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Anisotropic hyperfine interactions in ferromagnetic hcp Col
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The anisotropy of the magnetic hyperfine field H„&, and the angular dependence of the quadrupole splitting
v, are measured in an NMR study of a fully magnetized single-crystal sphere of ferromagnetic hcp Co, For M
rotation in a (121 0) plane it is found that H„,= H + H'[(3cos'Q —1)/2] vq vq + vq[(3cos Q —1)/2],
where Q is the angle between M and the c axis. The numerical values are H = —226 kG, H' = 5.73 kG,
v"" = 24.5 kHz and v'q = 196.1 kHz. A phenomenological interpretation is given and the data are used to
examine some aspects of the band model of hcp Co. It is shown that the isotropic part of v, i.e. v,"", can be
ascribed to the relativistic contribution of the d band to the electronic-field gradient at the ' Co site. A model
in which the orthogonal-plane-wave band calculations concerning the magnetic hyperfine anisotropy can be
confronted with the experimental observation is presented.

I. INTRODUCTION

The study of anisotropic distribution of charge
and spin densities in ferromagnetic metals is of
interest for the understanding of the metallic and
magnetic states. Zero-field NMR study of hcp
cobalt has been reported some years ago' in an
attempt to obtain information about the anisotropy
of the magnetic hyperfine field and the quadrupole
interaction. (QI) which reflects the spin and charge
distribution in the metal. Recently, the aniso-
tropy in the magnetic hyperfine field wa, s measured
by several techniques and contradicting results
were reported. "

A r eevaluation of the NMR fast-passage technique
used in Ref. I reveals the inherent limitations of
this technique. 4 In ferromagnets with significantly
anisotropic hyperfine fields the fast-passage tech-
nique measures the product of the enhancement
factor 7l(u) and G(~ a&,), where G(~ —&,) is the
normalized distribution function of local magnetic
fieMs within the wall. This product may be
significantly different from the. distribution of local
fields alone. 4 Secondly, G(u (u, ) is the total dis-
tribution function of the local magnetic fields, in-
cluding both the distribution of the magnetic hyper-
fine fields and the dipolar fields, and therefore
depends on the unknown variation of the demag-
netizing fields IID within the wall. Thus while at
the center of a domain wall the demagnetizing field
vanishes or at least is very small, as we move
away from the center demagnetizing fields may be
expected to be present, e.g. , in the edge of the
domain wall H„=MD/x, ' where r is a measure of
the domian size, D is the domain-wall thickness,
and M is the magnetization. Comparison of the
calculated spectra with Co data in Ref. 1 is rather
inconclusive. 4 It is apparent that the only way to
remove the above difficulties along with many others
is for NMR in ferromagnets to be done on single

crystals with an applied field large enough to re-
move walls from the sample. 4 Using a recently
developed technique which enables the observation
of NMR in fully magnetized single crystals of
ferromagnetic metals, the present paper describes
the results of an NMR study in a single crystal of
hcp cobalt. The study, which provides accurate
measurements of the anisotropy of the magnetic
hyperfine field and the angular dependence of the
electric field gradients acting on the "Co nuclei
in the sample, enable a reevaluation of the charge
and spin distribution in hcp cobalt. The experi-
mental details of the study and the results are pre-
sented in Secs. II and III, detailed phenomenlogi-
cal interpretation is given in Sec. IV, and Sec. V
includes a discussiod and conclusions.

II. EXPERIMENTAL DETAILS

Strains, impurities, and other imperfections in
real ferromagnets induce microscopic broadening
of the NMR line. For an imperfect ellipsoid in an
external magnetic field, there exists also a, macro-
scopic broadening caused by the inhomogeneity of
the demagnetization field. The elimination, or at
least the minimization, of the latter contribution to
the line width is a necessary condition for the ob-
servation of NMR signals in a full magnetized
single crystal. Criteria for the observability of
narrow NMR in metallic single-crystal ferromag-
nets were discussed recently. ' According to these
criteria, both the deviation from sphericity 6 and
the surfa, ce roughness of a spherical s@mple play
a role in the macroscopic inhomogeneous line
broadening. Therefore, we shall outline here the
method used in preparing the cobalt for the NMR
observations.

The single crystal of hcp cobalt was grown by
zone-melting a 0.9999%pure cobalt rod in an elec-
tron beam furnace. A sphere with a diameter of
-0.5 cm was cut from the rod by spark erosion.
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FIG. 1. ~~Co NMR absorption profile in a wall free
ferromagnetic sphere of hcp cobalt.

The sphere wa, s then ground and polished mechan-
ically with A1,0, powder and etched in a solution
of one part H,O, (10%) and four parts HCl. The
polishing process and the shape of the specimen
were checked periodically with an optical gonio.—

meter. When the polishing process removed the
strained material, the etching solution attacked
preferentially the (1120) planes, ' and a sixfold
visual reflection pattern developed with inter-
secting centers coinciding with the c-axis poles on
the sphere. When most of the strained material
was removed, the sphere was held magnetically at
the end of a rotating electrode and electropolished'
in a solution of 68/p N, N-dimethylformamide, 29%
CoCl, ~ 6H,O, a.nd 3% H, O, all in wt. %. The stain-
less- steel container holding the electrolyte served
as the second electrode, and the voltage between
the electrodes was maintained around 22 v. Finally
the crystal was annealed under H, atmosphere at
300'C for 20 h. X- ray Laue photography analysis
following each step indicated that all of the above
steps were indeed necessary to minimize structural
damage at the surface of the sphere, an important
point if the measurement, is to be performed in

a well-defined hcp phase.
Final checks of the sample revealed fractional

deviation from sphericity 6/8 = +0.002 were d is
the diameter of the sphere, It is somewhat more
difficult to estimate the surface roughness 5'.
The abrasive powder used in the final stages was
0.3 p. mbut the subsequent electropolishing process
may have changed the roughness drastically.
Based on observation with a, regular microscope
we estimate very crudely 6' =1 pm. For the
quoted values of 6/d and 6', the criterion men-
tioned above' predicts a lower limit for the shape
induced inhomogeneous broadening, &H =1kG.

The sphere was wrapped in a 10- p.m-thick Mylar
foil and placed in a few turns of tightly wound
copper wire (AWG No. 46) which formed part of
the tank circuit of a conventional spin-echo spec-
trometer. The sphere was mounted so that an

external magnetic field H,„could rotate M within
the sphere in a (1120) plane. Saturation of M was
ensured by using H,„ in the 15-30 kG range as
compared with the demagnetization field H„
= 4 mm =6 kG for a sphere of Co. The NMR ab-

3
sorption profiles were scanned through, at a fixed
radio frequency and given H,„direction, by re-
cording the spin-echo amplitude following a 2 ~
—n rf sequence as function of ~II,„~ (see Fig. 1).
In addition, for H,„value corresponding to the
maxima, we have recorded accurately, with a
digital signal averaging system, the modulated
echo-decay envelope as a, function of the separation
7 between the rf pulses (see Fig. 2). All of the
measurements reported here were made at 4.2
77, and 295 K.

III. RESULTS AND DATA ANALYSIS

v...= v~+ v (m ——', ), (2)

where only the first order of the e'qQ term is con-
sidered, with vt = y ~II ~/2~ and v, =3e'Qq~/
2I(2I —1)h using the notations of Ref. 9. Actually
the quadrupole splitting in the present system is too
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FIG. 2. Spin-echo decay modulations at 77 K. Points
represent experimental values and the solid curve is
calculated by the model.

The coupling of the "Co nucleus with the environ-
ment can be described by an interaction Hamilton-
ian, including both Zeeman and quadrupole inter-
action, of the form

2

X„,= yfiHIq +
(

~

)
[3I2q —I (I+ 1)],

where Q is the nuclear quadrupole moment and y
is the nuclear gyromagnetic ratio. - The p axis is
chosen in the direction of the total magnetic field
H = H„,+ H,„acting on the nucleus, H is the sum of
the hyperfine field H„, and the external field H,„,
eq& is the component of the electric field gradient
(EFG) tensor in the direction of H. The resonance
frequency corresponding to the (m —m+ 1) transi-
tion is given by
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Eq. (2) we find

H„, = -H,„cos(8—P)

—[-H',„sin'(8- g) + (2m v~/y)']'~'. (6)
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FIG. 3. Angular dependence of H ~„values corres-
ponding to the NMR absorption maxima. 8 is the angle
between H~ and I001] in the (1210) plane.

small to be observed directly, and only an unsplit
line is observed whose width depends on the di-
rection of M because of the quadrupolar broadening.
A typical line profile for the particular M direction
where v, vanishes is shown in Fig. 1 with a width
of about 1 ko. The frequency of the center of the
line is given by ~~, the first term in Eq. (2). Fig-
ure 3 displays (black points) ~H,„~ values corre-
sponding to a constant v„, as a function of the
angle 8 between H,„and the c axis in the (T210)
plane.

In cobalt, H~ is parallel and opposite to the M
direction so that by varying M we can actually
measure H„, in different orientations. However,
because of the magnetic anisotropy, M is not col-
linear with the external field H,„except when 6I

=0' and 6I=90'. The direction of M and hence the
direction of H„, is obtained from the equilibrium
condition between the torque exerted by H,„and the
torque produced by the magnetic anisotropy, given
by

Figure 4 displays (black points) H„, values [Eq. (5)]
as a function of M direction, calculated from Eq.
(5) for two different temperatures.

The second term in Eq. (2), the nuclear quadru-
polar interaction, was measured bp utilizing spin-
echo technique first reported by Abe et al." The
method can be outlined briefly as follows: When a
quadrupolar interaction (QI) term is added to a nu-
clear Zeeman Hamiltonian, the usual monotonic
T, decay of the nuclear spin-echo envelope follow-
ing a 2n —T- m pulse sequence is modulated by
oscillation, the frequency of which depends on the
QL For an axially symmetric'efg and I("Co)= —,',
the explicit expression given in Ref. 10 for the
modulation amplitude is

6

m(2v) = g C„cos(2nv, r+ 5„), (7)
n=O

where C„and 6n are constants depending on initial
conditions and on the shape and width of the rf
pulses. It has been found in the course of the pres-
ent study that for practical purposes only the first
and the second harmonic terms are needed for
best fitting Eq. (7) to the experimental results In.

-230(

-225

QE
H,„xM, (3) -200

where g is the angle between M and the c axis and

E, is the free energy of the crystalline magnetic
anisotropy, given by

E,=K, sin'/+K, sin'g.

From Eqs. (3) and (4) we obtain -215
20 40 60 80 100

H,„Msin(8- g) = (K, +K,) sin2$- ~K4sin4$, (5)

where K„K4, and M are given as function of the
temperature in Ref. 7. The values of H,„and 8 are
experimental values as mentioned above. Using

y (deg3

FIG. 4. Angular dependence of Hhf values (points) at
4.2 and 295 K. It is the angle between M and [001] in the
(1210) plane. The solid curves were calculated by the
model.
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IV. INTERPRETATION

A. M'agnetic hyperfine field (Hh f)

The hexagonal structure of the present system
dictates H„, of the form

(Hhf)g H'+H'(-,' cos')))- 1) (9)
120

40

-40

The above anisotropy arises mainly from two con-
tributions: first, the spin dipolar field H„due to
the spin moment of the 3d electrons, a field which
reflects the spin distribution around the nucleus,
and second the field H~ caused by the unquenched
part of the orbital moment of the 3d electrons. A
model calculation of the spin dipolar contribution
and its angular dependence yields"

3 s' 1
(3)~=W e„(3t:os'6—l)(x,')( )

3 cos' —1

-80
20

I

40

(de.g j

I

60
I

80 100

FIG. 5. Angular dependence of v values (circles
measured at 4.2 K, squares measured at 295 K). g is
the angle between M and [001] in the (1210) plane. The
solid curves were calculated by the model.

a real ferrom3gnet, in addition to the transverse
T, decay, there exists a decay of the modulation
due to the inhomogeneous -broadening of the QI.
This broadening causes dephasing of the modula-
tion and can be approximately described by an
additional exponential decay time T,'. We thus
write for the echo amplitude at t=27'

E(23) = exp(-2r/T3)

&& f1+ [C, cos(2v, r+ 6,)

+ C, cos(4v, v. + 6,)]exp( 23./Ti)]. ,

(8)

with T~, T~, C~, C~, 5~, 5„and v, Bs parameters.
The experimental modulated echo-decay envelope
(black points) is shown in Fig. 2 as a function of the

separation ~ between the rf pulses at 77 K. A
least-square fitting of the theoretical functional
decay [Eq. (8)] to the experimentally recorded data
(solid line in Fig. 2) yields v, values with typical
accuracy of +0.6/p. The technique also enabled us
to find the macroscopic broadening of the QI and

it was found that T,'=40 p, sec corresponding to a
QI broadening of 2.5 G. A similar procedure was
used for various H,„orientation, and Fig. 5 dis-
plays (points) the observed v va, lues as a function
of the direction of M in the (T2TO) plane for two
different temperatures.

where

p (r '& ((L &+ 2(L )) = -2p (r '&(L)',

H,'= 3u, (r-.',&(«„& «,)) =-2u, (r-.',&«&',

and the subscripts (( and & are referred to the
crystalline c axis. Thus (H~)~ is sepa. rated into
an isotropic term and an angular-dependent term
with a functional dependence that is identical to
that of Eq. (9). Using the definition of the spectro-
scopic splitting factor

(L„)= (g„—2)(s); (L ) = (g, 2)(s), (12)

and the relation (s& = --,'n3, Eq. (11) can be written
also as

(Hi )) 3 i),an„( r, &(g~„+ 2g, —6)

+ ', p,n„(r;;&(g„g,) [(3co-s'g 1)/2]. (13)

The values of H' and H' were determined phe-
nomenologic3lly in the present study by best fitting
(solid line in Fig. 4) Eq. (9) to the derived values
of HM, obtained from Eq. (6). At 4.2 K, we find
H'=226. 0+0.1 ko and H'=5. 726+0.1 kG. Values
corresponding to other temperatures are given in
Table I.

The above experimental results can be examined
critically in two ways. First, one can substitute
in the theoretical expressions [Eqs. (10) and (13)]
independent results obtained by other techniques,
and thus examine the validity of the present inter-
pretation. Secondly, the anisotropic part H' of

I

where p, ~ is the Bohr magneton and nI, is the num-
ber of holes in the d band, assumed to be 1.7 for
metallic Co. The orbital field H~ is given by"

(H~) &
——-2 ps(L &&(r,~&

= H o~+ HL ( ,' cos3$ —1)—,
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TABLE I. H and &' values at different temperatures.

a' (kG) a' (kG)

4.2
77

295

-226.0 + 0.1

225.7 ~0.i
—219.9 + O. i

5,73 +O. i
5.60 ~0.i
4.63 +O. f

Hq~ can be used to examine some aspects of the
band model. The following experimental values
are used: (i) (3 cos'8 —1)= 0.0023, obtained from
neutron diffraction experiments"'"; (ii) g„=2.17,
obtained from ferromagnetic resonance"; (iii)
assuming the anisotropy in M stems from orbital
contribution only, high- field susceptibility mea-
surements'4 yield

'= 450 x 10-' at 4.2 K.
gi M„

(14)

Finally we use (r,'„) = 6.0354 a.u. , computed for
Co"." Substituting the above values in Eqs. (10)
and (13) we obtain the combined anisotropy of the
spin- dipolar and orbital fields, H„'+H~= H' = 5.659
kG. This result, which is in excellent agreement
with the experimental value derived in the present
study for 4.2 K, confirms the validity of our inter-
pretation and encourages us to outline in the next,
section an attempt for a comparison between our
experimental results (Table I) and the prediction
of a proper band- structure model calculation.

B. Electric field gradient (efg)

The efg at a nucleus arises from the distribution
of the charge about it and is given by e f [p(r)/r, ]
&& (3 cos'0 —1)dv. For convenience it is useful to
consider a field gradient at the site of a given nu-
cleus in a metal as arising from several separate
sources. The contribution due to the surrounding
nearby point charges at the hcp lattice sites to-
gether with a uniform compensating electron
charge, is given by"

q,«t ——Z [0.0065+ 4.3584(1.633 —c/a) ] /a', (15)

where Z is the ionic charge and c and a are the
hexagonal lattice constants. The deviation of the
conduction-electron charge from uniform density
must also be included in the lattice contribution.
This contribution due to conduction electrons out-
side the central atomic spehere can be expressed
as an extra screening term" in Eq. (15) or alter-
natively by changing the outside ionic charges to
an effective- ion charge" Z' = PZ. Both the con-
duction electrons within the atomic sphere
and the central closed- shell core electrons en-
hance the lattice contribution to the efg, the en-
hancement factor being -y„ for the core elec-
trons" and y„ for the conduction electrons. "
Thus, the overall lattice contribution to q [Eq.
(1)] in an hcp lattice is given by

(q„«)» = P(1 —y„+y, )q„«[(3cos'8 —1)/2] . (16)

Next, consider efg contributions intrinsic to the
ion. Within the central atomic sphere there is a
contribution due to the 3d valence electrons. How-
ever, the crystal field in hcp cobalt splits the 3d
electron states into the three substates A„,E„,
E,~, and the mixing of the different symmetry
states is close to the statistical 20%-40%-40%
admixture characteristic of a spherical distribu-
tion." Thus it is expected that the "normal" efg
due to the 3d electrons will be rather small Now
it has already been demonstrated previously that
significant relativistic QI (RQI) is present even
for spherical S-state ions such as Eu" and
Mn"."" The RQI is usually ignored in non-S
states in which the "normal" QI is targe, but as
a result of the nearly spherical charge distribu-
tion" mentioned above, the RQI becomes signifi-
cant in the present case of hcp Co even though it is
not an S- state metal. To see the physical origin
of the RQI we note that in the relativistic descrip-
tion of the atoms, the radii of electrons in the
same shell are no longer equal, contrary to the
situation in the nonrelativistic description. "

Using the notation of Refs. 23 and 25 the band-
model prediction for the isotropic part of the
relativistic efg [Eq. (29) of Ref. 26] is

222

@n EF mz&
mWn n m

&nm +

2A'„

2q
'

@ &E mqn E E 2&
n . m F mfn&n&-&F a) mX n

(q, )» 5 2l 1)2 [ (l+2)R +3R +(l 1)R ]
2 A.

(17)

and it has been shown" that the angular dependence of (q„,)» is negligible in hcp Co Numerical evalua-
tion of Eq. (17) requires a detailed knowledge of the band-structure parameters ~ „, @ „, and C „. In the
absence of such. knowledge, we can still use the approximation [Eq. (32) in Ref. 26],
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x [ (I+ 2)R„+3R, + (I —1)R ] (L&),
(17a)

180—
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140

where 2E is the exchange splitting between spin-
up and spin-down d electrons and & is the mean
level separation in the bands. Thus the total efg
according to Eqs. (16) and (17) is given by

q, = (qpgg), + P(1 —y + ygg)ey«t (2 cos'q- 1). (18)

q&
——(q„„)&+(1 —K)

& (1—y„)4',«„[(3cos g —1)/2],
(19)

Very recently, a surprisingly simple relation
has been observed phenomenologically between the
point-charge model prediction for the efg and the
efg in the corresponding metallic solids. " Ac-
cording to this relation, the total efg is given by

120
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1.6350 1.6300

c/a
1.6250 1.6200

TABLE II. v and v~.values at different temperatures.

v,"' {4Hz) vq (kHz)

4.2
77

295

24.4 + 0.5
24.7 +0.5
22.8 +0.5

169.$ +0.5
f64.8 +0.5
$34.8 + 0.5

where %=+3,P=1." With the help of Eqs. (2),
(18), and (19) we can now delineate v, into an iso-
tropic term and an angular-dependent term,

v, = v,
"'y v,' (3 cos'g- 1)/2, (20)

where v,""and v,' are calculable either by Eq. (18)
or Eq. (19) after multiplying the appropriate efg
by the coefficient of Eq. (2).

In the following, we shall assume that the iso-
tropic quadrupole term observed experimentally
is indeed caused by the relativistic correction dis-
cussed above. With this assumption, measure-
ments of the angular dependence and the c/a de-
pendence of the nuclear quadrupole frequency v,
permit the determination of the different contribu-
tions to the efg. To begin with, we can sepa. rate the
experimental relativistic contribution from all
other contributions because the first is isotropic
whereas all others have a (3 cos'g 1)/2 depen-
dence of M. A best fitting of Eq. (20) (solid and
dashed lines in Fig. 5) to the experimental points
yield the value of &,"'.and v,' at various tempera-
tures (see also Table II). At 4.2 K

v,"'=24.4+0.5 kHz, and v,'=169.1+0.5 kHz.

Next, v,' itself, assumed in our model [Eqs.
(15), (16),(19), (20)] to be proportional to q„«and
(q„«)&, can be examined rather critically by mea-
suring v,' as a function of the ratio c/a in hcp co-
balt. To see this, note that the particular value of

FIG. 6. Plot of v —v ', for M along the c axis, as
function of c/a. Temperature is the implicit parameter.
The solid curve is a linear best fit to the data points.

c/a for which q„«[Eq. (15)] happened to vanish is
not a property of the hexagonal symmetry in itself
but rather a result of the physical model con-
structed to derive Eq. (15). Thus contributi'ons to
v,' from other sources not considered in the
original derivation, will not necessarily vanish
when p„«of Eq. (15) vanishes. " Our experimental
results are shown in Fig. 6, where v, —v,

"' at
0= t/)=0', i.e. , v,', is shown as a function of c/a
(points), with the temperature as the implicit
parameter. The temperature dependence of c/a
was taken from Ref. 29. A nearly linear tempera-
ture and c/a dependence of v, is verified, ' and
extrapolation of the linear best fit of v,' (solid
line in Fig. 6) yields a small residual v,' value,
—8+ 12 kHz, for c/a = 1.63449 where q„«should
have vanished according to Eq. (15). At this stage
a remark is called for concerning the sign of the
various measured v,'s. In the present NMR study,
the absolute sign of the efg cannot be determined
and thus so far we can only assert that v,' and v,"'
are of the same sign, and the possible residual
v,' discussed above is of an opposite sign to the
other two. This residual value, if real, could re-
flect a contribution due to hexagonal distortions of
the 3d and conduction electrons of the central ion,
induced by covalency and/or other lattice-origin-
ated hexagonal crystal-field effects not included in
Eq. (15). Within the limit of accuracy of the pre-
sent study, however, the above results indicate
that the possible lattice contribution to aspherical
distribution of the charges within each ionic core
is negligible and it is thus concluded that indeed
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v,' originates solely from lattice contributions.
For further examination of our interpretation we

shall calculate v,' and v,""according to Eqs. (18),
(19), and (20) and compare the results with the ex-
perimental data;

v,"'. Substituting in Eq. (17a) the value (Lz)
= 0.14 obtained from Eq. (12) and Ref. 14,
[-(f+2)R„+3R, + (l —1)R ) = 0.1328 a.u. appro-
priate for Co+',"' for which the effective nuclear
charge is Z„,=27.—10+2= 19, and assuming e /&
=1, we obtain v,"'=—10.3 kHz. This is a very
crude estimate since the approximation in Eq. (17)
is valid only for e/& & 1 while e/& =1 is more
realistic.

v': Substituting [in Eqs. (15), (18), (19), and
(20)] Z = 2,"y„=9.14 computed for Fe,"c/a
= 1.621907 appropriate to 4.2 K," and assuming P
=1, we fine either v,'=88.2 kHz. [from Eq. (18)],
or v,'=176.4 kHz [from Eq. (19)].

V. DISCUSSION AND CONCLUSIONS

(i) H„,: We shall confine the present discussion
to the (L&) part of the angular-dependent term as
theoretical value of (L&) can be separated into an
isotropic term and an angular dependent term as
done in Eq. (11). With notations from Ref. 25 and
26 one obtains

3 2

—= (L )b~~ +(L') band (2 cos'() 1).

The form of (L&) in Eq. (21) illustrates vividly the
critical manner by which accurate measurements
of the microscopic quantity H„, can test basic pre-
dictions of the band-model calculations. The func-
tional form of (L~) [Eq. (21)] can be confronted with
the experimental angular dependence of (H~)z, re-
gardless of the particular value chosen for the
spin- orbit interaction parameter X. The theoret-
ical ratio (L')b d/(L')band is independent of A. and
should depend only on the band predictions. The
experimental ratio Hz/H~z depends only on the ex-
perimental value of (L)'/(L)' [Eq. (11)]. Once
there is an agreement between the computed and the
experimental values of (L)'/(L)' we can find di-
rectly the exact value of A. appropriate to the band
situation in. hcp cobalt. Thus one may use the
above procedure to clarify the discrepancies be-
tween observed and band-computed g value. "

(ii) efg: Comparing the experimental and calcu-,
lated values of the preceding section we find that
both Eqs. (18) and (19) require v,

"' and v,' of a sim-
ilar sign, i.e. , negative, but only Eq. (19) yields
proach [i.e., Eq. (19)) is further supported by the
fact that the measured efg, q = (-1.8+ 0.2) && 10"
cm,"acting on Fe impurities in hep cobalt is almost
the same as the efg, q = -1.6 x 10 'em, aetingon

cobalt ion in hcp cobalt, in agreement with the as-
sumption" that the extraionic gradient should be
universally correlated to q„«(1-y„) which is the
same for both ion, s."

The agreement between. the computed and the ex-
perimental values of v,

"' is poor, but this is. per-
haps not surprising considering the crudeness of
the approximation used. For example, in the
derivation of &,

"' in Sec. IV we have neglected pos-
sible "quadrupolarization" of conduction elec-
trons'" " induced by the RQI [Eq. (17)] as well as
a shielding factor R,"both of which might affect
the numerical value of v,"'. However, whatever
the magnitude of v,"', we assume that at least the
sign of &,

"' is negative as computed. The present
study provides an experimental confirmation that
both the magnitude and the sign. of v,' are correctly
predicted by the model calculation [Eq. (19)].

Combining the results of the present detailed
directional hyperfine study with the results of a
very recent publication" concerning the high-field
Knight shift in single-crystal cobalt, we may con-
clude that NMR measurements in single-domain
single-crystal samples of ferromagnetic metals
indeed provide novel and valuable information con-
cerning the electronic structure of such systems.
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