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heat puises in the [100] direction in pure LiF, Si,
and Ge is also qualitatively accounted for by the
above theory. For LiF the ratio of the elastic
constants Cyy Cy2 C,4 at low temperatures is
1:0.34:0.52, whereas for Si and Ge these ratios
are 1:0.39:0.48 and 1:0.38:0.52, respectively.
The deviation between the group and phase veloci-
ty does not depend on the magnitude of the elastic
constants, but only on their ratios. Since these
ratios are very similar for LiF, Si, and Ge, one
expects similar heat-pulse propagation in these
solids. In contrast, the ratio for KCl is 1:0.11:
0.14. Since for NaF the ratio is 1:0.21:0.27, its
heat-pulse propagation properties are expected
to be intermediate between those of LiF and KC1,
which was indeed observed. '

The experimental results are consistent with
the above theory; phonon focusing in solids has
thus been demonstrated. An investigation of heat-
pulse propagation in other directions in LiF and
KC1 is currently being conducted.

The authors thank Mr. T. Kubaska and Mr.
T. Fjeldly for obtaining heat-pulse data in KC1.
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We have obtained the charge and spin susceptibilities in the ferromagnetic state of an
electron gas, including the effects of the long-range nature of the Coulomb interaction
from a unified point of view. The susceptibilities are discussed as a function of the mag-
netization for typical ferromagnetic alloy systems.

In this Letter we present a general formulation for the charge and spin responses of a ferromagnetic
electron gas to a charge potential or magnetic field. The long-range effects of the Coulomb interac-
tion are adequately accounted for within the random-phase approximation while insuring charge con-
servation. Besides obtaining the charge susceptibility to a charge potential, X„, and the spin suscept-
ibility to a magnetic field, X»», we also derive two additional nondiagonal susceptibilities, i.e., the
spin response to a charge potential X», and the charge response to a magnetic field X, , The nondiag-
onal susceptibilities do not appear in the paramagnetic state and have not been previously treated
from a general viewpoint. To interpret the electron spin polarization and magnetic moment produced
by impurities in ferromagnets Friedel' and others'have presented a physical picture for the spin im-
balance associated with the screening charge about an impurity in a ferromagnetic metal which in a
sense corresponds to g, . Since the nondiagonal susceptibility we derive can be as important as the
usual diagonal susceptibility, both must be included in any analysis of the total charge or spin respons-
es of ferromagnets.

We use the following Hamiltonian to calculate the spin and charge response functions for an interact-
ing electron gas:

X= Qe,c, cz, +-, Q y(K)c„cz... c,, „,.c, +, ~, +3C„' (n=m or e),
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where the magnetic field and charge potential perturbations are given by

+m ~BP(q)gz(czk cz q +-cz cz & ), Xe =eVe(q)gz(cz+ cz q ++cz cz q ). (2a, 2b)

~[n, (q)+n (q)].
Xemq =

ff( )

The first term of Eq. (1) is the kinetic energy of the conduction electrons and cz, is the creation oper-
ator of a. conduction electron with energy ez and spin o (= + or -). The second term is the Coulomb re-
pulsion between electrons and V(v) =4me'/z'. The prime on the summation means to exclude z =0.
H(q) and V, (q) are the external magnetic field and charge potential with wave number q, g B is the Bohr
magneton, and e is the electron charge.

Pour susceptibilities can be defined as follows: the spin and charge susceptibility to a magnetic
field, respectively,

( )
PB[n. (q)-n-"'(q)]

(3a 3b)Xmm q

and the spin and charge susceptibility to a charge potential given by

(3c, Sd)
VB[n. '(q)-n —'(q)] eln. '(q) +n —'(q)]

Xmeq V(q) ~ Xeeq V(q)

where n (q) =Qz, (cz, tcz, +q, & with u=m or e for the magnetic or charge perturbation X ' or X, ', the
angular brackets indicate the thermal average, and the z axis is taken in the direction of the magnet-
ization of the system.

Using the two-time Green's function' (cz, +q Icz„&, n, (q) is calculated by the well-known proce-
dure from

& 'b&=-2, J „d ((bl '&;, -& I '&. ;. ]f( )

where f(&u) is the Fermi function and the equation of motion for (cz,+~, lcz, & is

&z+q)&cz+q, olcuo & =5q,e+& (q)&cz, olcz, &&+ Z V(&)&cze' cz-K, o'cp q, K, elcz,
lsKs 0

(4)

(5)

where W, m(q) =ay|sf'f(q) and W, '(q) =eVO(q). The problem here is how to handle the last term on the
right-hand side of Eq. (5). We simplify this Green's function using the random-phase approximation:

V(zj)(cz, ,tcz «,cz+q+, Icz, t& =V(q)[n+(q)+n (q)](cz„lcz, ~& (1-5q,)
Is K s 0

I-g v(x)(c„„„.c~„.. .&&c~„,.lc~. &.
K

-Z V(~)&cz,....'cz,....,.&&cz.lcz,.'& (1-5q,.) (6)

The physical meaning of each term on the right-hand side of Eq. (6) is very clear if we substitute Eq.
(6) into Eq. (5). The first term on the right-hand side of Eq. (6) represents the effect of the Coulomb
potential due to charge polarization [n+(q)+n (q)]. Accordingly V(q) appearing here should be the bare
Coulomb interaction. The second term is the exchange self-energy which gives rise to the spin split-
ting of the band. This term may be incorporated to ez, +q on the left-hand side of Eq. (5) changing ez, +~
to ez, +q, . The last term in Eq. (6) is responsible for the exchange enhancement of the magnetic sus-
ceptibility. In the paramagnetic case a higher order treatment of the Green's-function equation re-
sults in a screening of the potential appearing in the last two terms. ' Although the explicit expression
for the screened exchange potential is complicated, as was shown for the paramagnetic case, we fol-
low a procedure similar to Hubbard' where we replace the summation over x in the last term of Eq.
(6) by U(q)n (q), where U(q) is an effective exchange interaction. The procedure is also supported by
the physical reasoning that the exchange field which gives rise to the exchange enhancement should be
of the form of an effective exchange interaction times the spin density -U(q)[n+(q)-n (q)]. Similarly
in the second term of Eq. (6), V(~) is replaced by U(0) since the zero —wave-number exchange field is
responsible for the spin splitting of the band. Notice that the spin susceptibility derived by Izuyama,
Kim, and Kubo' (IKK) would be obtained if we replace V(z) by U in all three terms in Eq. (6). The fi-
nal approximation in Eq. (6) is to put (cz, Icz„& -(e-ez„+s0') '. Using these approximations we
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obtain

~. (q)=-&.'(q)E.(q)-~(q)[~."(q)+~- (q)]E.(q)+U(q)~. "(q)F.(q), ((

where F,(q) = Q-J, [f(ej, )-f(e&,q,)](eq;eq, q,) '. Solving the coupled Eq. (7) for n," we obtain the
spin and charge susceptibilities:

20.0

D
~. is.o

E IO.Q
E

0.40
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0.20

„.E,(q) F (q) 4[(q)E, (q)F-(q)
1 + ( (q)IE, (q) +E (q)1

E,(q)-F (q)
Xem(q) =Xme(q) = ) B 1 y( )[F ( ) ~E ( )]i

F,(q) +F -(q)
1 + l'(q)[F .(q) + F (q)]'-

where F, (q) =F, (q)[1-U(q)F, (q)] '. Within the
same approximation the dynamical susceptibili-
ties are obta, ined by replacing E,(q) by E,(q, ~)

Q&[f(~i, e) f(ej+q )](el, e ei+q e+~)- in Eqs
(3').' The expression for X (q) is the same one
that Schrieffer' obtained. When F+(q) =E (q)
=E(q), the susceptibilities reduce to the correct
paramagnetic responses, i.e., X (q) = 2(is'F(q) [1
-U(q)F(q)] ', X..(q) = 2e'F(q)9 + [2l'(q)-U(q)]
xF(q)) ' (Ref. 5), and X, (q)=X, (q)=0.

In Figs. 1 and 2 we plot the responses as a
function of the magnetization for parabolic bands
with values for V(q), U(q), and kF typical of Pd
d-band electrons. ' For comparison, in Fig. 1(b),

(3a')

(3b', 3c')

(3d')

we have included the previously used X& Kx(q)
'

for the spin susceptibility. The difference be-
tween X (q) and Xi KK (q) is practically negligible
except for values of M close to 1. Thus the re-
analysis of the neutron scattering in FePd al-
loys' remains virtually unchanged except for a
small increase from 3.0 to 3.3 p,& in the magnetic
moment attributed to the Fe impurity. "

X„, (q)
of Eq. (3) correctly reduces to the Stoner sus-
ceptibility in the limit as q- 0: X„„,(0) = (4p,s')
x[1/N+(0)+1/N (0)-2U(0)] ', where N, (0) are
the densities of states of the spin-up and -down
bands at the Fermi surface. The discontinuity
of Xi KK(q) at q =0 can be traced to the use of a
5-function interaction. In the spin split band the
response to the wave-number-dependent mag-
netic field tends to accompany charge polariza-
tion, but the long-range part of the Coulomb in-
teraction resists this electron concentration po-
larization. In the 5-function model this long-
range part of the Coulomb interaction is neglect-
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FIG. 1. Comparison of (a) X m(q) and (b) X&~(q) as s,
function of the magnetization ~=[a+(0)-s (0)][a (0)
+g (0)] for interacting d-band electrons typical of
Pd. N(0) U(q) =N(0) U(0) [1 Bq+/12kF2] ~ =0.9[1+7q /
12k' ], AF =o.5 x10 cm, and the effective mass of
)he electron is chosen to be eight times that of the free
electron.
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FIG. 2. The charge and spin response to a point-
charge potential as a function of the magnetization for
the same band parameters used in Fig. 1. In part (b)
for small I, the peak at q/2kF =1 can be traced to the
infinite slope in the Lindhard functions I (q) at q =24F.
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ed in the original Hamiltonian.
For a point charge Ze the total screening

charge is correctly obtained from the limit as
q-0 of our susceptibility: -4sZeq ')(«(q) =-Ze,
independent of the magnetization.

Although Xme Xem =0 for the paramagnetic
state, in the ferromagnetic case these nondiagon-
al susceptibilities are as important as the usual
diagonal susceptibilities. If we assume that the
effect of adding an impurity can be represented
typically by a charge Ze and spin $ interacting
with the conduction electrons via an exchange in-
teraction Z(s-d interaction), then the total spin
polarization induced in the medium due to the
charge and the spin are given, respectively, by
-Zp, [N, (0)-N (0)][N (0)+N (0)-2U(0)N (0)
xN (0)] ' and 4(JS/N) ps[1/N+(0) +1/N (0)-2U(0)]
where for typical values of Z and S these two con-
tributions are on the same order of magnitude.
Recently neutron-diffraction experiments" and
Mossbauer experiments" revealed a rather com-
plicated behavior for the spin and charge polar-
ization around impurities in ferromagnetic met-
als and some attempts were made to analyze this
behavior theoretically. ' We believe our results
offer a sound basis for this kind of analysis.

We would especially like to thank Professor
J. R. Schrieffer for discussions related to )(, , (q).
These discussions helped stimulate our present
work.
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The half-life of the low-energy isomeric state of U2 5 produced by o. decay of Pu ~ was
measured as a function of various metallic environments. The results show a correla-
tion between the half-life and the average electronegativity of the host metal. In addition,
effects due to impurity diffusion of U in metals at room temperature are observed.

The transition rate between two nuclear states
is usually independent of the chemical or physi-
cal state of the sample. This behavior can even-
tually be violated, ' e.g. , when the transition ener-
gy between two nuclear levels of a given nucleus

is exceptionally low: In this case, the transition
proceeds by conversion in the outer electron
shells of the atom, and a perturbation of these
shells by chemical or physical means can alter
the transition rate in a measurable way. This is
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