PHYSICAL REVIEW B 66, 035406 (2002

Band structure of strained Gd(000)) films
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The electronic structure of strained and unstraine(dG@1 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(000) on Mo(112), significantly affects the electronic structure of the surface.
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I. INTRODUCTION thickness which is observed for @001 on W(110) (Ref.
27) should be applicable to GA001) on Mo(112).28
Strain is known to affect magnetism, with possible dra- While a number of experimental studies have been under-
matic effects as suggested by the theoretical calculations d@ken to investigate the spin-polarized band structure of
Moruzzi and Marcu§ and experimental results of Shinde Strained G@001),"#%° an interpretation of experimental
et al,? Bartholinet al.® and others. There is a general accep-data is complicated by the close proximity of bulk and sur-
tance of the strong influence of magnetoelastic interactionface bands, and the large number of observed unoccupied

on the Curie temperature and other magnetic properties. F&ands, not seen with Ga001) on W(110.*°~*?A great in-
rare-earth metals, the magnetoelastic interactions aré@rest in the behavior of the surface and bulk band structure

large3~® Compression of gadolinium is seen to lead to aof gadolinium has provoked a number of theoretical investi-

suppression of . ,>® while expansion leads to an increase of gations of the G001 surface using various calculational
T..”® Not only does strain affect the magnetic properties, agechniques and approximations for exchange-correlation
now detailed fairly extensively for the perovskifsd’ but it~ Potential™®~*> Nevertheless, mostly due to biased treatment
has long been established that the lattice constant has a pref 4f electrons, the calculatiorislespite the diversity of ap-
found influence on the electronic structdfe?°even for the ~ Proachep have exhibited only limited agreement with ex-
thinnest of thin film1-26 periment. In particular, to date, there is no convincing expla-
Gd(000) grown on Md112) exhibits a substantial in- nation for the spectral features observed for strained
plane expansive strain compared to a similar thickness o8d(0001 surface, while for unstrained surface only a quali-
Gd(0002) on W(110).?* For Gd grown on M6112), the lat- tative agreement, at best, with angle-resolved photoemission
tice is expanded by 4% for a film thickness of 30 to 156'A. (ARPES data has been achieved.
The expansive 4% in-plane strained (G801 on Mo(112) The objective of the present paper is to reconcile some of
results in a quite different electronic structure and alteredhe differences between the calculated band structures and
magnetic properties compared to the strain relievedesults of spin- and angle-resolved photoemission and spin-
Gd(0001) grown on W110),%” as noted elsewhefe?82°  and angle-resolved inverse photoemission studies for the
Based on studies of rare-earth alloys, Andriaig¥ sug-  strained and unstrained @D0Y surfaces. With this aim, we
gested that the Fermi surface is sensitive to both compositioBerform a detailed comparison of theoretical surface and
and lattice deformation. It was shoffirthat the relief of the bulk band structures, with experimental data obtained by
strain in GA000Y) on Mo(112) with increasing film thick-  Spin-polarized photoemissiotSPES and spin-polarized
ness results in a spin-polarized electronic structure that i§verse photoemission (SPIPE$  (partly  published
increasingly similar to the largely unstrained @802 films  elsewher&®9. The band structures have been calculated by
grown on W110). the linear augmented-plane-waeAPW) method for thin
Gd(000D grown on a W110 surface has been heavily films. =%
investigated over the past decafié=or Gd0001) grown on
W(110), the hexagonal-close-packéutp film has been ob- Il. EXPERIMENT
served to be straine@-3 % for a film thickness of 10-50 ) _
A.27 Gd grown on W110) then relaxes toward a bulk lattice ~ We have mapped out the spin-polarized band structure of
constant with increasing film thickness, so that with suffi-thin Gd films grown on the Md12) surface along thé'-M
cient deposition of Gd, the bulk Gd lattice paramegi@63  high-symmetry direction of the surface Brillouin zone. Spin-
A) is reached at 100—1000 & While it is now clear that the polarized inverse photoemission spectra were obtained in an
Gd(0001) films on Ma(112), for a thickness less than 40 ML, ultrahigh-vaccum system in the isochromatic métle=9.4
are substantially more strained than(G@01) overlayers on *=0.3 e\) with a Geiger-Mller tube and a spin-polarized
W(110),%” the mechanism of strain relief with increasing film electron gun based on the Ciccacci desigiith a GaAs
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photocathode® The results were complemented by SPES Later, Harmoret al*® and Singf* suggested that correct
experiments carried out at the U5A undulator beamline of theotal energies for Gd could not be obtained if dlectrons
National Synchrotron Light SourcéNSLS) at Brookhaven were treated as core states. Instead, a claim was made that
National Laboratory. The details of the experimental sejup these states must be considered as band states, while incon-
are described elsewhete. sistencies of the energies of these calculated states with ex-
The clean M¢112) surface was obtained after the stan- periment were explained by a failure of the LSDA. The in-
dard surface preparation treatment which included heating ioreasingly compelling evidence that gadolinium was a local
oxygen atmosphere with subsequent serial flashing to themoment system with correlated electréhgrovoked the de-
temperatures above 2100 K to remove the oxygen contamirelopment of improved version of the LSDA by including
nation. The GEO00Y) films were grown at room temperature the Hubbard U method, taken from the mean-field
at the base pressure ofx7L0™ ! Torr and subsequently an- approach® To date, the LSDA U method is widely recog-
nealed. The crystal quality of the @00J films was deter- nized and has proved fruitful in recent calculations of the
mined by low-energy electron diffraction, which was alsopulk and surface electronic structure of $d* Due to a
used to determine the extent of the expansive strain. Thgetter accounting of the intra-atomic correlations, tfied-
experimental band dispersion, from both spin-polarized phop ity band rises away from the Fermi level while thé 4
toemission and spin-polarized inverse photoemission, wag,aiority band increases in binding energy to the correct
used to confirm the presence of str_a%ri ;gom the position 0E)ositiorf11 [approximately—8.5 eV with respect t&g (Ref.
the surface Brillouin zone critical points: 30)]. Implementation of the LSDAU method into the
LAPW method for thin films has been accomplisédnd
calculated self-consistent densities of states for(0Gd1)
surface provide a reasonable positioning of the occupied 4
The band structures of bulk Gd with hcp and fcc struc-band. Again, inclusion of the Hubbard U allowed for a cor-
tures and for a single slab of 5-ML thickness to simulate bothrect estimation of the magnetic moment as well as of the
surface and bulk contributions, were calculated by the scalawvidth of thes-d valence bandabout 4 ey.®
relativistic all-electron linearized augmented plane-wave On the other hand, the LSDAU results ultimately pre-
(LAPW) method for thin films*®~*8 The self-consistent po- dict the existence of the spin-minority unoccupied band ap-
tential was recalculated for each iteration taking into accounproximately at+2 eV aboveEg. This band originates from
the redistribution of all core electrons. The number of basigshe Gd 4 minority localized “atomic” state and therefore is
functions was adjusted to provide mRy convergence for th&ery narrow[0.5 eV (Refs. 41 and 48 thus it results in an
bands neaE . Bulk and surface densities of stai@0S’s) extremely high peak in unoccupied DOSthe “pure”
were calculated using the tetrahedron or triangular integrat SDA approach puts this peak oriy (Ref. 41]. The chal-
tion method, respectivelf). lenge here is that for the Gd surface, such a peak is very
The LAPW method is widely recognized, and spin- difficult to observe in angle resolved inverse
polarized band-structure calculations would be routine if ongohotoemissiori? and the existing assignment cannot be com-
could accurately treat exchange-correlation effects. It hapletely definitive.
been established that the local-spin-density approximation An alternative approach to rare earths, with consideration
(LSDA) fails to describe the electronic structure of strongly of 4f states as core states, has been affjuecbe relevant,
correlated systems such as Mott insulators, insulator ferrodue to a strong localization of thef &lectrons within the Gd
magnets, and #metals correctly>>®44The inability of the core. Thus Wuet al,*® using von Barth and Hedin's
LSDA to correctly describe #imetals occurs mainly because exchange-correlation potential, calculated thé@61) band
of incorrect position of spin-ujp; and spin-dowrf| bands if  structure by the FLAPW method. Thef 4 electrons were
the 4f electrons are treated as baridet as core states* 3¢  treated as core states, which canceled the problem of the
Harmon and Freemdhcalculated the band structure for “ghost” 4 f minority band. Despite the overly large width of
Gd by the augmented plane-waves method using théhe occupieds-d band(almost 6 eV, the results are in quali-
exchange-correlatioiX,, potential with two values, i.e.¢  tative agreement with angle-resolved photoemission
=1 (“total Slater's exchangel and a=2/3 (“Kohn-Sham  data®~>°In particular, the calculations reveal the existence
potential”). In this pioneering work, the occupied 4, states  of the spin majority—0.3 eV (in the vicinity of I') surface
were treated as core states and given, following Hund’s rulehand ofds,2_,2 symmetry>**as well as spin-minority sur-
a rigid value of magnetic moment="7ug associated with face resonance bands abodie which are observed in the
spin-up 47 electrons. In order to get the experimental valuespin-polarized photoemissighand spin-polarized inverse
of 7.55u5 for Gd, the rest magnetic moment, some @55  photoemissioft spectra, respectively. The issue of correct
was provided by properly choosing the configuration of thedescription of 4 states was addressed by Erikssoral>° It
5d6s valence electrongthese calculations were not self- was suggested that the “first-principlegpure LSDA ap-
consistent The results forek=1 were in reasonable agree- proach can be rescued and resuscitated, provided thatf the 4
ment with experiment, though obtained width of the valencestates are treated as core states.
band (from the bottom atl’; to Ef) of 3.1 eV seems too Bylander and Kleinmar**°in considering 4 states, pro-
small comparatively to derived from photoemission spectrosposed that the key to the problem is that exchange and cor-
copy value of about 4 eV. relation should be treated differently for core states and for

Ill. THEORETICAL METHODOLOGY
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FIG. 1. (Color) The bulk and surface band structures of gadolinium. The bulk band of unstrain@®03@dis shown in(a) with
spin-minority (dashed lingand spin-majority(solid line) alongl’M symmetry direction of bulk Brillouin zone. The experimental results of
spin integrated angle-resolved photoemissiBefs. 53 and S5band inverse photoemissigiRef. 52 are indicated by circles iifa), for
comparison. The experimental band structure of 4% straingd@®@d surface is shown irb) (in part, adapted from Ref. 29In (b),
downward and upward triangles refer to spin{apajority) and spin-down(minority) band characters, respectively. The theoretical band
structure(c) along thel’-M (= symmetry line in the surface Brillouin zopecalculated for a five-layer slab of @D01), with 4% expansive
strained lattice, provides a comparison with experiment. Surface §@88®nd surface resonanc€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 layer, appeat
in vicinity of I" in the relative gap in projected bulk band structure.

|
Z|

bands. Thus, the LSDA must be adequate for valence elee,=0.2 for correlation(opposite spinspotential parameters,
trons in the band states, while for core electrons the Hartreds in a good agreement with results of band calculations by
Fock approximation seems more appropriate. It should alsthe mixed-basis pseudopotential meth@Bylander and

be mentioned that authors have questioned whether thi€leinman™). Derived from the difference in occupation of
LSDA+U approach is able to provide a correct electronicthe states for majority- and minority-spin electrossj band
structure of Gd. We note that the f4as core states” ap- polarization yields a 0.57g contribution to the total mo-
proach involves certain parameters which are difficult toment. The net calculated magnetic moment per atom is also
evaluate rigorously. On the other hand, the latter method ig, good agreement with experiment, and is of order 57

not .only simpler from a computation point of view, but also  \yjith chosen parameters, the adopted description of
avoids the above-mentioned problems of the LSBAap-  gychange-correlation potential seems reasonable and can be
proach, and provides quite a reasonable band structure fofseq for 4 | SDA self-consistent all-electron calculation for

?d;thgs-q btan(gwioeléh 0J44|‘_|2 ev a{‘h‘%' no n?hrr%wfmmor-th the surface band structure. No further variations of the form
Ity bands Just abovece . ence this method seems e ¢ density functional, such as tH®W approximatior?, or

most attractive approach for purposes of our present StUdy'attempts to improve the local approximation by including
Following the methodology of Harmon ar_ld Freentan, density gradient correction&he generalized gradient ap-
we treated the core_f&_ shell as complete_ly spitup) polar- proximation) (Ref. 58 were undertaken. Such corrections
ized, and thus providing a fixed magnetic moment pig? might be essential for correct evaluations of total energy and
We do not consider the chosen methodology as a f'rStground(ferromagnetm: state® and are beyond the scope of

wngples;l apprgach,h and, foIIov(\:/img _Bylanfder anld present study as well as are believed to be unimportant to
einman;” we adopt the parameter description for correla-y ~<a hand structure calculations.

tion energy, while the core electrons are treated within the
same approximation for the exchange-correlation potential.
Obviously, properly determined parameters of the exchange-
correlation potential should yield a correct value of magnetic
moment per Gd atom. This requirement has been used in the A. fcc or hep?

adjustment of the parameter, for correlation potential

taken in thep'® form. Thus the self-consistent band structure ~ While Gd films, with thickness above 10 ML on NId.2),

for hcp Gd[Fig. 1, left panela)], obtained witha;=0.8 for  have shown to adopt a hexagonal surface structure with
exchangeg(for electrons with the same spin orientatiamd  about 4% larger in-plane lattice constdhtompared to that

IV. RESULTS AND DISCUSSION
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of unstrained GED00Y) on W(110,* it is difficult to distin-  states transform into surface resonances. Neéaneverthe-
guish such a hexagonal surface structure as corresponding |igss, there appears to be another surface state located just
either fcc(111) or hep (000 in either case. Band structure ynder the bottom of the projected bulk bands.

calculations performed for both fcc and th Gd illustrate that By Comparing calculated and experimenta| band struc-
in spite of similar bandwidths and relative location df tyres presented in Fig. 1, the origin of most of the spectral
bands, there is a dramatic distinction between band structurgeaks can be assigned. Thus tfe bands of strained

for hep and fec Gd. This is clear in the appearafge to  Gd(0001) are obviously due to surface states which diminish
two atoms in the Gd hcp unit cglbf the second bant—2  he gyrface weight alon§-M. BandB [in Fig. 1(b)] is pre-

eV atl') for the hcp Gd structurgshown in the left paneld)  yominantly a bulk band with contributions from the surface

of Fig. 1] while it is absent for the calculated band structureresommceS which increase the surface weight Medand
of fcc Gd. This band is also evident in experimgthie bands A that appears only for strained Gd filfi& unfortunately,

markedB in the central panelb) of Fig. 1, and the experi- . ; . I :
panelb) g P cannot be directly explained in terms of initial states. This

mental data for unstrained @001, plotted on top of the o o
calculated Gd band structure in the left paf@lof Fig. 1]. band may arise in angle-resolved photoemission because of

Thus adoption of the fcc Gai11) structure on the M@12  Possible influence of final states involving screening effects,
and W(110) surfaces, during film growth, can be excluded.in particular final-stated-f mixing,* and deserves further
The hexagonal film structure, found from |0W_energyinvestigation, separate from the discussion herein.
electron-diffraction studies, indeed should be attributed to The bands abov&g, D, E, andG [in Fig. 1(b)] contain
4% strained G@00J) thin film structure for Gd films grown both surface and bulk contributions. The spin-majority bands
on Mo(112 (Ref. 21) as well as the more unstrained D, aboveEg, also appear to fall into the gap of the two
Gd(000Y) films grown on W110).%° projected bulk band structure neBrand thus also may be

attributed to a surface state near the Brillouin zone center.

B. Surface and bulk states of G@0001)

An important feature of the hcp Gd structure is the emer-
gence of a relative gap & in the vicinity of thel’ point Shown in Fig. 2 are densities of stat@0S$) for bulk hcp
and along thd’—A (A) direction. This evidently leads to a Gd [Fig. 2@)], the Gd000]) surface[Fig. 2b)], and the
rise in the gap in the projection of bulk bands onto @01  Gd(0001) surface with 4% expansive strajfrig. 2(d)] that
surface, which is essential for the appearance of true_surf_aq@aS been found for Gd films adsorbed on (D)2 The
states 29r_13elasr3_5éhe center of the surface Brillouinmgast pronounced distinction between the bulk and surface
zones™ * Most of the calculated bulk bands are in hog'g s the appearance of the spin p@ipin-up and spin-
good agreement with wave-vectéangle-resolved photo- down) of high narrow peaks belovie:. Obviously, these
emission and inverse ph.oto.emission' experiments, as i"usﬁeaks originate from the flat surface ban@sin st'rained
trated by the Ieﬁ panel) in Fig. 1, while Fhe experlmeﬂtal Gd(0001) and their equivalent counterparts just above and
bands neakg, in the range froml” to midway to theM  pejowE. in unstrained GED00D. The strain causes a notice-
point, occur within the gap and are acknowledged surfacgye redistribution of heights for spin-up and spin-down sur-

3-55
states. face peakgC) as well as for peaks abo\E: . It should be

This is also true for the related bands observed Witrh - : : :
: . oted that, in spite of narrowing bands, the width of the
strained GEO00 grown on Md112 markedC in the cen- valence band beloier remains unchanged with the strain.

tral panel(b) of Fig. 1. These band¢'C” ) are found to be This feature follows from a “pinning” of the Fermi level to

sensitive to surface contamination and exhibit a conservatioH1e surface states which strongly contribute to the spectra

of the two dimensionality O.f the stat@ehis iS. to say these. There is a qualitative agreement between density of states
bands do not show any noticeable dispersion with changmgOr the bulk hcp Gd[Fig. 2@] and typical spin-resolved

8,21 :
photon energy ork, )™ and therefore are attributed to hotoemission and inverse photoemission spectra for

surface-induced features. Hence, while the other band - ; :
(A~G) may be related fo specfc projcted bulk bands o (1 o1 WD a1 thel pont [Pl 20) and
bandsC appear within the gap in vicinity of th& point, point® [Fig. 2(e)]. However, the spin-minority SPES peak
which also indicates a surface origin of these states. just below Ex does not fir;d corresponding peak in bulk
The band structure alonf-M (X symmetry line in the pOS's. Such a peak emerges from surface bands, as evi-
surface Brillouin zong calculated for a five-layer slab of gently follows from surface DOS's shown in Figgbp and
Gd(000D) with a 4% expansive strained lattice, is presentedy(d). Worth noting are the changes in height and position of
in the right panel(c) of Fig. 1. Surface states and surface the pulk peaks at-2 eV[Fig. 2a)] which, in surface DOS’s
resonances for spin—majority_ and —minor@ty electrons arqFig. 2(b)], increases in binding energy t62.8 eV. On ex-
marked by solid and dashed lines, respectively. True surfacgansive strain, this pair of peaks further increases in height
states, with more than 90% of the charge in the outmosfyhile their position stays almost the same.
surface layer, appear in the vicinity bfin the relative gap in Obviously, the surface DOS resembles the band structure
the projected bulk band structure. This gap closes about midntegrated over entire surface Brillouin zorBZ) while
way to M along the high-symmetry line, and the surfacenormal-emission photoemission spectra correspond td'the

C. Density of states
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FIG. 2. (Color. The experimental results and
theoretical calculations of density of stat&09)
for unstrained(on the lefy and strainedon the
right) Gd(000)) thin films. (a) and (b) are the
calculated unstrained hcp @001 bulk and sur-
face DOS's, respectively, with two spin majority
(solid lineg and minority (dashed lines indi-
cated.(c) is the experimental results for spin po-
larized photoemission(Ref. 56 and inverse
photoemissioft of unstrained G(001), grown
on W(110), at theI point, with spin up(up ward
triangle and spin down(downward trianglgin-
dicated(Ref. 8. The calculated surface DOS for
4% expanded strain G@001) is shown in(d),
with the theoretical DOS indicated according to
the spin majority(solid lineg and spin minority
(dashed lines (e) and (f) are the experimental
results of strained Gd, grown on a Kd2) sur-
face, with spin up(upward trianglg¢ and spin
down (downward trianglg at different symmetry
points, (e) for the I" point (f) for the M point of
the surface Brillouin zon¢Ref. 29.
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point. This can be the reason why the normal-emisgldn increasing localization. This would not be well modeled
photoemission peaks at2 eV do not agree in binding en- when the 4 states are treated as core states. Such models
ergy with the surface DOS. It is well known that the surfaceexist®®?but are beyond the scope of this paper.

sensitivity of the photoemission increases with increasing
collection angle for photoelectrons, and these bands are well
established to be very “bulklike” in character at normal For E and G bands, separation of bulk and surface yields
emission in the unstrained GD0) thin films3° The peak in  is somewnhat involved because of close proximity of the bulk
the surface DOS with energyefEg) below —2 eV origi- d bands in this energy range, which makes the surface reso-
nates from flat fragments of bands in vicinity BF (cf. Fig. ~ hances rather weak. Nevertheless, the enhanced surface sen-
1), and therefore it is not surprising that angle-resolved phoSitivity of the inverse photoemission in combination with the
toemission(ARUPS spectra, for strained G@001) films, agreement with theory permit some determination of symme-

obtained for electron collection angle of 16°, which corre-1ry and surface Weight._Above the Ferm_i Ie_vel, the DOS is
strongly peaked while inverse photoemission spectroscopy

sponds to thel point in the surface BZFig. 2f)], agree  (pgq ‘spectra, because of limited experimental resolution,
with the DOS calculated for strained ®®01) surface[Fig.  are rather smooth, which complicates their analysis. To fa-
2(d)]. _ ) cilitate a comparison with experiment, the DOS’s ab&e

Not only do the bulk bands on the occupied side, wellpresented in Fig. 3 are smoothed and arbitrarily scaled, while
below E¢ (~—2 eV), change the spectral weight Btwith  the spin-majority spectrum is decomposed into Lorentzian
increasing straifiFig. 2(c) and 2e)], but, as noted elsewhere, peaks, which are shown at the bottom of Fig. 3 by dotted
they also change symmetry. These bulk bands am®,ofor  lines. _
a;) symmetry @s,2_,2) in the unstrained G800J), but of In the vicinity of I', the point group symmetries are the
As, Ag (or e p) symmetry @,,,dy,) in strained G@001).**  most restrictive and will have the greatest influence on the
The possibility exists that the rare-earth band structure i®onding hybridization possibilities. At thE point, theCs,
perturbed byf-d and f-s hybridization(as previously sug- group symmetry(reduced fromCg, because of the hcp lat-
gested elsewhet®. This could be more pronounced with tice packing selects the states that can contribute to the IPES
strain, due to the increasing overlap @fand f states with  signal. Transitions from the free-electron state to the unoc-

D. Symmetry
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assignments, and roughly similar band separations for the
unoccupied levels nedt: obtained in resonant photoemis-
sion for relatively extensively strainediltrathin) Gd(0001)
on W(110 and Gd0001) on Cu100).%% The agreement be-
tween resonant photoemission and the total density of states
is possible because resonant photoemission involving the un-
occupied states is dominated by the integrated unoccupied
density of states in the intermediate excitation, rather than by
the wave vector.

Most of the bands found from ultraviolet photoemission
spectroscopy and IPES studies for strained8al) films
can be convincingly explained with respect to the bulk/
surface contribution which changes alohtyl. The surface
bands for strained Gd are found to be much similar to those
for unstrained G@O00Y). This is not surprising because in
experiment the main difference has been found for features
that can be attributed to bulk.

Intensity (arb. units)

V. SUMMARY

E-Eg(eV) Most of the bands found from experimental wave-vector-
dependent spin-polarized band mapping studies for strained
FIG. 3. The theoretical density of states ab&eare compared Gd(000]) films qualitatively resemble the theoretical band
with experiment. The theoretical DOS has been smoothed and arbgtructure. The relative bulk/surface contributions aldhiyl
trary scaled to facilitate comparison with the SPIPES data. Thean be convincingly assigned on this basis. The surface
spin-majority spectrum is decomposed into Lorentzian peaks whiclbands for strained Gd are found to be very similar to those
are shown by dotted lines. To illustrate symmetry of the surfacefound for unstrained G@001). Expansive strain does result
states/resonances, the charge distributignthe XZ plane which is  in an increase in the exchange splitting and increased local-
normal to the mirror planeat I" for two such states, located at the ization both in experiment and theory, particularly at the
outmost surface atoms, are shown in the inset. The calculated Spi%‘urfaee.
minority s_,urface stat_e, at1.0 eV at_the_l“ point, yields the peak The results of this comparison do suggest a possibfe
+0.7.eV in the density of states which is 64,22 symmetry that 1, 5 ation in either the photoemission initial state or final
Is favorable for enhanced inverse photoemission. In contrast, they o affecting the bottom of the valence band to an appre-
spin-majority iurfacekr:8n3anf/e at).?bev ?tt_LhetF dp;)lnt,t Vch'Ch.th ciablé extent. The unoccupied bands for strained0Gal
ives rise to the pea .3 eV, may be attributed to states wi Co . .
gdd symmetry, scF; that the relative I)I;ES peak is noticeably dimin-ShOW the character_lstlc dispersion predlgted by theory and a
ished. number of unoccupied states have been identified, which was
not previously possible.

_ ) ) Not only is this work consistent with the influence of
cupied bound states afy, states is forbidden by symmetry strain in rare-earth alloys;?° but similar strain effects are
selection afl’, while transitions to thel,>_,2 state are sup- syggested by the work in rare-earth compounds. The extent
pressed by the conservation of thg rule. Thus transitions  of in-plane strain is clearly seen to affect magnetic properties
to thep,, Py, Py, dxz, dy, andds,2_,2 symmetries are the of the manganese perovskites;LaA,MnO;.%~ These are
dominant and almost exclusive contributions to the spectra igso local moment ferromagnetic systems. Unfortunately, the
inverse photoemission. band structure must take into account a realistic model of the

To illustrate symmetry of the surface states/resonancegyrface band structure and surface composition in such sys-
the charge distributionén the XZ plane which is normal to  tems, which can be quite complex in alloys and
the mirror plané at I' for two such states, located at the perovskiteéﬁ_es so that a Comparison, similar to the one
outmost surface atoms, are shown in the inset in Fig. 3. Thu§resented here, between the experimental band structures in

the spin-minority surface state atl eV atl" is found to be  the perovskite systems with theory presents a very significant
predominantly ofds,2_;2 symmetry, so that it is favorable challenge.

for enhanced inverse photoemission. In contrast, the spin-

majority surface resonance &0.7 eV at thel” point, which

gives rise to the peak in the total density of states @3 eV, ACKNOWLEDGMENTS
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