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further studies. Also, the concept will be useful
for rare-earth metals where it is important to
consider the screening of the ionic interaction by
conduction electrons. "
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Resistivity in Amorphous and Disordered Crystalline Alloys
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The Evans modification of Ziman liquid-metal theory is extended to apply to amorphous
and disordered crystalline alloys. In particular, the theory is shown to explain such
common behavior of these systems as the change in sign of the temperature coefficient
of resistivity with alloy composition, the quadratic temperature dependence of resistivi-
ty at low temperature, and the 1inear temperature dependence of resistivity at high tem-
peratures.

The anomalous temperature and composition dependence of electrical resistivity of amorphous and of
many crystalline alloys has been the subject of considerable recent work. ' '4 The behavior of these
systems is characterized by (i) temperature coefficients of resistivity which change sign as alloy com-
position changes, (ii) changes in resistivity which vary as T~ at low temperature and as T at higher tem-
peratures, and (iii) a generally 8-shaped curve of resistivity versus temperature. These common
characteristics strongly suggest a common origin. Among the suggested explanations for these effects
are localized spin-fluctuation scattering, "d band effects, e' the Ziman liquid-metal theory, "and the
Evans, Greenwood, and Lloyd modification of the Ziman theory. ' '~ We will demonstrate that the modi-
fied Ziman theory correctly predicts the observed T2 and T temperature dependences and explains the
effects of composition changes. Furthermore, we present a unified description of the behavior com-
mon to amorphous and disordered crystalline metals.

The resistivity of pure metals is given in the modified Ziman theory as
3

where Qo is the atomic volume, VF is the Fermi velocity, kF is the corresponding wave vector, and
8(q) may be written in terms of the dynamic structure factor as

S(q)= f, S(q, te) exp )
—&
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The x-ray interference function or structure factor is written in terms of the dynamic structure fac-
tor S(q, &u) as

S(q) = f' S(q, (u)d(u.

The transition matrix t(k, k') is given as

t(k, k') = — „,—Q(2l+ 1)sing, (EF) exp(iq, (EF))P, (cos8).
2pS3 1

The phase shift q, (EF) for angular momentum quantum number l is evaluated at the Fermi energy EF.
For binary alloys, "the quantity $(q)! t(k, k')!' is replaced by

( 7',q, )'= c, ! &,!'[c,+c,S„(q)]+c, ! t, !'[c,+ c,S„(q)]+c,c,(t, *t,+ t, t,*)[S„(q)—1],

where t,. is the t matrix of element i with concentration g, , and 8,, is the partial structure factor. For
brevity, the pure-metal form wi1.1 be used throughout, recognizing that the results apply to each of the
partial structure factors in ( T,z,z)'.

We consider only the effects of temperature on 8(q). The thermal expansion of 0„ for example, is
approximately canceled by a corresponding reduction in VF.

In order to include the effect of thermal vibrations on the elastic structure factor S,(q), a Debye-
Waller damping factor e '" and a background term A(q)(1 —e '") are included so that the x-ray struc-
ture factor becomes

S(q) = $,(q)e-'"+A(q)(1 —&-'").

A(q) = 1 represents the assumption of independent atomic vibrations" which is sometimes made for
amorphous metals. "

The dynamic structure factor for an amorphous Debye solid can be written as

S(q, cu) =$,(q, u)+S (q, m),

S,(q, u) = So(q) e " ' 5(&u),

with

as given, for example, in Chap. 11 of Ref. 15, and

S (q, ~)
~-2e(q) 0!'0 for Ixl)—T

„A(q) for !x!~—0

with x= h&u/k, T. It will be shown in another publication that A(q) varies smoothly with temperature,
being approximately 1 at high temperatures and equal to S,(q) at absolute zero in the resistivity expres-
sion.

Substituting this form into Eg. (1), the Ziman expression" for the resistivity, one finds that

P =Py+P2~

with

p, =Q ( d(q/2k&) (q/2kF)'So(q)! t(k, k')! e

and

p, = CD)Y'/8)' f, d(q/2kF) (q/2k~)'A(q)! t(k, k')!2I (8/T)e '"('~,
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where

C=12mO /e SV D=125 kF2/mkB8,

and

(~ fX xadx

[exp(x) —1)[1 —exp( —x)]
'

The sum p, +p, is the analog for amorphous met-
als of the crystalline Bloch-Gruneisen function.
At high temperatures I,(X) -X so the resistivity
goes as + T/8'. At low temperatures 12(X)-3.29,
so the resistivity varies as T'/8'. The sign will
be determined by the integrals over q/2k„.

Experimental data on amorphous alloys support
the above conclusions. The reversible effects of
temperature on S,(q) for amorphous Ni»P»' were
found to be described by Eq. (2). The results sup-
port modification of the 1 —e '" term by a factor
A(q) which peaks in the vicinity of the structure-
factor maxima in analogy with thermal diffuse
scattering in crystalline materials. According
to our model the temperature coefficient of re-

!
sistivity n is determined by the temperature de-

pendence of the structure factor S(q). X-ray re-
sults in Ni»P» yield KlnS(q)/AT= —10 ~ K ' in
the vicinity of the main peak and =3&&10 4 K '
around the peak tails. These values are consis-
tent with the range of observed e values in NiP'
and other metallic glasses. ""The predictions
of positive and negative values for n and the lim-
iting T' and T dependences are in accord with
the general observations described earlier. De-
tailed numerical calculations on NiP using the
modified Ziman theory are also in agreement
with the observed magnitudes of p. '

We now indicate how the model can be extended
to apply to disordered, crystalline, metallic al-
loys. (The treatment given is in the spirit of
Baym's theorem. ") X-ray scattering from dis-
ordered alloys exhibits diffuse short-range-order
peaks between the Bragg peaks. ' The diffuse
peaks resemble those seen in the structure fac-
tors of glassy metals. Since the structure re-
sponsible for the Bragg peaks will not scatter
Bloch electrons, the structure responsible for
the diffuse peaks represents the dominant conduc-
tion-electron scattering effect in disordered al-
loys. Straightf orward analysis yields

( T„.„)'= e,e, ! t'(k, k')!'S'(q).

The effects of thermal vibrations on the x-ray
S, '(q) are discussed by Warren. " S, '(q) will be
thermally broadened as are the amorphous peaks
so that we may wirte

(3 I
)

S'(q) =So'(q)e 2"+A'(q)(1 —e ~").

The treatment of the temperature dependence of
the resistivity from disorder scattering is thus
identical to that for amorphous alloys and will re-
sult in T and T' high- and low-temperature de-

(T,„, )'= c,c, ! t, (IC) —t,(K)!'[1+2+ o(R, ) cos(K. R
l=l

where K=k —R', the order parameter a(R, ) =-1
—N, m(R, )/e~ = 1 —N»(R, )/e„and N, , is the proba-
bility of finding a type-j atom at R„given a type-
i atom at the origin. This expression is complete-
ly analogous to the result for x-ray scattering in
a disordered binary alloy given by Guiner. '9 For
a perfectly disordered alloy [ o(R) = 5«j, treated
in the pseudopotential approximation, the equa-
tion reduces to a form given by Harrison. "

The Nordheim rulea' and generalized Norbury-
Linde" rule are seen to result directly from this
model. (T»„z)' may be rewritten in terms of an
effective f matrix t' and structure factor S(q) so
that

(3)

pendences, respectively. The sign of the temper-
ature coefficient of resistivity will again be de-
termined by the magnitude of 2kF relative to the
peak position in S'(q).

Mooij'4 has analyzed electrical conduction in
concentrated, disordered, transition-metal al-
loys. His conclusions were that (i) concentrated,
disordered, binary alloys with a transition ele-
ment as one component generally have high p and
low o values (i.e. , p)100 pQ cm and Io. j (2
x10 ' K '), (ii) negative o,'s are found at composi-
tions with the largest p values, and (iii) no alloys
with a low n are found that contain only elements
from the same column of the periodic table.

Equation (3') provides an explanation for all
these points. The disorder resistivity will be
large for concentrated alloys because of the z,&,
factor. In transition elements, t(k, k') is large
and weights high-angle scattering" so that the
largest resistivity is predicted for transition-
metal —nontransition-metal alloys. This disorder
resistivity should be small for elements from the
same column in the periodic table because t, =t„
resulting in a small t'. Finally, the correlation
between a negative o. and large p is predicted be-
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cause large p values occur when 2kF overlaps the
peak in S'(q). This same condition produces a de-
crease in p on heating because of the peak reduc-
tion. As in the case of amorphous alloys, the
room-temperature value of e is determined by
the Debye-Wailer factor only so that la. t -10 4

K ' is predicted in agreement with observed val-
ues.

In conclusion, extended Ziman-Evans theory
provides a unified framework for the description
of transport in glassy metals and disordered crys-
talline alloys as well as in liquid metals. More-
over, the procedure described does not depend on
any particular model for S(q, e) but is valid for
any system whose structure factor So(q) is a con-
tinuous function of q. Thus, the predicted tem-
perature dependences will be universal features
of such systems.
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Optically detected electron-spin coherence effects in the photoexcited triplet state
of a new defect, the E~-Mo pair in CaO, are presented. They include a Stark-field-stim-
ulated modulation of the Hahn-echo decay.

Spin alignment in emissive triplet states of de-
fect centers in ionic solids is known to occur'
and, therefore, the zero-field double-resonance
techniques that have been so valuable in spin co-
herence studies of excitations in molecular sol-
ids' are expected to be applicable in colar cen-
ters too. Our experiments concern the lowest
emissive S =1 state of a new color center in CaO,
the I'„-Mo pair. It will be shown that spin coher-
ence in the phosphorescent state can be achieved
and that by analogy to spin-echo experiments on
paramagnetic systems in the ground state, ' a
modulation of the optically detected echo-decay
envelope can be induced by an electric field. As

a result, the experiments illustrate that the
method offers a powerful means of studying small
electric field effects in excited non-Kramers
states with the sensitivity of optical detection.
Furthermore, the dyna, mical cause for the loss
of phase coherence in the triplet spin ensemble
is briefly considered. A pseudo- Jahn- Teller
coupling between excited 'A, and 'E states of the
pair center has been invoked' on the basis of op-
tically detected magnetic-resonance data. It
turns out that the decay factor for the envelope of
of the spin-echo signals reported here can be
satisfactorily related to the vibronic nature of the
excited states.
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