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solved in the limit of I, n large by methods sim-
ilar to those used for the normal Bethe Animate. ""
Using (22), (18), and (9) we then obtain the re-
sult (2).

We intend to give details elsewhere. We re-
mark that 0„..., k„are real and distributed sym-
metrically over the interval ( —sv, 2w), that n =M,
and that F.„..., E„are real and non-negative.

One of us (F.Y.W.) wishes to thank Professor
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Added note. —Numerical estimates of the criti-
cal indices o.", P, and y' of the present model
have recently been given by H. P. Griffiths and
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Our data on spin resonances in ~-Er are inconsistent with the JS.s model, and bare-
ly consistent with J(&,&'}. Alternatively, a suggestive temperature dependence cf the
JS s conduction-electron g value is compatible with the data. We present general kinet-
ic equations for a local-moment-conduction-electron system. We clarify questions of
detailed balance, relaxation to exchange fields, positive energy absorption, and reduc-
tion of the kinetic equations for any possible model to either of two standard forms.

We present results for the electron spin-reso-
nance parameters for the local-moment —conduc-
tion-electron spin system Ag-Er. This system
is characterized by two widely separated reso-
nances (the g value for the conduction electrons
is ~2.0, while for Er, g=6.8), which are cou-
pled via an exchange interaction. In the course
of our efforts to analyze this system we have
completed a. theoretical and computational study
which we believe resolves important questions,
and raises new ones, concerning the dynamical
description of a dilute local moment in a metal.

The experiments were performed utilizing the
transmission electron spin-resonance (TESR)
technique. ' The samples were typically single-
crystal foils 0.002 em thick containing between
20 and 70 ppm of Er in Ag. ' The sample tempera. —

ture was varied between 1.25-30'K. The signal
in the TESR technique is defined as the projec-
tion of the transmitted microwave field on a ref-
erence field of the same frequency. The data are
taken at fixed temperature, frequency, and ref-
erence phase angle, while the applied dc field is
slowly swept through the resonance conditions.

In Fig. 1 we present such a transmitted signal
versus dc field where the phase of the reference
has been chosen so as to yield a symmetric high-
field resonance (HFR). The low-field resonance
(LFR) is clearly seen and for the particular set
of conditions also appears symmetric. ' The gen-
eral properties of the resonances are the follow-
ing: The LFR amplitude (g

=—6.84) is slightly
larger than the HFR at 1.3'K. The LFR broadens
linearly with temperature, and the amplitude de-
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creases somewhat faster than 1/T'. Consequent-
ly, it was only observable up to temperature
= 3'K. The HFR (g= 2 —2.6) broadens slightly
with temperature, and the amplitude decreases
fairly slowly and was observable up to temper-
ature -~0'K. Theg value of the I.FH varied.
very slightly with temperature while that of the
HFR varied substantially as discussed below.
Accurate simultaneous measurements on both
resonances in a single sampl. e make the following
analysis possible.

We write the equations for the conduction-elec-
tron (s) magnetization and the local-moment ( f )
magnetization, where we specifically allow for
different g values, as

ve=92ll. 2 mHz

T= I.35 'K

C = 75+8 ppm Er

I I I I I

[000 2000 3000 4000 H(k(j}

FIG„j.. The signal (that component of the transmit-
ted microwave field which yields a symmetric line
shape) versus the applied dc magnetic field. The low-
field resonance g value is 6.84 ~0.02; the high-field
resonance g valus is 2.59 +0.05.

= y, (H + A My + A.,M~ ) x M, + ~ [Mg —y go(H + XM, ) ] — + [M, —)(,0(H + &My)]s
yf fs sf sL

+DU'[M, —y, o(H+AMg)],

=yz(H+AM, +A&M, )&&M&+- ~[M, —X, (H+XMz)] — + [Mf —yq, (H+&M, )],
ys ~sf fs /i.

with the boundary condition at the sample surface
&M, /&n= —n[M, —y«(H+Mlf, )], where it is intend-
ed that (1) shall be linearized about equilibrium
in the dc field H, =H, z. In the resulting equations
for M,&"', )(,0=M,'/(Ho+AM&') and y« M&'/(Ho--
+AM, '). As a consequence of time-reversal in-
varlance, Ty~/Tsf = ya X fo/yf $8O~ and y~A 8

= yf h. y .
The condition that the sample absorb energy im-
plies 1/T~ITfl + 1, T~gTg~+1/Tg~T~y ~ 0, D ~ 0,
n ~ 0. Subject to these restrictions, Eqs. (1) are
the most general possible if all coefficients are
permitted to be functions of Ho, the temperature,
and the frequency ( ', and are invariant under e

Bo- —"Io. AnY dependence on co zs ~rrel
evant to the analysis of the present experiments,
in which + was fixed.

We now focus on two apparently contradictory
cases which have been most discussed in the de-
velopment of the resonance problem:

Eorm (A): X,=X&——0.—This form occurs natu-
rally for the O'8 ~ s model. ' The microscopic mod-
el contains parameters y8, yy, eT(=y~ygk/00),
y,o (Pauli susceptibility), T,J.", and &.
and 4 are regarded as temperature independent.
y~„T,~", and T&,

" are calculated explicitly (e.g. ,

T&,
" is given by the usual Korringa formula).

There is no theory at present for Tf~ or n. We
set o. =0 assuming no surface spin relaxation.

Eorm (8): & =0.—This form occurs naturally
for the Anderson model if the conduction-elec-

tron density of states p is regarded as constant.
(The compensation theorem implies A. = 0. ) A
complicated analysis' yields the parameters of
Eqs. (1) (except for Tz~ and n), in terms of the
parameters in the Anderson Hamiltonian; y,
and yf are not equal to the microscopic values
unless y,~ =y~~ [y,q" —(e.qi —e, f, )/RH, ]

Even when y, =y, (a circumstance which is usu-
ally discussed in connection with "bottlenecked"
conditions), the kinetic equations for forms &
and B appear to be strikingly different, Where-
as both equations contain the exchange field in
the torque terms, only form A includes the ex-
change fieM in the relaxation terms. Also note
that unless y, =yf, there is an asymmetry in
the exchange field, ' A valuable advance was
made towards the resolution of this paradox by
Langreth and Wilkins' (see in particular their
note in proof) who examined the nature of their
equations for form A under the Schrieffer-Wolff
transformation. They showed that the operators
whose averages we denote by M, and Mf are dif-
ferent in the two models, that the unitary trans-
formation which reduces the Anderson model to
the JS ~ s model does not leave M, and Mf invar-
iant, but rather induces a linear transformation
in M„Mf space, and that, for y, =yf, the equa-
tions of form B transform exactly to those of
form A. under this transformation. We have ex-
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tended this linear transformation of M„16& to the
case y, c y&, using a model-independent approach,
and we find that (1) can always be reduced to
form A. or B at will. We find generally that

(2)
M~ ——(1+Ay,.o)M~",
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and if Eqs. (1) are written in form A, and the
transformation (2) is made, one obtains (1) in
form B zvitIz a nezv set Of coefficients which can
be expressed in terms of the original (form A)
set. [Note that M=M, +M& is invariant under (2),
so that Maxwell's equations, which involve only
the total magnetization density M, are not modi-
fied. ] As examples of the relationship between
parameters we note y, =y, +A. )(& (y, —y&"),

yg —yy, A.g
—A, A. ~

—A. y~ /y [x~ ——(M~ ),/Ho].
We have calculated the transmitted fieM, using

Maxwell's equations and (1), for form A where
we evaluate all coefficients using the JS s model,

A A

assuming J()'z, )'z') is constant. We assume a val-
ue for gz(=6. 82). g, for pure silver is known to
be 1.983.' X&0 is calculated from a Brillouin func-
tion usingg&, 8= ~, and the known Er concentra-
tion, C. Free-electron values are used for X„
and D. The results are qualitatively insensitive
to the values used for y„, D, and 7.',~. A. , T,z,
and Tz, are expressed in terms of J (appropriate-
ly modified when Iyyffo/JPT ~ 1). We find that
(a) the LFR linewidth broadens linearly with tem-
perature (as expected from a simple Korringa
consideration); (b) the HFRg value shifts with
temperature, reflecting the exchange field A. I&.
(g -g, )/JC is a universal function of temperature
)(z/C in this model. We have plotted this function
in Fig. 2. The data are analyzed in a siroilar
manner. The slope of the I FR linewidth versus
temperature yields a value for I J). We find J'

=0.23+0.015 eV. Knowing J (the sign is deter-
mined from the sign of the g shift) and C, we cal-
culate (g,b, —g, )/JC for the HFR. These data are
presented in Fig. 2. The discrepancy is striking
and well beyond the error limits.

We have attempted to account for this discrep-
ancy by allowing J to be a function of k ~ O', J
=Q, (2l+1)P, (k k)J, ." We find that (1) the data
cannot be fitted at al/ by approximating the ser-
ies with either J, and J;, or J', and J„(2)for J,
and Jz is a fit to the data (within the error limits)
is mathematically possible, but would require a
questionably large positive value for J,(=. +0.4J,).
As an alternative approach, we have calculated
(g —g, )/JC for the HFR by choosing y," to be de-

0. 1

1.0 10 50

FIG. 2. We define the g shift, Ag, asg(observed or
calculated for HFB) -g(pure silver). We have plotted
1004g/JC versus temperature. J is obtained from an
analysis of the slope of the low-field resonance line-
width versus temperature data. C is the Er concentra-
tion (atomio ppm). We find J=0.23 +0.015 eV. The
heavy line corresponds to both the JS' s and Anderson
model results as normally interpreted. The dashed
line represents the results of calculations assuming a
particular temperature dependence for the effective
conduction-electrong value as discussed in the text.
The increasing percentage error with temperature re-
Qects a constant error in &g of ~0.05. The suscepti-
bility used to calculate both the theoretical curves
should be corrected for the admixture to the Fv doublet
above = 5 K; this correction would bend the curves up-
ward at higher temperatures.

pendent on temperature in just such a way that

y, isindependent of temperature (keeping J con-
stant so that A. varies with temperature). The
results in the dashed curve shown in Fig. 2.

To summarize our theoretical framework:
(1) Equations (1) are completely general and mod-
el independent, and furnish a useful meeting
ground for theory and experiment. ' (2) Form A

or B of (1) is equally valid, if the coefficients
are given a suitable dependence on temperature;
the choice is largely a question of convenience.
The complete transformation of coefficients will
be published elsewhere. ' (3) The crucial ques-
tion is not the choice of form A or & (i.e. , wheth-
er or not the relaxation destination includes the
exchange field), but rather the temperature de-
pendence of the coefficients in (1).

To summarize our interpretation of the data
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for the Ag-Er system: (1) An analysis in terms
of a wave-vector-dependent 4 for the JS ~ s mod-
el requires a disturbingly strong dependence on
the scattering angle k k'. (2) Alternatively our
data are consistent with a temperature depen-
dence of y, such that y, is essentially constant.

Neither the JS s nor the Anderson model pre-
dicts that y, is independent of temperature, but
should further experimental evidence support
this approach it would suggest that equations of
form B may be conceptually closer to the correct
microscopic theory of local moments. "
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The dynamics of the 151-K Jahn-Teller phase transition in PrA103 have been studied
by means of inelastic neutron scattering; the transition is found to involve a soft T t101]
acoustic phonon which in turn is driven soft by a qua&+pole excston nzode, an electronic
mode involving a wavelike modulation of the Prs+ electric quadrupole moment. We re-
port measurements both of the soft phonon behavior and of the coupled excitations in the
crossing region.

The perovskite PrAI~ is known to exhibit a
cubic-rhombohedral (Ds~s) soft F» R-point phonon
transition at 1320 K followed by a first-order

transition to an orthorhombic phase (C,„s) at 205
K and a second-order transition at 151 K which
at completion leaves the crystal essentially te-
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