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Strain induced alteration of the gadolinium surface state

C. Waldfried, D. N. Mcllroy, T. McAvoy, D. Welipitiya, and P. A. Dowben®
Department of Physics & Astronomy and the Center for Materials Research and Analysis,
University of Nebraska-Lincoln, Lincoln, Nebraska 68588-0111

E. Vescovo
National Synchrotron Light Source, Brookhaven National Laboratory, Upton, New York 11973

The electronic structure of strained and unstraine¢0G@l has been studied with photoemission,
inverse photoemission, and spin-polarized photoemission. A shift of the occupied majority and
unoccupied minority surface states has been observed as a result of the strain, consistent with the
phase accumulation model. There is a strain induced shift of the minority spin surface state across
the Fermi level. ©1998 American Institute of Physid$§0021-8978)28611-7

Surface states may experience a shift in binding energwith a photon energy of 33 eV for films of similar nominal
due to strairt. For magnetic surfaces the spin dependent shifthickness of approximately 15 ML. The valence band of the
of the surface majority and minority subbands near the Fernstrained G@O00Y) films is distinct from that of the relaxed
level can result in a variation of the spin population at dif- films. The binding energy of theds 6s strained bulk bands
ferent wave vectork. This will have a substantial influence at 1.8 eV belowEg differs from the unstrained bulk bands
on the magnetic behavior of the surface. The subject of thisbserved at approximately 1.5 and 0.8 eV belgw at the
article is the effect of strain on the electronic structure of thesurface Brillouin zone center. More significant, the narrow
surface of gadolinium. We show consistency with the effectsurface state near the Fermi level of the unstraine@ai)
recently demonstrated by Neuhold and Hoon the surface is shifted towards higher binding energy and appears sub-
of Ag(111). stantially broadened.

The surface magnetism of gado]inium has been the sub- The origin of the clearly altered valence-band states and
ject of controversy over the past years, main|y as a result obroader density of states near the Fermi level of strained Gd
the proximity of the Bl,2_,2, 6s surface states to the Fermi IS revealed by the spin resolved electronic structure, shown
level. Strain substantially alters the electronic structure ofn Fig. 2. The unstrained G@001) valence band at the Bril-
gadoliniunt and is expected to result in a shift of the sur- louin zone center ) is characterizétiby Stoner-like ex-
face state binding energies. We have been able to obta@hange split 8 bulk bands at binding energies of approxi-
strained films of gadolinium, with an increased lattice con-mately 1.5(majority) and 0.8 eV(minority) and two sets of
stant of approximately 4% by growing gadolinium on the
corrugated surface of M212).2~*

We investigated the occupied and unoccupied electronic
structure of thin films of strained and unstrained(@D1). i
Spin-polarized photoemission experiments were carried out
at the new US5UA undulator beamline of the National Syn-
chrotron Light SourcgNSLS) at the Brookhaven National
Laboratory in Upton, NY. The details of the experimental
setups are described elsewh&felnverse photoemission
spectra were acquired in a different UHV sysfein the
isochromatic mode H{w=9.4 eV) with a Geiger—Miler
tube and an electron gun based on the Zipf deSigtrained
and unstrained thin films of Gd, 10-40 ML thick, were
grown by slow thermal deposition on Nidl2) and W110
substrates, respectively. The surface and bulk character of
the bands has been determined from chemisorption studies
and photon energy dependence, while the symmetry of the
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bands has been ascertained from the light polarization depen- ho = 33eV Gd/Mo(112)
dence as described in detail elsewhere. : : . : . :

The influence of strain on the surface electronic structure 10 8 6 4 2 0
of Gd is illustrated in Fig. 1, which compares two normal Binding Energy (eV)

emission photoemission spectra that were taken for strained

and unstrained GA00J). Both spectra have been acquired FIG. 1. Normal emission photoemission spectra for straifpetton) and
unstrainedtop) films of GA0002), acquired with a photon energy of 33 eV.
The inset shows a comparison of a strairfbdttom) and unstrainedtop)
3E|ectronic mail: pdowben@unlinfo.unl.edu Ag(11)) surface from Ref. 1.
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like exchange split surface banti¥he surface character of
these two states has been verified by their sensitivity to small
amounts of adsorbates and their two dimensionality of state.
Both surface sensitive features do not disperse with changing
perpendicular momentufrand are therefore confined to the
two-dimensional plane at the surface. The third feature in the
valence-band region ned&r, an additional bulk band of
majority character, is located in the exchange splitting gap at
approximately 0.4 eV binding energy atT-<0.7.

The two occupied bands closestHg, the spin minority
surface subband, and the spin majority bulk band are newly
introduced into the occupied density of states as a result of
the strain. Both bands are found in the unoccupied region for

b
ﬁ%j } the unstrained Gd films as seen in Fig. 3. Expansive strain
within the Gd films induces a “downward” shift of the un-

unstrained

Intensity (arb. units)

&7
strained AY . . . .
ho=34eV occupied surface state across the Fermi level. This is consis-
T=145K ‘&m tent with the absence of the surface spin minority stata
25 20 15 10 05 oo eV aboveEg)° in the unoccupied density of states of the
Binding Energy (eV) strained Gd films. The spin majority bulk band at 0.4 eV

binding energy of the strained Gd film is postulated to origi-
FIG. 2. Spin-polarized photoemission spectra for straifedtom and un- ~ nate from the unstrained bulk band, located approximately
strained(top) Gd(0001) at normal emission and approximately 145 K. The 1.5 eV above the Fermi |evg|at zone center crossing the
spectra were acquired with a photon energy of 34 eV. The inset schematl-:' . ! .
cally plots the binding energy shifts of the surfdeelid) and bulk(dashed ermi level about halfway across the zone in unstrained Gd.
spin subbands as a function of increased expansive strain. This shift in binding energy af is illustrated in the inset of
Fig. 2. More detailed studies of the occupied and unoccupied

spin majority and minority subbands of the surface on eithepensny of states are, nonetheless, necessary to confirm this

; . . . . _postulate.
side of the Fermi level. The occupied predominantly spln—p . . .

mixed majority &,2_,2, 6s surface state is located at ap- From our daFa I IS clear that the spin majorltylzirz,
proximately 0.1 eV belowE (Fig. 2 and the unoccupied 6s surface state is shifted from 0.2 eV binding energy for the

minority counter part of the surface state at approximatel)y.

0.3 eV above the Fermi leve(Fig. 3 (though this is depen- similar downward shift of 0.5 eV is observed for the spin
dént on temperature well away %ro'nﬁb) 10 minority counterpart, which is unoccupied for the “relaxed”

In the strained Gd films the bulk spin majority and mi- gg(%(\)/ogeﬁgw;ogﬂg g;rgi'?('d:'ing Zeir;]esrgly g;r]acpopr:]?gmﬁtely
nority su@ands are foynd at apprgximately 1.8 eV'bindin%e occupied stin minority0.8 eg\} belowé ) and unoccﬁ’—
energy atl’, with negligible Stoner-like exc_hange splittidg. pied spin majority(~1.5 eV aboveE;) buI'I:< bands of un-
T_her_e are thre_e features near the Fermi Ie(_vhlto ! e_\/ strained Gd experience large shifts of approximately 1.0 and
binding energyin the valence band of the strained Gd films.

Two features, the spin majority state at 0.7 eV belewand 1.9 eV, respectively.

T - The shift to higher binding energies of the Gd surface
the spin minority state at 0.2 eV binding energy are Stonerétates(majority and minority under the influence of expan-

sive strain is in agreement with the strain induced shifts of

u . . 1 the surface state binding energy for (Ag1),> which is
_ SS BS unstrained shown in the inset of Fig. 1. There, compressive strain results
2 in the upward shift of the sharp Afjl1) surface state across
g 5 Ooo°° the Fermi level, where it is cut off by the Fermi function and
o o /\-\_\. undetectable with photoemission. In both cases the strained
< o W, ; induced shift of the surface stésecan be explained by the
e f, strained . 14
2 . / phase accumulation modét
5 . d Surface states originate from electrons confined to the
= p° / =94 eV top most layer of the solid, _trappec_i in betweer_l the b_qu band
v/. T = 300K gap and the surface potential. A simple one-dimensiGs@!
. L ! ' called “phase accumulation”’modet'~** can be employed

0 1 2 3 to roughly describe the surface state energy. This simple

E above E (eV) model considers the surface electron in a one-dimensional
guantum well, confined by the image potential on the
FIG. 3. The unoccupied density of states for straifedttom) and un-  yvacuum side and the bulk band gap on the crystal side. The
strained(top) films of GA0001). The spectra were taken at approximately ; ;
300 K. The data for the unstrained Gd has been extracted from Ref. gurface state ener_gy IS then determined by the lowest allo.wed
Surface and bulk features are indicated by the surface &eand bulk ~ duantum mechanical solution of the electron wave function.

state(BS), respectively. The energy of the surface state thus varies proportionally to
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1/d?, with d being the width of the well. In the phase accu- ACKNOWLEDGMENTS
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Gd, approximately 2.2 eV, as compared to 3.3 eV for the
relaxed Gd film.
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