Dynamics of impurity magnetic moments in a dilute AuV alloy
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An equation for the frequency dependence of the magnetic susceptibility in the Kondo alloy AuV
is derived by conformal field theory. The low-temperature behavior of this alloy is described by
the Wess-Zumino-Novikov-Witten theory on the SU(2) group.

1.INTRODUCTION

A recent paper' contains convincing experimental
proof of low-temperature scaling in the dilute magnetic alloy
AuV. The paper cites the results of measurements of the
impurity part of the magnetic susceptibility y (T) in a zero
field and of the impurity part of the magnetic moment M (H)
for ug H>kT. At temperatures and magnetic fields much
lower than the Kondo temperature, these quantities have
power-law dependences;

2=3(7)",
M<”>=°=z(£)az- (1)

The fact that scaling can be realized in the Kondo effect was
first shown by Nozieres and Blandin.? They have shown that
scaling sets in when an electron scattered by an impurity has
more degrees of freedom than the impurity. Their treatment
was qualitative. A more exact solution was obtained later>*
for a model that describes such a scattering of conduction
electrons by a magnetic impurity.
The Hamiltonian of this model, proposed in Ref.2, is

H=Z e(k)a;'moakmq+iN] 2 Z Eahm(GS)wra,mr.

k,m,0 m=10,0'=x'": R,p

(2)

An impurity with spin § scatters conduction electrons in a
state with an orbital angular momentum /(2! + 1 =n), kis
the modulus of their momentum, m is the orbital-momen-
tum projection, and o is the spin projection. The orbital mo-
mentum of the impurity shell is zero (orbital singlet). The
interaction is therefore diagonal in the projection of the elec-
tron orbital momentum. Scaling takes place in the model (2)
at n> 2S5 (Refs. 2—4).

An orbital singlet is the ground state for the configura-
tion 3d ®* (Mn), and also for the configurations 3d > (S = 3/2)
and 3d®(S=1) in the presence of a strong crystal field of
cubic symmetry.? The crystal field prevents the electrons of
the impurity shell from having orbital-momentum projec-
tions m = + 1, and holes from having m = 0 and + 2. The
configuration 34’ corresponds to the vanadium ion.

The presence of the crystal field should cause conduc-
tion electrons belonging to different representations of the
cubic symmetry group (E and T') to correspond to different
interaction constants J, and J,. If J, €J,, then J, -0 at low
temperatures, interacting with the impurity will be only the
electrons that are transformed in accordance with the 7 rep-
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resentation (there are exactly three of them), and the situa-
tion n = 2S is effectively realized. In the dilute AuV solu-
tion, however, J, =J, and a different fixed point is realized.

This statement is confirmed also by the correspondence
of the theoretical values of the indices**

Bi=4/(nt2), Br=2/n (3)

and by the experimental data for AuV (n = 5)."

The model (2) with n > 2S is remarkable because one
can calculate in it a number of dynamic quantities; this had
not been possible heretofore for the usual Kondo effect. The
model (2) just as any model describing scattering by a single
spherically symmetric potential, is one-dimensional. What
distinguishes it from the one-dimensional theories, however,
is the presence of scaling, a fact equivalent in the 1 + 1-di-
mensional theories to the presence of conformal symmetry.>
The procedure of finding correlation functions in conformal
theories has by now been well developed (see Ref. 6 in con-
nection with our case).

We present below the result of calculations of the elec-
tric resistance and of the dynamic and magnetic susceptibili-
ties.

The model(2) with n> 2S5 belongs to the universality
class of the Weiss-Zumino-Novikov-Witten (WZNW)
model on the SU(2) group with a central charge,*®

C=3n/(n+2). (4)

This model was investigated from the standpoint of
conformal field theory in Ref. 6. It remains for us only to
ascertain which operators in the model (2) correspond to
definite conformal fields of the WZNW model, and use the
result of Ref. 6 to describe the low-temperature dynamics of
the model.

It is obvious from Eqgs. (1) and (3) that the dimension-
ality of the impurity spin operator .S, is Ag =2/(n +2). It
coincides with the dimensionality of the primary field ®(1)
in the WZNW model.®

Let us recall what the term “primary field”” means and
how fields are classified in the WZNW model.

Conformal theory states’ that in any model having con-
formal symmetry there exists a set of fields ¢, (z, Z), called
primary, whose two-point correlation functions are trans-
formed most simply under conformal transformations:

G(z,7;7,7')= (%%)A(%)A(%)K(%)z
X6, 5@ w(),5GE).  (5)

Two-point correlators on an infinite complex z plane
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(z=x/v +it, v is the excitation velocity) are power-law
functions. Introduction of a finite temperature into the theo-
ry corresponds to a transition from consideration of the
model on an infinite plane to consideration on an infinitely
long strip of width 1/T. The transition from the plane to the
strip is by the conformal transformation

w(z)=exp(2nzT). (6)

Since all two-point functions are power-law at 7" = 0, it fol-
lows that by substituting (6) in (5) we find that at a finite
temperature the correlation functions of the primary fields
of the conformal theory take the form

G(z2,Z;2',Z’)=(nT/sh nT(z—2"))**
X(nT/shnT (z—z))%. (7)

In the WZNW theory the primary fields <I)f,,’;_f,’, are ten-
sors with respect to the right-hand and left-hand actions of
the SU(2) group. The numbers / and 7 are those of the repre-
sentations (the values of the angular momentum). In partic-
ular, the operator ®*'" is transformed in accordance with
the representation /= T=1, ie., the associated SU(2)
group representation. It can thus be described also as a vec-
tor: §¢ = £®{"’ —the impurity spin of the s-d model.

The difference between the general case considered in
conformal theory and the case of the s-d model is that the
correlation functions of the impurity spin depend only on
one coordinate—the Matsubara time. Equation (7) applied
to the impurity-spin operator takes the form

(S°()8°(0)>=A84 [ (T/Tx) [sin aT|]]¥»+»), (8)

A is a number that depends only on » and 2.S.

The Fourier transform of the function (8) yields, upon
continuation to the real frequency axis, the following equa-
tion for the dynamic magnetic susceptibility:
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oy ( T ) 4/(n+2)

<R {F(2/(n+2)—iw/2nT) } T (n/ (n+2))
*\T(n/ (n+2) —iw/2al) ) T2/ (nt2)) ’

(%)

where I' (x) is the gamma function.

Another measurable quantity is electric resistance. Its
low-temperature behavior is easily established. It is known
that at T = O the electric resistance in the s-d model is deter-
mined by the magnetic moment of the impurity:

R(H)=Roc052[%u‘m,(H)], (10)

R, is the electric resistance corresponding to the unitary
limit. According to Egs. (1) and (3) we have for H< T

HZ=T

R(H,T) _{ 1—const (H/Tx)*",
R H<T "’ (11)

R,  U—const(T/Tx)™ "+,

From (11) follows apparently also the more general equa-
tion

R(w, T)/Ry=1—const Ty (o, T). (12)
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