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Hyperfine fields at transition-element impurities in Gd~
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Low-temperature nuclear-orientation measurements on a number of dilute alloys of 3d and 4d transition
elements in Gd host are reported. The derived hyperfine fields in ko are: GdV, —87.4+9.2; GdCr,
+23.1~5.4.; GdMn, +186.4~4.3; GdY, —150+7; GdZr, —100~15; GdNb, —92.9+0.8; GdMo, +49+6 or
—40 (see text); and GdTc, +87.6~2.9. In addition, a Mossbauer-effect source experiment gives for Gdpe a
hyperfine field of 0~16 ko. These results nearly complete the systematics for 3d and 4d impurities in Gd
host, and support the model for Gd proposed by Campbell, We discuss the derived values of local moments
for 3d and 4d impurities in Gd.

I. INTRODUCTION

Since the development about 1960 of widely ap-
plicable methods for determining hyperfine fields
at impurity nuclei in ferromagnetic metal hosts,
the systematic variations of the fields with impuri-
ty Z in the host metals Fe and Ni have been well
established. ' These systematics have been ex-
plained qualitatively as arising from the combina-
tion of conduction-electron polarization (CEP) and
core polarization (CP) fields. 2' In contrast, mea-
surements of hyperfine fields in Gd host have been
relatively few in number, primarily due to the dif-
ficult metallurgy and the low solubilities of most
elements in Gd, which rules out NMR and Moss-
bauer-absorber experiments in most cases. Sev-
eral fields in Gd have recently been measured us-
ing perturbed angular correlations (PAC) and im-
plantation perturbed angular correlations '

(IMPAC), as well as a few by nuclear orientation6 8

and Mossbauer-source experiments. '

Campbell has proposed a model for the system-
atics of fields at s-p impurities in Gd, and more
recently, for the hyperfine fields at d-transition
impurities in this host, " the latter based on
positive f dinteractions -and d-d coupling between
the Gd moments, leading to the expectation that the
hyperfine field vs impurity Z curve in Gd should
resemble that for Fe or Ni hosts, but with the sign
of the local moment (CP) contribution reversed.
In a recent paper, ' this model was shown to agree
with existing data for Sd and 5d impurity fields;
however, the available data were unfortunately
rather incomplete.

We report here new measurements of the hyper-
fine fields at nuclei of the M transition elements
V, Cr, and Fe in Gd host, and a remeasurement
of the field for GdMn which verifies the sign and
magnitude reported earlier. 7' With these results,
the systematics for Gd(3d) hyperfine fields are
complete except for the difficult cases Ti and Ni,
and for Cu, which can in any case be estimated
with some confidence from the known fields on Ag

and Au in Gd and Fe and on Cu in Fe. The deter-
minations were made by the nuclear-orientation
method except for GdFe, which was determined in
a Mossbauer-source experiment.

In the 4d series, we. have determined hyperfine
fields at nuclei of Y, Zr, Nb, Mo, and Tc impuri-
ties in Gd using nuclear orientation. The QdNb
result is nearly a factor of 2 larger than a pre-
viously determined value, and is supported by
measurements over a large range of temperatures
and applied fields. The GdMo result also differs
from that obtained by perturbed angular correla-
tions, but may be analyzed as resulting from two
distinct sites for the Mo impurities. These mea-
surements, together with other work, "complete
the systematics for second-transition-series im-
purities in Gd host.

By making the assumption that the dominant con-
tributions to the hyperfine fields are those of the
host (CEP) and the local moment (CP), one can
derive values for the local moments formed by
transition-element impurities. This procedure
and the results for 3d and 4d impurities are dis-
cussed in the final section of the paper.

II. EXPERIMENTAL

Two sources for most of the nuclear-orientation
experiments were prepared, starting with 99. 9%
Gd and carrier-free solutions of the radioisotopes
(except "Cr and 89Zr). Ingots of Gd were activated
by electroplating or adding pieces of irradiated
target material, or by drying on activity from a
methanolic solution. They were then melted by
induction heating on a water-cooled copper hearth
in high-purity Ar atmosphere. After repeated
melting and rapid cooling, the alloys were flattened
to disks 1 mm thick, which were tinned on both
sides with In using an ultrasonic soldering gun.
A nuclear thermometer alloy (Ee60Co or Ni Mn)
was soldered to one face and the other was attached
to a silver sample holder and mounted in adiabatic
demagnetization cryostat. The samples were
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TABLE I. Sample preparation and data analysis.

Sample

Gd ~/I

Activation
method

electroplated

Impurity
conc. (at. ppm)

O. 62

Nuclear parameters

vl (I &) U2F2, U4F~

l. 63 16.2 day —0.3752,
-0.1451

Gd y II

Gd Cr I

evaporated

active Cr metal

0. 39

80. 1 7/2 0, 933 27. 7 day +0. 5567,
+ 0. 0093

Gd Si Cr II evaporated

Gd ~4Mn I electroplated

Gd'4Mn II evaporated

0. 04

0.25

0.06

3.302 303 day —0.4925,
—0.4398

Gd 5~Co I evaporated 15, 0

Gd Co II evaporated 5, 0

Gd "Y evaporated 102 0. S9+0.14 108 day —0.4477,
—0. 0304

Gd Zr
(+ 89Ym)

Gd "Zr
Gd95Nb

Gd 93Mo~

active Y metal

evaporated

electro plated

electroplated

62oo (Y)

0. 02

0. 01

1O-' (& 5 Nb)

9/2
(s/2)

5/2

9/2

2I/2

1.06+0.15
(6.2+0, 5)

1.3+0.2

6.3+0.1

9.21+0.2

3, 27 day
(16 sec)

64 day

35 day

6.9 h

—0. 9358,
+ 0. 5322

2376+0.i i38
~ -Ooii69

+0.226

-O. 7924, (q, )
+ 0.2984

Gd "Tc electroplated 1O-' (&1O Nb) 5, 37 + 0.17 4. 3 day —0.3905,
—0 1874

cooled to 7-12 mK in applied fields of 15-60 kOe
and maintained below 20 mK for up to 16 h. Nor-
malization counts at 4. 2 K were taken for several
hours before and after each demagnetization. The
data were analyzed on the assumption of a purely
magnetic hyperfine interaction with a single hyper-
fine fieM at all impurity sites. Details of sample
preparation and the nuclear parameters used in the
data analysis are shown in, Table I.

For the Mossbauer experiments, two sources
of Gd 7Co were made, starting with 99. 9%-Gd foil
and repurified carrier-free 'Co solutions. The
activity was evaporated from methanolic solution
onto a small piece of Gd foil, which was then
wrapped in a larger piece of foil and melted sever-
al times in an argon arc furnace equipped with a
thoriated W electrode and a water-cooled Cu
baseplate. The ingots were flattened and rolled to
a thickness of 50 pm. One alloy (sample II) was
used in this form, while the other was annealed
for 3 h at 900'C in Ar atmosphere and then further
rolled to 25 p, m thickness. Each source was sol-
dered onto a Cu backing plate with In, and mounted
in a cryostat with a Be window. Mossbauer spec-
tra were taken with the sources at 296 and VV K in
zero applied field against an ' Fe-enriched stain-
less-steel absorber at room temperature.

III. DATA ANALYSIS AND RESULTS

The data obtained from the nuclear-orientation
experiments consist of normalized y-ray counting
rates at a particular angle relative to the applied
field Ho, as a function of Ho and sample tempera-
ture For a .given (unique) hyperfine field and a
magnetically saturated sample, the counting rates
(anisotropies) are given by the usual formula

m

W(8) = I++ B„(H,«/T) U, F„P,( ocs )8,

where U~I ~ are constants depending on the decay
scheme of the radioactive nucleus (Table I), P~
are Legendre polynomials, and B~ are orientation
tensors, which are known functions of the nuclear
moment and the ratio of the total field H,«at the
nucleus to the sample temperature. The maximum
value of the index k depends on the decay scheme

. and is usually 0 = 4; due to parity conservation,
only even values of 0 occur for y radiation. The
field H„,is given by

H.„=[ fe„,I+(If, V„)/ ., - (2)

where the + sign indicates a positive hyperfine
field. The demagnetizing field D was about 1.2
ko for our samples and the reported values of
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H„,are corrected accordingly.
In the event that more than one value of Hbf ex-

ists at different impurity sites, or that H„,is not
parallel to Ho at all sites (unsaturated local mag-
netization), or if a significant electric quadrupole
interaction is present, formula (1) must be modi-
fied by suitable averaging of B„andP~ or by modi-
fying the form of 8,. For example, for a sample
with two distinct lattice sites a and b and corre-
sponding effective fields H„H„mithfraction z
of the impurity nuclei in site a, the measured
anisotropy is given by

W(8) = I++ U F„P„(cose)

x (aB(H, /. T) + (1—a.) B„(H/T) j. (3)

If 8' is then analyzed in terms of a single apparent
hyperfine field H„„the latter mill show a depen-
dence on Ho and 7 which will depend on the decay
scheme of the isotope observed. A similar con-
clusion holds for incomplete saturation of the local
magnetization, or for mixed magnetic-dipole-elec-
tric-quadrupole interactions. Thus the appearance
of a temperature or field dependence in the derived
H„,values, or of a dependence on decay scheme if
several different radiations are observed, or, of
course, a dependence on impurity concentration,
may be taken as an indication that the H„,value is
not representative of the correct magnetic hyper-
fine field for the impurity in substitutional sites.
Such tests are very important in evaluating nu-
clear-orientation data, since the method measures
an integral quantity over the entire sample, and

may othermise yield misleading or false results.
The results of the experiments on each transi-

tion impurity will be treated separately below,
since they represent a variety of distinct problems
in data analysis.

A. GdV

For this case two samples of various concentra-
tion were prepared using commercially available
'V activity (16-day half-life). The decay scheme

and nuclear moment are mell known. Both samples
gave temperature-independent consistent results
although the relatively large statistical errors did
not permit an unambiguous determination of the
sign of P„,. From systematic~, the —sign appears
to be much more likely. The derived values are
shown in Table II.

8. GdCr

Two samples mere prepared, in one case using
irradiated natural Cr metal, in the other using a
commercial "Cr solution (28 day). The results
were again consistent and temperature independent
and indicated a positive hyperfine field (Table II).,

C. GdMg

This system was studied previously by Stone
and Marsden" who found a value H„,=+ 186+4 kG.
In view of the relatively narrow range of applied
fields used in their measurements (10-20 kOe) and
the concomitant danger of unsaturated local mag-
netization, as well as the possibility of compound
formation in this alloy, a redetermination was felt
to be of value. The first sample, made using
commercial 303-day ' Mn, gave a temperature-de-
pendent hyperfine field. A plot of H, ff vs Hp also
did not show the slope expected from Eq. (2) (see
Fig. 1). A second sample of much lower Mn con-
centration gave temperature-independent results
with the correct slope as a function of applied field,
leading to a value of HM in excellent agreement
with the previously reported result. Both samples
unambiguously confirmed the + signreportedinRef. 7.

D. GdFe

No suitable iron isotope for nuclear orientation
' exists „soa Mossbauer- effect- source experiment

was performed. The two Gd'7Co sources gave
essentially identical Mossbauer spectra; typical
examples are shown in Fig. 2, together mith a.¹Fe(H&,& = 283 kG) calibration spectrum The.

GdFe spectra are unresolved but show considerable
broadening even above the Curie temperature (T
= 294 K). This is probably due to a combination
of quadrupolar splitting and fluctuations from the
ferromagnetic transition near T,. At 77 K the line
is only slightly broader, indicating that the hyper-
fine field is small. While a sign determination in
applied field might be possible, it would be com-
plicated by the relatively large saturation field of
polycrystalline Gd and thus mas not attempted.
Attributing the line broadening between 296 and 77
K to the magnetic hyperfine interaction, we obtain
lHb f l —16 kG or H„,= 0+ 16 kG, If the remaining
excess linemidth at 296 K is due to quadrupolar
broadening, the electric field gradient (EFG) (eqo ~

at Fe in Gd would be about 0. 7x10" V/cm~, using
y„=—5. 2 for Fe and Q(2) =0. 2 b. This value is
somemhat smaller than calculated for the point
charge model for Gd, but agrees well with the
measured EFG in the metal, "which gives confi-
dence in the source preparation and spectrum
analysis.

E. Gd Y

For this determination, commercial 108-day
~ y was used. Sample preparation difficulties are
minimal, since Y is completely miscible with

The decay scheme of Y is well, known, and
the magnetic moment of the 4- state was calculat-
ed to be &&, &4 &

= (0. 89 + 14) p, „using known single-
particle moments of 878r (V=49, p «&~2& =-1.093)
and Y (Z=39, p&, &»=-0. 138). The effective
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TABLE II. Impurity hyperfine fields and derived moments for Gd(3d) and Gd(4d)

alloys.

Impurity

Sc

V

Fe

Co

Ni

Cu

88Zr

Mo

Tc

Ag

a~ (kG)

—60. 2 + 4. 0+

—90+10"

-87.4+9.2'
(+21.7+ 7.9)

+23.1+5.4'

+186.4+4. 3&'

0 +16
—42, 5+4. 0

—72+ 5"

-90+5
—150 +7

—104 +27

—99+15

—92. 9+0.8'

—40f

(+49.2+ 5. 9)'

87 6~2 9c

+ 50+10'
+270+ 90"

+61+5'

-66~8'
—198 +8

a„{ko)
-16+5

-37~10

-32+9

+.86 + 6

+254+ 5

+74+20

+38+ 5

+ 15+4

+7+7

+62+20

+71+5

+126+10

+264+ 5

+232- 1450

+250 +10

+128+10

R„(ko/p~)
—55+20

—60+20

—65+ 20

—70 30
+20

—75 30
+25

80+25

—85 25
+30

—85+30
—90 +30

—370 +40

-370+ 40

—370 +40

—370 +40

—370 +40

—370 +40

-370+40
-370+40
-370+40

+ p 29+0.3f

+0 62+' ~ '6-0.28

+ p 49+Oe35
~ -o.f 7

—1 23-'0.'48

3 39 2'z8
+f.02

—0. 93'()'z8

—0 45'-o'.33

—p. 18-o.28

0+0. 04

—0 170os

—0 19oo4

0 34-o.oz
+0.06

0 ~ 71-0.f f

-0.57--1.36

p 68+0~ 08
~ -O. ff

0 35-o'.oz
+0.06

'From Ref. 7.
"Estimated from systematics curve, Fig. 4.
'From present work (errors quoted are rms deviations from mean values and are

comparable with statistical errors).
~Estimated from 4d, 5d fields (Ref. 7).
'Assuming no,reorientation in 16s metastable state,
~Derived using two-sites model (see text).
~PAC determination. , Ref. 4.
"IMPAC determination, Ref. 5.
'From Ref. 8.

field data showed considerable scatter, in particu-
lar at low applied fields, so only the high-field
data were used to obtainthe result shown in Table
II. The total error in H„,[including the uncertain-
ty in the estimate of p(4+)] is about + 24 kG.

F. Gd Zr-Gd Y

The decay of 3-day Zr offers the possibility of
determining the hyperfine field at either Zr or Y,
depending on the nuclear-spin-lattice relaxation
time Tf of GdY. The decay passes through the 16-
sec metastable-state "Y, which will show some
reorientation if T, ~ 500 sec and essentially com-
plete reorientation for T, - 15 sec. The nuclear
moments of the two states were estimated from the

single-particle model to be ' Zr, p &,&2&=(1.06
+.15)p„, Y", &&~&2&= (6.2+0. 5)g„. The activity
was prepared by a (d, 2n) reaction on natural Y
foil using 15-MeV deuterons at the Karlsruhe Cy-
clotron, and a piece of the target foil was melted
directly into the sample. The resulting anisotropy
was completely attributable to the 9Zr parent

. state (the anisotropy curves for the two states dif-
fer considerably) and yielded the value shown in
Table II for H„„aswell as the result that T, is
long (several hundred seconds at 15 mK).

The solubility of Zr in Gd is of order 1%,~~ so
in this system the alloy preparation is uncompli-
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~~ H„, (lOe)
250—

200

150—

100—

Nb

Sample 2

Sample 1

gave a similar value at 15 kPe applied field but
showed a temperature-dependent hyperfine field
and the wrong slope in a plot of H,«vs Ho (Fig. 1).
A second sample was made using a mixture of "Nb-
Zr activities, which showed systematically larger
effective fields than the first alloy, but still gave
the wrong slope as a function of Ho. This sample
was then stored for several months to allow the
original ~Nb to decay, so that the only "Nb activ-
ity present was due to the decay of 'Zr. The
much higher solubility of Zr in Gd and the lack of
compound formation give reason to expect better
results from a sample in which Zr was alloyed
with Gd. The fields obtained were in fact tempera-
ture independent and gave a good fit to Eq. (2)
(see Fig. 1), leading to a value of H„,about 80%
higher than that earlier reported, but which is
most probably near to the correct value in view of
its temperature and field behavior.

50
Sample 2 (delayed)

pie 2 (immediate)

Sample 1

0—
0

I

20 40 60

FIG. l. Effective (net) field data for several alloys
showing the dependence on applied field tEq. (2)]. Upper
portion: GdMn, two samples. Sample 1 showed tern-
perature dependence and has the wrong slope of Hefg vs
Hp. The zero-field intercept of the straight line fit gives
I +Qf I . Lower portion: three sets of experiments
on GdNb. Only the third set (uppermost curve) showed
no temperature dependence and the correct slope of H, ff
vs Hp, Here H& is negative.

I. GdMo

This system has been investigated by perturbed
angular correlations' using 'Mo fed from the de-
cay of 61-day Tc. The results were inconclusive,
giving a positive hyperfine field of about 30 ko us-
ing tempered samples, and a small negative field
(approximately —10 kG) with rapidly quenched
samples. The authors attributed this to compound
formation with the Tc parent in the tempered sam-
ples, and concluded that the negative fields were
more probably representative of dilute GdMo. An
IMPAC measurement has also been reported'; it

Jl
Gd 57Fe H=O

cated. A commercial solution of 64-day "Zr was
used for activation of the sample. The nuclear
moment of Zr was estimated from the analog
state in 'Zr to be p&, /z&=(-1. 3+0.2)p,„.The
M1-E2admixtures of the 724- and 757- keV y rays
have been determined" and were used to calculate
the anisotropy coefficients (Table I); this intro-
duces some uncertainty into the data analysis.
The sign of the field could not be unambiguously
determined but is almost certainly negative. The
value thus derived agrees well with that determined
for 8 Zr (Table II, the error shown is statistical
only).

H. GdNb
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The 35-day isotope ~Nb is very suitable for nu-
clear orientation and may be obtained either in
pure form or as the daughter activity from the de-
cay of » A previous experiment using Nb

95

activity (Ref. 8) gave H„,= —51+5 kQfor 10 &Ho &20
kOe. Our first sample, prepared as in Ref. 8,

Velocity

FIG. 2. Zero-field Mossbauer spectra of Gd Qo
sources vs ~TFe (stainless-steel) absorber, for two
source temperatures. The absorber was at room tem-
perature. Lower curve: calibration spectrum from a¹i57Co source.
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Hhf IkOe)
0.50—

GcI Mo
0.25-

75—

50-

20
I

40

I

-50

I

60

0 50

30.8koe y, , y,

30.8 kOe y„
Y3

100 150 Hp(

51.6 kOe y,

51.6 kOe

I

1/T IK )

FIG. 3. Data for apparent hyperfine field Hh& in GdMo,
plotted against 1/T to show temperature dependence, for
several values of Ho and different p rays. The lines are
calculated values assuming two impurity sites with dis-
tinct hyperfine fields. Inset: hyperfine field distribution
for which the best fit to the data were obtained: site a,
Ht, f =+150 kG (43/p); site 0, Ht, g

= —40 kG (57/p occupa-
tion).

served dependence on T and H, . ) The hypothesis of
two distinct hyperfine fields is the simplest expla-
nation of the data, however, and is physically rea-
sonable in view of results on implanted impurities,
for example. While the exact value of H„,must be
regarded as still undetermined, we regard H„&
= —40 kG as being in all probability near to the
correct value for dilute GdMo. The other site,
with H„,=+ 150 kG, is no doubt a nonsubstitutional
impurity location, or, more probably, an inter-
metallic compound. The value H„,obtained by a
straightforward data analysis using Eg. (1) is also
shown in Table II.

3. GdTc

For this alloy, the 4-day isotope Tc was used.
The decay parameters and nuclear moment are
well known. ' The activity was prepared by the
(n, n) reaction on Nb foil using 19-MeV n at the
Karlsruhe Cyclotron, followed by separation with
ion exchange. The hyperfine fields derived showed
no temperature or field dependence and indicated
an unambigous + sign.

IV. DISCUSSION

indicated a large negative field.
We have used the 7-h isotope "Mo, which has

an extremely favorable decay scheme for nuclear
orientation and for which the parameters are well
known. ' The isotope was obtained with high spec-
ific activity from the (d, 2n) reaction on natural
Nb foils using 11-MeV deuterons at the Cyclotron
Laboratory of the Technische Universitat Berlin,
and was separated from the target material by ion
exchange chromatography. It was hoped that the
extremely low Mo concentration and rapid quench-
ing of the alloys would yield a reliable value for
H„„butthis proved not to be the case: The hyper-
fine fields obtained were strongly dependent on
temperature, applied field, and on the y-ray tran-
sition observed. (The 263-keV y, has different
anisotropy coefficients from the 685- and 1477-keV
y2 and y, transitions. ) The data points as a func-
tion of inverse temperature for the various y tran-
sitions and two applied fields are shown in Fig. 3,
along with a fit using the model given by EIl. (3),
with H, =+150 kG, H, =-40 kG, and n =43% (see
inset, Fig. 3). This model is able to fit the ob-
served temperature-, field-, and decay-scheme
dependence extremely well, giving an rms devia-
tion per point of 0. 5 kG. Of course the model is
not unique, and other hyperfine field distributions
would undoubtedly give equally good fits to the data.
(Other hypotheses, such as incomplete local mag-
netization or an additional quadrupole interaction,
can be ruled out on the basis of the form of the ob-

The hyperfine fields obtained in this work are
summarized in Figs. 4 and 5 and in Table II, along
with those reported in Ref. 4 (Ru, Rh, Pd), Ref.
'7 (Sc, Mn, Co), and Ref. 8 (Ag), and estimates
from systematics for the Ti, Ni, and Cu fields.
The dashed line in Fig. 4 is simply a smooth curve
drawn through the data points and is essentially
identica. l to the systematics curve given in Fig. 1,
Ref. 7. The solid line represents the estimated
CEP contribution to H„,. The new values agree
remarkably well with those predicted in Ref. 7 on

Hhf (kOe)

-100-

L0 w II

Sc Ti Vi Crit Mn I' Co
a( I

I

Ni Cu 3d Impurity

+100-

+ 200-

I
'I

1 I

l I
I

I
I

I

I
I

\
I

I

I

I
I

/

FIG. 4. Systematics of impurity hyperfine fields in
Gd host for Bd series impurities. Solid circles are from
Ref. 7, open circles from present work. The value for
GdCu was estimated in Ref. 7 by comparison with GdAu,
GdAg, and I'eCu fields, The dotted point for &dV is the
value that would result if the field were assumed positive.
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-200-
Hhf {kOe)

-100-

0
Y

+100-

If

II'

I Impurity

Zr Nb Mp t Tc Ru Rh,'!Pd Ag
I'j

I
I
I
I
I

\ I
I

+300-I

FIG. 5. Systematics plot for 4d series. Solid circles
from present work, open circle (Mo): apparent value

B„&,dotted circle from two site model (see text and Fig,
3), Triangles; from Ref. 4; square: IMPAC measure-
ment (Ref. 5); GdAg from H, ef. 8.

the basis of the then-available data.
Figure 5 shows the fields for the 4d series. The

two dashed lines are again attempts to draw a
smooth curve through all the points. This is not
nearly as successful as in the Sd series, primarily
because of the uncertainty in the Mo field and the
fact that neither of the two reported values for
GdRu seems to fit the systematics. Taking the
GdMo field to be negative, as seems most probably
correct, one is led to the sharply peaked dashed
curve which closely resembles the corresponding
curve for 4d impurities in Ni; this would tend to
favor the IMPAC value for GdRu. Taking the value
for GdMo obtained from a straightforward analysis
of our data, and placing more weight on the PAC
result for GdRu, one obtains the broad, flat dot-
dashed curve. The solid line, representing the
CEP contributions to the fields, was drawn using
an estimated field for GdSr of about —140 ko inter-
polated from GdCa and GdLu.

The local moments of 3d impurities in Gd can be
estimated by taking the difference between the
dashed and solid curves in Figs. 4 and 5; this dif-
ference gives that part of the hyperfine field which
is due to local magnetism, essential1y the core-
polarization field H„.The main difficulty with the
estimation of the moments themselves is the inac-
curacy of the effective hyperfine field constants
R~ =H~/p, due to the uncertain effects of s-d mix-

ing in the metallic environment. Neglect of the
latter effect leads to underestimation of the local
moment. Two other contributions to the net hyper-
fine field are the orbital field, due to spin-orbit
coupling which reduces quenching of the d-shell
orbital moments, and the spin-dipolar fieM which
is not necessarily zero in hexagonal symmetry.
Both of these contributions give positive hyperfine
fields, and their neglect would tend to exaggerate
the estimates of negative local moments and re-
duce the estimates of positive moments. The orbi-
tal contribution shou1d be greater in the 4d series
due to the larger spin-orbit coupling, while the
spin-dipolar contribution may be smaller beca, use
of the greater spatial extension of the 4d wave
functions. Keeping these limitations in mind, we
can use the curves of Figs. 4 and 5 to estimate
local moments.

The estimated core-polarization fields, R„
values, and derived moments are also given in
Table II. The errors in the moments include ex-
perimental errors in H„,and the assumed uncer-
tainties in R„.Neutron-diffraction measurements
for Gd host are not available, because of the large
nuclear neutron cross section in natural Gd and
the low impurity solubilities; the present experi-
ments thus represent the only moment data. The
moment systematics are shown in Figs. 6 and 7
along with data for 3d and 4d impurities in Ni
host. "6 As expected, the trend in Gd is roughly
a mirror image of that in Ni. Several points de-
serve comment: the anomalously large magnitude
of the Mn moment in Gd, the apparent shift of the
Gd(M) curve to lower impurity Z with respect to
the Ni curve, and the relatively large and uniform-
ly negative moments observed for the 4d elements
in Gd.

Models for the interactions of impurity moments
with the host conduction band in d-band host met-
als, based on the Clogston-Wolff theory, have been
given by Morlyalv and by Campbell and Gomes 18

These models predict the general features of the
curves shown in Fig. 6: vanishing moments at the
ends of the series, increasing towards the middle,
with a sign change near Mn. The predictions
agree reasonably well with the data for 3d mo-
ments in Fe, Ni, and Pd hosts. Taking Gd as a d
transition metal, one would expect similar results
to apply, with the relative signs of host and im-
purity moments reversed, since Gd is at the be-
ginning of a d series, in contrast of Fe, Ni, and
Pd.

The sign and magnitude of the Mn moment is par-
ticularly sensitive to the assumed splitting and po-
sitions of the host subbands in these models; e. g. ,
the predicted Mn moment is zero in Fe, about
—1.5p. ~ in Co, and nearly +4p, ~ in Ni host. ' Thus
the moment observed for Mn in Gd is not necessar-
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FIG. 6. Impurity moments on Sd transition impurities
in Ni (triangles) and in Qd (circles). Gd values, this
work and Ref. 7 (see Table II); Ni values from Refs. 3
and 16.

ily outside the framework of such a model.
The "crossover point" for Sd moments in Gd,

observed between V and Cr in this work, is a more
serious departure from the curves for Sd hosts.
One possibility is that the different band structure
of Gd leads to a rather smaller critical value of
the excess impurity charge for "crossover, " so
that the observed curve would in fact be obtained
from the above model if the calculation were car-
ried out for Gd host. Of course, the model may
also be inapplicable to Gd host in its present form;
e.g. , the exchange integrals J, , and J„„,were
taken to be equal in Ref. 18, which is almost cer-
tainly a poor approximation for Sd impurities in
Gd.

Another, in our opinion unlikely, possibility is
that the sign of the Cr hyperfine field in Gd is
actually negative; this assumption gives a much
poorer fit to the data than a positive field, yielding
H„,= —79+15 kG. This in turn gives a Cr moment
near zero and a moment curve for Gd host which is
a nearly perfect mirror image of the curve for Ni
host, as might be expected from the relative posi-
tions of Gd and Ni in their respective d series.
Moment calculations for Gd should clear up this
point.

In the 4d series, the question of the existence of
localized moments remains unresolved. The val-
ues shown for Gd host in Fig. 7 are relatively un-

certain, on the one hand because the orbital and
spin dipolar contributions to the hyperfine field,
mentioned above, tend to exaggerate the estimated
moments, which are all negative', on the other hand,
a constant and possibly inaccurate value of R„was
used for the whole series. ' Moments on Ru, Rh,
and Pd have been observed in Fe host by neutron
diffraction, ' but their existence in Ni host is un-

p (p jib

Gd 4d ~-
Ni 4d& ——

~YZr ~Nb Mo Tc Ru

FIG. 7. Impurity moments on 4d transition impurities
in Ni (triangles) and in Gd (circles). Gd values, this
work and Refs. 4 and 8 (see Table II); Ni values from
Refs. 1 and 3. The open circle for Mo is obtained using
the apparent hyperfine field, the solid circle using the
value from the two-sites model.

clear and the Ni values in Fig. 7 were estimated
from hyperfine fields. It seems likely that the es-
timated moments in Gd host shown in Fig. 7 are
much too large, particularly for Zr, Nb, and Mo.
Since Tc is in the middle of the series it represents
an unstable situation analogous to Mn and no con-
clusion can be drawn. In any case, the tendency
for the local contributions to the hyperfine field
in Gd to be a mirror image of those in Ni host
clearly continues in the 4d series.

Our results thus strongly support the suggestion
of Refs. 7 and 10, that the magnetic coupling in
Gd is predominately through a d finter-action and
d-d coupling, and that Gd (seen from a substitu-
tional impurity site) resembles a d transition metal
at the beginning of the series.

This conclusion was given theoretical support
by the recent work of Harmon and Freeman, ' who

have calculated the band structure and CEP of
ferromagnetic Gd, as well as the s-f and d fex--
change integrals. They find that the d-f exchange
is considerably stronger, and most of the CEP is
borne by the d-like conduction electrons, in agree-
ment with our conclusions based on experiment.
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