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Mossbauer study of the hyyerfine interaction of ' Au in gadolinium
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The combined magnetic dipole and electric quadrupole interaction of "Au in Gd has been investigated by

means of the Mossbauer eAect. The system was prepared by alloying Gd with 0.5 at.% of '"Pt which decays

to '"Au. At 4 K a magnetic hyperfine field of'
I H„f(GdAu)I = 809 + 8 ko, and an electric field gradient of

V»(GdAu) = +!I'14.4~0.7) X 10' V/cm was observed. The value of the magnetic field is consistent mth the
assumption that the field is mainly due to conduction-electrcn polarization. The electric field gradient has the

same sign as the ionic lattice gradient but it is one order of magnitude larger.

I. INTRODUCTION

magnetic hyperfine interaction (HFI) « the

site of dilute impurities in the 3d ferromagnets
Fe, Co, and Ni has been studied quite extensively.
These stUd16s hRve reveRled R pronounced depen-
dence of the impurity hyperfine field on both the
impurity atomic number and the properties of the
ferromagnetic host, and have led to a qualitative
understanding of the main mechanisms responsible
for these fields.

For further progress of the theory investigations
in other ferromagnetic systems are important.
Recently the 4f ferromagnets of the rare-earth
group' ' and also ferromagnetic alloys received an
increasing attention. In this paper we present a
Mossbauer investigation with "'Au in ferromagnet-
ic gRdol lnlum.

In contrast to the other heavy-rare-earth metals
gadolinium exhibits only one phase of spontaneous

magnetic order. It is ferromagnetic below T~
=293 K. In the ferromagnetic phase the 4f mo-
ments are parallel to each other and form R finite
angle P with respect to the c axis of the hcp lattice
structure. According to neutron-diffraction mea-
sur'ements on Gd single crystals this angle P is

temperature dependent and reaches R value of p
= (28 + 2)

"at 4 K."-

A recent HFI study by Hauminger et aI," how-
ever, indicates that the angle P strongly depends
on small amounts of impurities in the sample and
on the method of sampl. e preparation. These auth-
ors observed values of P =28', 52, and 75' in
samples obtained from different suppliers.

Tile c/6 I'R'tlo of tile cl'ystR111118 Rxes of Gd ls
smaller than 1.633, ' the value for an ideal hcp
structure. Therefore a strong electric field grad-
ient (EFG) is expected at regular sites of the Gd
lattice. This EFG must be axially symmetric with
the symmetry axis pointing along the c axis. If
the probe '"Au occupies a substitutional lattice
site one has to expect therefore in the ferromag-
netic phase a noncollinear combined magnetic
dipole and electric quadrupole interaction. 'Under

the assumption that the magnetic hyperfine (HF)
field llRs the sRI118 dlrectlon Rs the 4f I11011181lls, the
magnetic field Rnd the symmetry axis of the EFQ
form the angle I3. %ith the magnetic field direc-
tion Rs quantization axis the mRtlix elements of
the corr'espond1ng Hamlltonlan Rle given by 'the

expression

ru„=gIIp,„/Sand (uo =eQVgg/'4I(2I-1)II .
The combined interaction splits the —', ground

stRte of AU into four' nonequldlstant sUblevels
Rnd the excited g state Rt 7(I keV into two sublev-
els. A total of eight transitions occurs between
the excited state and the groundstate. %hen cal-

culating the intensities of these transitions, one
has to take into account: (i) in the case of a com-
bined interaction the sublevels of the ~ ground
state are not pure III states; (ii) the 77-keg transi-
tion of ""Au is a mixed Ml/E2 transition.

The mixing ratio is O' = I(E2)/I(M1) = 0.11.' Since
the magnetic moment of the groundstate is much
smaller than the magnetic moment of the excited
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state" one expects that even at rather high mag-
netic HF fields the Mossbauer spectrum consists
of two groups of four unresolved lines which are
separated by the magnetic HF splitting of the ex-
cited state. In case a quadrupole interaction is
present, these two groups should be asymmetric.

II. EXPERIMENTAL DETAILS, DATA

ANALYSIS, AND RESULTS

The source for this Mossbauer experiment was
prepared in the following way: The isotope ' 'Pt
(T,/, =18 h) which feeds the 77-keV Mossbauer
transition of '"Au was produced by neutron ir-
radiation of natural Pt foil. Small pieces of this
foil were melted with Gd in high vacuum by means
of an electron gun. The Pt concentration of the
alloy was about 0.5 at. %. The alloy was then
broken into pieces in order to minimize absorption
in the source. The source was moved with respect
to a 100-pm single line Au-metal absorber. Both
absorber and source were kept at 4 K. Figure 1

shows the Mossbauer spectrum obtained in this
way. Its asymmetric form indicates the presence
of a well-defined quadrupole interaction.

In order to derive the relevant hyperfine inter-
action parameters, i.e. , linewidth, isomer shift
(IS), magnetic hyperfine field (H„&), quadrupole
frequency ez, and angle P, a superposition of
eight Lorentzian lines was fitted to the measured
spectrum. The position and intensity of the dif-
ferent lines as a function of the HFI parameters
were calculated by numerical diagonalization of
the interaction Ham iltonian.

The magnetic HF field, the isomer shift, and
the linewidth are obtained easily and without am-
biguity from the fit. The determination of the
quadrupole frequency +& and the angle P, however,
is slightly problematic, since these two quantities
are strongly correlated in the interaction Hamil-
tonian. In case the quadrupole frequency is much
smaller than the magnetic interaction frequency,

2.5-

&& &0 rvQ) 0
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the splitting of a I=~5 state has two similar solu-
tions, one for P & 55'and one for P & 55, for which
the quadrupole frequency has opposite sign.

A computer simulation showed that a very high
statistical accuracy is required to distinguish be-
tween these two solutions. We therefore accumu-
lated a total of nearly 10' counts/channel. lt was
then possible to determine & and P unambiguously
in spite of their strong correlation. For this pur-
pose a series of fits was performed in which the
magnetic HF field, quadrupole frequency, isomer
shift, and linewidth were adjusted for different
fixed input values of the angle P. Figure 2 shows
the goodness of these fits in terms of the reduced

X,
' as a function of the angle JB. As expected two

minima of y„'were found, one at P =43'with y,'
= 1.66 for which & & 0, and one for P = 69 ' with
X„'= 1.06 for which & + 0. The f it to the measured
spectrum had v = 78 degrees of freedom defined as
number of data points minus number of free pa-
rameters. For the case that the correct theoreti-
cal function has been used for the fit, the proba-
bility P(X,', v) of obtaining a value It2 = 1.06 for v

=78 is I'=0.35, whereas the probability for X'„
=1.66 is only I' =10 '." This difference is large
enough to exclude the solution at P =43'with ~~ & 0.
The clear separation between the two solutions

73.9 x 10

t,
7 3.t3- 't

73.7—

73.6—

73.5—

t ~

/
I

t t /
/

t

1.0—

I I I I I I

30 60 90
I

-20
I

-15 -10
I

-5
Angle P [deg]

Vetoci t y [mm/sec)

FIG. 1. Mossbauer spectrum of '8~Au in the alloy
Gd ~Au at 4 K.

FIG. 2. Goodness of fit in terms of the reduced y as
a function of the angle P.
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is essentially due to the favorable fact that because
of the very small g factor of the -', ground state of
'"Au (g=0.096 58)'0 the magnetic and the quadru-
pole interaction are of the same order of mag-
nitude. The analysis of the Mossbauer spectrum
yields the following HFI parameters for the sys-
tem t"JAu:

~H„([=809+ 8 kG,

3~o =~eQV„=+0.83+0.04 mm/sec,

p =(69+ 2)',
2I', =1 80+0.05 mm/sec,

IS = —8.09+ 0.05 mm /sec.

The solid line in Fig. 1 is the fit obtained with
these parameters.

The measured quadrupole frequency co cor-
responds to an electric field gradient of

V„(GdAu) =+ (14.4+ 0.7) && 10" V/cm' .

This value has been calculated with Q =0.594 b for
the quadrupole moment of the '"Au ground state. "
The quoted error of V„doesnot contain the un-
certa, inty of the quadrupole moment, which is due
to the Sternheimer shielding correction.

The experimental linewidth has been corrected
for finite absorber thickness and agrees within
the error with the natural linewidth of 1.85 mm/'

sec. Together with the observation of a well-de-
fined quadrupole interaction this allows the con-
clusion that the Pt impurities occupy one unique
site in the Gd lattice. It is not absolutely certain
that this site is a substitutional site, since chan-
neling data and a phase diagram for the system
GdPt are not yet available.

III. DISCUSSION

A. Isomer shift

The measured isomer shift of -8.09+ 0.05 mm/
sec is in excellent agreement with the IS of "'Au
in lanthanum of -8.1 mm/sec, as determined by
Wagner et al." Since Gd and La have the same
valence electron configuration, this agreement
conf irms the observation of Wagner e t al . that the
IS is mainly determined by the number of the host-
metal valence electrons. The number of 4f elec-
trons has apparently no influence.

B. Magnetic hyperfine field

The magnetic HFI of Au in Gd has been mea-
sured previously by Campbell et al. ' in a nuclear-
orientation (NO) experiment as H„&= —520 + 30 kG,
which is considerably smaller than our value of 809
kG. As an integral technique NO cannot distinguish

between a single well-defined HF field and a field
distribution. Furthermore it is difficult with this
technique to separate magnetic dipole and electric
quadrupole contributions to the HFI. Mossbauer-
effect spectroscopy does not suffer from such re-
strictions. Therefore we consider our value of
809 kG as the more reliable one.

The magnetic HF field at the site of a closed-
shell impurity such as Au (electron configuration:
5d" 6s') is essentially due to the conduction-elec-
tron polarization (CEP) by the localized moments
of the ferromagnetic host. A d' s' impurity de-
velops no own local moment, therefore a core
polarization contribution to the HF field can be
excluded. Since the metallic radius of Au

(1.42 A) is considerably smaller than that of Gd
(1.80 A), a HF field contribution from overlap
polarization (OP) is also not to be expected.

According to Shirley et al. " the CEP-induced
HF field at an impurity site in a, ferromagnetic
host can be described by the expression

HGEp PHns &

where H„,is the magnetic field produced by one
electron in a ns state of the free impurity ion. The
factor P is a measure of the CEP at the impurity
site and also contains solute-dependent effects
such as a possible change of the free ion value of

H„,by the host environment. Daniel et al."have
developed a model to explain sign and magnitude
of the CEP for various impurities in the same host
by the scattering of the polarized conduction-elec-
trons at the impurity potential. According to these
calculations, which have later been extended by
Campbell et aL. ,

"'" the CEP at the impurity site
should essentially depend on the valence difference
between the impurity atom and the host atoms,
i.e. , the factor p in the above equation should be
constant for closed-shell impurities with the same
number of valence electrons.

In Table I we have collected the values of the
magnetic HF field for d "s' impurities in Fe and
Gd together with the values of p calculated ac-
cording to the above equation from the measured
HF fields and the H„,values obtained from the
hyperfine coupling constants of the free atoms. "
The data of Table I show that the CEP for d "s'
impurities in Fe is about a factor of 2 larger than
in Gd, though the magnetic moment of Fe{2.2p, e)
is considerably smaller than that of Gd{8.0pe).
This is consistent with the fact that the 4f con-
duction-electron coupling constant J,f of Gd is
nearly one order of magnitude smaller than the
3d conduction-electron coupling constant J,~ of
Fe.' Furthermore Table I shows that in the host
Gd the factor p for d' s' impurities is constant in
fact as expected from Campbell's model. For the
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TABLE I. Magnetic HF fields of Cu, Ag, and Au in Fe and Gd.

Host Fe
Electron (radius 1.28 A)

Impurity Radius (A) configuration &» (MG) Hhf (kG) P

Host Gd
(radius 1.80 A)

H hf (kG) p

Cu

Ag

Au

1.28

1.42

1.42

3d 4s

4d"5s'

5d 6s

Q(U 2 ry

HAg 5 05s

HAU 19

(-)213 ' (-)0.079

—447 —0.089 —200 -0.040

-1290 -0.065 (—)809 8'
(—) 0.041

The sign is estimated from HF-field systematics.
Reference 1.
This work.

host Fe, however, P shows a considerable varia-
tion with the impurity. This suggests that in con-
trast to Gd in Fe the impurity HF field is not ex-
clusively caused by CEP. As discussed by
Stearns" an additional possible contribution to the
H F field may come from the OP, which is the
larger the more the impurity atomic volume ex-
ceeds the host atomic volume. Comparing the
atomic radii given in Table I it seems that for Au

and Ag in Fe the OP may in fact contribute to the
HF field. For Gd, however, such a contribution
can be excluded due to the large atomic volume of
this host.

It is worthwhile to mention that the atomic vol-
ume of metallic Gd is larger and that of Fe smal-
ler than the atomic volumes of most of the other
elements. As soon as the systematics of impurity
HF fields is as complete for Gd as it is already for
Fe, a comparison between these hosts will pos-
sibly reveal quite clearly the relative importance
of the OP as an impurity HF field mechanism.

C. Electric field gradient

The EFG of dilute impurities in noncubic metals
has been investigated rather extensively in the
past. " There are essentially two contributions to
the E FG in metals: one coming from the positive
cha, rged lattice ions V,",', the other coming from the
conduction-electrons V„.The total EFG can be
described by the expression

V„=(1-y„)V,",'+ Vc,s.

y„is the Sternheimer correction which accounts
for the closed electronic shell polarization of the
probe.

The effective lattice EFG (1 —y„)V,",' can be de-
termined by a lattice sum calculation of V,",' and
by use of y„values which have been calculated for
free ions by several authors. "' The calculation
of the conduction-electron EFG is much more dif-
ficult, since it requires the knowledge of the con-

duction-electron wave functions, and has been at-
tempted up to now only in a few cases. To gain
more insight into the properties of the conduction-
electron EFG, one presently determines Vg,E in

a systematic way from the measured V„and the
calculated (1 —y„)V.",' values. To avoid any am-
biguity of V„Ethe sign of V"," has to be known. It
is favorable that in our case both sign and mag-
nitude of V„could be determined.

For a hcp lattice the lattice sum calculation for
the EFG has been developed by Das et al." Ap-
plication of their formula requires the knowledge
of the lattice parameters c and a. For Gd these
parameters have been measured only down to
120 K.' Since the measured temperature depen-
dence is quite weak we used the 120-K data. (a
= 3.6304 A and c = 5.7945 A) without extrapolation
to 4 K. With the Sternheimer factor for Au, y„
=-65, one obtains finally

(1 —y„)V,'",'=+1.0&& 10" V/cm' .

From this value and the measured total EFG the
conduction-electron EFG can be determined:

V =+13.4X 10"V/cm' .

So the conduction-electron EFG for Au in Gd is
about one order of magnitude larger than the ionic
EFG, and the two contributions have the same
sign.

It is interesting to compare this result with the
universal correlation between Vc,s and (1 —y„)V,",'

recently proposed by Raghavan et al." These
authors have found that for a large number of
impurity-host systems the electronic and ionic
EFG are related in the following way:

Vc,E = -K(1 —y„)V,",'

Electronic and ionic EFG have opposite sign and
are proportional to each other with a proportional-
ity constant K, which for most of the systems in-
vestigated up to now had the same value K = +3.
Raghavan et al, . therefore suggest that the above
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TABLE II. Electric field gradients of various impurities in gadolinium.

Impurity y (10 5 V/cm~) (10 V/cm ) (10 7 V/cm ) Ref.
y CI.

(10~7 V/cm~)

Cd

Gd
Ta

W
Os

Au

-29.3

-80
-61

-55
-46.6

-65

+ 1.73

+1.52
+1.73

+1.73
+1.73

+1.52

+ 0.52

+ 1.4
+1.07

+ 0.97
+ 0.83

+ 1.0

1.31

3.0
6.62

+ 6.84
12 ~ 88

+ 14.4

6
24

25
25

This work

1.83
+ 0.80
+ 1.6

7.66
+ 5.52
+ 5.87
—13.71
+ 12.03
+ 13.4

+ 3.52
1.54
1.14

+ 7.15
5.16
6.06

+ 16.5
-14.5
-13.4

If the sign of V« is not known V~~&,
' and & are calculated for both positive and negative

s ign.

relation with K=+3 is with a few exceptions uni-
versally valid.

The impurity EFQ in Gd does not obey this sim-
ple relation. This is evident from Table II where
all the data on impurity EFG's in Gd presently
available have been collected. In three cases (Gd,
W, and Au) the sign of the total EFG ha, s been mea-
sured. In all three cases the electronic and the
ionic EFG have the same sign. Furthermore the
parameter K of the proposed proportionality is
strongly impurity dependent.

At present the strong variation of the conduction
electron contribution to the impurity EFG in Gd is
not understood. Since the conduction-electrons of

Gd have partially d character" so that their density
at the impurity site can influence the EFG, one
important factor is here probably the valence dif-
ference between the host and the impurity ion.
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