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Electron correlation effects and magnetic ordering at the Gd0001) surface
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Effects of electron correlation on the electronic structure and magnetic properties of (B@0@Gdsurface
are investigated using the full-potential linearized augmented plane-wave implementation of correlated band
theory (“LDA +U"). The use of LDA+U instead of LDA (local-density approximatigrtotal-energy calcu-
lations produces the correct ferromagnetic ground state for both bulk Gd and the Gd surface. Surface strain
relaxation leads to a 90% enhancement of the interlayer surface-to-bulk effective exchange coupling. Appli-
cation of a Landau-Ginzburg-type theory yields a 30% enhancement of the Curie temperature at the surface, in
very good agreement with the experiment.

Many of the magnetic properties of Gd metal are wellT; at the Gd surface due to an enhanced surface-to-bulk
understood. The half-filled 4 shell (S=1,L=0) of Gd effective exchange coupling that is in turn caused by the
leads to a formation of a well-localized spin-only magneticsurface structure relaxation. We emphasize the substantial
moment. These localized spin moments couple through gole of electron correlations for the Getlectrons to obtain a
Ruderman-Kittel-Kasuya-Yosidd&RKKY )-type exchange in- correct FM ground state for both bulk Gd and the Gd sur-
teraction to form a ferromagnet((FM) Heisenberg System faC.e.l We also emphasize the role of structure relaxation as a
with a bulk Curie temperatureTR) of 293 KX FM order ~ “driving force” for the Tc enhancement.
polarizes the conduction electrons and leads to a total mag-
netic moment of 7.685/Gd atom?

However, in spite of relatively simple bulk magnetic be-
havior, the magnetism of the Gd surface is rather unusual.
The results of different spectroscopic measurements suggest

a significant enhancement of the surface Curie temperatur,[(?1ere have been other attempts to describe thatdtes of
(Te) for GA000Y. Gd is thus one of only three ferromag- G4 in terms of the localized “#-core” electron moddt (in
nets(including Th and FeN) for which such an increased \yhich the 4 states of Gd are treated as a part of fully local-
T2 has been observédifter a first observation of this effect ized atomic corg Singh? performed a detailed analysis of
in Gd by Rauet al.,4 Weller et al. verified it for 400 A tthk the limitations of this “4f-core” model and achieved very
Gd(0001) films grown on a W110) substrate, by comparing good agreement with experiment for the ground-state lattice
spin-polarized low-energy electron diffractidhEED) and  constant and the magnetic moment of FM bulk Gd by using
the magneto-optic Kerr effect measuremenemd further 5 “4f-band” model and LDA, but he did not consider a
suggested a possible antiferromagn€A&M) alignment of  possible AFM phase. Recent full potential linear “muffin-
the surface lay¢s) with respect to the bulk FM Gd. Further in” orbitals (LMTO) calculations®* show that both the
investigations with spin-polarized valence and core photoi pA and the GGA yield an AFM phase that is lower in
emission spectroscopfPES (Ref. § did not confirm an  energy than the FM phase. This problem is solved by em-
existence of this surface AFM coupling. I_nstead, the in-plangyoying the LDA+U (Ref. 15 method to treat the electron
component of surface layer magnetization was observed tgorrelations for the # electrons of Gd. It was demonstrated
be parallel to the bulk;® althrough the possibility of canted (Ref. 13 that the use of LDA-U (Ref. 15 instead of LDA
or mixed in-plane and out-of-plane surface magnetic orderyiemS a correct FM ground state and also providéskec-
ing was suggested. Very recent spin-polarized photoelectrofion pinding energies in good agreement with experiment.
diffraction experimentfor bulklike ~300 A thick epitaxial  Recently we confirmed quantitatively the conclusions of Ref.
Gd/W(110 films clearly indicate temperature-dependent13 for pulk Gd using the LDA-U total-energy functional
core-level spin asymmetries well above the bk, also  with the full-potential linearized augmented plane-wave
suggesting surface enhancemenfrgfof as much as 85 K. (FLAPW) method'®
However, to date, there has been no quantitative theoretical The first total-energy FLAPW calculations of the mag-
explanation for this enhancekf. . netic ordering at the Gd surfadeusing the 4-core model
The aim of this paper is to show that first-principles cal-reported an AFM coupling of the surface layer with respect
culations which account for both electronic correlations ofto the bulk, in agreement with early interpretation of experi-
the 4f electrons and the relaxation of the surface atomiamental data. The full potential LMTO calculations using the
positions can provide such a quantitative description of thetf-core modelt* did not reproduce the results of Ref. 17 and
electronic and magnetic structure of the (@@01) surface. yielded FM coupling between the surface and bulk magneti-
Using the results of total-energy calculations and thezation, in agreement with the most recent experim&tftét
Landau-Ginzburg model we show that there is an increase a$ thus clear thati) the 4f-band model with LDA fails to

|. DEFICIENCIES OF LDA AND GGA
FOR Gd 4f ELECTRONS

Since the pioneering work of Dimmock and Freerfan
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account for the correct magnetic ordering for bulk Gd, and TABLE I. Spin magnetic momentsM; in ug) for a Gd film
the use of generalized gradient approximatiGiGA) instead  with surface layer coupled parallel to the FM bulk resulting from
of LDA does not improve the situation ar(@d) two LDA scalar-relativistic LDA-U calculations with experimental lattice
4f-core model calculations with LDA vyield conflicting re- constants.

sults (Refs. 14 and 17for the magnetic ground state at the

Gd surface. Mg layer s p d f total
Since the LDA+U method works well to describe the c 0016 0079 046 6.97 7536
electronic structure and magnetic ground state for bulk Gdy,t 52 0019 0081 049  6.97 7576

we decided to apply it in electronic structure calculations an
total-energy determinations of the magnetic behavior of thq\/IT
Gd surface.

S-1 0.011 0.093 0.50 6.97 7.588
S 0.041 0.074 0.67 6.975 7.773
Interstitial: 2.076 Vacuum: 0.088

Il. SELF-CONSISTENT CALCULATIONS ' . '
values of total magnetic momef(the sum of spin and orbital

The FLAPW methotf is employed to perform scalar- moments are close to the values of spin moment from
relativistic self-consistent film calculations for Gd. The fully scalar-relativistic calculations.

relativistic self-consistent versibhof this method is then The total-energy differencAE ;) between the two

used to perform the final LDA calculations. The LBAJ  gyrface magnetic configurationig and || defined above is
calculations are téased on the scalar-relativistic version of thBositive(36 meV/atom in scalar-relativistic calculatiorand
FLAPW method:® The literature values of the on-site re-  goes not change appreciably when spin-orbit coupling is in-
pulsionU=6.7 eV and exchangé=0.7 eV were used in the  clyded (40 meV/atom. The effect of the spin-orbit interac-
calculations. . tion is seen to be very small for the energetics of Gd due to
For the Gd000) surface, we choose the isolated slabthe fact that the # spin-majority band is fully occupied and
model based on seven-layer Gd filmith zreflection sym-  the 4f spin-minority band is almost empty. Therefore, the
metry) and in the first set of calculations use the bulk latticespin-orbit coupling does not affect the calculated values of

constant(3.634 A and c/a ratiq1.587.%° Here, 32 specisk  magnetic and total-energy properties of Gd and does not as-
point€! in the irreducible 1/3 part of the two-dimensional gjst in resolving the limitations of LDA.

(2D) Brillouin zone(BZ) (Ref. 22 were used, with Gaussian
smearing fork points weighting. The “muffin-tin” radius
values ofRyt1=3.2 a.u. andRy1X Ka,= 9.6 (Where,K ax
is the cutoff for LAPW basis sgtwere used. The spin magnetic moments for a Gd film with surface
layer magnetically coupled parallel to the FM bulk resulting
from the scalar-relativistic LDAU calculations are shown
in Table I. There is a moderate enhancement of the magnetic
The spin magnetic moments for a Gd film with its surfacemoment of 4 states compared to LDA values
layer magnetically coupled parallelf {) and antiparallel (~0.lug/atom) due to an upward shift of 1.5 eV of
(1L7) to the FM bulk resulting from the scalar-relativistic minority-spin 4f states. There is practically no difference
LDA calculations show that the magnetically actifvetates between surface and bulkstate magnetic moments. The to-
are almost fully polarized(with the magnetic moment tal magnetic moment at the surface layer is enhanced com-
6.88ug in the bulk and 6.825 at the surfaceand induced pared to the bulk mainly due to an increase of thstate
spin polarization of~0.5ug/atom of conduction electrons contribution.
(mainly d stateg. This magnetic coupling is a result of intra-  The total-energy differenca Eq1-11) (71 meViatom is
atomic interband exchange interaction between conductiorpositive and of the same order of magnitude as the result of
band and localizedl electrons as incorporated in tisef ex-  the 4f-core model* The results of the present LDAU cal-
change modéf and can be understood to be due to a positiveculations for both bulkA Earm-Fm) (63 meV/atom®~the
interbandd-f exchange coupling There is a slight decrease difference in energies between bulk AFM and FM spin con-
of the 4f magnetic moment at the surface layer due to arfigurations and surfaceAE(; 44y (71 meV/atom are in
increase of minority spin # occupation. reasonable agreement with the results bfcére model cal-
Starting from the results of scalar-relativistic calculations,culations(85 meV/atom for the bulk and 95 meV/atom for
we then performed self-consistent relativistic LDA calcula-the surfacg It shows that parallel coupling between sur-
tions for a Gd film, assuming ED001] spin axis direction. face and bulk magnetization is energetically preferable and
The spin moments are slightly decreasedffstates in com- there is no antiparallel surface-to-bulk magnetic coupling for
parison with scalar-relativistic calculations, due to an in-the Gd surface. This conclusion is consistent with experi-
crease of minority-spin occupation of thef 4tates. The mental observations of the in-plane component of surface
small spin-orbit induced orbital magnetic moments (&34 layer magnetization to be parallel to the b&ik.
for the bulk and 0.38g for the surface atomsare mainly The electron density of statéBOS) for the case ofen-
due to the 4 minority-spin contribution. A parallel coupling ergetically preferred] T coupled surface layer are shown in
between spin and orbital moments fof dtates is consistent Fig. 1. There is a 4.5 eV downward shift of the majority-spin
with the third Hund rule. The orbital moments fromd States  4f states and a 1.5 eV upward shift of minority-spif 4
are about 0.02g per Gd atom and coupled antiparallel to the states compared to the LDA calculation results. This latter
spin moments, again consistent with the third Hund rule. Theshift makes the minority-spinfdband practically empty and

B. LDA+U results

A. LDA results
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4 . T . TABLE II. Total-energy difference between two magnetic con-
3 o figurations with the surface layer magnetically coupléd ) and
(T1) to the FM bulk, AE(|;_y (meV/atom, for a Gd surface with
(a) an ideal bulk atomic structuréb) a relaxed structure from ex-
periment, andc) an “average” structure and its ratio to the total-
energy difference between AFM and FM bulldA E(AFM-FM)

AEi-19) AE(;- 1)/ AE(AFM-FM)

bulk

DOS (1/eV)
o

72 1.14
135 2.14
c 136 2.16

T o

a
| ll. STRAIN RELAXATION AND MAGNETIC ORDERING
g MM AT THE Gd SURFACE

10 -8 -6 4 _ 0 2 4
Energy (eV)

4 T T T
surface

LEED measuremerfts show that there is atomic struc-
tural relaxation near the Gd surface: the interlayer distance
between surface and subsurface Gd layers is about 2.6%
smaller than its bulk value and the subsurface-to-bulk layer
distance is about 1% bigger than its bulk value. We have
performed LDA+U calculations with the surface and subsur-
face layers(i) with interlayer distances taken from the
experimerf® and (i) with interlayer relaxations taken to be
half way between the experimental surface values and the
bulk values. As in the case of an ideal Gd surface we have
considered two possible magnetic configuratiofn$,(] 1)
with the surface layer coupled parallel and antiparallel to the
FM bulk Gd. Here, 50 specid points in the irreducible 1/3
part of the 2D BZ were used.

The surface relaxation affects very little the values of the
magnetic moment in comparison with the ideal surface: for
‘ both cases off7 and |1 coupled surface layer there is a
0 , ‘ AT slight decrease in the values of the surface and subsurface
-10 -8 -6 -4 -2 0 2 4 layers magnetic moment due to the change of conduction-

Energy (eV) band magnetization caused by reduced interlayer distance.
There is, on the other hand, a surprisingly large enhancement

FIG. 1. DOS for Gd film: LDA+U spin up(a); spin down(b);  of the magnetic coupling energyE |, (cf. Table 1) due

4f states(filled); LDA 4f states(dotted. to the surface relaxation: the energy difference increases by

corrects the fundamental error of LDAfband model. The 90% in the comparison With the unrellaxed st_ructure. .
exchange splitting of 4f states is enhanced in L-B4 cal- As was already mentioned, there is considerable experi-

culations by the amount of the HubbardRef. 16 resulting mental eviqlence of ¢ enhancement qt the Gd §urface. Since
in an 11 eV splitting of majority and minority 4 states, 4f-magnetic moments are .weII quallzed and interact due to
close to the experimentally derived val(2 eV).> The for- RKKY type exchange interactions, the use of the
mation of a surface state at the Gd surface clearly shows ufjeisenberg-type Hamiltonian for the dependence of energy
as a peak of DOS in the vicinity of Fermi lev@df. Fig. ) ~ On spin configuration is physically justified for Gd. For the
due to majorityd states. From the DOS it is clear that Sake of simplicity, we neglect the long-range behavior of
LDA +U yields strongly localized character of 4tates for ~€xchange interactions for the Gd bulk and surface, assuming
both bulk and surface. However, the response of tlie 4 that significant physics can be discussed in terms of nearest-
states to their environment does not allow them to be conf€ighbor (NN) interactions and neglect anisotropy in ex-
sidered as true core states. change interaction between a Gd atom and its six in-plane
In order to check numerical convergence of our result€nd six interplane NN in the bulk and three interplane NN at
with respect td-space integration, we increased the numbefhe surface. The spin Hamiltonian is then given by
of specialk points in the irreducible part of 2D BiRef. 22 R o
from 32 to 50 in self-consistent calculations and found very H=— BOE Si—z > Jii1+5S5Si+5. 1
little change in magnetic moment for bot§ and {1 mag- ! boe
netic configurations€0.04ug). The calculated total-energy WhereB, is an external field); ;. 5 is an ei)«_:hange coupling
differenceAE(Him): 72 meV per surface atom agrees constant between theASplramd itséd NN (J in the bulk and
very well with its value of 71 meV for a smaller numberlof J® at the surfaceand S; is a spin operator. We then apply
points. “molecular-field” theory’® to Eq. (1). It leads to different

DOS (1/eV)
o

bulk
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molecular fields acting on the spin at the surface and in théion Eq. (2) is satisfied and Eq(3) yields TS=1.33r2 in
bulk, due to the different number of the interplane Kk in  very good quantitative agreement with the recent experimen-
the bulk, three at the surfaceand the difference between ta| datd (TE~1.29T2). The use of the total-energy differ-
bulk and surface exchange coupling constaigtandJs. In ences(cf. Table 1) leads to overestimated values for the
the vicinity of the Curie temperature, when the value of theexchange interaction parameters in metallic magnetic
average spin momex8(T)) is small, it is possible to intro-  gystemd? The ratio of the surface and the bulk. should
duce a Landau-Ginzburg-type model for the temperature d&yowever be much more reliable than their absolute values.
pendence of S(T)) (Ref. 27 using the continuum limit of pyther justification of the magnetic order near the Gd sur-
the molecular field theory. Applying the procedure of Ref. 27¢5ce will require the consideration of the long-range behavior
to the case of the h¢P00D) surface, we obtain the result exchange interactions in Eg&l) and (2) and the use of

that, for an exchange coupling ratio that satisfies Monte Carlo numerical simulatior€.
J s To summarize, we have presented the results of one of the
b : L
1.5-2—=0 or —b>4/3, (2 first applications of the LDAU total-energy method to
JIs J study the magnetic and electronic properties of a correlated

there is in addition to the bulk Curie temperatdig an ad- Metal. We have found that the use of LBAJ instead of
ditional pole in the static magnetic susceptibility correspondLDA Yields FM alignment between surface and bulk mag-

ing to a surface Curie temperatuF& which is connected to netic moments, in agreement with experi_men_t. An interlayer
the bulk T as surface-to-bulk effective exchange coupling is calculated to

be close to its bulk value for an ideal surface, but is enhanced
123,S(S+1) by 90% by surface relaxation. This enhancement is suffi-
3kg - 9 ciently strong to produce an elevated Curie temperature at

the surface, as observed experimentally.

TE=[1+(15-23,/39)2]T2, T&=

It is seen from the condition Ed@2) that the additional sur-
face T¢ can appear when the exchange coupling at the sur-
face is bigger than it is in the bulk. The ratibE  _;/
AE(AFM-FM) (cf. Table 1)) is then used to determink/J°

in Eq. (2).%% In the case of an ideal surface the condition Eq.  This research was supported by National Science Founda-
(2) is not satisfied and there is no additio@l . However, tion Grant No. DMR-9802076 and U.S. Department of En-
when the surface relaxation is taken into account, the condiergy, under Contract No. DE-AC03-76F00098.
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