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Wave-vector-dependent exchange splitting in a local moment system
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The electronic structure of strained thin films of Gd has been studied with spin- and angle-resolved photo-
emission and spin-polarized inverse photoemission. The spin-dependent electronic structure is dominated by a
very distinctk dependence of the exchange splitting. The surface magnetic structure is observed to be different
from that of the bulk, as indicated by the different electronic structure and a much higher surface Curie
temperature. The 4% strain within the Gd films results in an enhanced Curie temperature.
[S0163-182698)06435-2

I. INTRODUCTION function overlap and &,6s itinerancy* Expansive strain
within the hexagonal closed-packed system substantially al-

It has been postulated that the magnetic couptihgnd  ters the electronic and magnetic valence-band struéfure.
exchange splitting*® are wave-vector dependent, although The strain should result in increased electron localization of
no direct experimental evidence has been provided to date e itinerant %,6s valence electroté*"?®and possibly in-
confirm this proposal in an elemental system. Indirect affir-crease the Curie temperatdfe? With this in mind, we stud-
mation fork-dependent exchange splitting has been provideded the wave-vector dependence of the spin-resolved band
for Gd(0001),*>**Ni,*>1®Fel”8and Co'® Gadolinium is a  Structure of strained thin films of G&Ref. 27 with spin- and
ferromagnet where spin-spin couplifgjpole-dipole interac- ~angle-resolved photoelectron spectroscopy.
tions) is generally considered to be strong, while spin-orbit
interactions are expected to be weak, because of the half-
filled 4f shell. Crystal-field effects may couple the dipole to Il EXPERIMENT
the lattice, leading to some crystalline anisotropy. Nonethe- Strained thin films of gadolinium with an increased lattice
less, because of the strong dipole coupling, gadolinium igonstant of approximately 4% as compared tq@@1), and
less likely than transition-metal ferromagnetic systems to exa well ordered hexagonal surface unit cell were obtained by
hibit a wave-vector-dependent exchange splitting. Manygrowing Gd on the corrugated surface of M#2).2” The
have come to expect to observe a pronounced wave-vectarave-vector-dependent electronic structure of Gd films of 15
dependence of the exchange splitting primarily in compoundo 40 monolayerdML) thickness was studied in a UHV
systems where the lattice contains atoms with both small anglystem at the new U5UA undulator beamline at the National
large moments in an ordered array; such is the case of coballynchrotron Light SourcéNSLS) at the Brookhaven Na-
with chemisorbed oxygéfi or the rare-earth pnictid®sbut  tional Laboratory’! using a spin- and angle-resolved photo-
not in local moment elemental systems. In reality, this desiremission analyzer, as described in detail elsewffeFlae Gd
for simplicity really has no foundation in band structure.  films were magnetized in-plane along the substrate corruga-

While a number of studié$2*find a largely Stoner-like tion lines and spin-polarized photoemission spectra were ac-
temperature dependence of the exchange splitting foguired in remanence using photons of 35.2 eV, incident at an
Gd(0001), and one such stud§suggested that the exchange angle of 65 ° relative to the surface normal. The combined
splitting was wave-vector independent, there isanpriori energy and angular resolution were better than 0.15 eV and
basis for either conclusion. Finite temperature band-structure: 1 °, respectively. The surface and bulk character of the Gd
calculations suggest that the exchange splitting in gado-bands has been determined from chemisorption studies and
linium is, in fact, wave-vector dependent. Further, gadophoton energy dependence, while the symmetry of the bands
linium is expected to be an example of wave-vector-has been ascertained from the light polarization dependence
dependent coupling* studies as described in detail elsewhere.

The temperature dependence of the gadolinium band The spin-polarized inverse photoemission experiments
structure is dominated by the interplay between Stoner-likavere undertaken with a transversely polarized spin electron
ferromagnetism where the exchange splitting collapses tgun based upon the Ciccacci desfgiThe spin electron gun
zero atT¢ and spin-mixing behavior where there are fourwas designed in a compact form on a separate chamber
subbands whose populations tend towards equal weidght at equipped with an iodine based GeigerdMu isochromat
but the binding energies do not shift with photo detectof*® The spin-polarized electrons were emit-
temperatur&!?2525The magnetic structure of gadolinium is ted from a GaAs photocathode into a spin-rotétét>’and
strongly influenced by the intra-atomicf45d,6s) wave-  subsequently to the electron optits® ¢ The direction of
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FIG. 1. The in-plane hysteresis loop of a 10-ML-thick film of
strained gadolinium grown on Mbl12). The magneto-optic Kerr
effect hysteresis loop was taken at 130 K.

electron polarization is in the plane of the sample for all
incidence angles, as is the applied field, and spectra were Binding Energy (eV)
obtained at remanence. The GaAs photocathode was . _ o .
mounted on a sample transfer arm separated from the spec- FIG. 2. Spin-polarized photoemission spectieft) and spin-
troscopy chamber by a gate valve so that cleaning of both theelarized inverse photoemissidright) for Gd(0001) on W(110
Mo(112) substrate and the GaAs photocathode could be adLnstrainesiand Gd0001) on Mo(112) (strained atk;=0 orI" and
complished without cross contamination. approximately 145 K. The lines schematically indicate the binding-
Moke studies were undertaken to obtain the hysteresi§nergy shifts of the surfadelashedand bulk(solid) spin subbands
loop of the in-plane magnetization. A SpetraPhysics 117a 1.85 @ function of_ m_creased expansive stra_un. The spin-polarized in-
mW He-Ne laserX =632.8 nm), chopped at a frequency of verse photoemission spectra for unstrained0B@1) grown on
1 kHz and linearly polarized, was used. As seen in Fig. 1, thé{v(llo) are taken from Ref. 39.
coercivity of the strained GA00Y) films (10 ML in this ) i _ o o
exampl@ is about 30 Oe. Both the spin-polarized photoemis-Gd(OooD spin-polarized inverse photoemission data in Fig.
sion and spin-polarized inverse photoemission are undeR Were adopted from Donath and co-work&t&oth the oc-
taken in remanence, and since the applied pulsing fields af@/Pied and unoccupied bands of the strainedoGal films
in excess of 300 Oe, the films are clearly saturated after eacfoWn on Md112) are distinct from that of the relaxed films
pulse. Remanence is seen to be quite Higiy. 1). Instru-  grown on W110. o
mental asymmetry in the electron spectroscopies has been The unstrained G@001) valence band at the Brillouin-
removed by alternating the direction of the field after eachzone center I) is characterized by Stoner-like exchange
sweep of electron energy analyzéspin-polarized photo- split 5d bulk band$?2°at binding energies of approximately
emission or the electron gun energgpin-polarized inverse 1.5 (majority) and 0.8 eV(minority) and two sets of spin-
photoemissionpand summing appropriately to form the spec- majority and -minority subbands of the surface on either side

tra. of the Fermi levef>2>3%-%1There is also a pair of exchange
split unoccupied bulk bands observed well above the Fermi
39
lll. THE INFLUENCE OF STRAIN ON THE SPIN- level. _ _ , ,
POLARIZED BAND STRUCTURE OF Gd (0001 In the strained Gd fllms, the(ﬁBS OCCUpled bulk Spin-

majority and -minority subbands are found at approximately
Strained thin films of gadolinium with an increased lattice | g gy binding energy ar. with negligible Stoner-like ex-

constant of about 4% as compared to(@I01) have been change splitting. These bulk bands change symmetry from
obtained by growing Gd on the corrqga_lted surface OfAl,A2 (5d,2_,2,68) for unstrained GED00D on W(110) to
Mo(112). The growth, structure, and spin-integrated elec- A at T with the 4% expansive strain on ML2.2”
tronic structure of these strained gadolinium films have bee ﬁéreﬁ are other bands. with alzleast some bulk characfer both
described at great lengff. Ultrathin (3<d<10 ML) and near and well above the Fermi level, as indicated in Fig. 2.

thin (d>10 ML) films of Gd order in well defined rectan- The narrow surface state near the Fermi level of the un-

gular and hexagonal surface unit cells, which resemble, _. X . . L
. — . ) Z Strained GA00)) is also shifted towards higher binding en-
strained Gd(102) and strained G@00Y), respectively. ergy and appears substantially broadened with expansive

The influence of strain on the spin-polarized electronicgir4in For “unstrained” G@01) grown on W110), the oc-
structure of Gd is illustrated in Fig. 2, where the combinationcupied predominantly spin-mixed majorityd5_ 2,65 sur-
of normal-emission spin-polarized photoemission spectra, . ctate is located at approximately 0.1 eV béMFigs.
and normal incidencel{) spin-polarized inverse photoemis- 2 and 3 and the unoccupied minority counter part of the
sion were taken for straind@d on Md112)] and unstrained  syrface state at approximately 0.3 eV above the Fermii&vel
[Gd on W(110] Gd(000) atk;=0 orI'. The “unstrained”  (Fig. 2), though the binding energy of the various compo-
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. . . means conclusivegSuch a straddling across the Fermi level
TITS™ M T/T e T of this spin-majority bulk band would act to cancel some of

4 the net polarization of the spin-minority surface state that
1.00 (A 1.07 %\j
ot N
X
X

> oIF

also may cross the Fermi level, thus leading to little net

: polarization in our spin-polarized inverse spectra, as ob-
3 served) The spin-majority bulk band at 0.4 eV binding en-
L™ é N ergy of the strained Gd film continues to have an unoccupied
056 ;‘A& A £ counterpart, and the combined spin-polarized photoemission
Ay

change splitting of this bulk band of about 1 to 1.5 eVlat
W & The “corresponding” bulk bands in “unstrained” GA00J)
Iz vy, are located approximately 1.5 eV above the Fermi Ié¥al,

%
Y 071 M I the zone center, and cross the Fermi level about halfway
W W &

across the zone in unstrained Gd. This shift, with expansive
strain, in the unoccupied bulk band binding energieF &
also illustrated in Fig. 2. The expansive strain induced the
binding-energy shift of some of the bulk banfisear the
Fermi level in strained G@001)] and also appears to be
accompanied by a symmetry change frdm,Ag (Ref. 43

4 toA;,A, (5d,2_,2,6s) atr.?’ Accompanying the expansive

x5 g
- § w 0.94 ‘W i and spin-polarized inverse photoemission indicate an ex-
X
]
4

«~—Asymmetry (%)
N
&
s
£
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2 ' ' M1 20 Eda ' ' strain, there must be a substantial change in the band struc-
10 W ‘lv\ox 10 | h ture, elsewhere in the Brillouin zone, to both preserve charge
o — . ; 50 N O . . ; neutrality and correctly populate bands.

0 3 2z 1 o0 M0 3 2 1 o

The shift to higher binding energies of the Gd surface
states(majority and minority under the influence of expan-
FIG. 3. The temperature dependence of the valence band q[Tlve strain is In agr,eeméﬁ“"”th the straln-lgguced shifts of

. — e surface-state binding energy for A41).”™ There, com-
s_tralned Gd near the zone edde(left pane) and at the zone center pressive strain results in the upward shift of the sharp
I' (right pane]. Spin-majority and spin-minority components are aq111) surface state across the Fermi level, where it is cut
indicated by &) and (V), respectively. The temperatures are indi- off by the Fermi function and undetectable V\'/ith photoemis-
cated as a function of the corresponding bulk Curie temperatures..On In both exampléGd(0002) and Ag111)], the strained-
The spin asymmetries for the Iow-tempera_ture spectra are displc';lye|?|@1du'Ced shift of the surface stésgmay be ex’plained by the
in the bottom of each panel. The spectravatwere acquired for a phase accumulation mod¥.

Gd film of 40-ML thickness with a corresponding bulk Curie tem- One profound consequence of the expansive strain is the
perature of approximately 340 K, while the spectra at normal emisbhange in the surface and bulk Curie temperatures. Using the
sion are tgken for a 16-ML Gd film with a bulk Curie temperature surface state and bulk band exchange splitting ana polariza-
of approximately 270 K. tion we have been able to estimate the surface and bulk Curie

_ temperatures. The thicker strained gadolinid@®@01) films
nents of the surface state is dependent on temperature W‘fgpproximately 40 ML of Gd on Md12)] exhibit an en-

away from T¢.2****2In the valence band of the strained panced surface Curie temperature of 325 K and bulk
Gd(000)) films grown on Md112), there are three features cje temperatures of 34620 K.*” These values are much

near the Fermi level0—1 eV binding energy Two features,

the spin-majority state at 0.7 eV belo&r and the spin- fTB=203 K TS : t 1 f
minority state at 0.2 eV binding energshough this band (0003 of Tc=293 K and ar¢ ranging between 310 kRef

: . 48) and 350 K* In fact, the strongly enhanced Curie tem-
may possibly cross over the Fermi leveke the exchange eratures for expansively strained @002 are all the more
split surface b-a.nds. The s.urface _c_hgracter of these two Statgﬁrprising in view of the fact that an enhanced surface Curie
has been verified by their sensitivity to small amounts Oftemperature for the thinner films of @DOD grown on
adsorbates and their two-dimensionality of state. Bot (110 has been called into questiéti>®*°Nonetheless, the
surfa_ce-sensmve fea%l%res do not disperse with _changmg peEhange in the critical temperatures with expansive strain is
pendlpular momentu and are therefore confmeql to the_ consistertt with the decrease of the Curie temperature in
two-dimensional plane at the surface. Expansive Stra"badolinium with pressure?
within the Gd films induces a “downward” shift of the un- '
occupied surface state across the Fermi level but without the
symmetry change that occurs with strain for the bulk bands.

There is a third feature in the valence-band region Bgar
for strained G@001) grown on Md112). This is an addi-
tional bulk band of majority character, located at approxi- The spin-resolved temperature-dependent electronic struc-
mately 0.4 eV binding energy @&/ TE<0.7. This bulk band ture of the valence band of strained @Gd0Y) is illustrated in
may also actually trail across the Fermi level to the unoccuFig- 3, which shows valence-band spectra acquired at two
pied side and this is certainly suggested by the spin-polarize@istinct_electron wave vectors—the surface Brillouin zone
inverse photoemission specttBig. 2), though it is by no center,I' (kj=0) (right), and near the zone eddd (K

Binding Energy (eV) Binding Energy (eV)

higher than the expected values for unstrained gadolinium

IV. WAVE-VECTOR-DEPENDENT EXCHANGE
SPLITTING
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ff‘jﬁ%“ﬂv Iy FIG. 5. Spin-integratedleft) and spin-resolvedright) band
A"‘M g = J . structure of a 40-ML-thick strained Gd film at approximately 145
M "a&’j . _ K. The filled symbols indicate bands with bulk character while the
. K open symbols mark the binding-energy positions of states with sur-
0=0° s face character. The spin-resolved band structure in the right panel
L L L e indicates majority {\) and minority (V) bands. The hatched region
Bilzdinngnerlgy (e\of) ™ near the Fermi level indicates the limited resolution.

FIG. 4. Spin-polarized emission angle-dependent valence-bantiStoner-like” collapse of the exchange splitting as is evi-
photoemission spectra for various points along M high-  dent by the decrease of the exchange splitting with increas-

symmetry line. The spectra were acquired for a 40-ML-thicking temperature(Fig. 3, left panel The bulk bands of
strained Gd film at approximately 145 K. Spin-majority and spin-

minority components are indicated bA§ and (V), respectively. _stralned G003 atM are not P“re'Y Stor_ler-ll_k(_e n behav_-
The bottom right panel displays the hexagonal surface Brillouini©"> @S all four subbands expected with spin-mixing behavior,
zone of strained Gd. can be readily identified for the bulk band at 3 eV binding
energy forT/T2=0.48, as seen in Fig. 3.
=0.96 A1) (left). There are compelling differences in the ~ Further evidence for wave-vector-dependent exchange
spin-resolved spectra for the two high symmetry poiﬁts splitting is provided by emission angle—de.penden.t spin-
— resolved valence-band spectra of a 40-ML-thick strained Gd
andM. _ film as shown in Fig. 4. The majority and minority subbands
For 40 ML of strained G(00D grown on Md112), the of the valence band are plotted across the surface Brillouin
Gd 5d bulk bands, at 1.8 eV belok, at the zone center —  —
= . . . . .. zone fromI" to M. It can be seen that the bulk bands at 1.8
(T"), are characterized by spin-majority and spin-minority — o
components with very similar binding energies and a spirfV PelowEg atI' disperse and split into two branches. Ac-
asymmetry of approximately 12% f(Tr/T(B::O.SG. This spin  companying the dlspe@on of these occupied bulk bands of
asymmetry is comparable to the background polarizatiodts Or Ag symmetry atl” with increasing wave vector, the
(2.5-4.0 eV binding energyas seen in the plotted valence- exchange splitting gradually increases, reflecting the transi-
band spin polarization on the bottom of Fig. 3. The uniformtion from little or no exchange splitting dt to the large
polarization in the region of 2 eV binding energylatand ~ exchange splitting of the strained occupied Gd bulk bands
the negligible difference in binding energy between the twotowardsM .

spin components of the bulk band are indicative of a band A spin-resolved experimental band structure frémto
with very little exchange splitting and little spin-mixing

101214 : . . "9 M, constructed from the angle-dependent spin-resolved
behavior: Itis worth notmg again that while t_h_e occupied \ajence-band spectf&ig. 4), is presented in the right panel
bulk bands afl” at 1.8 eV binding energy exhibit no more

: ¢ of Fig. 5 for T/T¢~0.5, while the spin-integrated band struc-

near the Fermi level exhibit substantial ferromagnetic behavhang structure confirms the increase in exchange splitting of
ior and an exchange splitting of 1-1.5 eVIat(Fig. 2). the Gd ly,,,, 6pyy, or 5dy2_y2 bulk bands with in-

In contrast, neaM the two nondegenerate Gdlg,y, Or  creasing wave vector from less than 0.05 edab 0.27 eV
5dy2_y2 occupied bulk band$ at binding energies of ap- at M. The actual change in exchange splitting across the
proximately 1.8 and 3.0 eV show a cIeaEEXChange splittingrillouin zone has been plotted in Fig. 6. The spin-resolved
of majority and minority subbands. Fa7Tc=0.48, the en-  pand-structure measuremeri&g. 4) also reveal the exis-

ergy separation of the two spin components of both bulkence of three subbands near the Fermi level, which cannot
feature is approximately 0.27 eV. M these bands exhibita be resolved in the spin-integrated band structir@he
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(Figs. 3 and 4 In the region of the zone about halfway along
'3 M, the surface spin-minority band overlaps with the bulk
spin-majority bandFigs. 4 and b and bulk character con-
tributes to the otherwise surface-sensitive band. We have
postulated that the lowered symmetry, in midzone, allows
hybridization of the surface state with the bulk majority
bands near the Fermi level. Due to tkelependent hybrid-
ization of the surface and bulk electronic structure, the states

=l
~
!
<

06| ' ' [ . with considerable surface sensitivity resemble surface states
S 04 _ at both high symmetry point6 and M but are more like a
2 .l ] surface resonance in the Brillouin-zone intefibr.
<]5 The surface states/surface resonances of the strained
0.0 7 Gd(000)) disperse less than the bulk ban@&gs. 4 and 5
- and are therefore far more localized than the bulk bands, as is
® 6 _%\%\—é———% i the case for unstrained @D01).'%'**! The wave-vector-
= dependent exchange splitting of the surface states/resonances
g r il is different from the bulk and so is the magnetic behavior.
.§ 8+ . This is evident in the distinct wave-vector dependence of the
E 4L | surface bulk band exchange splittings strained(0B@1)
S O_HH | plotted and compared with the bulk band exchange splitting
Cce e e in Fig. 6. The surface-state exchange splitting is large at the

0.0 0.5 0.0 0.5 Brillouin-zone center f,,~0.45 eV) and at the Brillouin-

k, (A'l) zone edge 4.,~0.57 eV), but develops a minimum of the
o _ exchange splitting at the Brillouin-zone interiorA ¢,
FIG. 6. The exchange splittingop) and spin asymmetrgbove ~0.10 eV). The region in the Brillouin zone aloitM

baCkground.bOttom of the SurfaCE{Op.en symbolsand bulk(filled where the exchange splitting is at minimum coincides with
symbolg spin subbands as a function of wave vector. Data areth region where th o in-minority band overl
shown for a strained 4-ML-thick (1@) thin film (left) and a 40- ¢ r€dion Where the surface sp ority band overiaps

ML-thick (right) strained(000D Gd film grown on Mg112. The  With the bulk spin-majority band. The postulated hybridiza-
data points have been extracted from spin-polarized photoemissidiPn Of the surface state with the bulk majority bands near the
spectra at 145 K. The Brillouin-zone symmetry points are indicated=€rmi level results in greater bulk-like behavior in this re-
at the top. gion of the Brillouin zone. Due to thk-dependent hybrid-
ization of the surface and bulk electronic structure, the states
region of background polarization is, however, greatest aboutith considerable surface sensitivity resemble surface states

the zone center as seen in Fig. 7. at both high symmetry pointE andM but are more like a
surface resonance in the Brillouin-zone interior. The collapse
V. WAVE-VECTOR DEPENDENCE OF THE SURFACE- in the large exchange splitting of the surface-sensitive feature
STATE EXCHANGE SPLITTING can be attributed to the wave-vector-dependent change from

At the high symmetry points, the surface character of thé? Surface statezone center and zone edge a surface reso-
spin-majority band at 0.75 eV binding energy and the spinance (zone interioy.=" The dip of the surface exchange

minority band at 0.2 eV binding energf AT c~0.5) is clear splitting is also reflected in the spin asymmetry, which re-
duces to 4% in the Brillouin-zone interior as compared to

o L L L . 10% at the zone center and 12% at the zone d&gg 6).
Nonetheless, for the surface there is little difference between
1154 - the exchange splitting at the zone center and at the zone
1o : edge.
= Model calculations for surface states in a correlated local
£ 10.5- = moment filn® have shown that the surface states are ex-
,§ 10.0 L pected to be strongestBtandM and weakest in zone center
E (at best they could only be described as one contribution to a
£ 957 B bulk band, as is observed in the experimental studies of
9.0 L strained G@O001) described here. These model
. calculations® have resulted in surface-state band dispersion,
010 012 ' 016 relative to a bulk band near the Fermi level, that are very

0.4 e .
2.1 similar to the experimental results shown here. If the model
k" (A ) . . _
calculations can be compared to the experimental results de
FIG. 7. Wave-vector dependence of the valence background po:cTiP€d here, this suggests that the hopping is either much
larization. The data points present the averaged background, intg@reater or much weaker in the surface, atfhandM points
grated over the entire valence-band region. within the Brillouin zone, than is the case for the bulk.
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FIG. 8. Emission angle-dependent spin-polarized photoemission 0.4 0.6 0.8 1.0 1.2
spectra of a 4-ML gadolinium film on M&12) at 145 K. These T/T. (bulk
spectra of the “strained GA012)” thin film exhibit little bulk band c (bulk)

exchange splitting, the features at higher binding enexgies text FIG. 9. (a8 The temperature-dependent exchange splitting for

VI. WAVE-VECTOR DEPENDENCE OF ULTRA- the surface(filled symbols and the bulk(open symbols at I"
THIN GADOLINIUM FILMS GROWN ON Mo (112 (boxes andM (circles. The temperature-dependent spin-resolved
o o binding energies are displayed (i) and(c) for wave vectors cor-

Thin films of 3—20 ML of gadolinium grown on Md12) responding taVl andT of the surface Brillouin zone, respectively.
adopt a structure similar to that of strained Gd@D1’"  The different symbols indicate majorityA) and minority (V)
These thinner films, as yet, cannot be grown with the flabands, as well as bands with bulk charadigpen symbolsand
surface and crystalline order of the thicker 40 ML of strainedstates of surface charactgilled symbols.

Gd(0009) on Mo(112),>* but band structure is evideft.

The band structure of strained Gd(2)1is distinct from  5dx2_y2 bulk bands is negligible, for either strained
that of strained G@001), which is manifested in the negli- Gd(000D [40 ML of Gd on Md112)]. This is also seen for
gible dispersion of the bulk bands—2 eV belowEg).?’ The  strained Gd(102).
exchange splitting of the bulk bands well below the Fermi

|eve|27 of this thinner film (Wlth the reCtangUlar Brillouin VIl. TEMPERATURE DEPENDENCE OF THE EXCHANGE

indicated in Fig. 6is small throughout the surface Brillouin SPLITTING
zone and exceeds the experimental resolution of 0.05 eV _ _
only near the zone edg@ (A.,~0.07 eV), as seen in Fig. The temperature dependence of the occupied spin sub-

8 for a 4-ML-thick film. This is summarized in Fig. 6. There bands of strained GA00Y, as shown in Fig. 3, is summa-
is also no significant polarizatiofabove backgroundn the rized |n.F|g. 9, excluding the bulk bands close_ to the Fermi
region of the Gd bulk bands for any wave vector. The ex/€Vel- Figures &) and dc) present the occupied subband
change splitting of the surface state of the Gd(@pfilms is ~ binding energies aM andI’, respectively, while Fig. @)
of the order of 0.25 e\(for T/T.~0.8) with little variation =~ Summarizes the exchange splitting of surface and bulk occu-
for different wave vectors. This exchange splitting of thepied bands and these high symmetry points.Mitthe ex-
surface state must be taken as only an estimate in the absend&nge split majority and minority components of both bulk
of spin-polarized inverse photoemission and may be greateand surface merge nearly symmetrically with increasing tem-
if the minority component straddles the Fermi level. The spinperature. At the bulk Curie temperatUré/Tc(bulk)=1 or
polarization in the region of the surface-sensitive states apabout 34020 K] the bulk spin subbands overlap, but the
proaches approximately 17%bove background surface majority and minority states are still exchange split
At T, the exchange splitting and polarization behavior ofPy approximately 0.1 eV, accompanied by some persistent
the occupied bulk bands, away from the Fermi level is simi-SPin asymmetry in the region of the surface state, indicative
lar for both thin, 3—10 ML, the thicker, 40 ML, gadolinium ©f an enhanced surface Curie temperature (329 K). For
films grown on M@112). As we have already noted, at zone theI’ high symmetry point the surface is characterized by an
center, the exchange splitting of thed,5,,, 6pyy, or  exchange splitting that decreases with increasing temperature
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unlike the bulk band at 1.8 eV binding energy, which doesyransform to ferromagnetic bands Mt with the characteris-

not exhibit any significant exchange splitting throughout thetic temperature-dependent exchange splitting where the in-
mapped temperature region. Figure@9 displays the i ence of short-range magnetic order on these bulk bands is
temperature-dependent exchange splitting of the Gdyeatest. This is in contrast to the bulk bands of unstrained
S0xzyz:  6Pxy, OF SOye-y2 bulk bands and the G400, which exhibit significant “Stoner-like” exchange
5d,2_,2, 6s surface state for two wave vectors correspond- . . — 5
. . L= = splitting atI".
ing to the high symmetry pointgl andI’. As we have noted,

the bulk bands do not exhibit an observable exchange Splitrhach?/rit)(;otZ?Jﬁ(aEZﬁg’sttgtee 3(|st§nc§mor;ettrr1§ O?E:UDIE?) spin-
1,22 ’ Z

ting at I' but have substantial temperature-dependent exor 54, , . character close to the Fermi level for strained

change character at. Gd(0001), across much of the Brillouin zone, will do much
The surface exhibits “Stoner-like” collapsing band be- to increase the spin-majority population, at the expense of

havior with exchange splitting energies about twice as larggpin minority. This latter bulk band straddles the Fermi level

as compared to the largest bulk exchange splittivg).(  With the spin-majority weight observed to be, at least largely,
Given the large electron localization indicated by the ab-occupied, while the spin-minority weight is largely unoccu-
sence of surface-sensitive band dispersion, we suggest thatpied atI" (Fig. 2). The effect of the increase in the spin-
addition to the very large exchange splitting of the surfacemajority density, particularly so close to the Fermi level,
state, the surface electronic structure also exhibits some spimay be a significant factor in increasing the Curie tempera-
mixing behavior. The data are consistent with this postulateture of strained gadolinium grown on NIdl2) as compared

as indicated by a concomitant loss in spin asymmetry of théo the unstrained gadolinium. The increase in localization
spin-majority surface stat@ig. 3) with some indications of must lead to a greater overlap of thd/6s orbitals with the

all four expected subbands Mt of both the surface state and 4f. The concomitant increase indBs polarization more
the occupied bulk bands at about 3 eV binding enéRjgs.  than overcomes the decrease in coupling due to the loss in
3 and 4. The large exchange splitting of the surface statdtinerancy, judging by the increase in the Curie temperature
(particularly atT’) and Stoner-like exchange splitiing col- With €xpansive strain. _ _ _

lapse do not exclude spin-mixing behavior in the surface From the MOKE hysteresis loofFig. 1), strained gado-
state and this may vary with wave vector. An admixture oflinium is patently ferromagnetic and this ferromagnetism IS
spin-mixing and Stoner-like magnetism in the surface |aye,reﬂected in the fact that the bulk bands closer to the Fermi

and at least some of the bulk bands is postulated and thigvel exhibit a substantial exchange splitting at zone center
. . — . L (Fig. 2). This polarization of the bulk bands near and above
admixture is clearest d1. Such a mixture of spin-mixing

behavior and Stoner-like ferromagnetism has been demotbe Fermi level alsp demonstrgtes that there is, ind_eed, Iong-
strated for the G001 surface state for gadolinium grown r|1ange ferromagnehc order. This long-range magnetic order_|s
on W(110 (Refs, 12 and 4pand this behavior is also ob- also reflected in the fgct that the bizkground pc?lanz.auon is
served in itinerant moment magnetic systems, such &8 Fe, 9reatest at the Brillouin-zone center), as seen in Fig. 7.
Gadolinium is a local moment system and, unlike Fe, Co, or
Ni, the origin of the large moment in Gd is thd 4shallow
core level. Coupling occurs through itinerand,Bs valence
electrons, polarized by thef4moment. From the data pre-
The wave-vector-dependent exchange splitting is prosented here, short- and long-range ferromagnetic order does
found for the occupieds,Ag symmetry(or 5d,,y,, 6py.y ., not influence the surface bands and the various bulk bands of
or 5d,2_,2 character strained Gd bulk bands. The large fer- strained G@00J) in an identical fashion. The various bands
romagnetic exchange splitting of these bulk batwisll be-  must contribute to the long-range ferromagnetic coupling

low the Fermi level at the zone edgeM) reflects the domi-  differently. . _

nant role of short-range magnetic order on these occupied There is little difference in the surface-state exchange
As,Ag symmetry (or 5d,,,, 6Pyy, OF 5,2 y2) bulk splitting for strained G@001) between the Brillouin-zone
bands for strained GA001). The absence of exchange split- Center and the zone edge. The importance of short-range or-
ting and polarization, above background for the bulk pbandgler may, nonetheless, affect the spin-polarized band structure
at 1.5-2 eV binding energy for both the strained Gd_@)01 of the surface state as well. The admixture of spin-mixing
thin films and the strained @003 thicker films atl’, re- behavior and Stoner-like ferromagnetism is most cled at

sults in these bulk bands resembling the background or par;plshphtenomenor(; |s,_perh?p_s, T?ﬁ egpectedi The influence
magnetic bands in close contact with a ferromagnet. Thi§' Short-range orderis anticipated o be greater as one ap-

behavior of these bulk bands, at zone center, is similar to thBroaches the _Curie _temperature. . .
polarization of the Cu 8 bands observed in the 2—3-ML Both the dispersion and the variations in the exchange

Cu/Co systeni® We suggest that this bulk band at 1.8 eV splitting with wave vector for strained b0 on Mo(112)
- . . = resemble the spin-polarized band structure of the rare-earth
binding energy has little ferromagnetic characterlatin

. pnictides? In the rare-earth pnictides, the wave function can
strained G(00) and reflects that these bulk ban@vay gy in weight from pnictidep or s to rare-earthd with
from the Fermi levelare insensitive or contribute little to the

f ic | deéwhich d h increasing wave vectdt. This shift in spectral weight with
erromagnetic long-range ordéwhich corresponds 1o the e vector can alter the exchange splitting because, as has

zone center of the Brillouin zone df). These bulk bands, peen noted for the gadolinium oxidéthe chalcogen or
resembling a polarized paramagnetic band atgradually ~ pnictide atoms in the lattice have less moment. In the el-

VIIl. LONG-RANGE VERSUS SHORT-RANGE
MAGNETIC ORDER
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emental local moment system, such a dramatic shift in theortant and fundamental to the understanding of magnetism.
wave-function weight is more difficult to accomplish. For Since the Stoner exchange splitting d@m some sengebe
strained gadolinium bands af;,A, symmetry, both 8,._,2  related to the correlation energy,*® a more realistic picture
and 6s rectangular representations contribute but with bandef the band structure ought to include wave-vector-
of As,Ag, as is the case for the occupied bulk bands at 1.8lependent exchange and correlation energies, ik,

eV binding energy, there is no admixture of the fectan- =U(k). This work represents one of the feiff any) com-
gular representation to the band though an influence obhined spin-polarized photoemission and spin-polarized in-
wave-vector-dependent exchange splitting from an admixverse photoemission studies undertaken on a single system.
ture of p,,py is possible. It is these latter bands &f,A¢ As is clear from this work, to fully assess the relationship
symmetry that exhibit such pronounced wave-vector depersf electronic structure on the magnetic properties of an el-
dence of the exchange splitting. Thus, regardless of the deemental system, the combination of spin-polarized photo-
tails of origin, the variation in exchange splitting with wave emission and spin-polarized inverse photoemission is par-
vector must indeed be an effect of band structure. ticularly valuable.

IX. CONCLUSIONS
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