VoLUME 40, NUMBER 12

PHYSICAL REVIEW LETTERS

20 MARcH 1978

alloying with an element which either donates
extra electrons into the 4 band or causes a lattice
expansion narrowing the d band. At the surface,
we expect the 5d-band structure tobe perturbed
by virtue of the change in local symmetry and

the reduction of the coordination number, z, It
is not clear without detailed calculations which

of these mechanisms is dominant, It is easy to
see, however, that a narrowing of the 4 band by
virtue of the reduced coordination number (band-
width is assumed proportional to vz) would raise
the Fermi energy and begin to populate the 4/°
state. This in turn would cause an expansion of
the lattice, resulting in further band narrowing.
In this way a relatively small perturbation could
result in an instability leading to the intermediate-
valence state which is experimentally observed.
More detailed theoretical treatment is clearly
needed to provide an understanding of this sur-
face-valence transition,

It is natural to inquire whether this phenomenon
is likely to occur in other elements. Among the
rare-earth metals only thulium has a similar low-
lying empty 4f state,® but the excitation energy
is ~1 eV, making it less likely to have a sponta-

neous surface-valence transition, Other exam-
ples may be found among the intermetallic com-
pounds of trivalent samarium and ytterbium.
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Frequency Dependence of the Spin-Spin Relaxation Rate from Mossbauer Spectroscopy
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The frequency dependence of the relaxation parameter which determines the line shape
of the MUssbauer spectrum in spin-spin relaxation is derived directly from the experi-
mental spectrum for the case of the 84-keV resonance of !"’yb in CsyNaYbClg. The
scale of the frequency variation of its relaxation parameter is in agreement with a theo-

retical estimate.

Theoretical treatment of MGssbauer hyperfine
spectra in the presence of electronic relaxation
characterizes, by a correlation time 7, the fluc-
tuation of the electromagnetic field acting on the
MoOssbauer atom. These fluctuations then cause
relaxation processes in the atoms electronic
shell which are described by the relaxation time
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T,. Most present theories'™ deal with the limit-
ing case where 7. is much shorter than either 7,
or the “precession time” 7, of the nuclear spin
in the hyperfine field (7, =%/A, with A =hyperfine
coupling constant), Both conditions, are safely
fulfilled in spin-lattice processes! where, for ex-

ample, 7, =%/ky6 (6 =Debye temperature) and
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for relaxation mechanisms involving conduction
electrons,®® e,g,, Korringa relaxation, where
T,=h/kgT. The relaxation spectra can then be ex-
pressed in terms of a set of relaxation parame-
ters which are independent of frequency within

the range of the hyperfine splitting (white-noise
approximation, WNA),

In spin-spin relaxation, 7,and 7, are both given
by the same interaction J which could either be a
dipole-dipole or an exchange coupling. If, in ad-
dition, J~A (which is not uncommon in actual sit-
uations), the theoretical treatment must be mod-
ified by introducing frequency-dependent relaxa-
tion functions, A first calculation® of MOssbauer
line shapes under these conditions used a phe-
nomenologically introduced w dependence of the
relaxation operator. There, as in all treatments
of relaxation spectra performed to date, one used
an approximate theoretical function for the relax-
ation operator which reproduces the experimen-
tal spectrum as accurate as possible,

In contrast, we are concerned in this work
with the possibility of extracting information on
the specific form of the frequency dependence of
the relaxation function directly from the mea-
sured spectrum without using any explicit form
of a theoretical approximation of the relaxation
operator, Little is known from first principles
on the actual form of its w dependence. A con-
siderable amount of theoretical work has been
done with the aim to derive analytical expres-
sions® for the spin-spin correlation function or
to calculate it numerically” for various physical
processes, The problem of spin-spin correla-
tions is in particular a long-standing one with
respect to EPR and NMR line shapes. Such cal-
culations of line shapes again require some type
of approximation, To circumvent this problem
the method of moments® is commonly used. How-
ever, the theoretical calculation of higher-order
moments becomes difficult and their experimen-
tal determination unreliable.

The derivation of the formalism used in this
work to extract the relaxation function from the
MoOssbauer resonance pattern will be given in
detail elsewhere.® The main emphasis of this
Letter is to demonstrate that this task can indeed
be achieved but requires the availability of ex-
perimental data of high accuracy. Such data have
been obtained by measuring in transmission ge-
ometry the MOssbauer spectrum of Yb in the
cubic compound Cs,NaYbCl,, where the relaxa-
tion process is known to be due to spin-spin inter-
actions and where the breakdown of the WNA has

been shown® to be significant, A specially devel-
oped fast counting system!® was used which made
possible to obtain the required statistical accura-
cy of the data., The geometrical variations of the
“off-resonance baseline” were kept small by
measuring with a sinusoidal velocity sweep at
high frequency (65 Hz) and by a careful alignment
of source and absorber. The source consisted of
15 wt% Tm in Al with 8 Ci of '™Tm activity, The
isotopically enriched absorber had a thickness of
20 mg/cm? of '™Yb, Both the source and absorb-
er were kept at 4,2 K,

The general expression for the Mdssbauer line
shape in the presence of electronic relaxation is
given by5,11-13

p(w) =~Im Z‘la(ﬁot*i’(’{)[cu]-lﬁot:]?T(K) >,

A . (1)
U=w—-L ,— M(w)+iI/2,

This expression is exact!® as long as very low
temperatures are excluded (i.e., A<kT) which
is fulfilled in most experiments, The Liouville
operator L 4 describes the various transitions
caused by the hyperfine interaction. The current
operators j(«) contain the transition probabilities
and ﬁa is the y-ray polarization vector, The for-
mal expression for the relaxation superoperator
M(w) can be found, for example, in Ref, 13, In
general, the inapplicability of the WNA causes
tpe number of independent matrix elements of
M(w) to increase sharply besides the already-
mentioned fact that they are now functions of the
frequency (energy) of the incident resonant pho-
ton, Their number depends on the nuclear spin
in the ground (I,) and the excited (I,) state, on the
effective spin S of the electronic ground state and
on the environmental symmetry of the resonant
atom. Here one has I,=0, [,=2, S=3, and cubic
symmetry, which represents the simplest situa-
tion available in Mdssbauer spectroscopy. The
electronic ground state is an isolated I’y doublet
which has isotropic hyperfine coupling, This al-
lows the application of well-known group-theoreti-
cal principles which finally reduce the number
of independent relaxation functions to only two,
They shall be denoted y,(w) and y,(w). These
complex functions can be expressed in terms of
the real functions y,,(w) with the help of the trans-
formation

Y12= T Tip(@) dw’ [w - w’ +iT/2]"Y, (2
In subsequently calculating the moments,
M0 = [0y, () do, (3)
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it is found that any difference between y, and y,
reveals itself only in the fourth and higher mo-
ments, We therefore may make use of the approx-
imation

71{w) =y ,(w) =y(w) (4)

which now allows us to describe the relaxation
process with only one frequency-dependent func-
tion y(w).

The experimental spectrum can be expressed
in the form [see also Eq.(1)]

p(w) = = ImF(w) = - ImF(w)e % = F(w). (5)

The factor e ** which transforms £(w) into F(w)
arises from the dispersion term in the line shape
of the 84-keV resonance in °Yb because of an in-
terference between photoelectrons and conversion
electrons,’ The value of the dispersion amplitude
=-0,02 is known from independent experiments,®
Normalization of the experimental spectrum to
Jp(w) dw =7 directly gives £”(w) (see Fig. 1).
The real part of F(w) can be obtained by a numer-
ical calculation using the Kramers-Kronig rela-
tion
F'(w) = ReF(w)

=_n‘lfﬁ”(w')dw’[w—w’]’l. (6)
It is shown in Fig, 2,

The connection between the modified experi-
mental spectrum F(w) and the relaxation function
y(w) is given by®

Yw)=w+A/2-1,5A2 Flw)|wF(w) - 1]}, (7
where w=w +iI'/2, Note that Eq. (7) contains

F(w) and not F(w). This simple analytical rela-
tion can easily be evaluated and from F(w)=F"(w)

- iF"(w) the relaxation function y(w)=y"(w)
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FIG. 1. M0ssbauer spectrum of Cs,NaYbCl, at 4.2 K.
The total number of counts per velocity point is 2x 108,
The right-hand scale give F'’(w) as obtained by the
normalization procedure described.
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FIG. 2. F{w) as obtained from the data of Fig. 1 us-
ing Eq. (6).

- iy"(w) was determined using'” A =10.2 mm/s.
The result is shown in Fig. 3. The procedures

of normalization and integration which are neces-
sary to obtain F”(w) and F’(w) require high sta-
tistical accuracy and exactly straight baseline if
usable results for y”(w) and y'(w) are to be gained.
The error bars in Fig. 3 are solely based on the
statistical error of each datum point. The addi-~
tional term which arises from the uncertainty of
the exact location of the baseline is difficult to
estimate but believed to be smaller. It has been
omitted. The relaxation functions of Fig. 3 show
a noticeable frequency dependence suggesting,
for example, two weak maxima in y”(w). Within
the present limits of error which rapidly in-
crease towards larger energy shifts, we cannot
exactly locate the positions of the maxima. They
appear to be related to the hyperfine-interaction
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FIG. 3. Frequency dependence of the imaginary

part (triangles, upper curve, right-hand scale) and the
real part (circles, lower curve, left-hand scale) of the
relaxation function as derived from the data of Figs.

1 and 2. The full lines are calculated functions as ex-
plained in the text.
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frequencies. An interpretation in terms of the
underlying physical processes has to await even
better data. The frequency dependence of y(w) as
derived from the present experiment reflects the
dipole-dipole interaction as seen through the nu-
clear hyperfine coupling. It is thus not possible
to obtain in this manner the total frequency spec-
trum of the pure dipole bath.

We have simply approximated the experimental
functional dependence of y”(w) by a sum over two
identical Gaussians centered at the frequencies
w,=-3A and w,= A of the static hyperfine inter-
action

y"(w)=K(w - w,)+ K(w - w,). (8)

Here K(w)=(7/4)Aw exp[- w?/(Aw)?] and Aw is
the width of the Gaussians which is connected® to
the moment M® as defined in Eq. (2). Its value
was calculated to be Aw=17 mm/s in a similar
manner as that for the dipolar field in Ref. 5.
This curve (solid lines in Fig. 3) roughly repro-
duces the experimental result. It mainly shows
that the variations of y(w) lies within the range
of hyperfine frequencies which is to be expected
if the white-noise approximation is not valid.
Finally we wish to point out, that the approxima-
tion (4) is not basic to this type of analysis. It
can be avoided if a single-crystal absorber is
used. Itis then always possible to select the di-
rection of the y-ray beam such that F (w) is com-
pletely determined by either y,(w) or y,(w) alone.?

In summary, we have shown that the functional
dependence of the relaxation parameter can be
derived from the Mossbauer spectra. This is of
importance since details of the physical process-
es which govern spin-spin relaxation are not un-
derstood at present. In order to keep the errors
in such limits that definite conclusions on the
underlaying physical processes can be drawn,
further improvements designed to reduce the re-
maining experimental uncertainties (e.g., base-
line location) are necessary. Such work is pres-
ently in progress.
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