
Kleinman34!. Derived from the difference in occupation o
the states for majority- and minority-spin electrons,s-d band
polarization yields a 0.57mB contribution to the total mo-
ment. The net calculated magnetic moment per atom is
in good agreement with experiment, and is of order 7.57mB .

With chosen parameters, the adopted description
exchange-correlation potential seems reasonable and ca
used for a LSDA self-consistent all-electron calculation
the surface band structure. No further variations of the fo
of density functional, such as theGW approximation,57 or
attempts to improve the local approximation by includi
density gradient corrections~the generalized gradient ap
proximation! ~Ref. 58! were undertaken. Such correction
might be essential for correct evaluations of total energy
ground~ferromagnetic! state,39 and are beyond the scope o
present study as well as are believed to be unimportan
these band structure calculations.

IV. RESULTS AND DISCUSSION

A. fcc or hcp?

While Gd films, with thickness above 10 ML on Mo~112!,
have shown to adopt a hexagonal surface structure w
about 4% larger in-plane lattice constant,21 compared to that
6-3
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I. N. YAKOVKIN, TAKASHI KOMESU, AND P. A. DOWBEN PHYSICAL REVIEW B 66, 035406 ~2002!
of unstrained Gd~0001! on W~110!,30 it is difficult to distin-
guish such a hexagonal surface structure as correspondi
either fcc~111! or hcp ~0001! in either case. Band structur
calculations performed for both fcc and hcp Gd illustrate t
in spite of similar bandwidths and relative location ofd
bands, there is a dramatic distinction between band struct
for hcp and fcc Gd. This is clear in the appearance~due to
two atoms in the Gd hcp unit cell! of the second band~22
eV atG! for the hcp Gd structure@shown in the left panel~a!
of Fig. 1# while it is absent for the calculated band structu
of fcc Gd. This band is also evident in experiment@the bands
markedB in the central panel~b! of Fig. 1, and the experi-
mental data for unstrained Gd~0001!, plotted on top of the
calculated Gd band structure in the left panel~a! of Fig. 1#.
Thus adoption of the fcc Gd~111! structure on the Mo~112!
and W~110! surfaces, during film growth, can be exclude
The hexagonal film structure, found from low-ener
electron-diffraction studies, indeed should be attributed
4% strained Gd~0001! thin film structure for Gd films grown
on Mo~112! ~Ref. 21! as well as the more unstraine
Gd~0001! films grown on W~110!.30

B. Surface and bulk states of Gd„0001…

An important feature of the hcp Gd structure is the em
gence of a relative gap atEF in the vicinity of theG point
and along theG2A ~D! direction. This evidently leads to
rise in the gap in the projection of bulk bands onto the~0001!
surface, which is essential for the appearance of true sur
states near the center of the surface Brillou
zone.21,29–31,53–56Most of the calculated bulk bands are
good agreement with wave-vector~angle-resolved! photo-
emission and inverse photoemission experiments, as i
trated by the left panel~a! in Fig. 1, while the experimenta
bands nearEF , in the range fromḠ to midway to theM̄
point, occur within the gap and are acknowledged surf
states.53–55

This is also true for the related bands observed w
strained Gd~0001! grown on Mo~112! markedC in the cen-
tral panel~b! of Fig. 1. These bands~‘‘C’’ ! are found to be
sensitive to surface contamination and exhibit a conserva
of the two dimensionality of the state~this is to say these
bands do not show any noticeable dispersion with chang
photon energy ork'!,8,21 and therefore are attributed t
surface-induced features. Hence, while the other ba
(A–G) may be related to specific projected bulk ban
bandsC appear within the gap in vicinity of theḠ point,
which also indicates a surface origin of these states.

The band structure alongḠ-M̄ ~S̄ symmetry line in the
surface Brillouin zone!, calculated for a five-layer slab o
Gd~0001! with a 4% expansive strained lattice, is presen
in the right panel~c! of Fig. 1. Surface states and surfa
resonances for spin-majority and -minority electrons
marked by solid and dashed lines, respectively. True sur
states, with more than 90% of the charge in the outm
surface layer, appear in the vicinity ofḠ in the relative gap in
the projected bulk band structure. This gap closes about m
way to M̄ along the high-symmetry line, and the surfa
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states transform into surface resonances. NearM̄ , neverthe-
less, there appears to be another surface state located
under the bottom of the projected bulk bands.

By comparing calculated and experimental band str
tures presented in Fig. 1, the origin of most of the spec
peaks can be assigned. Thus theC bands of strained
Gd~0001! are obviously due to surface states which dimin
the surface weight alongḠ-M̄ . BandB @in Fig. 1~b!# is pre-
dominantly a bulk band with contributions from the surfa
resonances, which increase the surface weight nearM̄ . Band
A, that appears only for strained Gd films,8,21 unfortunately,
cannot be directly explained in terms of initial states. Th
band may arise in angle-resolved photoemission becaus
possible influence of final states involving screening effec
in particular final-stated- f mixing,59 and deserves furthe
investigation, separate from the discussion herein.

The bands aboveEF , D, E, andG @in Fig. 1~b!# contain
both surface and bulk contributions. The spin-majority ban
D, aboveEF , also appear to fall into the gap of the tw
projected bulk band structure nearḠ and thus also may be
attributed to a surface state near the Brillouin zone cente

C. Density of states

Shown in Fig. 2 are densities of states~DOS! for bulk hcp
Gd @Fig. 2~a!#, the Gd~0001! surface @Fig. 2~b!#, and the
Gd~0001! surface with 4% expansive strain@Fig. 2~d!# that
has been found for Gd films adsorbed on Mo~112!.21 The
most pronounced distinction between the bulk and surf
DOS’s is the appearance of the spin pair~spin-up and spin-
down! of high narrow peaks belowEF . Obviously, these
peaks originate from the flat surface bandsC in strained
Gd~0001! and their equivalent counterparts just above a
belowEF in unstrained Gd~0001!. The strain causes a notice
able redistribution of heights for spin-up and spin-down s
face peaks~C! as well as for peaks aboveEF . It should be
noted that, in spite of narrowing bands, the width of t
valence band belowEF remains unchanged with the strai
This feature follows from a ‘‘pinning’’ of the Fermi level to
the surface states which strongly contribute to the spectr

There is a qualitative agreement between density of st
for the bulk hcp Gd@Fig. 2~a!# and typical spin-resolved
photoemission and inverse photoemission spectra
Gd~0001! films on W~110! at the Ḡ point8 @Fig. 2~c!# and
similarly for strained Gd~0001! films on Mo~112! at the Ḡ
point29 @Fig. 2~e!#. However, the spin-minority SPES pea
just below EF does not find corresponding peak in bu
DOS’s. Such a peak emerges from surface bands, as
dently follows from surface DOS’s shown in Figs. 2~b! and
2~d!. Worth noting are the changes in height and position
the bulk peaks at22 eV @Fig. 2~a!# which, in surface DOS’s
@Fig. 2~b!#, increases in binding energy to22.8 eV. On ex-
pansive strain, this pair of peaks further increases in he
while their position stays almost the same.

Obviously, the surface DOS resembles the band struc
integrated over entire surface Brillouin zone~BZ! while
normal-emission photoemission spectra correspond to thḠ
6-4
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BAND STRUCTURE OF STRAINED Gd~0001! FILMS PHYSICAL REVIEW B 66, 035406 ~2002!
FIG. 2. ~Color!. The experimental results an
theoretical calculations of density of states~DOS!
for unstrained~on the left! and strained~on the
right! Gd~0001! thin films. ~a! and ~b! are the
calculated unstrained hcp Gd~0001! bulk and sur-
face DOS’s, respectively, with two spin majorit
~solid lines! and minority ~dashed lines! indi-
cated.~c! is the experimental results for spin po
larized photoemission~Ref. 56! and inverse
photoemission31 of unstrained Gd~0001!, grown
on W~110!, at theḠ point, with spin up~up ward
triangle! and spin down~downward triangle! in-
dicated~Ref. 8!. The calculated surface DOS fo
4% expanded strain Gd~0001! is shown in ~d!,
with the theoretical DOS indicated according
the spin majority~solid lines! and spin minority
~dashed lines!. ~e! and ~f! are the experimenta
results of strained Gd, grown on a Mo~112! sur-
face, with spin up~upward triangle! and spin
down ~downward triangle! at different symmetry

points, ~e! for the Ḡ point ~f! for the M̄ point of
the surface Brillouin zone~Ref. 29!.
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point. This can be the reason why the normal-emission~Ḡ!
photoemission peaks at22 eV do not agree in binding en
ergy with the surface DOS. It is well known that the surfa
sensitivity of the photoemission increases with increas
collection angle for photoelectrons, and these bands are
established to be very ‘‘bulklike’’ in character at norm
emission in the unstrained Gd~0001! thin films.30 The peak in
the surface DOS with energy (E-EF) below 22 eV origi-
nates from flat fragments of bands in vicinity ofM̄ ~cf. Fig.
1!, and therefore it is not surprising that angle-resolved p
toemission~ARUPS! spectra, for strained Gd~0001! films,
obtained for electron collection angle of 16°, which corr
sponds to theM̄ point in the surface BZ@Fig. 2~f!#, agree
with the DOS calculated for strained Gd~0001! surface@Fig.
2~d!#.

Not only do the bulk bands on the occupied side, w
below EF ~;22 eV!, change the spectral weight atḠ with
increasing strain@Fig. 2~c! and 2~e!#, but, as noted elsewhere
they also change symmetry. These bulk bands are ofD1 ~or
a1! symmetry (d3z22r 2) in the unstrained Gd~0001!, but of
D5 , D6 ~or e1,2! symmetry (dxz ,dyz) in strained Gd~0001!.21

The possibility exists that the rare-earth band structure
perturbed byf -d and f -s hybridization ~as previously sug-
gested elsewhere60!. This could be more pronounced wit
strain, due to the increasing overlap ofd and f states with
03540
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increasing localization. This would not be well modele
when the 4f states are treated as core states. Such mo
exist,61,62 but are beyond the scope of this paper.

D. Symmetry

For E andG bands, separation of bulk and surface yiel
is somewhat involved because of close proximity of the b
d bands in this energy range, which makes the surface r
nances rather weak. Nevertheless, the enhanced surface
sitivity of the inverse photoemission in combination with th
agreement with theory permit some determination of symm
try and surface weight. Above the Fermi level, the DOS
strongly peaked while inverse photoemission spectrosc
~IPES! spectra, because of limited experimental resoluti
are rather smooth, which complicates their analysis. To
cilitate a comparison with experiment, the DOS’s aboveEF
presented in Fig. 3 are smoothed and arbitrarily scaled, w
the spin-majority spectrum is decomposed into Lorentz
peaks, which are shown at the bottom of Fig. 3 by dot
lines.

In the vicinity of Ḡ, the point group symmetries are th
most restrictive and will have the greatest influence on
bonding hybridization possibilities. At theḠ point, theC3v
group symmetry~reduced fromC6v because of the hcp lat
tice packing! selects the states that can contribute to the IP
signal. Transitions from the free-electron state to the un
6-5
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I. N. YAKOVKIN, TAKASHI KOMESU, AND P. A. DOWBEN PHYSICAL REVIEW B 66, 035406 ~2002!
cupied bound states ofdxy states is forbidden by symmetr
selection atḠ, while transitions to thedx22y2 state are sup-
pressed by the conservation of themj rule. Thus transitions
to thepz , px , py , dxz , dyz , andd3z22r 2 symmetries are the
dominant and almost exclusive contributions to the spectr
inverse photoemission.

To illustrate symmetry of the surface states/resonan
the charge distributions~in the XZ plane which is normal to
the mirror plane! at Ḡ for two such states, located at th
outmost surface atoms, are shown in the inset in Fig. 3. T
the spin-minority surface state at11 eV at Ḡ is found to be
predominantly ofd3z22r 2 symmetry, so that it is favorable
for enhanced inverse photoemission. In contrast, the s
majority surface resonance at10.7 eV at theḠ point, which
gives rise to the peak in the total density of states at10.3 eV,
may be attributed to the superposition ofpz1dxz1dx22y2

anddxy states with odd symmetry, so that relative IPES pe
is noticeably diminished, as can be seen in Fig. 3. This le
ordering in the theoretical density of states for strain
Gd~0001! is consistent with the level ordering, symmet

FIG. 3. The theoretical density of states aboveEF are compared
with experiment. The theoretical DOS has been smoothed and
trary scaled to facilitate comparison with the SPIPES data.
spin-majority spectrum is decomposed into Lorentzian peaks w
are shown by dotted lines. To illustrate symmetry of the surf
states/resonances, the charge distributions~in theXZ plane which is
normal to the mirror plane! at Ḡ for two such states, located at th
outmost surface atoms, are shown in the inset. The calculated
minority surface state, at11.0 eV at theḠ point, yields the peak
10.7 eV in the density of states which is ofd3z22r 2 symmetry that
is favorable for enhanced inverse photoemission. In contrast,
spin-majority surface resonance at10.7 eV at theḠ point, which
gives rise to the peak at10.3 eV, may be attributed to states wi
odd symmetry, so that the relative IPES peak is noticeably dim
ished.
03540
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assignments, and roughly similar band separations for
unoccupied levels nearEF obtained in resonant photoemis
sion for relatively extensively strained~ultrathin! Gd~0001!
on W~110! and Gd~0001! on Cu~100!.63 The agreement be
tween resonant photoemission and the total density of st
is possible because resonant photoemission involving the
occupied states is dominated by the integrated unoccu
density of states in the intermediate excitation, rather than
the wave vector.

Most of the bands found from ultraviolet photoemissi
spectroscopy and IPES studies for strained Gd~0001! films
can be convincingly explained with respect to the bu
surface contribution which changes alongGM . The surface
bands for strained Gd are found to be much similar to th
for unstrained Gd~0001!. This is not surprising because i
experiment the main difference has been found for featu
that can be attributed to bulk.

V. SUMMARY

Most of the bands found from experimental wave-vect
dependent spin-polarized band mapping studies for stra
Gd~0001! films qualitatively resemble the theoretical ban
structure. The relative bulk/surface contributions alongḠ-M̄
can be convincingly assigned on this basis. The surf
bands for strained Gd are found to be very similar to tho
found for unstrained Gd~0001!. Expansive strain does resu
in an increase in the exchange splitting and increased lo
ization both in experiment and theory, particularly at t
surface.

The results of this comparison do suggest a possibled- f
hybridization in either the photoemission initial state or fin
state, affecting the bottom of the valence band to an ap
ciable extent. The unoccupied bands for strained Gd~0001!
show the characteristic dispersion predicted by theory an
number of unoccupied states have been identified, which
not previously possible.

Not only is this work consistent with the influence o
strain in rare-earth alloys,19,20 but similar strain effects are
suggested by the work in rare-earth compounds. The ex
of in-plane strain is clearly seen to affect magnetic proper
of the manganese perovskites La12xAxMnO3.9–17 These are
also local moment ferromagnetic systems. Unfortunately,
band structure must take into account a realistic model of
surface band structure and surface composition in such
tems, which can be quite complex in alloys an
perovskites,64–68 so that a comparison, similar to the on
presented here, between the experimental band structur
the perovskite systems with theory presents a very signific
challenge.
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