4 MAGNETIC-ELASTIC DEPENDENCE OF... 4099

*Work supported in part by the Office of Naval Re-
search, Acoustics Program.

;3 Golding and M. Barmatz, Phys. Rev. Letters 23,
223 (1969).

%c., Sykes and H. Wilkinson, Proc. Phys. Soc. (Lon-
don) 50, 834 (1938). See also E. Lapp, Ann. Phys.
(Paris) 12, 442 (1929); E. Ahrens, Ann. Phys. (N.Y.)
A235, 165 (1934).

SE. C. Stoner, Phil. Trans. Roy. Soc. London A235,
165 (1936).

4J. M. Awbery and E. Griffiths, Proc. Roy. Soc.
(London) A174, 1 (1940).

’B. Liithi, T. J. Moran, and R. J. Pollina, J. Phys.
Chem. Solids 31, 1741 (1970).

B. Liithi and R. J. Pollina, Phys. Rev. Letters 22,
717 (1969).

'Yy. Shapira and T. B. Reed, J. Appl. Phys. 40, 1197
(1969).

*M. Griffel, R. E. Skochdopole, and F. H. Spedding,
Phys. Rev. 93, 657 (1954).

M. Long, Jr., A. R. Wazzan, and R. Stern, Phys.
Rev. 178, 775 (1969).

Vg, s. Fisher and D. Dever, in Proceedings of the
Sixth Rare Earth Research Conference, Tennessee,

1967, p. 522 (unpublished).

"'M. Rosen, Phys. Rev. 174, 174 (1968).

2B, Liithi and R. J. Pollina, Phys. Rev. 167, 167
(1968).

13M, Levy and 1. Rudnick, J. Acoust. Soc. Am. 34,
520 (1962).

4w, Gilbert Clark (private communication).

53, Williams and J. Lamb, J. Acoust. Soc. Am. 30,
308 (1958).

18F. Freyne (unpublished).

ITE, Callen and H. B. Callen, Phys. Rev. 139, A455
(1965).

BE. A. S. Lewis, Phys. Rev. B 1, 4368 (1970).

97,, D. Landau and I. M. Khalatnikov, Dokl. Akad.
Nauk. SSSR 96, 469 (1954).

0y, N. Kashcheev, Phys. Letters 25A, 71 (1967).

2G, E. Laramore and L. P. Kadanoff, Phys. Rev.
187, 619 (1969).
"L, p. Kadanoff, W. Gotze, D. Hamblen, R. Hecht,
E. A. S. Lewis, V. V. Palciauskas, M. Rayl, J. Swift,
D. Aspnes, and J. Kane, Rev. Mod. Phys. 39, 395
(1967).

1. B. Robinson, F. Milstein, and A. Jayaraman,
Phys. Rev. 134, A187 (1964).

PHYSICAL REVIEW B

VOLUME 4,

NUMBER 11 1 DECEMBER 1971

Kondo-Resistivity Suppression Due to Inelastic Scattering of
Conduction Electrons by Magnetic Impurities in Alloys

I. Riess and A. Ron

Department of Physics, Technion-Isvael Institute of Technology, Haifa, Israel
(Received 24 May 1971)

The interaction of localized magnetic moments of a magnetic impurity with the lattice causes

relaxation of the states of that localized moment.

The lifetime is represented as a broadening

v of the states of the localized moment. The introduction of this broadening changes the scat-
tering of the conduction electrons by the localized moment from an elastic scattering to an inelastic
one plus negligible elastic scattering. Thus, the electron of the average excitation energy

above the Fermi level €~ T may take part in all inelastic allowed scattering processes only if
€2y, i.e., T2y. For T <Y this number of processes is reduced, and it vanishes for T'—0.
This effect was in fact found for the terms of the order J? and J° in the perturbation expansion,
and the correct temperature dependence of the Kondo resistivity was obtained for J <0. The

resistivity for J>0 is also discussed.

Recent measurements of the Kondo resistivity of
Cu-Mn, ! Au-Mn, 2 Ag-Mn, * and Au-Fe* alloys
have shown deviation from the Kondo 1 - Aln(ez/T)
behavior for low temperatures. It was found that
at low temperatures the resistivity due to magnetic
impurities first increases until it reaches a max-
imum (at T,) and then decreases again and can be
described by a 1 - Aln(ez/T) law for T> Ty. The
Kondo temperature (7) for the Cu-Mn, Au-Mn,
Ag-Mn systems is very low (7< 0.1 °K) and for
Au-Fe it is* T¢=0.24 °K. In all these cases'™*

Tk is much smaller than Ty. Since Tx< T, the
maximum in the resistivity cannot be associated
with the formation of a quasibound state of con-
duction electrons around an impurity spin for T

< Tg.® Thus a different mechanism, which sup-
presses the Kondo resistivity at T< T,,, must be
looked for. Such a mechanism was suggested by
Harrison ef al.® They assume that the existence
of an internal local magnetic field due to Ruderman-
Kittel-Kasuya-Yosida (RKKY) impurity-impurity
interaction suppresses the Kondo resistivity. ’
Silverstein® has considered the change of the mean
magnetic moment of the impurity spin due to the
change of the occupation of the Zeeman levels with
the change in temperature in this internal local
magnetic field. The calculated resistivity is in
quite good agreement with experiment for T around
Ty. -8 We, however, prefer to attribute to the
RKKY impurity-impurity interaction merely a
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broadening of the magnetic impurity spin states.
It will be shown later that it is that broadening

(v) which suffices to explain the decrease in the
resistivity below Ty. This broadening causes the
scattering of the conduction electrons from the
magnetic impurities to be mainly an inelastic one.
The inelastic scattering governs the low-temper-
ature behavior of the resistivity. The special
characteristics due to the inelastic scattering
vanish gradually for high temperatures (7>y) and
are negligible for T>v. Suhl® has already shown
that a Lorentzian broadening of the spin states
will somewhat suppress the resistivity for T> T,.
We have obtained the changes in the resistivity due
to the inelastic scattering for the whole tempera-
ture scale.

The Hamiltonian used in the calculation of the
Kondo resistivity by many authors is the Kondo
one, ' where the impurity spin is assumed to have
an infinite relaxation time, i.e., ¥ =0. For this
system only elastic scattering of the conduction
electrons from the impurity spins is possible. We
consider an alloy where the magnetic impurity
spin state relaxes and thus has a density of states
of width y. A possible mechanism for the broad-
ening is the RKKY impurity-impurity interaction.
Another possibility is the interaction of the mag-
netic spin with nonmagnetic impurities.“ The
magnetic impurity is assumed to scatter the con-
duction electrons by a 7. S interaction. We calcu-
late the self-energy T of the conduction electrons
Green’s function in the first and second Born ap-
proximation under the following assumptions: (i)
The impurity has spin S=3. The densities of
states around each spin direction are assumed to
be degenerate (i.e., the Zeeman levels are broad-
ening but not split). This forms a band of spin
J

E2In(2¢z/7)+F]+5 (5 +2E)(1 —=2E)In(1 - 2E)+ 1 (5 - 2E) (1 + 2E)?In(1+2E), O<E<
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states of width ¥ which is half-filled and hence has
a Fermi level. This Fermi level need not be equal
to the conduction electron Fermi level. (ii) ¥ is
temperature independent. ® (iii) The spin band is
assumed to have a constant density of states over
the width ¥ and to vanish elsewhere rather than
to be Lorentzian. (iv) The spin Fermi level then
lies in the middle of the spin band. 2

Abrikosov'® has shown that in the calculation of
the resistivity, one should consider only ImZ(€)
of the conduction electrons possessing mean ex-
citation energy €= T above their Fermi level.
Another dependence of ImZ(€) on the temperature
is due to the distribution functions of the spin and
conduction electrons. Hence ImZ(T, €)|..r is cal-
culated. The resistivity is then

Par1oy(T) = Par10y(0) = — (m/Ne®) ImZ(T, € = T) + aT® |
(1)

where m is the conduction-electron effective mass,
N is the number of atoms, and e is the electron
charge. The low-temperature phonon contribution
is taken to be a7®. * First Im>(0, €)|..r is calcu-
lated. In doing so no variation of the distribution
functions with temperature is permitted. This
expression can be evaluated analytically under the
former assumptions (i)—(iv). We call this the T=0
approximation. The calculations give ImZ(0, €),

in terms of E=¢€/y, as

2E?, 0<E<}
ImZx(O,E)=—i—x 1-2(1-E)%, i<E<1
0
1, 1<E

(2)

for the first Born term, and

(E -E*([21n(2¢p/7)+ ] - E(E -$E®*)InE + 3(1 - 5E+4E%) (1 - E)In(1 - E)

Im>;(0, E) = - ;‘-‘— X

+(2E - 1) [In(e/7) + 3]+ 1(1 -2EIn(2E = 1) - 4(1+ 2E°In(1+ 2E) + 2E1n2 ,

1
1<E<1

In[ez/(vE)]+3+(E -=%P2In[1 -1/(2E)] - (E =1)*In(1 = 1/E) - (E + $)*In[1+ 1/(2E)],

for the second Born term. 7,and A are defined as
1/79= 7N (0)(J/N)ES(S+1)N;/2 , (4a)

A=-4N(0)J/N , (4b)

where N(0) is the density of the conduction elec-
trons at their Fermi level, J/N is the coupling
constant, and N; is the number of impurities.

In Fig. 1 ImZ(0, €)l..r and ImZ (0, €)|,..; are
shown for y=0.1°K and y=1°K, with €,=7 eV

1<SE<e€p/y (3)

(which applies to Cu alloys) and A=0.045. In Fig.
2

Ap(T) < ImE ((0, €) | .p + (signJ) ImZ 1(0, €) | ..pr

is shown for both J < 0 and J > 0, where Ap(T)
is defined as Ap(7T) = paroy(T) = Parney(0) — @ T 5.
The parameters of Ap(T) in Fig. 2 were chosen
to apply to the Ag-Mn system of Jha and Jerico®
(alloy No. 2), with €x=5.5¢eV, y=7.4°K, and
A=0.05. Itis seen that the general correct be-
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FIG. 1. ImZ{(0, €)l¢.7 and ImZ;;(0, €)|..y are shown
for y=0.1°K in bold line and for y=1°K in dashed bold
line. The dashed thin line is the continuation of the as-
symptotic In(eg/ T) behavior to lower temperatures. B, B’
are coastants.

havior over the complete temperature scale is
revealed by the present approximation. We have
obtained the maximum at T=y a decrease in the
resistivity from the maximum towards lower tem-
peratures and a 1 - Aln(€z/T) behaviorfor 7> vy. The
decrease for T<y is interpreted as the exclusion
of part of the inelastic scattering processes when
€~ T<vy. However, the quantitative fit is not com-
plete, especially for T <y where the calculated
resistivity is low. This limitation in the fit is
mainly due to the T=0 approximation. We have
also calculated analytically ImZ((7, €) | ., for
T<y and T> vy by taking into account the tempera-
ture dependence of the spin distribution functions.
This has resulted in

ImZ (T, €)1 r=5(T/¥)% T<y (5a)

ImZy(T, €)ler=3[1+v/(6T)], T>»vy. (5b)

The expressions obtained in Eqs. (5a) and (5b)
give a temperature dependence of Ap(T) which is
similar to the asymptotic temperature dependence
of Ap(T) obtained from Eq. (2), except for the co-
efficients. In particular the low-temperature re-
sistivity (for T<T,) is increased relative to that
obtained from Eq. (2). It is expected that the
second Born term will be changed similarly. The
resistivity then obtained is shown in Fig. 2 by the
solid lines. It is seen that the quantitative fit has
improved considerably.

The following conclusions can be drawn from
our results: (a) A simple model based on assump-
tions (i)-(@iv) and the 7= 0 approximation gives
Ap(T) similar to the experiment for the entire
temperature scale. For J< 0 the decrease of
Ap(T) below Ty, the connection between T, and
¥, and the correct 1 — Aln(¢z/T)law for T> y are
obtained. (b) The first Born term gives the main

KONDO-RESISTIVITY SUPPRESSION. ..

4101

contribution to the changes in Ap(T) below T, (as
long as y > Ty). It changes Ap(T) also for T>T,,,
and only for T> T, does it become a constant.

(c) Since y =y(c), where c is the impurity concen-
tration, and Ty=y, a relation T,=Ty(c) is obtained.
In particular if y<c, then Tyxc. Furthermore,

if the relation Ty = T y(c) is once known, then ¢

can be deduced from the value of T,. (d) Ap(T)

for J< 0 will show a 1 —Aln(e/T) behavior only for
T> 1y, and practically for T> 107y, as is seen

from Fig. 2. Therefore fitting a 1 - Aln(€/T) ex-
pression to experimental results is plausible only
for T>10Ty. (e) For T<y Ap(T) (J<0) goes through
various T dependence regions: For T -0 Ap(T)

o« T? for higher temperatures Ap(T)x T+B, then
Ap(T) <InT+ B’, until Ap(T) flattens off and reaches
the maximum. (f) Ap(T) for J> 0 also has an in-
teresting structure. It does not show a resistance
maximum, but rather a shoulder at T~y. For
T> v it increases as 1+Aln(ez/T). ** (g) For Ap(T)
calculated from ImZ(T, €)| .., it is interesting to
see the dependence of it on the exact shape of the
broadening. It is expected that for T<<y or T

>y the exact shape of the broadening is of no
importance, but this is not so for T=y. To show
this we observe that in Fig. 2 the calculated re-
sistivity at T= T, lies above the 1 - Aln(€,/7) line
(for the T=0 approximation). On the other hand,
the resistivity for a Lorentzian broadening was
shown by Suhl® to lie below the 1 — Aln(e,/T) line
for T~ Ty, in agreement with Gainon and Heeger’s'!
experimental results. Thus if the 7= 0 approxi-
mation does not cause the discrepancy, then it is
the shape of the broadening used. (h) The diver-
gence in the perturbation series given by Abrikosov!?
determines the Kondo temperature (Ty). This
divergence is obtained when ImZ(€) = ImZ(€).
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FIG. 2. Ap(T) «ImZ;(0, €)] .7+ (signd) ImZ 450, €l p
is shown for J <0 by the dashed line and for J >0 by the
dash-dot line. The solid lines are Ap(T) <Im2 (T, €) | .r
+ImZ (T, €) | ¢.r J<0) for T <y and T >vy. Open circle
denotes the experimental values of Ap(T) for Ag-Mn
0.332at.% from Jha and Jericho (Ref.3 ).
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However this equality will never occur for a y big
enough, since the highest value of the second Born
term is determined by In(¢z/7) [see Eq. (3) and com-
pare it with Eq. (2)], i.e., ImZy(€) < ImZ;(€).
For the weakly interacting system y is always large
enough for any practical impurity concentration.
Hence ImZ;;(€) < ImZ(€) for any €. Then our re-
sults apply to Ap(T) down to T=0. This is not
always so for strongly interacting systems like
Cu-Fe. There y< Tk is possible, and the whole
perturbation series must be summed up. %1817
Measuring the resistivity of the following Kondo
systems would be useful for comparison with the
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present theory: (a) a weakly interacting system
like Cu-Mn, Ag-Mn, Au-Mn; (b) low impurity con-
centration, so that T, <0.17T,, i.e., the exper-
imental Kondo resistivity can be obtained up to
T>vy; (c) very low temperature measurements
down to T<0.1 T, in order that the residual
Pa110y(0) can be determined and subtracted from
Pa10y(T), and also that the behavior of Ap(T) for

T <y can be obtained.
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