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Relaxation effects of Yb impurities in Au have been studied by Mossbauer-source experiments at both
4.2 K in external magnetic fields ranging from 10 to 55 kG, and at 50 kG in the temperature range
4.2 to 40 K. In order to analyze the results a general microscopic relaxation theory for an
effective-field hyperfme interaction is derived, which allows for both a generalized tensor-type 4f
conduction-electron coupling, and frequency-dependent relaxation processes between the electronic energy
levels. It is pointed out that in Mossbauer-source experiments the preceeding nuclear P decay may produce
population effects in the lowest electronic energy states due to slow relaxation rearrangement in the
electronic shell. The experimental Mossbauer spectra of '~OYb in dilute Au: '~OTm sources are found to
be well described by the relaxation theory including the new rearrangement ideas for Mossbauer-source
experiments.

I. INTRODUCTION

The hyperfine (hf) structure of a sd impurity in
a nonmagnetic metal is usually not observed be-
cause of fast relaxation processes between the
electronic energy levels. ' However, in the pres-
ence of an external magnetic field R polarization of
the electronic moment results and a hf structure
may be observed. The situation for rare-earth
(RE) impurities in metals is quite different. Elec-
tronic relaxation times axe typically two orders of
magnitude longer and nuclear correlation times an
order of magnitude shorter than for 3d elements.
This leads to a well-resolved paramagnetic hf
structure at temperatures around 4. 2 K.a 6 In the
case of 4f elements the application of an external
magnetic field is then only an additional possibility
in the study of the hf structure and relaxation ef-
fects.

In a previous paper' we have repox'ted a Moss-
bauer-effect (ME) study of Yb impurities in Au in
the presence of small (~ 1 kG) external magnetic
fields at 1.4 and 4.2 K. In this case dramatic
changes occur in the hf spectra since the Zeeman
and hf splittings are of the same order of magni-
tude. Howevex, the relaxation rates are found to
be independent of the field applied since the Zee-
man and hf splittings (& 300 mK) are always small
compared to the temperature of investigation
(~ l.4 K). Thus~ the Korr1Qga law ls still va11d.

In this study we extend the measurements on Yb
impuxities in Au to higher fields. In particular,
we report ME measurements at 4. 2 K in external
magnetic fields between 10 and 55 kQ and at 50 kG
in the temperature range frorh 4. 2 to 40 K. As
will be discussed below, it is important to note
that the experiments were carried out as source
experiments.

When strong (&10 kG) external magnetic fields

are applied several new phenomena axise. At first,
the Zeeman energy will be comparable to the crys-
talline-electric-field (CEP) energy, leading to an
admixing of the various CEF wave functions. For
a cubic CEF the admixture of the anisotropic I'8
CEF state will result in a finite magnetic anisot-
ropy of all 2 0+1 states belonging to the free-ion
ground state. For Mossbauer studies on polycrys-
talline samples one then has to average over all
external field directions with respect to the cubic
axes. Secondly, the Zeeman splitting, e.g. , of
the lowest CEF level, will be of the order of the
tempexature of investigation. In this case the sim-
ple Korringa law for the relaxation rates is no
longer valid, because the frequency dependence of
the spectral density of the conduction-electron bath
has to be taken into account. '

In the study of Yb impurities in Au some partic-
ulRl Rspects Rx'e of 1ntel"est when comparing mea-
surements with and without extex nal magnetic
fields As has been shown previously 8'9 in the
ME a fundamental difference exists between source
and absorber experiments, due to slow relaxation
rearrangement in the electronic shell of the Moss-
bauer source atom after the P decay. Thus in the
particular case of Yb impurities in Au one might
expect finite intensity contx'ibutions to the ME
spectrum from the upper Zeeman level of the I"7

CEF ground doublet, even when the upper level is
separated far enough from the ground level to have
negligible thermal population. The new rearrange-
ment ideas automatically lead to the question of
how the 4f-conduction-electron interaction should
be described. While the usual vector exchange
(-Z ~ s) allows relaxation transitions between states
only if the selection rule 4 J, =-O, +1 is satisfied, a
general coupling of the type considered previously
by Coqblin and Schrieffer' and Hirst'i will allow
transitions between any two states. Finally, the
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Kondo problem'3' of Yb in Au needs to be dis-
cussed since it is well known that the Kondo effect
may be quenched in sufficiently high magnetic
fields. '

In order to analyze the experimental results a
general microscopic relaxation theory has been
used which includes a general description of the
4f-conduction-electron coupling and the possibility
of frequency-dependent relaxation processes.
This relaxation theory is written for a general nu-

clear transition, except for the special case of a
diagonal hf interaction, which besides describing
the present experiments is frequently encountered
in Mossbauer spectroscopy.

II. THEORETICAL ASPECTS

A. Electronic Stark and Zeeman splitting

In the discussion of the electronic properties of
the Mossbauer RE ion we will restrict ourselves
to the discussion of the [SL]-Jfree-ion ground
state, since excited [SL]-Jstates are typically a
few thousand degrees Kelvin higher. For Yb' the
Hund's ground state is E,&~, which in presence of
a cubic crystalline electric field (Stark effect)
splits into two isotropic Kramers doublets Z'6 and
I', and a magnetically anisotropic 1", quartet. "
From susceptibility, ' '" EPR, "and previous ME
data ' the I'~ doublet is known to be the CEF ground
state for dilute Yb impurities in the fcc Au metal.
According to Williams and Hirst'6 the excited states
I'8 and l 6 are situated at 80 and 83 K, respectively.
Independent measurements of Murani' essentially
verify this result, although the separations are
found to be slightly larger, i.e. , 91 K (18) and
94 K (I,).

An applied external magnetic field will in general
lift the degeneracy of the Kramers states. In a
previous paper' the case of weak (& 1 kG) external
magnetic fields was discussed. In this case the
separations between the CEF levels are larger
than the Zeeman splittings (which are of the order
of the hf splittings). ' Consequently, one could dis-
cuss the Zeeman effect separately for each CEF
level.

In the presence of strong external magnetic
fields (H& 10 kG) the Zeeman splittings are com-
parable in magnitude to the CEF Stark spli;ttings.
Hence the Zeeman effect can no longer be treated
by perturbation but rather one has to diagonalize
the CEF and Zeeman Hamiltonians simultaneously.
Using the CEF Hamiltonian for cubic symmetry in
the notation of Lea, Leask, and Wolf' (LLW) (z

axis along one of the fourfold axes) one obtains

X= W
4

04+504 + 06 —2106

Here x and W are the CEF parameters in the LLW
Hamiltonian, E(4) and E(6) are constants for a
given J level, and the matrix elements of the op-
erators O„are given by Hutchings. '

Equation (1) can now be diagonalized for a given
orientation of H with respect to the fourfold axes.
As a solution one obtains 2 4+1 energies E; and
wave functions

A=Z ~'. I J, J,&.
Jz

The wave functions g; will in general be a linear
combination of the pure CEF wave functions,
which, in the case of Yb3', are independent of the
CEF parameters. " The degree of admixture of
the CEF wave functions by the external magnetic
field is in first order inversely proportional to
the respective energy separation of the CEF
states. In Sec. II B the wave functions g,. will be
used to calculate the ME hf spectrum.

B. Static ME spectrum

The magnetic part of the ME spectrum is given
by the eigenvalues of the Hamiltonian~o

R~ =A(J ~ I ),
where the wave functions P, are used for diagonali-
zation. Since the CEF and Zeeman energies E, are
much larger than the hf energies, the hf interac-
tion can be regarded separately for the 2 4+1
electronic states P, . The hf matrix elements are
given by

(4)

For an arbitrary orientation of the external mag-
netic field with respect to the cubic axes the off-
diagonal matrix elements in Eq. (4) (e. g. ,
(t/r; I J. I g, )) will not vanish in general. This is due
to a finite anisotropy of all states P& caused by an
admixing of the CEF wavefunctions by the external
magnetic field. In the specific case of Yb impuri-
ties in Au the ME spectrum is basically determined
by the two lowest electronic states, i.e. , the Zee-
man levels of the originally isotropic I', CEF
ground doublet (compare Fig. 1). Because of the
large energy separation from the I'8 quartet (I'6
and I'~ cannot mix directly) the anisotropy of the
lowest two states is expected to be quite small.
Thus, Eq. (4) will in good approximation take the
diagonal "effective-field" form

Rz A(~i I Jsl 'P& &Is = Hefrgn'puff ~ (5)

In Eq. (5) only the contribution of the 4f shell to
the ME spectrum has formally been considered.
However, other contributions to the effective field
at the nucleus, e.g. , from polarization of the con-
duction electrons by the 4f moment, are absorbed
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in the hf coupling constant A, which has been de-
rived for Yb impurities in Au by EPR' and ME'

measurements and found to be 4. 55 mm/sec (l.28
x10 6 eV) for the "OYb isotope. When compared to
the value A =4.40 mm/sec derived for insulator
hosts, "one finds that there is indeed a small contri-
bution to the hf field from conduction-electron po-
larization by the 4f moment. »8'a' Even a larger con-
tribution of this kind has been observed for Er
impurities in Th. It should be noted that for RE
elements the direct contribution from applied mag-
netic fields is negligible compared to the 4f hf

field H«= H,«= 3 MOe.
In addition to the magnetic hf interaction, in the

presence of magnetic fields there will be a quad-
rupole hf interaction. Although the cubic environ-
ment of the Au lattice does not contribute to the
quadrupole interaction, the 4f shell will in general
produce an electric field gradient (EFG). Even
without application of an external magnetic field a
quadrupole interaction may arise from the aniso-
tropic I"8 state, while the quadrupole interaction
is zero for both doublets, I'6 and I', . In the pres-
ence of external magnetic fields each of the 2 J+1

TABLE I. Orientational dependence of Zeeman split-
ting (E»), magnetic moments (8» = (»)» I J, l »)I»)), and field
gradients [Q»

——Q» I 34, —J'(/+1) I P»)) for the ground (»=1)
and first excited (i= 2) electronic states at 55 kG. CEF
parameters x = 0.77 and W= 3.65 K were used.

E(

Twofold
[110]

12.61

Axes
Threefold

[111]

12.64

Fourfold
[001]

12.53

S2 1.16

—1.80

1.17

—1.81 1~ 77

Q2 —1.99

2.24

—2.28

2.71 0.81

electronic energy states will produce an EFG.
While even isolated Kramers states in the presence
of a strong Zeeman field (which lowers the sym-

metry) will in general support electric quadrupole

fields, an EFG also arises from an admixing of
different CEF states. In a frame of reference
with the z axis along the direction of the external
magnetic field the quadrupole coupling is given by~'

~.=~&0»I8~,'-8~+1) ly;) [»'. -I(I+1)], (8)

where B is defined astro

& = —&'9 (& II »»' )I J)(r ')/4 I(2'I - 1) .
For Yb ' the free-ion value may be calculated as
B('7'Yb) =0.125 mm/sec (8. 5&&10 ' eV). While the
atomic Sternheimer shielding is small for Yb ',
estimates of conduction-electron contributions to
B in cubic hosts are difficult at present. We will,
therefore, use the above value for B in the analy-
sis of our results.

For a given orientation of H with respect to the
four-fold axes, the ME spectrum is given by the
eigenvalue s of

W» M +o' (8)

FIG. l. Electronic energy levels of the I'Vg2 free-ion
ground state of &b ' in the presence of the cubic crystal-
line electric field of the Au host (H= 0 kG) and an addi-
tional applied external magnetic field (II= 50 kG), assum-
ing x = 0.77 and W = 3.65 K.

From Eq. (8) we have omitted a term for an iso-
mer shift, since it is very small for "'Yb and may
be neglected for our purposes. The total ME spec-
trum for a polycrystalline sample is obtained by
averaging the line positions which follow from
Eq. (8) over all directions of the external magnet-
ic field. The averaging may be approximated as
follows ': Eq. (1) is solved for H (( [001], H )) t111],
and H ~~ [110], where the CEF Hamiltonians for the
three respective directions (II defines the z axis)
are derived by Hutchings. ' The Mossbauer spec-
tra I(001), I(111), and I(110) are then calculated
with the respective wave functions g» and averaged
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according to"

Il l:26 [8I(001)+ 8I(111) + 12I(110)] (9)

C. 4f-conduction-electron coupling

The coupling of the 4f shell to the conduction-
electron bath results in temperature-dependent
spin flip or relaxation processes among the elec-
tronic energy levels. These dynamical effects in
the electronic shell manifest themselves in the
Mossbauer spectrum through the hf interaction.

In Table I we have listed values for E;, 5;
=

(ltd; I J, I lt; ), and Q; = (p; i 3J,' —J(J + 1) I lt,. ) for the
lowest two energy levels (i =1, 2) as calculated for
the three external field directions [001], [111],
and [110]and for H = 55 kG and the CEF parameters
x = 0.77 and TV= 3.65 K taken from Ref. 16. As
expected, the Zeeman splitting (E;) and the magnet-
ic moments (-S,) are nearly independent of orien-
tation, indicating that the magnetic anisotropy of
the lowest two states in the presence of magnetic
fields up to 55 kC is small. However, the EFGs
(- Q;) show an orientational dependence. In this
case the simplified averaging over all directions
by means of Ell. (9) is acceptable only because the
quadrupole interaction is small as compared to
the magnetic hf interaction.

The Mossbauer line positions as calculated from
Eq. (8), however, only describe the experimental
ME spectrum in the limit of long electronic relaxa-
tion times, i.e. , when the electronic relaxation
time t~ is much longer than the nuclear correlation
time t„, = (&„,) ', where &„, is the hf splitting.
For Yb, v„, =15 mm/sec (Ref. 24), leading to t„,
=2&&10 ' aec. In our previous study of dilute Au:
Yb alloys in the absence of any external magnetic
field or in weak magnetic fields we have derived

a relaxation rate of R =452 MHz at 4. 2 K. This
yields a relaxation time of ts-—1/2llR= 3x 10 'o sec.
In the system under investigation one is thus in the
region t~= t„„which for the studyof relaxation ef-
fects is the most interesting one. On the other
hand, our estimates indicate that the description
of the ME spectrum in the static limit given above
will not be sufficient to describe the experimental
ME spectra, but rather relaxation processes have
to be taken into account.

At the temperatures considered in this study

(T ~40 K) it seems likely that the relaxation effects
in the Mossbauer spectrum will result mainly from
the coupling of the 4f electronic shell to the con-
duction electrons. The relaxation contributions
due to phonons are expected to be relatively small,
and the following discussion will be made upon the
assumption that they can be neglected.

l'lAD (It AD}tg 0' l'0l AEI LS LS ttv LS tI, v
Ql AL0'l' p v

(lo)

where I» is a coupling constant, B» is a tensor
operator acting on the impurity, and C» is a ten-
sor operator acting on the conduction electrons.
The operators BLs and C» are unit spherical dou-
ble-tensor operators, which are defined so as to
have a natural normalization and simple behavior
under rotational transformations. " Rewriting Eq.
(1O) a.s

LS vv +LS uv ~

the spectral density of the conduction-electron bath
is given by the Fourier transform of the autocorre-
lation function

Since the direct coupling of the nucleus to the con-
duction-electron bath is much smaller than both
the hf interaction and the 4f-conduction-electron
interaction, it is usually neglected for the calcula-
tion of the relaxation ME spectrum.

In the study of relaxation processes in the elec-
tronic shell by means of Mossbauer-source experi-
ments the description of the 4f-conduction-elec-
tron coupling plays an important role. In order
to describe and physically understand the relaxa-
tion rearrangement in the electronic shell follow-
ing the nuclear p decay a realistic description of
the impurity-conduction-electron interaction is
needed. Since we are interested in relaxation pro-
cesses among the levels belonging to the electronic
ground configura. tion of the Mossbauer atom, a
configuration-based or Schrieffer-Wolff ap-
proach is adequate. In such a model the inner-
atornic interactions of the impurity plus the CEF
interaction are treated in detail, while the Ander-
son mixing interaction ' between the impurity elec-
trons and the conduction electrons is treated as a
perturbation. ~

In order to describe the general interaction of a
localized 4f or 3d spin with the conduction elec-
trons it is advantageous to make use of the irredu-
cible-tensor method. As was first shown by
Hirst, " this group-theoretical method may be re-
lated to the general types of k for k-d couplin-g
that are yielded by the realistic microscopic theo-
ries. 6 For a metal such as Au, in which electrons
at the Fermi surface can be treated as free elec-
trons, "it is appropriate to describe the k for-
k-d interaction initially in terms of free-electron
partial-wave conduction-electron states I k, l, m, o).
The impurity states are taken initially as the states

I L, M~, S, M~ ) belonging to the L Sground term-.
Within this framework the most general possible
interaction can be written'~
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&(F„'.„'(I)[F...':."(I-.)]'»
= 5~ ~ 5.. 5cc 5."Gis" (p, T) .

The spectral density, which, as will be discussed
below, is closely connected with the relaxation
processes in the impurity, is then given by

J~,~'((u, T) = d7 e '"'G„"(p-, T)

=»Z II"'"'p'c(E'~)l' -/- 1.ll' 8 —1

(»)
Here pc(E/, ) is the conduction-electron density of
states at the Fermi surface per spin direction. ~

The above considerations are valid for 4f as
well as Sd impurities. In the following we will
consider a generalized Schrieffer-%olff cou-
pling '3P which corresponds to a specialization of
Eq. (10) with l = I' = 3 for 4f and l = I' =2 for 3d im-
purities. Furthermore, we will restrict, our dis-
cussion to the case of Yb '„which is particularly
simple since its configuration 4f" corresponds to
a single 4f hole in the full 4f shell. It should be
noted, however, that the tensor method is readily
capable of treating any number of 4f or 3d elec-
trons, as will be shown by L. L. Hirst in a sepa-
rate paper. In the case of Yb the coupling con-
stant is simply I»' ' =I~6& 3 6,. 3, independent of
A and Z. Here

I.=
I
I ~ I' (I/E.':.'+I/E(. ) ), (14)

21[
I Ic p(EF ) I

~ eT/)) (15)

where we have defined p(Ez) = p1c(Ez). The dimen-
sionless expression [Icp(E~) IP, which symbolizes
a coupling strength, will in practice be treated as
a fitting parameter.

Since we mant to treat relaxation processes only
between the lomest electronic energy states, i.e. ,
between the 2 J+1 energy states ()); given by Eq.
(2), the tensor operators given by Eqs. (10) or (11)
need to be projected onto the Hund's free-ion
ground state. %bile the detailed mathematic31
treatment will be published elsewhere, let us
here only state the result. Projection onto the
[SL]-Jground state yields

where V~& is the mixing interaction strength and
E,",,' is the energy necessary to make an intercon-
figurational excitation from 4f" to 4f"". With
this coupling, the spectral density of Eq. (13) takes
the form

J~,~c([p, T) = J~, ((u, T)

where g~ is the Landd factor and c»0, is an annihi-
lator for a conduction-electron state in the l =0
partial wave. The coupling (21) is equivalent to a
special case of the tensor coupling, Eq. (16), in
which the contributions for Q cl vanish. Specifi-
cally,

[F(J)]1/PE1 J /~2 + [F(J)]1/PE1 (22)

Here, the spherical tensor operators 8@ and E,
describe the impurity and bath, respectively, and
for RE ions only tensor operators with Q & V are
defined. Matrix elements of the operators B~~ are
given by

(~, ~.'l~.'I~, ~.)=(- ))' "(2Q+))'"(;;),
(»)

where the last bracket in Eq. (1V) is a 3-j symbol. '
The new spectral density complimentary to B@ is
given by

J (~, r)=J dec'" ((z,'( [p,".)(t v))')) .-
(18)

If the tensor operators E@ are expressed in terms
of the tensor operators F» of Eq. (11), the spec-
tral density J Q(~, T) can be found in terms of
J~~(&u, T). In the case of Yb"', this spectral density
takes a particularly simple, Q-independent form,
namely,

JQ(&u, T) = J([p, T) =27[IIcp(E~)Ip&u/(e"/"r I) (19)

The spectral density summarizes all the informa-
tion about relaxation forces in the conduction-elec-
tron bath which is relevant to the calculation of re-
laxation processes in second-order perturbation
theory. In particular, the rate R;„& at which a
transition from an impurity state i to a state j is
driven by the bath is just proportional to [see Eq.
(35) below]

It, , —J((u„, T) = 2v
I Ic p(E~) I' &u„/(e "/'./ "r 1), (-20)

where +&, =E&-E,. The spectral density satisfies
the important identity O'Q(- 1p, T) = e" /~r JQ(&u, T),
which states that a transition from a higher to a
lower level proceeds more rapidly than the transi-
tion in the reverse direction. Consequently, the
bath always tends to drive the populations of the
impurity levels toward their thermal-equilibrium
values.

Finally, the generalized /p ftensor coupli-ng
should be compared to the simp.'e case of a vector
exchange

II,„= Q —2(g~ —1)J /J s c), pp cypp (21)

1&Q ~7
-Q-e~Q

(EQ)t FQ Q EQ (FQ)t
where I'(J) =

p (2 J (- I) ( J'+ 1)J. Similarly, the com-
bination s c~ c appearing in Eq. (21) is proportion-
31 to the corresponding components of .'he tensor
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operator C~z with proportionality factor [P(s)]'~~.
The spectral density produced by Eq. (21) is given

by Eq. (20) with

(23)

In the past, the exchange coupling (21) has al-
ways been applied to the description of Mossbauer
relaxation phenomena. However, as noted above,
an interaction of the generalized Schrieffer-Wolff
type, containing a sum of all possible types of ten-
sor couplings, is to be expected from a realistic
microscopic point of view. %'e shall use such an
interaction in our discussion of relaxation effects.
As will be discussed below, it turns out that this
more general coupling form is indeed necessary
to describe the relaxation phenomena in Moss-
bauer -source experiments.

D. Population of electronic energy levels after P de&ay

It has been pointed out previously ' that relax-
ation phenomena in Mossbauer-source experiments
are intimately connected with the process of elec-
tronic rearrangement which takes place in re-
sponse to the nuclear transformation. These elec-
tronic-rearrangement processes have been com-
pletely neglected in the past, as from an oversim-
plified point of view they were considered to be
too fast to be seen in a ME experiment. Since the
understanding of the rearrangement processes is
essential for the understanding and the calculation
of the ME relaxation spectra, we will br'iefly out-
line the basic ideas below.

The radioactive P decay of '7oTm(130d), which

directly feeds the 2'- 0' 84. 3-keV Mossbauer
transition of '~ Yb, starts both the Mossbauer y
emission, and the rearrangement in the electronic
shell in response to the change in nuclear charge.
The first step of rearrangement in the electronic
shell is a change in configuration, i.e. , from
4f' (TmO') to 4f' (Yb '). In order to compensate
for the increase in nuclear charge a conduction
electron is absorbed into the 4f shell by means of
the Anderson mixing interaction. ~v The rate R for
this process may be estimated by application of
the "Golden Rule, " viz. , IR =6 =mls, &l p(c).
Assuming a virtual bound state width 6= 0.01 eV
for Yb ', the time for the change in configuration
is estimated to be ff/4= 10 "-10"sec. When

compared to the nuclear lifetime t„=10 sec,
the interconfigurational rearrangement is in-
deed fast.

The decay of the configuration 4f'O into 4f'O

leaves the ground configuration in a highly excited
state. Rearrangement within 4f'3 will then pro-
ceed via energy exchange with the conduction-elec-

tron bath. The transition rates R;,- between any
two states i and j within 4f are proportional to
the spectral density given by Eq. (20), where the
proportionality factors (matrix elements) which
depend upon the specific transition of interest are
of the order of unity, For a transition from a,

state i to a lower state j separated by co;,.» AT it
is seen from Eq. (20) that because &uz, is negative
the decay rate will be equal to 2wlo1,.;l li,p(&„)I .
Only those electronic states will then contribute to
the ME spectrum which decay in a time comparable
to the nuclear lifetime. It is important to note that
the intensity of the hf structure of a given electronic
level depends on the comparison of its decay time
to the nuclear lifetime (f„=10 ' sec for ' Yb) while

the detailed shaPe of the respective hf spectrum
depends on the relation between the decay time and

the nuclear correlation time (fh, = 10 1o sec for
170Yb)

In the case of Yb3' there is only one excited
[SL]-estate above the free-ion ground state Evio,
namely, I",

&2 at approximately 15000 K. Thus a
simple estimate indicatesthat the decayof the elec-
tronic shell into the E~&~ ground state is quasi-
instantaneous. However, rearrangement or what
is equivalent, relaxation processes between the
CEF or Zeeman levels of the I'&&2 ground manifold,
are not necessarily fast on the Mossbauer time
scale. In particular, electronic levels which lie
in the range of 1-10 K above the ground level" will
decay with times comparable to the nuclear life-
time.

For treating Mossbauer -relaxation phenomena
it is necessary to know the iziti&$ population of
the electronic-nuclear system. In the case of the

ME, "initial" means at the beginning of y-ray
emission or absorption. Since our above esti-
mates indicate that the change of the electronic
shell into its E7&~"ground state is quasi-instan-
taneous on the Mossbauer time scale, the initial
population of the electronic shell in a soggily ex-
periment can be represented quite accurately by
an equal population of all states within I'z&~, This
is in contrast to the absorber case where a Boltz-
mann initial population is assumed. Unfortunately
at present no quantitative solution for Mossbauer
source spectra with electronic rearrangement ef-
fects exist. The respective equations of motion

have only been solved for the case of an absorber
experiment. In Sec. IIE we shall consider these
equations of moron and the resulting Mossbauer
relaxation spectrum by allowing for a generalized-
tensor-type 4f conduction-electron coupling and

frequency dependent relaxation processes between

the electronic energy levels. Within this formalism
we shall somewhat account for rearrangement by
assuming an equal initial population of all levels
within 'I'», .
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E. ME spectrum in the presence of relaxation effects

In the calculation of the ME spectrum we will
essentially follow the microscopic theory of Hirst.
I et us consider a Mossbauer transition between a
hf state ( a) belonging to the excited nuclear state
and a hf state ) d ) of the nuclear ground state, de-
scribed by a tx'ansition operator M. Thorn the
Mossbauer spectrum is given by the real part of
the Fourier transform of the correlation function

G(t) = «[~(0)]~~(t)», '~ namely,

I((d) = dte '"'G{t) . (24)

The calculation of the ME spectrum given by Eq.
(24) then consists in solving the equation of motion
for the matrix elements M,~(t). Writing the cou-
pling between the 4f and conduction electrons in
the form of Eq. (16), the equation of motion is
given by36

, I„—())((~.,=l(',.)I„—())+l( p -())')"())',)„,,M„, (t) z'(~,„T)+())f),', )))„())(aJ)„z'(~„,r)

+ (8,')'e ~l.(t)(B,').|J, '(td|, , 7') -M.b(&)(&.')(.(&,').I z'(~.l;, T)) (25)

The spectral density Jo((d, T) is given by Eq (20)
and 7 „is the minimum experimental line @width

(full width at half maximum, FWHM). A pair of
bra and ket indices may be combined into a single
state pair index, e.g. , M,~(t)-M~(t). The index
4 then distinguishes the allowed Mossbauer tran-
sitions. With M(t) as a column vector, Eq. , (25)
becomes the mRtrlx eqURtloQ

(d/dt)M(t) = (t~'+ a)M(t), (26)

where (&o')„,= (&u, +-', iI' „)5~, and R is the relaxa-
tion matrix defined by Eq. (25). From the indices
of the relaxation-matrix elements (e.g. , 8„
=It~ „)an important feature of the relaxation pro-
cesses is evident. Relaxation in the Mossbauer
effect must be understood not as spin flips between
the hf eigenstates but. rather as a svritching be-
tween the possible Mossbauer y transitions (e.g. ,
from a- d to f)- e). The solution of Eq. (26) is
given by

M(t) = [exp(t(d'+R)t]M(0) .

With G(t) = [M(0)]tWM(t), where W is the diagonal
density matrix describing the initial preparation
of the Mossbauer atom, the relaxation Mossbauer
spectrum ls obtained Rs

I(&o) =Re([M(0)]'W(t(dE - t(d' -a)-'M(0)], (28)

where E is the unit matxix.
For R=o the Mossbauer spectrum is given by

the familiar Lorentz-line-shape formula

((s))- )(ap(.( ), ) (28)

The {d~ are the static-limit Mossbauer line posi-
tions, e.g. , the eigenvalues of Eq. (8). In the
presence of relaxation, the evaluation of Eq. (28)
is in general nontrivial, since the relaxation ma-
trix may be of large dimensionality. As was pointed

out by Wickman, '8 the solution of Eq. (28) is sim-
plified if the hf interaction is diagonal. In the fol-
lowing we will also consider this case since it de-
scribes the experimental situation of &M ..Tb in
strong external magnetic fields.

81Dce ~ Rcts Rs R tx'RnsltloD opelatorp the ma-
trix elements M~= {g[T,')d) may be evaluated by
means of the signer-Eckart theorem. 3' In the
case of a diagonal hf interaction and a nuclear
transition between the excited Mossbauer state I
and the ground state I' the hf states [g ) and

~ d)
will be pure in the nuclear spin, and one thus ob-
tRlns

M.„={ai T, id)

={I',I,', k, (I)I, I,)E;(e){I'll & liI), (30)

where the quantities on the right side of Eq. {30)
are the Clebsch-Gordan (CG) coefficients, the po-
larlzatlon factors, "and a reduced matrix ele-
ment. %bile the reduced matrix element is just a
constant, and the polarization factors average to
a constant value fox a polycrystalline sample, the
CG coefficients have to be calculated for the va-
rious transitions. However, in the case of the
pux'6-82 2~-0 tx'Rnsltlon 1Q Yt) all five CG co-
efficients are equal. Furthermore, since only the
relative intensities of the possible Mossbauer lines
are of interest we can normalize M~= 1. Thus
the row, and(, column vectors [M(0)]t and M(0) in
Eq. (28) are unit vectors in the case of '70Yb.
%bile the above considerations for the relative
ME lntens143„6s Rre sufflclent fol Rbsolber expex'1-
ments~ for. soUx'ce experiments the radiative feed-
ing of the hf states of the excited Mossbauer state
Deeds to bg considered. In the systeIQ Undex' lQ-
vestigatiog the I nuclear ground state of ~VOTm

provides the radioactive feeding of the 2' excited
Mossbauer state of Yb. Tm in Au has a I'&
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+(&,'8 (&,')..d'(&. 7')] .
Since the hf eigenvectors la), Ib&, )c), and ~d)
are pure in the nuclear quantum numbers and the
operators B@ only act on the electronic quantum
numbers, the states ~a) and

~ 5&, on one hand, and

~ c & and
~ d), on the other hand, have to agree in

nuclear quantum numbers. Furthermore, the
excited and ground states of an allowed Mossbauer
transition always see the same effective field (i.e. ,
the same g, ). Accordingly, for a Mossbauer tran-
sition from I to I', the hf states have the structure

[c&= ~y, , I', I,'& .
(32)

The off-diagonal relaxation-matrix elements a.re

(33)

nonmagnetic CEF ground state with the next higher
magnetic state being a I', triplet at approximately
7 K. ' Even in the presence of external magnetic
fields (& 50 kG) the electronic-magnetic moment
at 4. 2 K will be considerably less than the free-
ion moment and hence the splitting of the 1
nuclear ground state of "Tm is not likely to exceed
100 mK. Since our investigations were carried
out at 4. 2 K, an equal radioactive feeding of the
excited hf states in ' Yb can be assumed and thus
M,„=1will be a good assumption.

Next, the density matrix W needs to be con-
sidered. For a diagonal hf interaction only the
initial population of the electronic energy states is
important, since relaxation processes do not exist
between the nuclear states. As has been shown in
an earlier section of this paper the electronic-den-
sity matrix is simply a diagonal unit matrix in the
case of source experiments and a diagonal matrix
with Boltzmann factors as diagonal elements in
the case of absorber experiments.

The diagonal matrices &uE and (v')» = (&u~

+ 2iI" „)5» contain the velocity points &u of the
Mossbauer spectrum, the static-limit Mossbauer-
line positions +~ [eigenvalues of Eq. (8)], and the
static-limit width I" „. In the case of '7 Yb the
matrices are of dimensionality (2 J +1)&& (2I+1)=40,
but the dimensionality can be reduced to 8, as will
be discussed below.

The calculation of the relaxation matrix is con-
siderably easier in the effective-field case than in
the general case. I et us consider a spin-flip
process from an electronic state p, to another
state g; (it j), described by a. matrix element R;,.
=R,~„. From Eq. (25) we obta. in

A;; = R~ „=
2

[(Bo)t,(Bo)„do((u,„, T)
]

&e

Similarly, the diagonal relaxation-matrix elements
are found to be

22 (34)

With the wave functions given by Eq. (2), the ma-
trix elements of Eq. (17), and the spectral den-
sity of Eq. (20), the relaxation matrix for Yb is
given by

I((u) =Q Re[(&„)'W(&„—R) ' e„], (38)

where (s„) and q„are (28+1)-dimensional unit row
and column vectors in case of a 2-0 nuclear tran-
sition. ' Vf is the unit matrix for source experi-
ments, and a diagonal matrix with Boltzmann fac-
tors as diagonal elements ''n the case of an absorb-
er experiment. The diagonal matrix (o!„),,
= [j(~ —~,.")+—,'I „]5,, contains the Mossbauer ve-
locity points ~, the static-limit width [full width
at half-maximum (FWHM)] F „, and the static-
limit Mossbauer-line positions w, The index ~
denotes a given set of nuclear quantum numbers
(e. g. , ~,'. denotes the 24+ 1 transitions with I,
= 2-I,'=0). The index j indicates which electronic
state (J produces the eigenvalue v,". [compare Eqs.
(5) and (8)J. The (2J+1)-dimensional relaxation
matrix R;, is given by Eqs. (35) and (34).

Relaxation effects for the effective-field ME
spectrum have been considered by several au-
thors. Previous microscopic relaxation theo-
ries ' were limited in their applicability since
they were only written for relaxation processes
within an electronic doublet and they assumed both
a vector exchange as well as a non-frequency-de-
pendent spectral density (Korringa law). As is
seen from Eq. (35) the general theory presented
above includes the previous microscopic theory '
in case of an effective-field hf interaction. For

r 2

-Q -e-Q

(35)
As is evident from both the relaxation matrix in
Eq. (33) and the hf eigenvectors in Eq. (32), a spin
flip from (; to g& corresponds to a change oI t"e
Mossbauer transition g - d to the transition g - g.
Furthermore the nuclear-spin quantum numbers
do not change during a spin flip. Consequently,
the total relaxation matrix in Eq. (28) has block
diagonal form, where each submatrix is given by
Eq. (35) and corresponds to the 27+ 1 nuclear
transitions which have the same nuclear quantum
numbers. Equation (28) can be written
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an electronic doublet Eq. (35) is a 2X 2 matrix,
a vector exchange is described by Q= 1, and for
kT» ) &, , ] we obtain the Korringa law. On the
other hand, from the stochastic theories' no
insight into the nature of the 4f-conduction-elec-
tron coupling can be obtained. For example,
when Eq. (36) is compared to Wickman's expres-
sion for the relaxation Mossbauer spectrum [e.g. ,
Eq. (29) in Ref. 38], both expressions can be
shown to be equivalent if one defines 9;,.= —P, ;.
However, the relaxation matrix elements P, , are
not microscopically defined in Wickman's sto-
chastic theory. Furthermore, all previous sto-
chastic theories fail in the case of frequency-de-
pendent relaxation processes. In fact, they might
lead to an incorrect treatment of the frequency
dependence, as for example in the case of Fe in
Mo.

III. EXPERIMENTAL

A. Mossbauer measurements

Alloys were prepared by induction melting of an

appropriate quantity of radioactive '7 Tm (T&~2

= 130 d) with Au (99.999% purity) in a graphite
crucible under a purified argon atmosphere. The
sample used in the present study contained 400 ppm
of Tm. After pressing to a flat disc in order to re-
duce electronic absorption of the y rays by the Au

matrix and strain annealling for 4 h at 600 'C, the
alloy was used as the source in a ME experiment.
The decay of ' Tm feeds the 84. 3-keV (2'-0')
Mossbauer resonance in ' Yb. The resonance
spectra of the source were analyzed with a "single-
line" YbA1, (Ref. 45) absorber (65O/~ enriched in
'7OYb) with a, thickness of 20-mg '7OYb per cm .
The minimum experimental line width(FWHM) of
this absorber was found to be I' „=3.9 +0. 1 mm/
sec at 4. 2 K with a single-line TmAlz source.

In the experiments both source and absorber
were placed in a superconducting magnet with the
magnetic field along the direction of y-ray propa-
gation. The superconducting coil produced mag-
netic fields up to II= 55 kG. For the experimental
arrangement described above and in the case of a
2- 0 Mossbauer transition only the transitions cor-
responding to AI, =+1 are obtained because of y-
ray polarization. ' In the Au ..Tm source each of
the electronic states (; will in general produce a
two-line (cU, = a 1) hf spectrum, although the in-
tensity contribution from the excited electronic
states to the total ME spectrum will decrease with
the separation of the respective electronic state
from the CEF ground state. Since various lines
superpose, the resulting ME spectrum will +of; be
strictly polarized in general. It should be noted
that the case of slow relaxation processes discussed
here differs from the fast relaxation case, where
an external magnetic field produces an averaged

effective hf field, which results in a polarized ME
spectrum. ~3 Since the direct contribution of the
external magnetic field to the hf splitting is neg-
ligibly small in the source (H,~~» H) and in the ab-
sorber, ' the splitting of the ME spectrum in the
static limit is given by Eq. (5). The quadrupole
interaction given by Eq. (6) will shift the 61,=+1
lines by —3BQ, (c.ompare Table I). The static-
limit line positions and the static-limit line width
of 3.9 mm/sec will then be altered by the relaxa-
tion processes. Since allparameters for the static
limit are known the change of the Mossbauer spec-
trum with field and temperature is simply depen-
dent on the relaxation effects determined by the
4f-conduction-electron coupling. In the following
we will discuss the experimental spectra and their
analysis.

B. Spectra and their analysis

Experimental results at 4. 2 K and for external
fields between 10 kG and 55 kG are shown in Fig.
2. The solid lines through the data points repre-
sent a least-squares fit using the microscopic re-
laxation theory described above. In the analysis
we have allowed for a generalized Schrieffer-Wolff
interaction, a frequency dependent spectral density,
and an equal initial population of all eight electronic
energy levels of the free-ion ground state E7/p.
In the fitting procedure the values A = 4. 55 mm/
sec, B=0.125 mm/sec, and I' „=3.9 mm/sec
were used. The CEF parameters x = 0.77 and
&= 3.65 K were taken from Ref. 16. The elec-
tronic Stark and Zeeman energies E; and the cor-
responding wave functions g; were obtained from
Eq. (1) for the various external fields H and the
three directions [001], [111]and [110]. For each
direction the two static-hf frequencies QI, = +1)
were calculated according to Eq. (8) and used to
obtain the relaxation Mossbauer spectrum [Eq.
(36)], which then only depended on a single free
parameter ~I,p(Ez) ~

. Finally, the total averaged
ME spectrum was obtained according to Eq. (9).
The four spectra in Fig. 2 could be uniquely fitted
with a value of l I,p(E~) ~

= (9.0 + 1.0) && 10 ' for the
coupling strength. Mossbauer spectra taken in
the temperature range 4. 2 to 40 K and with an ex-
ternal magnetic field of 50 kG are shown in Fig. 3.
The solid curves through the data points were cal-
culated with the same parameters that were used
for the spectra of Fig. 2. However, in this case
the field was fixed and the temperature varied.
The value for the coupling strength deduced from
this data is also (9.0 +1.0) x 10- .

IV. DISCUSSION

In a complex problem with relaxation processes
between various states the definition of a single
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As seen from Fig. 1 and Table I the two lowest

levels of Yb in Au are separated by less than 13 K
for external fields up to 55 kG, while the other six
levels are always between V5 and 100 K above the
ground level. The decay relaxation rates at
T= 4. 2 K of the six excited states to the ground
state [Eg. (35)] are always found to decay quickly

(IRs& I &150 mm/sec) while the second-lowest state
has a decay rate of the order of 15 mm/sec or less.
Since at 4.2 K the upward transitions to the six
highest states are negligible ( IR~s I

» O. 5 mm/sec)
the spectra shorn in Fi.g. 2 may be discussed in
terms of relaxation pxocesses between the lowest
two electxonic levels only. It should be noted that

i I 1 l i

l k k I I 1 k t k I I I k k !

-16 -12 -8 -4 0 4 8 12 16
VELOCITY (rnrn/se{-}

FIG. 2. Mossbauer-relaxation spectra of Yb impuri-
ties ln Au Rt T=4.2 K Rnd in various external mRgnetic
fields H. The theoretical curves frere calculated with
the experimental values for T and H, %=4.55 mm/sec,
B=0.126 mm/sec, 1'

&
=3.9 mm/sec, x=0.77, and

~=3.65 K, A least-squares fit yielded I I~(Eg) l

= (9.0 + 1.0) && 10 4 for all spectra. Positive velocities
correspond to positive hf energies (eigenvalues of Eq,
r»&.

100

"relaxation rate" is no longer xeasonable since
various relaxation rates exist and the rates may
differ by orders of magnitude. The shape of tll
x'elaxatlon ME spectrum produced by a specific
electronic state is then determined by the fastest
x'ate with which this level relaxes to any other level.
Furthermore„when the relaxation rate {dz is in-
creased from the static limit there is xelaxation
broadening in the ME in the slow relaxation xegime
{d„«u„,and relaxation narrowing in the fa,st re-
laxation regime {d~»~„,.

-16 -12 -8 -4 0 4 8 12 16
VELQ|"ITY (mm/sec}

FIG. 3. Mossbauer-relaxation spectra of Vb in Au in
a magnetic field H= 50 kQ and at various temperatures T.
The theoretical curves were calculated arith the experi-
mental values for H and T and the parameters used for
Fig. 2. Again t I~(EF) ( 2=(9.0+ 1.0) x10 4 could ac-
count for all spectra. Velocity convention as in Fig. 2.
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TABLE II. Static-bmit'magnetic and quadrupole split-
tings [compare Egs. (5) and {6}]for the &I~=+1 lines at
various fields, Hj) f001], assuming A=4. 55 mm/sec, 8
= 0.125 mm/sec, x= 0.77, and W=3.65 K.

Magnetic

Splitting (mm/sec)

Quadrupole

Shift (mm/sec)

Level

0.07

—0. 06

Field (ko)
25 40

x 5.6

+7.8

0.29 0.41

—0.15 —0.23 —0.30

the analysis of our previous measurements in weak
external fields at 1.4 and 4. 2 K (Ref. 7) remains
unchanged for this very reason.

Contrary to the situation in YbPd, 23 where the
hf field shows a Brillouin type of behavior due to
fast electronic relaxation at zero field, in the case
of Yb impurities in Au relaxation rates at zero
field and 4. 2 K are already slower (6.65 mm/sec)
than (oh, =15 mm/sec. v Thus a change in hf split-
ting of Yb impurities in Au is solely due to ad-
mixing of the CEF wave functions by the applied
field. In Table II we have listed the calculated
hf splittings (corresponding to the bI, =+1 transi-
tions) produced by the two lowest electronic states
in various external fields along [001]. The mag-
netic hf splittings are seen to slightly increase for
the ground state (level 1) and decrease for the
first excited state (level 2) with increasing field.
The quadrupole splitting for both states is found to
increase with field (note opposite signs in Table
II) owing to stronger admixing at higher fields,
However, , this increase in the total hf splitting can-
not solely account for the drastic change in the
spectra between 10 and 55 ko.

On the other hand, we have listed in Table III
the relaxation rates 9,.& between the lowest two
states at T=4. 2 K. The dependence of the relax-
ation rates on field as shown in Table III is due to
the increasing splitting of the lowest two states
with field. This splitting is nearly linear for fields
up to 55 ko and increases at an approximate rate
of 2. 3 K per 10 kG. At 10 kG the up (B,a) and down
(A2, ) rates are still comparable and the relaxation
broadening for which the rates g;& are a measure
is about two times the static-limit width (3.9 mm/
sec) and about half of the total hf splitting (= 13.7
mm/sec; compare Table II). Thus the two hf spec-
tra of the two electronic states are not resolved
and one sees a broad central intensity. At 55 ko
we see that IA»j»(R»j and thus the upper state
does not contribute greatly to the hf spectrum,
which is then basically determined by the ground
level. This ground level relaxes very slowly
(R»=1 mm/sec) to the upper state and its hf struc-
ture is thus well resolved. The experimental
asymmetry in the spectrum at 55 kG (compare Fi.g.

TABLE IG. Relaxation rates in the ground doublet at
various fields and T=4.2 K. %'e have assumed x= 0.77,
~=3.65 K and a tensor-type coupling with ] I~{E~))

= 9x l0 4.

I ~&2I
{mm/sec }~

I Z2& I

{mm/sec) ~

3.4

~l mm/sec=67. 96 MHz= 426. 93x106 sec '.

2) is accounted for by the quadrupole interaction
of the ground level. From Table I it is seen thai
the quadrupole shift (- 3BQ;) is negative for the
ground state and in addition shows a directional
dependence which when averaged leads to the ob-
served asymmetry. The averaging procedure [com-
pare Eq. (9)] is therefore indeed necessary for the
problem at hand.

It is important to note that the contribution of the
first excited state does not vanish at 55 ko. In
Fig. 4 we have simulated two spectra with the
parameters used to fit the 55 ko spectrum in Fig.
2. In one case (dashed curve) we have assumed an
initial Boltzmann population as would be correct
for an absorber experiment, in the other case an
equal initial population of the two lowest energy
levels i.s assumed as is appropriate for source ex-
periments. Our experimental data clearly favor
the second simulation and thus provide experimen-
tal evidence for our previous theoretical considera-
tions on rearrangement in Mossbauer-source ex-
periments. As has been pointed out at the end of
Sec. II 0, rearrangement has formally been treated
by assuming a unit density matrix W in the expres-
sion of the Mossbauer spectrum appropriate for an
absorber. The successful fitting of the spectra in
Figs. 2 and 3 indicates that this approach is not
too bad an approximation. It should be pointed out
that attempts to fit the spectra by assuming a
Boltzmann intial population were less successful.
In this case the basic problem was that no set of
values for the hf coupling constants 4 and B could
uniquely account for all spectra.

At 50 ko the electronic energies and wave func-
tions (and in turn the static-limit hf splittings) are
fixed and the change in the spectra of Fig. 3 with
temperature is solely due to changes in the relaxa-
tion rates. In particular, within our relaxation
theory only the exponential factor in Eq. (35)
changes. While the relaxation rates generally in-
crease with temperature, as seen from Eq. (35),
it is especially the upward transition rates which
become more probable. In Table IV we have listed
the relaxation rates in the ground doublet (R,~)
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and an averaged upward and downward rate be-
tween the ground state and the group of the six
uppermost levels (R&s). The steep relative in-
crease of R„with temperature results in a larger
relative intensity contribution of the first excited
state to the hf spectrum. Furthermore, the hf

structure of the ground state will no longer be
static.

At 50 kQ and 10 K the average relaxation rate
(~ 20 mm/sec) is already slightly larger than &u„„

indicating that we have entered the relaxation-
narrowing regime. This case should be contrasted
to the ME spectrum at 4. 2 K and 10 kG, where
severe relaxation broadening is encountered. The
effect of relaxation narrowing on the ME spectrum
is very nicely seen at the highest temperature of
40 K. The spectrum has collapsed considerably.
In the temperature range 10—40 K the upward
transitions from the lowest two levels to the upper-
most six levels are found to have a finite proba-
bility (compare Table IV). However, since we

are in the fast relaxation regime, additional con-
tributions to the relaxation rates within the ground
douMet (e. g. , via Orbs, ch type processes) a,re not
easily separable experimentally. On the other .

hand, the probabilities for the decays are still at
least a factor of 7 larger than for the excitations.
This is why the uppermost six states do not greatly
contribute in intensity to the ME spectrum.

The temperature dependence of the hf splitting
as displayed in Fig. 3 has some analogy to earlier
studies of YbPd3, ' where a Brillouin type of be-
havior for the hf field was observed. At higher
temperatures (10-40 K) for the gu: Yb system we

are also in the range of fast electronic relaxation
and thus the hf field shows saturation effects. If
we consider the hf splitting in Fig. 3 as a function

VELOCITY (mrn/sec)

PIG. 4. Simulated Mossbauer spectra for the case of
a source and a hypothetical absorber experiment of
A~; Yb at T= 4. 2 K and II= 55 kG. The solid (source)
curve is identical to the curve through the data points at
4. 2 K and 55 kG in Fig. 2.

TABLE IV. Relaxation rates in the ground doublet

{R&2) and between the ground state and the uppermost
group of levels (Rje) at various temperatures and II= 50
kG. The parameters are as for Table III.

4. 2

10

20

40

I RI2 I

(mm/sec)

1.4

60

I R2II
(111I11/ SeC )

22

80

I RI6 I

(111111/SeC)

& 0.1

I Rgl I

(mm/sec) a

'150

150

152

153

]. mm/sec=67. 96 MHz= 426. 93x10 sec

of H/T we clearly see that the hf splitting increases
with H/T, as is the case for YbPd, . The fact that
the experimental data are well described by the
theory which assumed a definite set of CEF param-
eters (i.e. , those of Ref. 16) is then a direct con-
sistency check for the same. Our data, how-
ever, are not sensitive enough to determine the
absolute values of the CEF parameters more pre-
cisely than the susceptibility data. ' '

Our experimental results do not provide a sen-
sitive check of whether the 4f—conduction-electron
coupling should be described by a vector exchange
or a general tensor-type coupling. Since the wave
functions P; are a linear combination of the CEF wave-
functions, nearly all transitions between the 2J+1
states are allowed, even by the vector exchange.
The I"6 and 1"8 wave functions are especially strong-
ly admixed because of the small CEF splitting be-
tween these levels. Therefore even the Zeeman
levels of the I."6 state can decay to the I"~ ground
doublet, which for a vector exchange is not pos-
sible in the zero-field case. In principle it is
already clear from previous ME studies, espe-
cially from the study of ' Er in dilute Au. ' 6Ho

sources' without external fields, that a general
tensor type of coupling is better suited, since un-
der the assumption of a vector exchange one would
expect significant contributions to the ME spec-
trum from the I'6 state. For the particular case
of gg .Yb there is another reason why the gener-
alized Schrieffer-Wolff coupling should be used,
Since the 4f" closed-shell configuration is close
to the 4f" ground configuration" the magnitude of
E,," is small. For this reason, the generalized
Schrieffer-Wolff coupling is expected to be the
dominant source of the 4f-conduction-electron
coupling (compare Eq. 14). It should be noted
that the occurence of a magnetic moment on Yb
impurities in Au means that E",„',. is still consid-
erably larger than the virtual bound-state width,
and it is thus justifiable to treat the 4f-conduc-
tion-electron coupling in perturbation. 6

Finally, the Kondo problem needs to be briefly
discussed. Resistivity studies' indicate that
Pu: Yb is a Kondo system. In previous ME studies
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of Yb impurities in Au (Ref. 13) a weak anomaly
in the relaxation rate has been reported. This has
been associated by the authors' with the Kondo
effect. In order to see whether a change in the
coupling strength occurs 6 when the zero-field and
high-field data at 4. 2 K are compared, we have
reanalyzed our previous datav, assuming a gener-
alized Schrieffer-%'olff coupling. ' This analysis
yielded ~l,p(E~) ~2= (8.5+0.5)x10 4 for the coupling
strength, which is within error bars of the value
derived for the data taken with field. Indeed, in
evaluating systems with a Kondo temperature as
low as 10 mK or less" the error bars of the physi-
cal parameters are very significant, since the
Kondo contribution is small. For example, com-

paring the values and error bars for the coupling
strength as determined with and without field a
change of up to 20% is possible without being dis-
covered experimentally. It appears that our mea-
surements are not sensitive enough to yield in-
formation on the Kondo effect.
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