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Using a value of 2.7X107®V for the binding
energy of the exciton, an indirect energy gap
at 25°C of 0.6643+0.0005 V is obtained.

In addition to these single-phonon transitions,
there are also some indications of two-phonon
processes at higher energies, as are observed
in tunneling experiments,’” but these are close
to the noise level of the experiment. Because
of the strong peak associated with the LA pho-
non transitions, the weak LO phonon is not ob-
served. Its expected location is shown by a
dotted arrow. The high-energy sides of the
LA associated transition show additional un-
resolved structure which is probably due to
transitions to the higher exciton states.

We are indebted to D. J. Locke for the fab-
rication of the samples used.
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In a ferromagnetic alloy, the spins of the
magnetic impurities are correlated and not
free to rotate. Then the exchange interaction
between conduction electrons and magnetic im-
purities involves energy transfer. Therefore
the theory proposed by Gor’kov and Rusinov!
on superconductivity in ferromagnetic alloys
assuming a static exchange interaction is ex-
tended by using a time-dependent exchange
interaction between conduction electrons and
magnetic impurities.? The system of impurity
spins is treated by quantum field-theoretical
methods using the special technique developed
by Abrikosov.® The electron-electron interac-
tion resulting from the exchange of magnons
is included in the effective electron-electron
interaction. The electronic self-energy result-
ing from the dynamic electron-spin-wave cou-
pling is determined analogously as in the case

of dynamic electron-phonon coupling by Eliash-
berg.* The dimensionless electron—magnetic-
impurity exchange coupling constant turns out
to be much bigger than the dimensionless elec-
tron-phonon coupling constant.

There is no indication so far that the anom-
alous electronic scattering derived by Kondo®
for exchange coupling between conduction elec-
trons and magnetic impurities is significant
for superconducting paramagnetic alloys. This
anomalous electronic scattering decreases
with decreasing degeneracy of the impurity-
spin energy levels and increasing Zeeman en-
ergy of the impurity spins and thus should be-
come even less important for superconducting
ferromagnetic alloys. Therefore it should be
possible in any case to isolate effects arising
from Kondo’s anomalous electronic scattering
from the effects arising from electron-spin-
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wave coupling and thus for simplicity the anom-
alous electronic scattering is neglected. Also
for simplicity, the electron-phonon coupling

is treated using the BCS approximation.

We show that the ferromagnetic ordering of
the magnetic impurities in a superconductor
is strongly reflected in the density of states
of the conduction electrons and thus could be
detected by tunneling experiments.

The exchange coupling between conduction
electrons and magnetic impurities is treated
using the special field-theoretical methods de-

smaller than the inverse of the order param-
eter of the superconductor and also that the
order parameter is space independent.® Spin-
orbit scattering of the electrons due to nonmag-
netic impurities, crystal inhomogenities, and
boundaries is taken into account. One obtains
then from Gor’kov’s equations, after averag-
ing over the lattice positions of the impurities,
the spin-dependent thermal electronic Green’s
functions

z'G)i + gp +(e/m)p-A

veloped by Abrikosov® and using Migdal’s ap- Gi(p’ wn) - Qi(ﬁ, w ) ’ 3
proximation for the electron-spin-wave vertex "
function. In order to include the magnetic field and
H and the associated vector potential A result- 'Ai
ing from the magnetic impurities, it is assumed F;(ﬁ, w )= —z’s—z—(—), (2)
that the mean free path of an electron is much N " +'P wn
where
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l:L+_l_+l’ I=n,5(8). (6) ities of density n, with spin S per impurity
T To Ty Ta and average exchange-coupling matrix element

The normal-state electronic energy gp is mea-
sured with respect to the Fermi energy. The
electronic transport collision times 7,, 7,,

and T, result from electron scattering due to
all impurities (neglecting exchange and spin-
orbit coupling), from static exchange scatter-
ing due to the irr_l.purity—spin component S, in
the direction of I, and from spin-orbit scatter-
ing, respectively.} T denotes the average ex-
change field which results from the ferromag-
netically ordered system of magnetic impur-
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(g). Note that in the paramagnetic state, H-T
=0 in the absence of molecular fields. In eval-
uating 5 K, ﬁ is taken as lying on the Fermi
surface and |A |? is approximated by

(1/9Q) fa@®r 1A(T) |28 The spin-dependent self-
energies

By
Eim(wn):iT Z jmi)FGi(p’,wn)

n’' = —o
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xE(p-p’, iwn-—iwn,),
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and the vertex function. E(q,iw,) denotes the Four-
ier-transformed thermal impurity-spin propa-
&p’ gator describing the fluctuation of the impurity
z, ®(w )—zT z ‘((277)3 , wn) spins. Z,® and T, ® arise from virtual elec-
tron-scattering processes involving emission

neEme and absorption of the same spin wave. Using
XE(ﬁ—ﬁ’,iwn—iwn,), (8) the spectral representation for the spin-corre-
lation function E and assuming that the result-
result from the dynamic electron-spin-wave ing spectral density function L (g, w,) for im-
coupling applying Migdal’s approximation to purity-spin excitations of kind A is antisym-

| metric in w,, one obtains

@, (") +(e/m)p- &
z, (1)(w )= dw I —K(w w’) signw’ Re{{[a} @)+ /mp AP-2 z(w’)}”z}’ 9
-0 + +
and
Ai(w’)
Z) @y ) J dw’ j—-—K(w w’) signw’ Re{{[& (w’)+(e/m)5-K]2—~A z(w,)}l/z}: (10)
- + +
where
K(w C(J,)_I;’(O) 2 <tanh(w’,/2.T)—cosh.(z/2T) _tanh(w’,/Z.T)+cosh'(z/2T)>
po w —zwn—z—zé w —zwn +2-10
X foqc dq q%)LA(q,Z) igq,x(z) 12, (11)
ng, A(w) 12 =2n18|gx(q, w) I3, (12)
and
q,= min(2p0, qmax)' (13)

N(0) is the density of states at the Fermi surface. §,(g,w) denotes the exchange-coupling matrix
element taking into account screening of the exchange interaction between conduction electrons and
magnetic impurities. Note that the expressions for £, ) and Z, ®’ given by Eqgs. (9) and (10), respec-
tively, reduce in the limit of static exchange coupling to the expressions given by Gor’kov and Rusi-
nov’ for T, ) and T, ) Also note that the energy shift and the anomalous density of states for elec-
trons in dllute magnetlc alloys found by Kondo? can be rederived using Egs. (9) and (11).

It follows from Eqgs. (4) and (5) that

w Fi(pugH+I) B 1 “ —u 1
n B _ _ F % @ o .
a ui( (1 +ui2)1/2) 37,4 (1 +u:F2)”2 A[ 27 (w )+2 (‘U )], (14)
where
a’i 1 221 2)\7! e~ =Y\ _1/(epy T 2
== E ot o \T-T—-= = —_1e — 3 . 1
u:j:~Ai9 B T1A+ A (T 71) , o« <<mp A)> 3<m ) fdrrA('r)l (15)

For S>1 and electronic energies «w bigger than w,+2w,, where w, is the gap in the electronic energy
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excitation spectrum and w, is the average en-
ergy of a magnon, B is approximately given

by

)]
Aq, is the energy gap at zero temperature of
the pure superconductor, n, denotes the con-
centration of magnetic impurities which destroys
superconductivity, and H.q is the critical mag-
netic field at zero temperature. Note that in
general #;(w,) must be determined numerically.
However, for energies w either of the order
of the energy gap or such that w/A>1, one
can find an approximate analytical solution for
ug(wy,).

Since a knowledge of #.(w,) suffices to de-
termine the thermodynamic and electrodynamic
properties of any superconductor, Eq. (14),
with Egs. (9) and (10), constitutes the basic
mathematical formulation of the theory of su-
perconducting ferromagnetic alloys. In par-

+<l’—

c HcO

ticular, the ratios Ng*/N,,* and Ng™/N,,~ [of
the superconducting-state density of states to
the normal-state density of states for electrons
whose spin is parallel to T and antiparallel to _I:
respectively] are given by the equation

N *(w) u_(w)
s =1 S S (16)
NnE(O) - [1=u 27"

ui(w) is given by Eq. (14), replacing iw,, by
w and uy(w,) by —iug(w).

The density of states is now calculated for
zero temperature, neglecting small and, for
the structure in the density of states, unessen-
tial quantities of order (ugH +I)/w in Eq. (14)
so that . =«_ =u, and approximating the spec-
tral density function L,(g,w) of the spin cor-
relation function representing the impurity-
spin fluctuation by one Lorentzian function of
width w,=0.2w, centered at the average spin-
wave excitation energy wi = Tx/S, where Tk
denotes the Curie temperature. It follows then
from Egs. (9) and (10)

W(,,) = o _ulw) '
z, (w)=x wodw Im{[l—uz(w’)]l/z K+(w,w), (17
o 1
2) - ’ — '
z, (w) =2 wodw Im{[l_uz(w,)]l,z}K_(w,w), (18)
where
w;—tw 1 1
K (w,w)="25"2|— - — ], (19)
+ 2 W=wtw,-tw, W' +w+w,—iw,
and
2n,SN(0 2 3
pﬁLLMl?,%%mw@m& (20)

Wy Y

A is the dimensionless electron—spin-wave
coupling constant. Note that the screening of
the electron-spin-wave interaction is taken
into account exactly. The constant y is of the
order of unity.? Figure 1 shows the structure
in the density of states resulting from the dy-
namic exchange interaction between conduction
electrons and magnetic impurities. The curve
parameters are consistent with the phase dia-
gram obtained by Suhl, Matthias, and Corenz-
wit.”

The structure obtained should be detectable
by tunneling experiments. Note that for a given
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concentration of magnetic impurities the change
in the density of states due to the dynamic elec-
tron-spin-wave interaction increases with in-
creasing Curie temperature. Further note that
the structure in the density of states arising
from the dynamic electron-phonon interaction
is important only at energies much higher than
the energies for which the structure in the den-
sity of states due to electron-spin-wave cou-
pling is important.

The structure in the electronic density of
states is characteristic for the spin-wave field



VOLUME 16, NUMBER 6

PHYSICAL REVIEW LETTERS

7 FEBRUARY 1966

151 |

Neg(w)
Np(0) I

05 -

cE

FIG. 1. The solid curves show the electronic density
of states of superconducting alloys using a static elec-
tron-impurity exchange interaction. The dashed lines
show the change in the electronic density of states as
resulting from a dynamic electron—spin-wave interac-
tion in magnetic alloys. The spectrum of spin-wave
excitations is given by one Lorentzian function. From
left to right the curves shown correspond to alloys
for which ny/n, =0.55, Tg=3K, w1/A=0.13; n1/n,
=0.30, Tg= 1.8°K, wl/A =0.07; and nl/nc =0.19, Tk
=0.90°K, w1/A=0.03, respectively. 1 and n, denote
the concentration of magnetic impurities and the con-
centration of magnetic impurities which destroy super-
conductivity, respectively. w, denotes the average en-
ergy of a spin-wave excitation. The area removed
from the solid curves for w/A<1 is equal to that added
for w/A>1, but the latter is more spread out. At suf-
ficiently low temperatures the second derivative of the
tunneling current with respect to the voltage should

exhibit peaks at w, and at approximately w,+w.

and thus can be used to obtain information about
the spectrum of the impurity-spin-wave exci-
tations. A complicated, multipeaked spectrum
of the impurity-spin-wave excitations might

be approximated theoretically by a sum of
Lorentzian functions.

Using an appropriate form for the fields H
and T and for the spectral density function rep-
resenting the impurity-spin fluctuation, the
theory outlined above is also applicable in the
case of antiferromagnetic alloys and if the im-
purity spins are fixed at low temperatures by
an internal field due to crystalline anisotropy
or by a molecular field whose direction and
magnitude may vary for each magnetic impur-
ity.
In the tunneling experiments by Reif and Woolf,®
the paramagnetic impurity spins might feel only
a small molecular field and, consequently, the
resulting structure in the density of states will
be small.
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