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FIG. 3. Fields for resonance parallel to the a and c
axes for frequencies small compared with v~.

The direction of maximum rf susceptibility
for this resonance is the e axis.

The absorption peaks' in TmFeO, displayed
all of the characteristics of the resonances
described above. The data are schematically
reproduced in Fig. 3 by showing Eqs. (7) and
(11) as functions of the parameter v.

The relative magnitudes of the two types of
canting fields can be determined from the curves
in Fig. 3:

where -~ is the ratio of the slopes of the two
curves, and it has been assumed that H0 «H~
+ 5HC. From the data of Ref. 5 we obtain HC
=0.09HD for TmFeO, . This should be compared
with the result of Ref. 4, HC =0.3H~, obtained
by measuring the change in canting angle from
T~ to TI, . Reasons for this disagreement will
be discussed elsewhere. " However, if Hc were
as large as 0.3HD, Eq. (11) shows that applied
fields greater than 0.5HD would be required
to pull the weak moment parallel to the a axis
for T& T~. This:is inconsistent with the exper-
imental results of Ref. 5.

Finally, from Eqs. (7) and (12) and the val-
ue of Hcr~ at T = T~, the magnitude of the four-

fold anisotropy field can be determined if H~
and H~ are known. Using Hg = 0.09H~, H~ =10'
6, and HD=2x10' 6, we obtain from the data'
H4=80 6 for TmFe03.
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INFLUENCE OF THE KONDO SCATTERING ON THE AMPLITUDE
OF THE de HAAS-van ALPHEN OSCILLATIONS*
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(Received 26 February 1968)

The anomalous amplitude of the de Haas-van
Alphen oscillations observed in an alloy exhib-
iting the Kondo effect has been explained on
the basis of a simple square-well energy-de-
pendent conduction-electron relaxation time.
Recently the s-d scattering theory of Kondo'
has given an explicit expression for the ener-

gy dependence of the relaxation time which is
consistent with the observed resistance min-
imum. In the present Letter we wish to exam-
ine the influence of Kondo scattering on the
de Haas-van Alphen effect and to reinterpret
the earlier data on the Zn-Mn system.

The relaxation time T for an electron in a
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metal with magnetic impurities can be written as

1 1 1 1
+~+

T To 71 T2

ic field:

x/2

E = -2m(2m*) kTV
per 2

where v, is the normal impurity-scattering
relaxation time, ~, is a spin-flip scattering
time which is energy independent, and T, is
the Kondo energy-dependent relaxation time
resulting from the s-d mixing. Kondo' has shown
within the limits of a second-order Born approx-
imation that

where

1

x g p '(-1) e Q, (8)

& exp[ 2rr(—7rk Ip Ix-ipE)/p*H]dE (7)
1/r, =3rrzJ s(s+ l)c/2E, h,

1/7 =4Jg(E )/~,
(2)

and P*=ea/m*c is an effective double Bohr mag-
neton. The quantity x is called the Dingle or
collision temperature and is given by

where z is the electron-to-atom ratio, s is
the spin on the impurity, J is the s-d exchange
coupling constant, c is the concentration of para-
magnetic ions, and Eo is the Fermi energy.
The function g(Ek) results from the interme-
diate-spin scattering states due to the s-d mix-
ing and is. defined as

(4)

x =5/ rrkr' (8)

x exp[-2rr(rrk Ip Ix ipE)/p*H]d—E, (8)

When the relaxation time in the Dingle temper-
ature, Eq. (8), includes the Kondo scattering
terms, Eq. (1), Q becomes

Q = exp(-2rr klp Ix /p*H) f in[1+ e ' ]
2 E Eo/k T-

D 0

where N is the total number of atoms in the
crystal and f is the Fermi distribution func-
tion. This function may be evaluated exactly';
however, for our purposes it is sufficient to
use the low-temperature limit,

g(E) =n(0) ln(IE-E, I/E, ), (5)

where

x = (1/7 + 1/r )5/rrk

x, =5/rrk 7, .

(10)

where n(0) is the density of electron states at
the Fermi energy. For a system of electrons
having an ellipsoidal Fermi surface, Dingle4

gives the following expression for the period-
ic part of the electron free energy in a magnet-

The term xD is independent of energy, but de-
pends in magnitude on the s-d exchange integral
J. The term x, contains the energy-dependent
Kondo relaxation time 7., and is essentially ze-
ro except in a region kT near the Fermi ener-
gy. Thus, with negligible error, integral Q

may be split into two parts given by

Q=Q +Q =exp(-2rr'kx /P+H)f, ln[1+e ' ]e
QO E EkT 27ripE —*H

+ exp[-27r(rrk Ip Ix -ipE )/p*H] f in[1+ e ' ]e ' dE,
E Eo/kT -2m'kx2—/ *H

where the second integral is significant only in the region of E,. The integral Q, when combined with
Eq. (6) leads to Dingle's expression for the free energy of electrons having an energy-independent
relaxation time,

F
per

3„„,k7'V(P*H)' p. (-1) cos(2~pE, /p*H-rr/4)
W2hs ' psr2 sinh(2rr pkT/p*H)p=1

x cos[pm(m*/m)] exp( —27r'kx /p*H) . (13)
D
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The term Q, represents the shift in the free energy due to the addition of magnetic impurity spin scat-
tering. Using Eqs. (8) and (5) and putting y = (E-E,)/kT, Q, becomes

y
Q = 2kT exp[-2m(eke ip-E )/p*P] f y in[1+ e ]dy,

kT ~y y

0

where'

y= 12w'n(0) I J Ias(s+ 1)c/EoP*H.

(14)

After integration by parts, the resulting integral may be expressed in terms of the gamma and Rie-
mann g functions. The shift in the free energy f can be calculated by substituting the value of Q, in-
to Eq. (6), giving

4m V(2m*)s a P*H -2m'kx, /P+H k T
k'2 2

p cos(pram+/m) cos(2mPE, /P*H ~/4)e ' -- G(y),0 PgP (16)

wheree

G(y) = (kT/Eo) (1-2 )I"(1+y)((2+ y).
-(1+r)

Adding this term to Dingle's result, Eq. (13), the free energy of a system of electrons exhibiting
the Kondo effect becomes

4~(2m*)k TV(p*H) ' + (-1) cos(2~~+,/p*H-~/4)
per k'~2 & p'" sinh(2w'Pk T/P*P)

2
2 kTsinh 2w pkT *P yx cos(p~m*/m) exp( —2~'kx /P*H) 1+ — . (18)

D P*H

(19)xo =xo+ Sz I
O'I as(s+ 1)c/2kEo,

where x0 is the Dingle temperature associat-
ed with the nonmagnetic-scattering processes
which has been taken as 1.3 K from measure-

In the above expression the effect of the Kon-
do scattering is accounted for by the term (2PkT/
P*H) sinh(2n PkT/P*H)G(y). The remaining en-
ergy-independent scattering terms are includ-
ed in the effective Dingle temperature xo de-
fined by Eq. (10) and should be temperature
independent. Equation (18) has been used to rein-
terpret the previously published data on a Zn-
0.008-wt/o Mn alloy which exhibits a Kondo ef-
fect. This has been done by fitting Eq. (18) to
the data using Eq. (15) with y as an arbitrary
parameter. ' The results of this calculation,
shown in Fig. 1, indicate, as expected, that
the effective Dingle temperature is independent
of temperature. Since y is related to the spin
S of the manganese ion and the s-d exchange
coupling constant 8 by Eq. (15), a value of J'
= -0.31 eV was estimated from the values of
y found in the fitting procedure assuming S = &.8

The effective Dingle temperature is also re-
lated to the exchange coupling constant by Eqs.
(10) and (2), yielding
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FIG. 1. The field dependence of the amplitude of the
de Haas —van Alphen oscillations of the third-zone nee-
dle Fermi surface in a zinc-0. 008-wt% Mn alloy. The
quantities n and q are given by n = (p */2wtk) in{(l C I /
H+tT) sinh(27ttkT/p*H)j and q = (p*/2n2k) jn(&+ G(y)2(kT/
p*H) sinh(2vrtkT/p*H)j, where I C I is the amplitude of
the torque oscillations and can be derived from Eq.
(18) by the method outlined in Q,ef. 1. The slope of
this plot gives -xD, The deviations at high field are
due to the onset of magnetic breakdown. g is the angle
between the field H and the c axis of the zinc crystal.
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ments on pure zinc. ~ Using the value of 5.4'K
found from Fig. 1 and assuming S= &, a J val-
ue of -0.10 eV is calculated. This smaller val-
ue of J is possibly the result of neglecting the
progressive inhibition of spin-Qip scattering
with increasing magnetic field. Baal-Monod
and Weiner have shown that this effect is felt
largely in the second-order magnetic-scatter-
ing term and has relatively little effect on the
third-order Kondo term which appear as xo
and y, respectively, in the present calculation.

A value of J was also estimated from the re-
sistivity data obtained on the same material
used in the de Haas-van Alphen experiments.
If the resistivity arising from the impurity po-
tential scattering is assumed to be the same
size as that coming from the temperature-in-
dependent magnetic scattering then J is -0.28
eV. o This is in good agreement with the de
Haas-van Alphen result of -0.31 eV obtained
from the fitted value of y and substantiates the
proposition that the magnetic field most strong-
ly influences the temperature -independent,
second-order, spin-Qip scattering.
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A normal-core model of type-II superconductors is used to calculate a contribution to
the Qux-flow viscosity arising from local temperature gradients in the core vicinity.
The flux-flow resistivity versus temperature, according to this model, exhibits a mini-
mum for impure, but not for pure, superconductors.

We consider here a consequence of the pos-
sibility that the motion of quantized vortex lines
or of magnetic flux-containing normal domains
through a superconductor produces local tem-
perature gradients in the vicinity of the nor-
mal-like regions. The following model calcu-
lation indicates that under certain conditions
the dissipation associated with these local tem-
perature gradients may be a significant frac-
tion of the total dissipation. The temperature
dependence of the resulting viscosity coefficient

suggests that the thermal- gradient contribution
is responsible for the minimum in the flux-flow
resistivity versus temperature observed' for
impure type-II superconductors.

We wish first to calculate the temperature
distribution in the vicinity of an isolated, mov-
ing vortex line or normal domain. A convenient
model to choose is that of a cylindrical normal
core of radius a, oriented parallel to the z ax-
is and moving in the y direction at constant
speed v through an infinite superconductor.


