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Our samples do not strictly belong to eith-
er of the above limiting cases. In principle
we should use a more general analysis, ' but
the accuracy of our results does not justify
it. We have made a simple numerical estimate
of the ratio (slope Nb I)/(slope Nb II) at low

temperature using Ref. 7 and assuming that

K,(T=O) is the same for both samples. We

gind a ratio of 2:5. This agrees with the exper-
imental low-temperature ratio taken from Fig. 2.
At T =0.6T& the slope is predicted to pass through
zero and to become negative for T &0.6T~. This
important feature seems to be verified by ex-
trapolation of the experimental points of Fig. 2.
Further experiments are on the way to clari-
fy this problem. In conclusion our experiments
are in agreement with the theoretical results
in the gapless region close to the upper criti-
cal field H&2. In particular they show the pre-
dicted differences in behavior between the clean
and the dirty limits.
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MAGNETIC POLARIZATION OF A SINGLE MAGNETIC IMPURITY IN METALS
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The spin polarization of a single magnetic impurity in a metal in an external magnetic
field has been calculated by variational method. The results are in agreement with the
measurement of the hyperfine field by the Mossbauer technique.

Recently, there has been much interest in
the nature of the ground state of dilute alloys
of transition elements in some metals. ' ' It
is believed that below a Kondo temperature
T&, a bound state between the loca, lized mag-
netic impurity and the conduction electrons
is formed. This state has a binding energy
of the order of kT~ and is characterized by
a long-range conduction-electron polarization
cloud. ' There is experimental evidence that
this state is a singlet, ' although the theoreti-
cal situation is not entirely clear. It had been
expected that this bound state will partially
break up in the presence of an external mag-
netic field and tha, t it will completely dissoci-
ate when the external field reaches a value
p, BHg = kT~. ' However, Frankel et al.' recent-

ly reported results of Mbssbauer experiments
on dilute Fe in Cu which shows that the bound

state is not completely destroyed until an ex-
ternal field four to five times kT& is applied.
In this paper, we present results of calculations
of a single magnetic impurity in an external
field.

Our method is a variational approach simi-
lar to that of Heeger and Jensen' for the cor-
responding problem in the absence of the mag-
netic field. Our results are in agreement with
the data of Frankel et al.4

We assume a one-orbital impurity, an anti-
ferromagnetic s-d interaction, a large intra-
atomic Coulomb interaction so that the impu-
rity is never doubly occupied, and the equal-
ity of g factor of the d electron and of the con-
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duction electron. The Hamiltonian for our model is

&=z & ~ +~2IJIZ ((C c —c C )S +C C S +C C S )—y[S +~2/ (q —g )]. (1)

Here ek is the kinetic energy of the conduction electron of the kth mode measured from the chem-
ical potential, and Ck~, C~~, and gk~ are the usual conduction-electron operators. y =gp, 8Hz, where
Hz is the external magnetic field. The d-electron spin operator S is given by

z d0 df dk dt ' +(-) d4 (0) d4 (0)'

Since there is only one impurity, we expect the wave function to be almost the same as in the absence
of the s-d interaction. Thus, we choose as our wave function

I $) =Qk(cd~ (ak+ pkck~ + ukck~ )+ Cd~ (ak+akck) +pkck~ )]'

x g (U) g (f c, ) g (vc~ c, )lo),
1 1

Ep& &y I apl
+ zy ~p& --,y

peak

peak p~k

where Vk=8( ,'y ek—),—U—k=8(——,y+ek), fk=1 Vk Uk, —8(x—)=1 forx&0, and 8(x)=0 for x&0. Upon
minimization of the energy, it is found that all the bar quantities are zero; henceforth, we neglect
them. The normalization condition for Ill|) is

Q [a '+P '+a '] =1.

The energy of the system in the state I g) is

k" k' ' k' k' 'k'] ' ['k" k' ' 'k' k'

+g IJI([o. p ——,'(aka +pkp )](UkU +VkV )+(ak ,'pk)a Vk—f—+-,'aka fkf ]. (4)

The extremal condition of the energy, subject to the constraint of Eq. (3), leads to the following equa-
tion for nk, pk, and ak.'

a =(6 -26 —26 )V„+(6 -26 )U, P =(6 —26 +6 )V +(6 -26 )U,4 5 k'

a =(6 —26 —6 )f,
where

V =V /4g —e ), U =U /4g+e„), f =f„/4(X e), 6 -=Q I Jip V,

6 =p IJlo. V, 63=+kI Jla f, 6 =pklJlpkUk,

'6=~k "I kUk. (6)

The Lagrange multiplier I is determined by the above self-consistent equations (6), (6), and (3).
The binding energy is given by A. -~y. This is the difference in energy between our state and that with
nk =0=pk in the presence of an external magnetic field. The results of X, ak, pk, and ak are'

= v(2 —36)V, p = —2KV, a = K(2—115+262)f,
4 I J I NO in[/+ ~y)/(X-~y)] = (46 —36 )/(2 —116~+662),

6 = —,
'

I
J'I N, in[/+ ~y)/yo],

(4K) I JI NO[8 —126+ 95 + (2—115+66 ) y/Q —2y)] =& + &y.
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FIG. l. The binding energy as a function of y=gp~.

FIG. 2. d-electron polarization and zero-tempera-
ture hyperfine field as functions of y. The hyperfine
field curve is from Frankel et al. , Ref. 4.

Here No is the density of states at the Fermi surface and A., is the binding energy when H =0. A
graph of the binding energy as function of y is shown in Fig. 1.

The hyperfine field at nucleus measured by the Mossbauer technique is mainly due to the polariza-
tion of the inner s electrons caused by the polarization of the d electrons. Thus, we expect the hy-
perfine field at zero temperature to be roughly proportional to the d-electron polarization:

=
I J )NO(4K) [(2—115+65 ) y/(X-zy) —12() + 962]/g+ 2y).

The magnetic susceptibility at zero field is'

)((0)=) '(1--,'ieiN )/Z . (9)

In Fig. 2 we display the polarization of the d electron as a function of the external field assuming
( SIN, =0.1. We note that this polarization is a most insentive function of I Jl N, . In comparing our
results with the experiment, we determine A., from the slope of the polarization at zero field. Ao is
about 150 koe from Ref. 4.' By choosing this value of A,„ the experimental data shown in Fig. 2 agree
with our calculation.

In conclusion, we found that the bound state does not break up completely until the external mag-
netic field is many times the Kondo temperature. It seems that the reason for this is that in the pres-
ence of an external magnetic field, the expectation value of the s-d interaction is enhanced because
of the presence of singly occupied (i.e., only spin-up state is occupied) conduction-electron states.
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5With the condition of Eq. (7), the wave function of Eq. (2) is the same as the one being constructed by destroying

a conduction electron and creating a d-electron from the ground state of the noninteracting Fermi gas in the pres-
ence of the external field, i.e.,

=Z, ( „,'(e, „~, „) „,'( „,„,„)& ll P I P P~ I P W P~
eg &2y leal ~ay e~ —2'Y
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This state is clearly an eigenstate of the total number of electrons, and so is that of Eq. (2} with Eq. (7). When

y = 0, this state is equivalent to that of Yosida by replacing the electron operator by the hole operator.
~Using our wave function, Xo =p exp[-4/3Np~e7~] where p, is the usual cutoff energy (of order of the Fermi en-

ergy). This same expression was obtained by Heeger and Jensen (Ref. 2).
We define the susceptibility as )((&)= (8/BH)QB(ndy-ndy)) for all fields. At low field, a similar result is obtained

by Takano and Ogawa [Progr. Theoret. Phys. 35, 343 (1966)] by the usual Green's function method. However,
their result is different from ours by the factor m

8This critical field corresponding to the critical temperature of 10 K is twice that of Ref. 3. The reason for this
discrepancy between the two experiments is unclear.
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The lifetimes and polarizations of intrinsic recombination radiation from alkali-ha-
lide crystals at low temperature are interpreted in terms of two self-trapped exciton
states, one predominantly singlet, the other triplet in character. This is the first
strong evidence for the triplet assignment. The variation with crystal of the triplet-
state lifetime is attributed to effects of the different halogen spin-orbit couplings and
the varying degrees of axial relaxation in the self-trapped configuration.

Under high-energy excitation at low temper-
ature, pure alkali-halide crystals luminesce
with high efficiency. This luminescence has
been shown to arise primarily from intrinsic
radiative recombination of electrons and self-
trapped holes (Vy centers). ' ' The emission
spectra are closely related to those resulting
from excitation with light in the exciton absorp-
tion bands. 4 The term "self-trapped exciton"
appropriately describes the luminescent cen-
ter, which may be regarded simply as a ha-
lide-ion pair in a bonding excited state. The
(110) bond axis is evident from the polariza-
tion of the luminescence. '

Table I shows data obtained in this labora-
tory and elsewhere'~'~' on peak energies, po-
larizations, and lifetimes for self-trapped ex-
citon emission bands at liquid-helium temper-
ature (LHeT). Although extensive data exist
on intrinsic luminescence excited by ultravi-
olet light, '~' we have for consistency included
in Table I only data obtained with x-ray and
high-energy-electron excitation. Both 0 and
n transitions occur in general, the former with
short (allowed) lifetimes 7fm, the latter, at
lower energy, with longer (apparently forbid-
den) lifetimes 7'p~. This lifetime correlation
was evident in previous experiments on KI.'
The 0 transition has not been observed in four
of the crystals. Only RbI exhibits a third, pos-
sibly intrinsic, band of any consequence, and

it is relatively weak at LHeT. 3 The half-widths
of the bands in Table I range from 0.3 to 0.7 eV.

The experimental methods have been described, '
except for the lifetime measurements, ' these
employed standard electronic techniques to
detect luminescent decay after excitation by
a 15-MeV electron pulse (=20 nsec duration)
from the Naval Research Laboratory Linac.
The accuracy of T~~ was limited by instrumen-
tal resolution. Since the radiative efficiencies
are high at LHeT, the lifetimes will be iden-
tified with the reciprocals of radiative-tran-
sition probabilities.

We shall discuss states of the self-trapped
exciton in terms of those of a diatomic rare™
gas molecule. This analogy is appropriate
because of the close similarities between the
electronic configurations of a free rare-gas
atom and a free (unrelaxed) exciton, ' and be-
cause of the close experimental relationship
of the self-trapped exciton to the Vp center
(diatomic molecular ion). ' The ground state
is then (vgnp)'(wunp)'(wgnp)'(ounp)' 'Zg+, which
is unstable, the lowest self-trapped exciton
states are ~ ~ ~ (crunp) [o,„(n+1)s]'~'Zu+, which
are bound. ' It is evid. ent that the 7~ and the
polarization of the o transition are consistent
with 'Zu+ -'Zg+. For the m transition, the
variation of Ty~ with anion appears consistent
with 'Zu+ - 'Zg, for which multiplicity forbid-
denness is broken by mixing due to the halo-
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