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The anisotropy of the magnetic hyper6ne interaction for Al nuclei in ferromagnetically ordered
GdA12 is determined for T ~ 0.7T, using NMR on a single crystalline sphere. The pseudodipolar contri-
bution amounts to about 12% of the dipolar contribution and depends linearly on the temperature-
dependent magnetization. The temperature dependence of the quadrupolar splitting for the Al a site
and for magnetization oriented along the [111]direction is measured from T=4.2 K up to the paramag-
netic range. It also varies linearly with the magnetization. With the help of relativistic energy-band-
structure calculations, we examine the important role of the orbital polarization of the conduction elec-
trons in the ferromagnetically ordered state for these phenomena. These numerical results also give an
explanation of the anomalies reported earlier for the Al Knight shift and the "Gd quadrupolar split-
ting in the ferromagnetic state of cubic Laves-phase structured GdA1&.

I. INTRODUCTION

Reports of NMR in ferromagnetically ordered GdA12
date back to 1965, when Budnick, Gegenwarth, and Wer-
nick' presented the results of their measurements on the

Al, ' Gd, and ' Gd nuclei in zero external field on
powder samples. Since then, a large number of investiga-
tions contributed to our growing knowledge about the
electronic structure of this "simple" cubic, Laves-phase
structured compound. Nevertheless, there are a number
of puzzles left, where the experimental results could not
be explained within a satisfactory theoretical framework.

The high-field NMR Knight shift was measured for
Al and ' Gd in a ferromagnetically ordered single crys-

talline sphere of GdA12. A change in sign of the Al
Knight shift in the ferromagnetically ordered state com-
pared to the earlier results for the paramagnetic state was
found" to indicate important rearrangement of the
electronic band structure upon magnetic ordering. The
necessary band-structure calculations were, however
lacking.

In spite of the fact that the Gd ions reside on sites of
cubic symmetry in GdAlz and are generally assumed to
have a half-filled (and thus spherical) 4f shell, an
electric-field gradient (EFG) was observed at the Gd nu-
clei in the ferromagnetically ordered state of GdA12.
Only about half of the quadrupolar splitting could be ex-
plained by the isotropic relativistic single-ion contribu-
tion and the inAuence of magnetostriction, the remaining
portion was attached to the magnetically induced EFG
due to non-s Gd conduction electrons, but, again, a quan-
titative theoretical estimate of this contribution is lack-
ing.

The third puzzle concerns the anisotropy of the
hyperfine interaction of the Al nuclei in the ferromag-
netically ordered state of GdAlz, i.e., the observation of
an anisotropic transferred hyperfine field ' and of a tem-
perature or magnetization-dependent EFG contribution
at the Al nucleus. ' ' This is the main topic of our
contribution.

We want to show in this contribution, that the various
puzzles mentioned above can be explained by the orbital
polarization of the conduction electrons in the ferromag-
netically ordered state of GdA12 —or, expressing it in
other terms, by the inAuence of the magnetic order on the
electronic densities and currents in GdAlz. Therefore, we
extend the experimental basis concerning the anisotropic
hyperfine interaction of Al in the ferromagnetic state of
GdA12 by the detailed NMR analysis with help of a single
crystalline sphere. These results are reported in Sec. IV,
after a short description of the relevant theory in II and
of the experimental details in Sec. III. In Sec. V we
present the theoretical analysis of the orbital contribu-
tion, divided into the results of an appropriate energy-
band-structure calculation in Sec. VA and the compar-
ison with the experimental results in Sec. V B. The con-
cluding remarks follow in Sec. VI.

II. ANISOTROPIC Al HYPERI INE
INTERACTION IN GdA12

The crystallographically equivalent aluminum sites of
GdAlz have axial symmetry (3m) in the cubic Laves-
phase structure. They can be split in up to four magneti-
cally inequivalent sites a, b, c, and d, depending on the
orientation of the magnetization with respect to the crys-
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tal axes. In the ferromagnetically ordered state, the res-
onance field can be calculated via

H ~=(a —l)H& . (3a)

From NMR measurements on powder samples at 4.2
K, a value of a= l. 13 was estimated for GdAlz. A more
clear cut, but corresponding, result was obtained in the
first NMR measurements at a magnetically saturated sin-
gle crystalline GdAlz sphere at 4.2 K, reported by Fekete
et al. This pseudodipolar contribution cannot be ex-
plained within the framework of a Ruderman-Kittel-
Kasuya-Yosida (RKKY) -like polarization of s-like con-
duction electrons. Pseudodipolar contributions on ' F
sites caused by polarized p orbitals are a familiar result of
electron-nuclear double-resonance (ENDOR) studies for
rare-earth ions in CaFz and related crystals, ' however.
The temperature dependence of a for GdAlz was not pre-
viously known, but will be analyzed in this contribution.

The nuclear quadrupole interaction of Al (I =—', ) in

ferromagnetically ordered GdAlz has already attracted
considerable attention. The pioneering measurements at
powder samples in the temperature range from 4.2 to 112
K by Degani and Kaplan' revealed an obviously linear
relation between part of the quadrupolar splitting fre-
quency Av& and the temperature-dependent magnetiza-
tion M(T). The question of the origin for this EFG con-
tribution is not yet finally settled. The explanation put
forward by Zevin and Kaplan" of a magnon-induced
pseudoquadrupolar contribution was disputed by Gehr-
ing and Walker' who estimated such a contribution to be
one order of magnitude too small. They suggested a
temperature-dependent EFG contribution caused by lat-
tice expansion instead. In the accessible temperature
range of the experiment, ' a T -depending lattice con-
tribution and the linear dependence on the magnetization
obeying Bloch's T law would accidentally give the
same variation. The uncommon positive sign and the or-

v„,= (y /2~)H„,

from the resonance frequency, using the well-known
gyromagnetic ratio y /2m= 1.109 36 MHz/kOe:

H„,=(1+%)[HO—NM(HO)+4irMs /3]+Hhr+H~ (2)

Here, Ho is the external field, which is modified internally
by the field, temperature, and shape-dependent demag-
netizing field (N: demagnetization tensor). For a magnet-
ically saturated GdAlz sphere, demagnetizing and
Lorentz field cancel. The Knight shift
J ( T~0)= —25 X 10 is known and small. For rare-
earth intermetallic compounds, it is usual to separate the
"classical" point-dipole field H& from the hyperfine field

Hhf The absolute value and the orientation dependence
of H& were calculated before. ' It is convenient and
usually sufhcient to consider only the pseudodipolar part
of the anisotropy of the hyperfine field Hh&. Thus, for the
magnetically saturated sphere,

H„,= (1+K)HO+ H„r;„+aHq,

where the pseudodipolar field is taken into account as

der of magnitude required for the lattice contribution was
recently excluded by Riedi, Dumelow, and Abell' based
on an analysis of the pressure dependence of the EFG.
The only explanation left was the inAuence of lattice vi-
brations. ' With NMR in zero field for powder samples
and single crystals, the same authors showed that the
"magnetically induced" EFG contribution could not be
isotropic but should always have its main axis along the
local (111) direction of the Al site. ' To settle these
controversies, EFG data are required and reported here,
which are taken for a single-crystal sphere magnetized in
the [111]direction and which cover temperatures from
the ferromagnetically ordered state to far in the paramag-
netic range of the same sample. Thus, the high-
temperature value of the EFG is also obtained with an
improved accuracy compared to earlier results on powder
samples. '

III. EXPERIMENTAL DETAILS

For the NMR measurements, a single crystalline, high-
ly polished and annealed sphere with 8-mm diameter
was used, fulfilling the NMR criteria outlined by Fekete
et al. It was oriented with help of x rays and the NMR
spectrum with its (110)plane perpendicular to the axis of
rotation in the NMR probehead and to the axis of the
NMR coil, but parallel to the direction of the external
magnetic field. Thus NMR spectra in the main cubic
orientations [001], [111],and [110]could conveniently be
recorded.

The NMR measurements were performed on a Bruker
CXP90 spectrometer equipped with home-built probe
heads. The Fourier transform of the spin echo, excited
by pulses of 2 and 3 ps lengths and integrated over 50
kHz, was recorded versus frequency or external field
strength, respectively, in order to determine the reso-
nance line centers. Magnetic-field dependences were ana-
lyzed using the variable field strength of an electromagnet
(up to 14 kOe) or fixed field (47 kOe) in a superconduct-
ing magnet. Temperature variation (4—500 K, stability
better than 0.1 K) was realized with help of an Oxford In-
struments CF 1200 continuous Row cryostat or a home-
built bath cryostat (4.2 K, 77.4 K).

In order to derive the temperature dependence of a,
different procedures were combined.

(i) At 4.2 K and 77.4 K, the resonance frequencies of
all Al resonance lines (a-d) were recorded as function
of the external field (0 ~ Ho ~ 14 kOe) for the three main
directions [001), [111],and [110]. Examples were report-
ed already earlier. ' '

(ii) At selected temperatures, the complete angular
variation of the Al resonance frequencies for the reso-
nance lines a-d was determined at fixed magnetic field
from spectra recorded with variable frequency —see Fig.
1 for an example.

(iii) For fixed field strength applied in the three main
crystal orientations, the Al resonance frequencies were
derived as function of the temperature from 4.2 up to 125
K (i.e., 0.7T„with T, =171 K), see Fig. 2. This is the
fastest procedure to derive a. Accordingly, procedure
(iii) gave the largest and (ii) the smallest error bars for the
pseudodipolar contribution.
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with H, =Ho —XM. In order to calculate the
temperature- and field-dependent sample magnetization
(considering the infiuence of thermally excited spin waves
and of the exchange polarized conduction electrons) the
relations introduced and the relevant parameters deter-
mined by Lee and Montenegro were used.

Since the a values at 4.2 and 77.4 K indicated at most
a weak temperature dependence of a, all the data derived
as function of temperature for diferent fixed orientations
and the fixed external field strength Ho=4. 95 kOe (Fig.
2) in the temperature range 4.2 —122 K=0.7T, were
fitted assuming a temperature-independent value of o;.
Thus a=1.12+0.02 was obtained [procedure (iii)]. The
same value a= 1.12+0.02 is also the average of all indivi-
dual fixed-temperature data (Fig. 4), proving the con-
sistency of the fitting procedure. The variation of the
pseudodipolar contribution as function of the normalized
magnetization is plotted in Fig. 5.

Thus the classical point dipole field at the Al sites, cal-
culated for Gd moments of 7.Op~, is increased by
(12+2)%%uo in ferromagnetically ordered GdA12. This
eA'ect cannot be spurious and caused by the underestima-
tion of the point dipole contribution by the assumption of
too small a Gd moment: experimentally, values of
7.20pii (Ref. 23) or 7.06}ttz (Ref. 24) were derived, only
slightly larger than the free-ion moment.

In ESR-ENDOR studies of the transferred hyperfine
interaction (superhyperfine interaction) at the nonmag-
netic (halide) partner in partly covalently bound nonme-
tallic crystals like the diAuorides, containing trivalent
rare-earth ions, pseudodipolar contributions were gen-
erally observed. They were traced back to the orbital po-
larization ofp electrons at the halide site. It is thus sensi-
ble to suggest that an orbital polarization at the Al sites
might also be induced in the ferromagnetically ordered
state of the intermetallic compound GdA12. An analysis
of the orbital polarization will be made in Sec. V after
further evidence for a nonspherical conduction electron
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FIG. 5. Pseudodipolar field H~d for the 'Al lattice site a as
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the temperature as implicit parameter. A linear relation is ob-
served for T~0.7T, .

distribution obtained from the analysis of the EFG.
Figure 6 shows all results for the quadrupole splitting

frequency Av& of the Al lattice site a and for magneti-
zation of the single-crystal parallel to the [111]direction,
as a function of the normalized magnetization. The tem-
perature, varied between 4.2 and 122 K in the ferromag-
netic and 294.5 and 388.9 K in the paramagnetic phase, is
the implicit parameter for this representation. The qua-
drupolar splitting has been fitted by the relation
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b, v& ( [ 111] ) =2I' =
t 619.6—73.SM (H, T) /M (0) ] kHz J (J+ 1)+S(S + 1) L—(L + 1)

2J(J+1) (6)

with an error of +5.2 kHz. Only the inclusion of the
paramagnetic state data allowed for a clear-cut derivation
of the actual temperature —or magnetization depen-
dence. The data in the ferromagnetic phase (T ~ 0.7T, )

might have been fit to a quadratic dependence on the
magnetization or to a T law with only a minor in-
crease in the error limit. The full data set can only be de-
scribed by the linear dependence on the magnetization.
The magnetization-dependent contribution amounts to
12% of the "lattice" contribution, thus, evidently is a
non-negligible contribution. By a detailed numerical
analysis ' we ruled out that magnetostriction might ex-
plain the magnetization-dependent EFG and pseudodipo-
lar contribution —a magnetostriction of about 10%
would be required for the EFG and still be unable to ex-
plain H d. But again, an unequal occupation of conduc-
tion electron states corresponding at the Al site to
different azimuthal character (m&) of atomic p-like con-
duction electrons could explain the EFG contribution.
Such an orbital contribution was already quoted by De-
gani and Kaplan. ' It is actually derived from a relativis-
tic band-structure calculation including spin polarization
and spin-orbit coupling as reported in the next section.

V. ORBITAL POLARIZATION IN GdA12

A. Results of band-structure calculations

The ab initio self-consistent energy-band calculations
were carried out using the linear-muffin-tin-orbital
(LMTO) method in the atomic sphere approximation
(ASA) with potentials obtained from the local-spin-
density approximation (LSDA) to density-functional
theory. For the C15 Laves-phase structure the primi-
tive cell consists of two formula units and, with s, p, and
d basis orbitals centered at each of the Gd and Al sites,
the LMTO Hamiltonian and overlap matrices are of di-
mension 54X 54 for spin-up or spin-down bands.

A major difficulty with a band-structure treatment of
rare-earth metals and their compounds is the combina-
tion of the localized 4f electron magnetism and the
itinerant magnetism of the conduction electrons. Har-
mon has reviewed the difficulties associated with a den-
sity functional treatment of the R-4f states in LSDA. If
the number of 4f electrons is fixed to an integer, as in the
infinite-U limit of the Hubbard model and the total 4f
spin is also fixed, it is a simple matter to spin polarize the
4f density and include the 4f spin densities in the total
spin density and even though the 4f states are not part of
the band structure. Details of this procedure are given
elsewhere. The total number of 4f electrons is known
to change from seven for Gd to thirteen for Yb in
trivalent compounds. The spin occupation numbers 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 moment is given
by pf =gJJ, where gJ is the Lande factor,

The ground-state spin component of the total 4f mo-
ment, pf, is obtained from the projection of the spin
along the direction of total angular momentum

pf =2(gJ —1)J . (7)

ELSDA 1 y J
11'

(9)

where J11. is an exchange integral and p& is the Ith
partial spin moment. The 4f Sd interaction energy -is
therefore

ESP (4f 5d) = 2J4f Sd—l 4fP'5d—-
The splitting between 5d spin-up and spin-down states is
then given by

gE LSDA(4f
J4f —5d P4fBfB5d

and the induced Sd moment is b, times N&d(EF), where
N, d(EF ) is the partial-5d-state density at the Fermi ener-

gy per atom and per spin. The exchange integral J4f 5d
is 103 meV in a free Gd atom, 92 meV in Gd metal

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

nf nf +nf 7 Pf nf nf

where nf
—are the up- and down-spin occupation numbers

and nf is the total number of 4f electrons. The foregoing
is consistent with the de Gennes factor ' and model
theories of s finter-actions where, at the mean-field lev-
el, the projection of the 4f spin along the total 4f mo-
ment direction enters the 4f-conduction-electron ex-
change interaction. The constraints are particularly sim-
ple for Gd and its compounds where nf =nf+=7 and

nf =0 with J=S and gJ=2. Subject to these con-
straints, the 4f spin densities are calculated self-
consistently, and the influence of the 4f moments upon
the magnetism may be obtained. This approach has re-
cently been applied with some success to the RFe2
series, the RCo2 series, and even to the complex mag-
net Nd2Fe&4B series.

Since Al is nonmagnetic the magnetism in GdA12 is
driven by the localized Gd 4f spin. The mechanism lead-
ing to long-range order may be separated into two dis-
tinct parts. Firstly, in the LSDA, the Gd 4f spin density-
polarizes the Gd 6s, 6p, and Sd states through local ex-
change interactions but is otherwise isolated from the
conduction-electron environment. The dominant interac-
tion here is between the 4f and Sd states, since the num-
ber, and partial state density at the Fermi energy, of 6s
and 6p electrons is relatively small. The local exchange
interaction between R 4f and R-5d -states is positive and
the corresponding spin moments are always parallel. In
fact, this exchange interaction is quite easy to calculate,
since the spin-polarization energy in LSDA may be ap-
proximated by the expression
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and 102 meV in GdA12. Since the Gd spin moment is 7,
the splitting of the Sd conduction-electron states is about
700 meV or 51 mRy. The calculated partial 5d-state den-
sity at the Fermi energy for paramagnetic GdA12 (i.e.,
with m4f =0) is about 12 states per Ry, Gd atom and
spin. The estimated Sd moment is then about 0.5pz per
Gd atom.

What actually happens as GdAlz polarizes is similar to
the situation in Gd metal. The state density at the Fer-
mi energy drops as the spin-up and spin-down bands split
apart and the partial-Sd-state density reaches a lower
value of about 4 states per Ry, Gd atom and spin when
polarization is complete. Hence, the value of the Sd mo-
ment obtained from the self-consistent calculations is
0.41pz and somewhat less than the value estimated from
Stoner-type theory above.

Measurements ' suggest that the total moment in
GdA12 is 7.25pz/f. u. , whereas we calculate a moment of
almost 7.5p~/f. u. in the spin polarized calculations. The
measured value is anomalous, as has been remarked upon
by several authors. ' It has even been suggested that
GdA12 is not a ferromagnet. However, since there ap-
pears to be no reason why the localized Gd moment
should be less than 7pz per Gd we are compelled to use
this value as an input to the calcu1ations, in which case
no energy-band calculation could possibly yield a
conduction-electron moment of as little as is 0.25p~/f. u.
Similar calculations ' for other rare-earth intermetal-
lics yield the conduction-electron moments accurately,
and we suspect that the suggestion by Abe11 et al. " that
GdA12 is not a true ferromagnet may be correct. (Also,
vacancies on Gd sites might reduce the average moment
per Gd site derived experimentally. )

In rare-earth transition-metal intermetallics the rare
earth (with its chemically inert 4f electrons) is an early
transition metal in the sense that its 5d bands are just be-
ginning to fill. When the transition metal is a late transi-
tion metal, the spins on the transition-metal and rare-
earth sites are coupled antiparallel. The total moments
on the atoms wi11 be parallel if the orbital moment of the
rare earth is opposite to, and greater than, the spin. The
mechanism for this ferromagnetic coupling is R -5d M-3d
hybridization. Since the gap between the unhybridized
spin-down R -5d and M-3d bands is smaller than between
the unhybridized spin-up bands, hybridization and spin
transfer are greater for the spin-down bands, and the in-
teraction between the M-3d and R -5d moments is ferri-
magnetic. ' ' However, GdA12 is a different case, since
Al is a broad sp-band metal. In the compound, the Gd 5d
derived bands actually cut the bottom of the broad Al sp
derived bands and both components of the compound are
metals with their bands just beginning to 611. The spins
on the Al and rare-earth sites are therefore coupled paral-
Ie/ in this compound.

Spin-orbit interaction is important whenever orbital
magnetism is under investigation. In a second series of
calculations the energy bands were not only spin polar-
ized, but the spin-orbit interaction was added to the
LMTO Hamiltonian matrix. In contrast to normal-spin-
polarized energy-band calculations, where the spin-up

TABLE I. Partial magnetic moments, atomic orbital occupa-
tion numbers, and partial densities of states at Fermi energy ac-
cording to band-structure calculation.

Al 157Gd

p /pg
I (/I~
n(, l =1; m(=
3p(A1)
6p(Gd)
n(, l=2; I
3d(A1)
5d(Gd)

DOS( f' }/Ry

DOS( $ )/Ry

—1

0
+1
—2
—1

0
+1
+2

S

p
d
S

p
d

+0.0142
—0.0050

0.5295
0.5498
0.5247
0.0587
0.0558
0.0511
0.0554
0.0590
0.175
2.096
1.887
0.454
6.667
2.353

+0.4399
—0.0425

0.3739
0.3593
0.3467
0.3177
0.2648
0.3161
0.2661
0.3095
0.668
0.722

10.753
0.325
1.517
8.772

and spin-down bands are calculated separately, the spin-
up and spin-down bands are connected by matrix ele-
ments of the spin-orbit interaction and the size of the rel-
ativistic LMTO Hamiltonian becomes 108 X 108 for
GdA12. Fortunately the relativistic calculations need be
iterated no more than twice, but at this stage computer
time becomes a serious limitation upon the accuracy of
Brillouin zone sampling. The results shown in Table I
were for a sample of 178 k points and, although the
overall description of the electronic structure is no doubt
correct, it was not possible to test if details were con-
verged in k space.

The introduction of spin-orbit interaction does not ap-
preciably change the charge or spin densities. Its main
effect is to induce small orbital contributions to the
conduction-band moments. The spin-orbit parameter for
the Gd 6p and Sd states were calculated to be 1.25 eV and
0.1 eV, respectively. The spin-orbit parameter for the Al
3p was calculated to be 0.016 eV. Although the spin-
orbit interaction for the Al 3p states is very small, an or-
bital moment may be induced at the Al site through hy-
bridization with spin-orbit split states at the Gd site.
Since the spin moments at the Gd and Al sites are aligned
parallel and all sets of basis orbitals are less than half
filled, the induced orbital moments at both sites are anti-
parallel to the spin moments.

The detailed numerical results, compiled in Table I, are
related to the measurements in the following subsection.

B. Comparison with experimental results

The energy-band-structure calculations indicate a
small orbital moment at the Al sites of ferromagnetically
ordered GdAlz (Table I). It is possible that the calcula-
tion overestimates the total conduction-electron-spin mo-
ment by a factor 2 as mentioned previously, but even if
the total moment measurements are not misleading the
calculations yield the correct sign and order of magni-
tude.
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The contribution of the Al-p electrons with an azimu-
thal quantum number mi (partial occupation number

nt, l = 1, m =+1,0, —1) to the quadrupole splitting fre-

quency can be calculated as'

2I(2I —1)h I(2I —1)h

(10)

750

O

CD

V
CD

500

250

0
'l .0

Gd —NMR at GdAI2
I I I

0.9 0.8 0.7

M(T)/M(0)

0.6

FIG. 7. Quadrupolar splitting frequency Av& for ' Gd in

ferromagnetically ordered GdA12 as function of normalized
magnetization. The data and the broken line fit are taken from
Ref. 7. This fit takes the relativistic single ion effect, magneto-
striction, and a magnetically induced contribution depending
quadratically on M(T) into account. Instead, a linear depen-
dence of the latter effect (corresponding to its origination from
orbital polarization of the Gd-conduction electrons) was as-
sumed for the solid line fit.

using ( r )3„=8.64 X 10 cm (Ref. 42) and the
known quadrupole moment Q (Ref. 2). The band-
structure-calculations indicate also a nonnegligible Al-3d
contribution, which was considered as well

[ ( r ) 3d
=2.63 X 10 cm (Ref. 42)]. Thus we deter-

mine for Al a magnetically induced contribution
Av& =26.9 kHz, which shows the correct order of mag-
nitude in comparison with the observed value of 73.8
kHz.

For the nominally cubic Gadolinium site, the quadru-
pole splitting for ' Gd and ' Gd was reported before.
In the detailed analysis for ' Gd, contributions of 375
kHz and 20 kHz to the quadrupole splitting frequency
for [111]direction of the magnetization were traced back
to the relativistic single-ion contribution and magneto-
striction, respectively, for T~O K. About 350 kHz were
left for an additional magnetically induced (MI) contribu-
tion, depending quadratically on the magnetization. If
we consider a linear dependence on sample magnetization
for this MI contribution instead, as was observed here for
the Al site, calculated and observed temperature depen-
dences are evidently in better agreement than before (Fig.
7). (At the same time, the fitted value of the MI contribu-
tion is reduced to about 291 kHz). With the data given in
Table I, we calculate a splitting frequency of 165 kHz, in
agreement to within a factor of 2 with the experimental

y;=g pii[DOS(1'), '+DOS( J, ), '] (12)

where DOS is the density of states (neglecting the molec-
ular field exchange constant). For ' Gd, a spin contribu-
tion to K of —25X10 is calculated, while a total
Knight shift of K = +52 X 10 was observed. This
leaves about +75X10 for the positive orbital or van
Vleck contribution to K, which does not seem unreason-
able. For Al, a calculated value of K = —3 X 10 has
to be compared with the experimental value
K = —25X10, supporting the observed sign change
relative to the paramagnetic state of GdA12
(rC =+5.S X 10-').

Evidently, more detailed band-structure calculations
considering different orientations of the Gd moment with
respect to the symmetry axis of the crystal are required
for a more reliable comparison between experiment and
theory. The present stage of the analysis already reveals
however, that the experimentally observed puzzles for
ferromagnetically ordered GdA12 are indeed related to
the spin and orbital conduction-electron polarization in
ferromagnetically ordered GdA12. Relevant changes in
the spin density and current distribution upon magnetic
ordering must be considered in the future.

VI. CONCLUDING REMARKS

By NMR investigation of a single crystalline sphere of
GdA12, a pseudodipolar contribution to the hyperfine
field at the Al nuclei in the ferromagnetically ordered
state was established experimentally. It increases the
classical point dipole field, which has been calculated as
resulting from the 7pz-Gd moment of GdAlz before '
by a temperature-independent portion of (12+2)%. This
is much larger than the deviation of the measured satura-
tion moment from the nominal value of 7.0p~ per Gd.
Under well-defined experimental conditions, we derived,
furthermore, the quadrupolar splitting of the Al NMR
line of the Laves-phase Al site a, i.e., for magnetization
parallel to the local symmetry axis (111)of GdA12. We
proved the linear dependence of the magnetically induced

result. (Gd nuclear data from Ref. 2, ( r ) 5d
=1.83X10 cm, (r )6 =3.6X10 cm estimat-
ed from optical data. )

For the a site and magnetization in [111]direction, the
pseudodipolar field of H~ d(T =0)=—0.88 kOe was de-
rived above. The p-electron orbital contribution can be
calculated from the data given in Table I as

H„b= —2pii(r ')3p(mt )

The calculated value of —0.80 kOe is in surprisingly
close, and probably fortuitous, agreement.

Finally, the Knight shift K for Al and ' Gd can be
considered for the ferromagnetically ordered state. The
necessary hyperfine-coupling constants are compiled in
Ref. 3, together with the experimental K values. As can
be seen from the drastic differences of spin-up and spin-
down densities of states, the inhuence of the ferromagnet-
ic order on the density of states at the Fermi level is rath-
er pronounced. The susceptibilities y, (i =s,p, d) enter-
ing in the Knight-shift expressions were estimated as
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EFG contribution on the electronic magnetization from 4
K until the paramagnetic range. This contribution
amounts to up to 12%%uo of the "lattice" EFG. We have
shown that elaborate band-structure calculations are re-
quired to compete with the achieved degree of sophistica-
tion in the present stage of NMR analysis. Exchange,
correlation, and spin-orbit interaction have to be taken
into account. In part, our numerical results are still qual-
itative. But we have shown that the Knight-shift change
upon magnetic ordering, the electric-field gradient at the
nominally cubic Gd lattice site, and the magnetization-
dependent pseudodipolar and quadrupolar contributions

at the Al site can be explained, at least in principle. In
conclusion, orbital contributions and nonspherical charge
distributions seem important even in such simple, cubic
intermetallic compounds of rare earths with
nontransition-metal partners like ferromagnetically or-
dered GdA12.
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