PHYSICAL REVIEW B VOLUME 55, NUMBER 7 15 FEBRUARY 1997-I

Bulk and surface 4f states of Gd
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Self-consistent spin-polarized electronic-structure calculations for a seven-layer slab are carried out to find
the positions of the highly localizedf4surface and bulk bands of Gd. Thé 4tates are treated as valence
states along witls, p, andd orbitals. Both the occupied and unoccupiefdi¥ands shift down in energy with
respect to the bulk bands. The calculated shifts with different approximations are compared with the photo-
emission and inverse photoemission data. The results based on local-debsipproximation are in very
good agreement with the experimental shift of 0.4 eV for both the occupied and unoccupied states.
[S0163-18207)07008-2

The filling of the 4f shell in the rare earths gives them use the linear tetrahedron method with 7@&oints in the
some very interesting properties such as the large magnetieducible wedge of the Brillouin zone to calculate the den-
anisotropy due to the highly localized electrons. A large sity of state(DOS).
number of experimental and theoretical studies exists on the Figure 1 shows the-projected DOS based on LMTO
bulk and surface # states of rare earths. There has been gLDA) calculations. These calculations are in the atomic-
considerable interest in the magnetic ordering and relaxatiosphere approximatiofASA) but include the combined cor-
at the Gd surfact A closely related problem is the bulk to rection(COR) term. Thef-DOS for the bulk is the same as
surface shift of the # bands of Gd. The various photoemis- obtained by other calculations, i.e., a fully occupied majority
sion (PES and inverse photoemissidfiPES studies show band at about 4.2 eV below the Fermi energy and an almost
that the occupied and unoccupiefi dands of Gd shift down unoccupied minority band around 0.5 eV above the Fermi
in energy as one goes from the bulk to the surface with thenergy®'° The center of mass of the surfaéebands are
shift being in the range of 0.3-0.5 &V Begleyet al.used  shifted down with respect to the bulk bands by 0.13-0.15
the linear-muffin-tin-orbitalLMTO) method to find a shift eV, a shift much smaller than the experimental value of 0.4
of about 0.5 eV for the # occupied band of Gel.Thisis a eV (Table |). However, the LDA results agree with the ex-
self-consistent calculation in the local-density approximationperimental data in that shifts for the occupied and unoccu-
(LDA) for a five-layer slab with the # electrons treated as
corelike. Alda et al. calculated these shifts for the rare
earths as the surface segregation energy of a fully screened
4f ionized impurity in an otherwise unperturbed hdathe
surface relaxation is neglected and thie electrons are un-
polarized in these calculations. Since thé dlectrons are
part of the frozen core, all the shift in these calculations
comes from the differences in the screening charge in the
bulk and at the surface. The downward shifts of 0.34 and
0.54 eV for the occupied and unoccupiédstates, respec-
tively, are in good agreement with the PES and IPES studies
in Ref. 3.

The recent PES and IPES studies in Ref. 4 show that both
the occupied and unoccupied G#l gtates at the surface shift
down in energy with respect to the bulk states by 0.4 eV.
This result was a stimulus for the electronic structure calcu- o
lations reported here. Unlike the calculations mentioned l
above, we include the f4orbitals as valence states in our i
LDA and LDA+U calculations. Also we assume the ferro- B E;
magnetic order and the relaxatidhat the surface as ob- ' ' ' !
served experimentally. -4 -2

To simulate the bulk ang0001) surface states we con- E(V)
sider a periodic structure of seven Gd and two empty-sphere
layers. The self-consistent spin-polarized electronic-structure FIG. 1. Bulk and surfacef-projected density of states of
calculations are carried out in the scalar-relativistic approxi-Gd(0001) by the LMTO-ASALDA) method. The centers of mass
mation withs, p, d, andf orbitals as basis functions. We of the f bands are indicated by the vertical dashed lines.
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TABLE I. Bulk to surface downward shifts in eV of the occupied and unoccupiebahds of GEO00D.

LMTO-ASA(LDA) FP-LMTO-LDA) LMTO-ASA (LDA +U) Expt?

Occupied 4 0.13 0.23 0.43 0.4
Unoccupied 4 0.15 0.23 0.44 0.4

8Reference 4.

pied f states are about the same, implying no change in thetate analysis give results in very good agreement with PES
exchange splitting between the bulk and surface states. Thend IPES data for thef4states in Gd. This procedure can be
smaller shift is due to the fact that the unoccupfeldand is  simulated by LDA+U calculations as shown recently by
pinned by the Fermi energy. Harmonet al. in their calculations for Gd&® Since the LDA
The calculations in the last paragraph are repeated with-y method predicts the PES and IPE$ geak positions
the full-potential (FP) LMTO (LDA) method and the qyite well and eliminates the pinning by the Fermi energy,

f-projected DOS are shown in Fig. 2. The results are similagye yse it to study the bulk to surface shifts of the ands
to that of LMTO-ASA. The unoccupiedl band now is ata , gq

lsomew_hat higher gnerr]gy than the LMTO-ASA valluehwrtl)iclfll( Since the(FP) LMTO (LDA) method only effects the
owers its pinning by the Fermi energy. As a result, the bu pinning slightly and pinning is no longer a problem in

to surface shifts of thé bands are somewhat larger but still LDA +U, we use the LMTO-ASA (LDA-U) method in the

smaller than the experimental val(iEable ). . . )
o ; . following calculations. To estimate the effect of the surface
The problem of pinning mentioned above is related to the

well-known limitations of the LDA in describing the proper- onU we calculated™*, the 4 Coulomb iniegral, '? the bulk
ties of the highly localized # electrons in the rare earths. 2nd at the surface. The bulk and surface values®oare the
The LDA calculations give the locations of the occupied andS@Me Within 3 meV. On the basis of this result we expect
unoccupied 4 levels to be—4.2 and 0.5 eV with respect to U to be essentially the same throughout thg slab. Thg same
E;, respectively, whereas the corresponding values fronshould hold for_ the exchange paramejler'l_'ms conclusion _
PES and IPES data are8.5 and 3.5 eV. The full-potential aboutU andJ is supported by the experimental results in
calculations described in the last paragraph produce mindref. 4 that the downward shifts for the occupied and unoc-
changes in the location of thef peaks. Thus one must go cupied 4 states are the same. The buk(6.7 eV) andJ
beyond the LDA to understand the photoemission results. 1(0.7 €\) parameters found in Ref. 13 are used in these cal-
has been shown in Refs. 11 and 12 that the standard eleculations. The results fdr-projected DOS are shown in Fig.
tronic structure calculations combined with the transition-3. The bulk results are similar to the FP-LMTO results in
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FIG. 2. Bulk and surfacef-projected density of states of FIG. 3. Bulk and surfacef-projected density of states of

Gd(0002)) by the FP-LMTQLDA) method. The centers of mass of Gd(000) by the LMTO-ASALDA +U) method. The centers of
the f bands are indicated by the vertical dashed lines. mass of thef bands are indicated by the vertical dashed lines.
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Ref. 13. The unoccupietl band is no longer pinned by the occupied 4 bands of Gd is in very good agreement with the

Fermi energy. As a result the bulk to surfaceand shift of PES and IPES data of 0.4 eV.

0.44 eV for both the occupied and unoccupied states is in

very good agreement with the experimental datable |). We are grateful to Peter Dowben and David Mcliroy for
In conclusion, the exchange splitting for the highly local- many helpful discussions and |. Solovyev for the LBA

ized 4f electrons of Gd is the same in the bulk and at thecodes. This work is supported by the U.S. Department of

surface. Based on LDAU method, the calculated bulk to Energy under Grant No. DE-FG2-86ER45262 and the Na-

surface downward shift of 0.44 eV for the occupied and un-ional Science Foundation under Grant No. OSR-925525.
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