PHYSICAL REVIEW B

VOLUME 50, NUMBER 8

15 AUGUST 1994-11

Electronic structure, magnetism, and Fermi surfaces of Gd and Tb

R. Ahuja
Condensed Matter Theory Group, Department of Physics, Uppsala University, P. O. Boz 530 Uppsala, Sweden

S. Auluck

Condensed Matter Theory Group, Department of Physics, Uppsala University, P. O. Bozx 530 Uppsala, Sweden
and Department of Physics, University of Roorkee, Roorkee 247 667, India

B. Johansson
Condensed Matter Theory Group, Department of Physics, Uppsala University, P. O. Boz 530 Uppsala, Sweden

M.S.S. Brooks
Commission of the European Communities, Joint Research Centre, European Institute for Transuranium Elements,
Postfach 2340, W-76125 Karlsruhe, Germany
(Received 31 January 1994)

We report on local-spin-density calculations for the ferromagnetic rare-earth metals Gd and Tb
using the relativistic first-principles linear-muffin-tin-orbital method in the atomic-sphere approxi-
mation. We have used a method which treats simultaneously the localized 4f and the conduction
electron spin magnetism. The 4f magnetic moments are obtained from the Russel-Saunders scheme
but the radial 4f spin density is a part of the self-consistent density-functional calculations. The
calculated conduction-electron moment for Gd is in very good agreement with the measured value.
The calculated de Haas-van Alphen frequencies are in agreement with available data.

I. INTRODUCTION

In the standard model for the rare-earth metals the
4f states are considered to be fully localized (atomic-
like) and the valence electronic structure is composed of
6s, 6p, and 5d states. Although the conduction elec-
trons make only a small contribution to the magnetic
moment they play an essential role in the magnetism as
the mediators of magnetic interactions. It is, therefore,
important that theorists be able to calculate the con-
duction band electronic structure accurately. With the
continuous improvement in the theories and techniques
of band structure calculation, one can hope to be able
to determine a variety of materials properties from first
principles.! In this paper, we review and give details of
self-consistent, relativistic, ferromagnetic calculations for
gadolinium and terbium.

The first band structure calculation on gadolinium
metal, reported by Dimmock and Freeman? using the
augmented-plane-wave (APW) method, showed that the
conduction electrons were primarily of 5d character. The
calculations also showed that the Fermi surface (FS) of
Gd is extremely anisotropic. Keeton and Loucks® re-
ported relativistic APW calculations on Gd, Dy, Er, and
Lu and found that the F'S of Dy, Er, and Lu are quite
similar to that of Y whereas Gd differs by the absence
of a “webbing” feature. Harmon and Freeman® pub-
lished the first spin-polarized APW calculations using a
warped-muffin-tin potential and calculated conduction-
electron polarization, spin densities, and neutron mag-
netic scattering in ferromagnetic Gd metal. They also
found that the conduction-electron spin density was of
mostly d character.

Harmon® performed the first self-consistent calcula-
tion for Gd and obtained a net conduction-electron mo-
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ment which was in good agreement with the measured
value. He also showed that the belly and neck orbits
for the band-3 spin-up surface could be brought into
agreement with experiment by a slight upward shift of
the Fermi level. Sticht and Kiibler® made self-consistent
calculations for ferromagnetic Gd using the augmented-
spherical-wave (ASW) method. They argued that the
ground state properties of Gd could adequately be de-
scribed by local spin density functional approximation
(LSDA) when the 4f electrons are treated as part of
the valence bands. A fully relativistic first-principles
electronic structure calculation for magnetic materials
by Krutzen and Springelkamp’ using the ASW method
showed some improvement over the scalar relativistic
ASW calculations of Sticht and Kiibler.® The calculated
lower value of the magnetic moment and spectroscopic
splitting factor g in comparison to the earlier ASW
calculation compares well with experiment. Temmer-
man and Sterne® calculated the electronic structure of
Gd in LSDA using the linear-muffin-tin-orbital (LMTO)
method. They included spin-orbit coupling as well as
spin polarization in their calculations and found a rea-
sonable description of the electronic structure. In the
recent work by Singh,® using full potential linearized
augmented-plane-wave method, it was argued that a lo-
calized treatment of the 4f orbitals is not adequate since
in the absence of f-d hybridization the small Fermi sur-
face orbits observed experimentally could not be de-
scribed. Kim et al.1° have measured the temperature
dependence of the exchange splitting in Gd and find
good agreement with their own band structure calcu-
lation. Vescovo et al.!! have performed angle resolved
photoemission on Gd(0001). Recently, Sandratskii and
Kiibler!? have performed calculations to study the stabil-
ity of induced magnetic moments of conduction electrons
in Gd with respect to disorder in the spatially localized
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4f moments.

The first de Haas—van Alphen (dHvA) measurement
on Gd was made by Young, Jordan, and Jones!® (YJJ).
They observed four frequencies near the ¢ axis and three
frequencies in the basal plane. Later Schirber et al.l*
measured FS cross sections for fields along principal sym-
metry directions which were in serious disagreement with
those of YJJ.!® They have attributed this disagreement
to an incorrect value for the saturation magnetization
used by YJJ.!® In another paper, Young, Jordan, and
Jones!® have examined the magnetoresistance of Gd and
verified the multiply connected FS of minority carriers
in the basal plane. Later, Mattocks and Young (MY)!®
extended the earlier dHvA measurements and observed
some new small frequencies. Most of these frequencies
were accounted for as occurring along I' to K in the spin-
| bands. They have identified the FS as consisting of
two majority surfaces and one minority surface. Using
the dHvA effect Sondhelm and Young'” have determined
the cyclotron masses and mass enhancement in Gd and
obtained enhancements in the range of 1.2 to 2.1 which
were in agreement with the only theoretical prediction
available at that time, but smaller than those suggested
by low-temperature heat-capacity measurements.

Jackson!® has calculated the electronic structure of
Tb using the relativistic augmented-plane-wave (RAPW)
method. He has shown that the Fermi surface of Tb con-
sists of two surfaces: An ionic column of holes due to
band 3, and surrounding this, a collection of bottles and
pipes of electrons due to band 4. Further, he found that
the Fermi surface is very sensitive to the Fermi energy
near L as bands 3 and 4 become degenerate at L. Mat-
tocks and Young!® have observed only one low dHvA fre-
quency in Tb and have interpreted this as arising from
the closed band-4(|) surface at H. The high value of
the cyclotron mass for this low frequency is indicative of
a large mass enhancement. More recently, Wu et al.2°
have measured the band structure of Tbh(0001) by an-
gle resolved photoemission and find good agreement with
their own relativistic LMTO calculation.

II. METHOD OF CALCULATION AND
ELECTRONIC STRUCTURE OF Gd METAL

We discern three approaches to the calculation of
conduction-electron band structure in the rare earths.
In the first, the 4f states have been treated as part
of the band structure.’ This treatment is most suitable
for Gd where the seven filled spin-up 4f states lie self-
consistently below, and the empty spin-down f states
above, the Fermi energy. The splitting between these two
sets of 4f states is easily estimated to be seven times the
4f-4f exchange integral (Jsr45 ~ 0.69 €V) or 4.8 eV. Ac-
cording to Singh® fully self-consistent calculations yield
a splitting of 5 eV between up and down spin 4f bands,
the up spin states lying about 4.5 eV below Er and the
down 4f bands about 0.5 eV above Er. The spin-down
4f bands are quite close to the Fermi level, raise the
state density at the Fermi energy through hybridization
with the 5d states, and they increase the calculated state
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density at the Fermi energy to 27 states/Ry. This can
be compared with a value deduced from measurements?!
and assuming no electron-phonon enhancement, of 21.35
states/Ry. The 4f character at the Fermi energy in Gd
is, according to Singh,® about 5 states/Ry and it is rea-
sonable to assume that it is responsible for the differ-
ence between theory and measurement. Precisely this
problem had been detected earlier by Harmon® who ar-
tificially raised the 4f spin-down bands to remove their
influence upon the state density at the Fermi energy. It
is tempting to attribute the error in the position of the
spin-down bands to the absence of a large Hubbard U
repulsion?? in the local spin density approximation.

The example of Gd identifies the main problem asso-
ciated with leaving the 4f states in the band structure.
The position in energy of the 4f bands is incorrect and
the hybridization with other conduction-electron states
is too large. The situation is far worse for the other
lanthanide metals since in spin-polarized calculations a
spin shell is not filled and the 4f bands, which act as a
sink for electrons, always cut the Fermi level leading to
specific heat coeflicients which are absurdly larger than
those measured.

The second approach, which is more recent, is to in-
corporate the self-interaction correction (SIC) in the en-
ergy band calculations.?® SIC, as its name suggests, uses
complete cancellation between the Coulomb interaction
of an electron with itself and its exchange and correla-
tion self-energy—a cancellation which is incomplete in
LSDA. Inclusion of SIC results in localized states be-
ing localized further, and the energies of occupied and
unoccupied states are split. Svane and Gunnarsson2*
have applied SIC to the transition metal oxides, ob-
taining a drastic improvement in band gaps and calcu-
lated moments compared with the results of LSDA. The
most favorable aspect of SIC in its application to rare
earths is the existence of separate occupied and unoc-
cupied states. Szotek, Temmerman, and Winter?® have
applied the scheme to praseodymium metal. The occu-
pied 4 f states are pulled well below the conduction bands
whereas the unoccupied 4f bands lie about 1 eV above
the Fermi energy.

The third approach has been to treat the 4f states
as part of the core as is compatible with their local-
ized status. This not only reduces the calculated spe-
cific heat coeflicients but actually makes self-consistent
calculations more stable since the sensitivity of the en-
ergy of the 4f bands to their own occupation may easily
lead to oscillations in the 4f occupation number. This
approach has been used very successfully for the compu-
tation of cohesive properties by Skriver?® and Eriksson et
al.?™ Those details of the conduction bands which influ-
enced the crystal structure were reproduced very well in
Skriver’s work. For example, the partial 5d occupation
numbers decreased across the series, with a correspond-
ing increase in the 6s occupation. An increase in 5d occu-
pation is what causes the structural sequence hexagonal-
close-packed (hcp) —Sm structure — double hep (dhep)
— fcc as the atomic number is decreased or the pressure
is increased.

In this approximation the 4f moments, being part of
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the core, cannot be computed self-consistently but the
moments are known in the limit that Russel-Saunders
coupling is a good approximation. The total number
of 4f electrons is known and the spin occupation num-
bers are determined by applying the standard Russel-
Saunders coupling scheme to the 4f shell. Then S is
maximized, L is maximized for a given maximum S, and
the total momentum J is J = L + S. The magnetic mo-
ment is given by f45 = ng where g7 is the Landé factor.
The ground state spin component of the total 4f moment
K3y is obtained from the projection of the spin along the
direction of total angular momentum

wir = 2(9s = 1)J. &)

The 4f spin-up and spin-down occupation numbers are
then determined by

Naf = nIf + gy, Hap = "Zf — Nyps ()

where nf are the up and down spin occupation numbers

and ny is the total number of 4f electrons. It is this
approximation that we have tested thoroughly and report
here.

We have used Andersen’s LMTO method in the
atomic-sphere approximation (ASA).282° The calcula-
tions are self-consistent, spin polarized in the open core
approximation described above, and in the Fermi sur-
face studies spin-orbit coupling was included. Calcu-
lations for the paramagnetic ground state have been
made by Lindgard®® and Harmon.® The state density
at the Fermi energy per atom per spin was found to
be around 28 by Harmon,® 25 by Lindgard®® and we
calculate 22 states/Ry atomspin. Calculations with the
4f states polarized in the bands have been made by
Harmon,® Sticht and Kiibler,® Temmerman and Sterne,?
Krutzen and Springelkamp,” Richter and Eschrig,?! and
Singh.® There seems to be general agreement that the
state density at the Fermi energy is in the range 25-37
states/Ry atom spin, to which there is a 4f contribution
of about 5-6 states/Ryatomspin. The exception was
Harmon® who found that the state density drops to about
11 states/Ry atom spin in the polarized case. The present
calculations with the 4f states polarized in the core or
with an exchange splitting applied®? yield a state density
at the Fermi energy of 12 states/Ry atomspin. The lat-
ter calculations yield results that are on the correct side
of experiment.

The calculated magnetic moments from most calcu-
lations are in good agreement with measurements33 of
7.63up. We obtain 7.65up, Singh® obtained 7.57ug,
and Temmerman and Sterne® 7.68up. One difference,
however, between the two types of polarized calculations
is that when the 4f states are treated as bands the 4f
moments turn out to be slightly less than seven, and
the conduction-electron moments to be correspondingly
greater. In all cases the calculated moment is within a
few percent of experiment and it is reasonable to claim
that the splitting of the conduction bands is approxi-
mately correct and that the LSDA exchange interactions
are of about the correct strength in rare earths. We have
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calculated the conduction-electron moment as a function
of 4f moment when the Gd spin is changed from 1 to
7 (Fig. 1). The conduction-electron moment is approx-
imately (but not exactly) a linear function of 4f spin
which indicates that a Stoner model for the conduction
bands should be useful. The reason that the conduction-
electron moment increases less rapidly for larger values
of the 4f moment is that the state density at the Fermi
energy starts to fall as the splitting of the conduction
bands increases.

We have calculated the FS orbital areas and masses
using Stark’s3* area-mass routine. The area and masses
of the computed surfaces in a plane normal to a direc-
tion (i.e., the magnetic field ) were found by numerical
integration of the radii calculated at a fixed interval of
rotation in that plane. In the calculations reported here
the stepping angle §6 was taken to be five. Making this
2.5 changed the calculated areas by less than 0.5%. We
then calculated the shift in Fermi energy AEr required
to bring the calculated extremal area in agreement with
the experiment

AEF — _]; Aexp - Acalc ,

T my
where my, is the calculated mass for the orbit. The ex-
treme AEF is a measure of the error. This is meaningful
since we are calculating energy eigenvalues. It would be
futile to aim for an extreme A Ep less than the accuracy
of the eigenvalues. We feel this is a better way of char-
acterizing error than by percentages. We would like to
stress that the area-mass codes calculate eigenvalues at
each k point on the FS and uses no fitting procedures.
There is no need for fitting as the LMTO method is very
fast.

With the purpose of determining how spin-orbit cou-
pling would influence the shape of the Fermi surface,
we have first done scalar-relativistic calculations for the
Fermi surface of Gd and as a second step we have in-
cluded the spin-orbit coupling. To borrow from our con-
clusions, inclusion of spin-orbit coupling results in small
changes in the calculated dHvA frequencies and band
masses expect for the smaller frequencies and for orbits
lying in the AHL plane. This is due to the fact that in

+ total-calc
x5d calc
o5d theory
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Conduction electron moment

4f spin moment

FIG. 1. The self-consistently calculated total and partial
5d moments per cell (two atoms) in units of Bohr magneton
(uB) for Gd metal as a function of 4f spin moment (ug). The
approximate partial 5d moment was obtained from Eq. (14).
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Gd and Tb, the d bands are broad and this leads to a
very small effect of the spin-orbit coupling.

A. Fermi surface results for gadolinium metal

The band structure along various symmetry directions
is shown in Fig. 2. We only show the bands near the
Fermi energy (Er). Bands 5-7 (i.e., three bands) cross
the Fermi level. The fifth and sixth band FS corresponds
to spin |, while the seventh is spin 1. The FS obtained
from the band structure is shown in Fig. 3. The FS aris-
ing from the fifth and sixth bands is in general agreement
with that obtained by using the RAPW method® and
LMTO method® although in detail there are some dif-
ferences. For H along [0001] the bands 5 and 6 support
three extremal orbits (two central and one noncentral)
each. These are obtained by calculating the area of the
FSslice A(ky) centered at kg which is the distance along
the I'A axis. The FS topology of the seventh band is dif-
ferent from that obtained by the other workers. We have
calculated the extremal areas of all the F'S sheets and our
results are compiled in Table I.

We now attempt to identify our calculated areas with
those measured by Mattocks and Young!'® and Schirber
et al.1* Some FS orbits have been identified by MY and
we use their notation. Some of the measured dHvA fre-
quencies are given in Table I. We identify the various
branches as follows: The «; branch as arising from the
fifth band in the KM plane, the v; branch as arising
from the sixth band in the 'K M plane, the a; branch is
identified with the fifth band, noncentral orbit centered
at a distance %I‘A from I along I" 4 line, and the (3; orbit
as arising from the seventh band. We have also calculated
areas for the a3 and 75 orbits which were measured when
the magnetic field H was tilted 16% away from the [0001]
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FIG. 2. Scalar-relativistic band structure of ferromagnetic
Gd at the experimental lattice constant along the major sym-
metry directions near the Fermi level (EF).
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axis. We agree with the assignment of MY, i.e., the a3
orbit arises from the fifth band with the center at A and
the v, orbit from the sixth with the center at %FA from
I" along I'4 line. Our calculated areas are in agreement
with the data of MY, the worst disagreement being for
the ay orbit. To bring the calculated area in agreement
with experiment would require a shift in Er of about 16
mRy. For the others, the shift is less than 10 mRy. If we
identified a; as arising from fifth band with the center at
A, it would require a shift in Er of about 6 mRy.

We have also calculated some FS orbits using a con-
verged charge density obtained by including spin-orbit
coupling. The calculated frequencies for some orbits are
given in Table I. Although the changes in the FS orbit
areas bring them closer to experiment, the changes are,
however, very small except on the AH L plane where the
spin-orbit coupling has the largest effect. If we identify
the o orbit as arising from the fifth band with the orbit
center at A then the shift in Er required to bring the
calculated area in agreement with experiment reduces to
4 mRy.

We do not find any of the small FS orbits (with fre-
quencies less than 107 G) measured by MY. However a
look at our band structure indicates that these could
come from the seventh band (in the M-L direction) if
EF is increased by 2 mRy or from the seventh band if
Er is increased by 5 mRy. Thus one could calculate the
frequencies of the small F'S orbits by shifting the Fermi
energy. These shifts are not uncommon and have been
found in the noble metals®® too.

A H
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r

SQ
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FIG. 3. Intersections of the calculated Fermi surface of Gd
with the major symmetry planes. The spin up (1) and spin
down (|) show the majority and minority states, respectively.
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TABLE L. Calculated and experimental dHvA frequencies (in 107 G) and masses for Gd. The
calculated dHvA frequencies, including spin-orbit coupling, are given in brackets. NC stands for

noncentral orbits.

-y

H Band and Frequency Frequency® Mass Mass MY®
direction  orbit center expt.” calc. calc. expt.® identification
(0001) 5T 4.0,4.077 5.47 (5.36) -0.73 1.21 a1

5NC 1.35,1.63,(1.39,1.69)¢  2.19 (2.05) -0.66  1.19 az
5,4 5.42 (4.86) -1.89
6, 6.9 7.77 (7.44)  -171 2.2 71
6,A 5.42 (5.06) -1.89
6,NC - 11.20 (10.37) -2.88
70 14.07 (14.27)  -1.55
7,NC 11.22 -2.53
5.A 2.45° 3.66 -1.08 as
6,NC 8.7¢ 10.20 -2.25 3.2 Y2
(1010) 7,K 3.45 1.94
(1120) .M 4.5,4.66° 5.80 (5.51) 1.67  2.28 B

* Mattocks and Young (Ref. 16).

® Frequency in Gx2.673 x 10~° = area (in a.u.).
¢ Sondhelm and Young (Ref. 17).

4 Schirber et al. (Ref. 14).

® 16° from [0001].

B. Fermi surface results for terbium metal

The band structure of Tb, in the vicinity of Er, along
various symmetry directions is shown in Fig. 4. Four
bands (5-8) cut the Fermi level giving rise to four FS
sheets. This Fermi surface is shown in Fig. 5. Bands
5 and 6 give rise to continuous noncylindrical FS sheets
parallel to the I' 4 line. With the magnetic field H along
[0001] these support five FS orbits. Three are central
with centers at I' and A and two are noncentral with
the orbit center along I'A. The FS corresponding to the
seventh band is complicated and supports extremal orbits

\
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FIG. 4. Scalar-relativistic band structure of ferromagnetic
Tb at the experimental lattice constant along the major sym-
metry directions near the Fermi level (EF).

for H along various symmetry directions. The eighth
band gives rise to a closed electron FS sheet centered
along the 'K line. This small FS sheet gives rise to low
dHvA frequencies. The dHvA frequencies for the various
FS orbits are given in Table II.

When comparing the FS of Tb with that of Gd we see
many similarities. In particular bands 5, 6, and 7 give rise

A H
6 Tb
15
7
(Y
r K
K
f
S
74
54\ 64
r M
L
Tb
s 6) T
r M

FIG. 5. Intersections of the calculated Fermi surface of Th
with the major symmetry planes. The spin up (1) and spin
down () show the majority and minority states, respectively.
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TABLE II. Calculated dHvA frequencies (in 10" Gauss)
and masses for Tb. The calculated dHvA frequencies, includ-
ing spin-orbit coupling, are given in brackets. NC stands for
noncentral orbits.

—

H Band and Frequency® Mass
direction orbit center

(0001) 5.0 5.88 (5.79) -0.78

5,4 7.52 (6.88) -2.38

5, NC 2.66 -0.73

6,1 9.20 (8.98) -2.00

6,4 7.52 (7.23) -2.38

6,NC 12.90 -3.65

7,0 13.30 (13.41) -1.48

7,NC 11.40 -2.65

8TK 0.12 (0.077) 0.38

(1010) 7K 5.07 2.50

8,I'K 0.47 (0.33) 1.07

(1120) M 6.34 1.93

8TK 0.28 (0.20) 0.73

*Frequency (G)=area (a.u.)/2.673 x 107°,

to similar F'S topologies. The band-8 FS appears in Tb
as the bottom of the eighth band lies about 2 mRy below
Efr. In Gd, however, the bottom of the eighth band lies
about 5 mRy above Er. Unlike the case of Gd, there
is not sufficient data on the dHvA effect in Tb. In fact,
there exists only a single measured dHvA frequency (area
=0.00195 a.u. and mass = 0.58 m,) (Ref. 19) for H along
[1010] which was identified as arising from the H centered
cap. We do not find any evidence for such a FS sheet. In
our calculations the seventh to eighth band lies 13 mRy
above Ep at the symmetry point H. However, we do find
a small FS arising from the seventh band centered along
'K which could explain this data. Our calculated area
for this orbit is 0.0125 a.u. Using the calculated mass we
obtain a shift in Er by 3 mRy to bring the calculated
area in agreement with experiment. We have calculated
some FS areas including the effect of spin-orbit coupling.
These are also given in Table II. Although most orbits
are not affected much by spin-orbit coupling, the eighth
band FS areas are changed significantly. In fact, the only
measured FS area is now in better agreement with our
calculations.

III. A MODEL FOR THE INFLUENCE
OF THE LOCALIZED MOMENTS
UPON THE BAND STRUCTURE

The conduction bands transmit the exchange interac-
tions between the local atomic moments. We first sum-
marize the standard model of magnetic interactions in
rare earths.3® The exchange interaction between any pair
of electrons is usually written in terms of their spins as
—2J1281.82, where J; is the interatomic exchange inte-
gral. For rare earths the exchange interaction Hamilto-
nian between conduction electrons and local 4f moments
is
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Hs—f = _2Zj4f—cs4fsc = ‘2j4f-cS4fSc
4f

= —2j4f—c(g.l - 1)J4fsc1 (3)

where J4 #—c is an average taken over the ground state J
multiplet, j;f is the total 4f angular momentum and s,
is the conduction-electron spin. The exchange interaction
is often called the s-f interaction for historical reasons3’
but it is not intended to imply here that the conduction-
electron states are pure s states. In fact, in rare-earth
metals and compounds the 5d states are more important.
The s-f exchange integral is, explicitly,

e2

TagelBnf) = [ 9,000 = By ="

=71

X U o(7F")®as(F — Ry)drdi'.  (4)

The exchange integrals are always positive and they align
the conduction and 4f spin moments to be parallel. In
the ordered phase at zero temperature the rare-earth
moment may be replaced by its expectation value in
the mean field approximation. The s-f Hamiltonian
still has both diagonal and off diagonal elements among
conduction-electron states since the unperturbed states
are for the paramagnetic phase. The diagonal contribu-
tion to the conduction band energies splits the spin-up
and spin-down conduction bands

X, = enr F (JE;)(g — 1) Jag—c(nk,nk). (5)

In second order the energies are further modified by a
contribution involving interband transitions. This sec-
ond order contribution is due to the change of wave
functions induced by magnetic ordering since the unper-
turbed wave functions are for the paramagnetic ground
state, and the induced potential is nonuniform. The first
order splitting of the conduction bands, Eq. (5), leads to
an approximate conduction-electron moment

(k2)e = uBN(er) (g7 — 1)(Jif) Jag—c, (6)

where N(e) is the state density per formula unit in the
paramagnetic phase.

We now summarize how the same effects arise in
LSDA. In a self-consistent calculations for a crystal the
wave functions and spin densities are continuously modi-
fied, the problem being solved by iteration, and the final-
converged-wave functions are eigenstates of the potential
due to a nonuniform, but periodic, spin density. In LSDA
the spin-polarization energy may be expressed, approxi-
mately, in terms of radial integrals

1
Bt = =3 2 Jumum )
L

The LSDA atomic exchange integral matrices, Jymymy,
will be defined explicitly below. The energies of the
conduction-electron bands in the field of the 4f states
are then given by
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1 - o
efk = €nk F §J4f_c(nk,nk)(p,2f)
= €nk F (97 — 1)J4f—c("’:, nE)(‘]Zf)' (8)

The approximations leading to Eq. (5) are similar to
those leading to Eq. (8)—the LSDA version of the rigid
band splitting of Stoner theory.3874°

In LSDA the exchange and correlation potential is
given by*!

2n*(r)
n(r)

where A and B are functions of the total electron
density,*! n(r) = n*(r) + n=(r). Since the total spin-
up and spin-down potentials contain vy.(r), additively,
the difference between spin-up and spin-down potentials
is

Vie(r) = Aln(r)] % + B[n(r)], (9)
(%)

Avye = vV 4o (1) — v e (7). (10)

The difference in the spin-up and spin-down potentials
is a functional of the local total spin-up and spin-down
densities. Since the 4 f spin density is highly nonuniform,
so is its effect upon the spin-up and spin-down potentials.

The bare exchange integrals are obtained approxi-
mately by first expanding the exchange split potential,
Eq. (9), to first order in the magnetic moment density
which is resolved into its partial angular momentum com-
ponents, assuming that spin-up and spin-down densities
do not differ, that only states close to the Fermi energy
contribute to the magnetic moment, and applying first
order perturbation theory by averaging with the wave
function at the energy for which the splitting is required.
The effective energy splitting at the Fermi energy is then

Ae¢(EF) = ; Z (NT‘”(%ETF)) El: Jau (EF)pqr

+J4f—z(EF)>, (11)

where Jy5_; is given by

Tag-i(Er) = § [ r63(0)61r, Er) Aln(r)] m(r)a,
(12)

where the sum over I,l' excludes I = 3 and ¢ labels the
atom. The intraconduction-electron exchange integrals
are

T (Be) = 3 [ 160 BR)8h(r, BR) Aln(r) /mr)ar
(13)

The latter integrals are evaluated at the Fermi energy
for both states ! and I'. Then one obtains essentially
the average splitting of the partial [ bands per unit of
spin moment p; obtained from the potential difference,
in Eq. (10) at the Fermi energy. The integrals, Jy (EFr),
for the rare-earth metals are calculated to be for dhcp Pr,
Jsdasa = 38 mRy, Jsq46p, = 36 mRy, and Jsq6, = 39 mRy;
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for hcp Gd, Jsgsa = 39 mRy, Jsaep = 40 mRy, and
Jsd6s = 42 mRy, and are, therefore, more or less constant
across the series. The integrals Jss_;(EFr) are for dhcp
Pr, J4s_54 = 8.6 mRy; for hcp Gd, J45—s4 = 6.5 mRy.
Since the rare-earth contraction, which changes the 4f 5d
overlap, is fairly smooth the integrals may reasonably
be interpolated by Jys_s54 =~ 8.6 — 0.42(z — 2) mRy, or
Jaf—5q4 = 117 — 5.71(x — 2) meV where z is the number
of 4f electrons.

Self-consistent calculations for Gd in which the 4f spin
was varied between 0 and 7 confirmed that the 5d mo-
ment is an almost linear function of the 4f spin. The
4f5d exchange integrals actually change slightly with
increasing 4f spin. For example, in Gd with pj, =
0,Jsfsq4 = 88 meV whereas when pj; = 7,J4p50 =
94 meV. The 5d moments may be estimated from the
corresponding exchange splitting of the 5d bands at the
Fermi energy, Eq. (11), at various levels of approxima-
tion. If it is assumed that the partial 5d state density
dominates, the ratio —%%l is one half for hcp Gd. The

5d moment at a site is then given by

_ Jag—sapi;Nsa(EF)/2
Hed (1 — JsasaNsa(Er)/2)’

(14)

where Jsqs4 is calculated to be 531 meV for Gd and
pas = 7 is the 4f spin. The approximation of Eq. (14)
yields results to within a few percent of the actual 5d
moments obtained in the self-consistent spin-polarized
calculations (Fig. 1). The partial 5d state density at the
Fermi energy is calculated to be about 16 states/Ry atom
in the paramagnetic state and is more or less constant
across the heavy rare-earth series. The 5d moment for
Gd is calculated to be psq = 0.53up from Eq. (14) and

to be pusq = 0.48up self-consistently in a 405 k-point
spin-polarized calculation. The reasons for the slightly
different values are (1) above p3, = 3, Na(EF) starts to
fall being only 9.2 states/Ryatom for pj, = 7, and (2)
Nep(Er) = 5.5 which is not negligible compared with
Nsq(Er) = 16.5. In a more complete multiband theory
Eq. (14) is modified by 5d-5d and 6p-6p exchange interac-
tions which yield an effective Stoner factor INyot(EF)/2,
where I = 272 meV. With Nyot(EF) = 16 + 5.5 = 21.5
states/Ry atom, the Stoner enhancement factor is then
1.79 for the calculated values of Jgpep = 734 meV and
Jepsa = 544 meV compared with the 5d-5d enhancement
factor of 1.47 in Eq. (14).

IV. SUMMARY

In summary, the self-consistent spin-polarized calcu-
lations yielded a total conduction-electron moment for
Gd of 0.65up from a 405 E-point calculation which com-
pares well with the measured value of 0.63up (Ref. 33)
and suggests that LSDA gives most reasonable values for
the conduction band splitting. Lindgard3® used magne-
tization data to deduce the conduction-electron polariza-
tion and, from his calculated state density at the Fermi
energy, evaluated the exchange interaction from the re-
lation pcond = §4fN(EF)J4f_c. In this way he obtained
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an effective Jy5_. = 82 meV for the series quite close to
the values of J4¢54 given above.

We have calculated the extremal areas of the F'S of Gd
and Tb using LMTO-ASA method with the von Barth—
Hedin exchange-correlation potential. The band struc-
ture for Gd and Tb are very similar except that in Tb
the eighth band crosses the Fermi level. Thus the FS of
both these metals is also very similar except that in Tb
the eighth band gives rise to a small FS sheet centered
along 'K. For Gd our calculated FS areas for the bigger
orbits are in agreement with those measured by MY and
Schirber et al. To obtain the smaller FS orbits one would
require shifting the Fermi level by around 5 mRy. Thus
in contrast to the conclusion of Singh,® we believe that
one does not need to explicitly include the f-d hybridiza-
tion in the calculations in order to describe the small
orbits. For Tb only one FS orbit has been measured and
is in agreement with the calculated area. The inclusion of
spin-orbit coupling changes the F'S areas slightly bringing
them in better agreement with experiment.

In conclusion, we have shown that a treatment of the
4f levels as pseudocore states gives good results for the
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Fermi surface and magnetic moment of Gd. However,
although this has not been explicitly investigated, it is
likely that the present calculational method will give a
larger equilibrium volume than observed experimentally.
Since the frozen core approximation as well as limitations
of the local density approximation give rise to inaccura-
cies in the calculations of the volume, it is not presently
possible to regard this discrepancy between theory and
experimental as caused by the pseudocore treatment of
the 4f electrons. Therefore, we believe that there is still
no direct evidence available which shows that the 4f
states be treated as ordinary valence states.
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