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necessarily mean that the system must order an-
tiferromagnetically (as is the case in the Heisen-
berg model).

Experimental data have recently been recorded"
which show a general increase in T, with increas-
ing applied magnetic intensity K These data can-
not be interpreted in terms of a transition from a
paramagnetic phase to a spin-flipped antiferro-
magnetic phase because of the small value of the
magnetic dipole anisotropy energy, nor as simply
due to free spins partially ordering in the applied
field because H was not large enough to produce
the needed entropy changes. If the phase transi-
tion is first order, we may us'e the magnetic
Clausius-Clapyeron equation

dT /dH= —Ale/AS,

where DS and AM are respectively the discontinu-
ities in the entropy and magnetization. Since AS
=8(disordered) —$(ordered) &0, ~i = M(disor-
dered) —1Vi(ordered) must be opposite in sign to
d T, /dB. Thus, d T, /dH & 0 implies ferromagne-
tismt If the usual second-order ferromagnetic
transition occurs, there are no singularities in
the thermodynamic variables, but there is still
a peak in the specific heat for small B, whose
temperature increases with increasing K Of
course, we cannot rule out antiferromagnetism
from these data for very low fields, but the data
are too uncertain at such fields for further spec-
ulation.
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Logarithmic anomalies in the temperature-dependent resistivity of a series of amor-
phous alloys have been measured and shown to be nonmagnetic in origin. We associate
these anomalies with the noncrystalline structure.

Much of the recent interest in amorphous sol-
ids has focused on finding properties which are
a direct consequence of the noncrystalline struc-
ture. Most striking is the low-temperature lin-
ear specific heat observed in insulating glasses, '
which has been expl. ained' by the existence of a
number of atomic configurations of equivalent
energy separated by low energy barriers. In

amorphous metals, on the other hand, no com-
mon property has as yet been exclusively asso-
ciated with the disordered structure, despite the
qualitatively similar atomic arrangements. '

We report here the observation of resistance
anomalies in four amorphous metal alloys of
quite different composition produced by three
different techniques in three different laborato-
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FIG. 1. Resistivity versus ln T for (curve a) Metglas
2826A at II = 0 and II = 45 kOe; (curve b) NzP at II = 0;
and (curve c) ¹ipat H =45 kOe. For b and c, scale &10.

ries: Ni75P25 Co76P24 Co»Sm„and Metglas
2826A (Fe»¹36Cr„P»B,). The characteristic
behavior is a resistance minimum with a loga-
rithmically increasing resistivity below the min-
imum. Similar measurements have been report-
ed by Lin, ' Hasegawa and co-workers, ' ' and
Liang and Tsuei. ' Although this behavior is also
characteristic of the Kondo effect we shall show
that in our alloys it cannot be caused by magnet-
ic scattering; we believe that it is a manifesta-
tion of the disordered structure.

Figure 1 illustrates the temperature depen-
dence of the resistivity for NiP and Metglas,
plotted as [p(T) —p(4.2)j/p(4. 2) against lnT. The
logarithmic temperature dependence is also evi-
dent for the other two alloys, although in CoP
the minimum occurs at 7 K restricting the lnT

range to below 4 K. The resistivity for all alloys
is of the order of 10 4 Q cm and, surprisingly,
the slope of the lnT behavior is the same for all
alloys within a factor of 5, even though there are
few similarities in their constituents.

That the magnetic behavior of the samples
ranges from ferromagnetic with or without lo-
calized moments (CoP, CoSm, Metglas) to non-
magnetic (NiP) leads us to believe that the resis-
tance anomaly cannot be magnetic in origin. The
similarity in the magnitude of the lnT term lends
further support to this hypothesis. Nor is the ef-
fect consistent with small amounts of magnetic
impurities such as Fe.' " The nonmagnetic ori-
gin of the anomaly is confirmed by the behavior
in a magnetic field, also illustrated in Fig. 1.
In all alloys the lnT dependence of the resistivity
is totally unalter ed by a field of 45 koe; indeed,
the shape of the entire p-T curve is unaffected,
the whole being shifted according to whether the
magnetoresistance is positive (NiP, CoP), nega-
tive (CoSm), or, in the case of Metglas, zero.
Table I summarizes the results from all the al-

loyss.

A resistivity varying as ln1' implies the exis-
tence of a low-energy degree of freedom to which
the conduction electrons can couple. In Kondo
alloys, "the degenerate states of the impurity
spin provide the necessary degrees of freedom,
but as explained above this mechanism cannot be
dominant in the amorphous alloys. However,
suitable degrees of freedom can arise from the
random structure because of the lack of perio-
dicity in the lattice potential. Although the lat-
tice potential wells will have an ave&age spacing
z„given by the position of the first maximum in
the radial distribution function, many of them
will be corrugated on a scale of a fraction of &0

giving rise to an indeterminacy of position for
the atom in each well. " We now show that it is
possible for such configurations to lead to resis-

TABLE I. Sample and resistivity data.

Sample
p(4.2 K)
(pg cm)

T~«Ferromagnetic T~
(K) (K)

,p(45 koe) -p(0) Logarithmic10 dp(0) 4 2K»ope, p3

Nonmagnetic
550 +30

&300

210 250 +2

Nj. 75P25 105 +20 17
Co76P24 95 7
Coe2Sms b 70 22
Fe3&Ni36Cr, 4P»B6

(Metglas 2826A) 110

Electrodeposited from solution at 75 C.
bdc sputtered onto a room-temperature substrate.

+ 0.2
+0.38
—3.9

+ 0.02

Rapidly quenched from the melt.
p&

——{—1/po){dp/dlnT) [r-&, K &10 .

1.0 + 0.04
1.5
1.4

5.8
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tance anomalies which are consistent with our
data.

Following Anderson, Halpern, and Varma, '
we consider a well with two minima separated by
a distance x and a barrier V,. For simplicity we
take the minima to have equal energy so that the
eigenstates of the system are the symmetric and
antisymmetric tunneling states,

i +), which are
split by an energy 2A =A~,e ~, where hen, is a
zero-point energy' (- 10 K) and X = (MVD/21')'i'x.
Because the relaxation time of the electron sea
(-10 " sec) is much smaller than the tunneling
time (-10 "sec) the electrons can distinguish
between the environments provided by the two
tunneling states. This allows us to label the
electron wave functions as

i k, ), where k is the
wave vector and + refers to the tunneling states.
For a resistance minimum to arise we shall re-
quire that the two electron states,

i k, ), must be
largely orthogonal, i.e., (k+i k )-0. This sets
a lower bound to x relating it to the degree of
localization of the electron wave functions around
the atom. If we assume that the electrons, being
d-like, are well represented by Gaussian reso-
nances at the atomic sites, then the degree of
orthogonality can be estimated as -exp(-4x'/
r,') so that a value of xa 0.3r, would be accept-
able.

The Hamiltonian describing the alloy is then

H=H +H,

where

Ho= Q (nb, )b„tb + g e~„a~ ta„„b„tb (1)

represents the unperturbed system and

na'V'. , 'a,.a„...b„b„,

describes the scattering of the electrons from
the tunneling states. a~, a, b~, and b are crea-
tion and annihilation operators for the electrons
and tunneling states, respectively. The diagonal
part of H, can be absorbed into H, . The off-diag-
onal part contains two terms: The first, having
matrix element V„ involves electron scattering
without change in tunneling state, and the second,
having matrix element V, e, involves a change
in tunneling states. Defining pseudospin opera-
tors by b, b, = —,

' ~I, and b, b, =I, and retaining
only those terms involving the operators I„I„

we obtain

p, =, (Nv)'e *~,ln ( ) +(—
) (4)

where N is the density of electron states at the
Fermi energy, ~ the number of electrons per
unit volume, and D is the electron bandwidth.

The magnitude of the resistivity, 10 ' 0 cm,
gives NV, -1, where we use N-1.0 (eVatom) ',
and n-10" cm '. Summing over the allowed val-
ues of X, the total contribution to the resistivity
becomes

p, ——10 fe ' ln(kT'+b, ') 0cm, (5)

where f is the fraction of atoms with A, values in
the appropriate range. The crucial negative sign
comes from the attractive character of the Cou-
lomb interaction. Equation (5) is in agreement
with the experimental data if fe '~~ 10 ' and if b,( 1 K. We believe that these limits are consistent
with the constraints mentioned earlier for f of or-
der a few percent. "

In conclusion we re-emphasize that the resis-
tance anomalies reported here are c].early non-
magnetic in character. The model we have con-
structed incorporates the noncrystalline structure
of the amorphous alloys in a direct way to account
for this experimental requirement.
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lf the electron states
i k, ) are orthogonal, this

term has precisely the form of an anisotropic
exchange interaction which, as is well known,

leads in third order to a resistivity varying as
lnT. The functional form of the resistivity for
scattering from a single site is
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The susceptibility of the ¹iPwas measured to be
less than 2&&10 ' emu/g at 1.3 K. This sets an upper
limit of approximately 10 ppm to the Fe concentration
assuming a Curie law for spin 1. Nevertheless the ef-
fect in NiP is comparable to that found in Fe(PdSi)zz
which has 1000 times as much iron.
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IQ)p, At higher temperatures, k T & Sp 10 K, we
might therefore expect to see additional terms of log-
arithmic character. These seem to be masked by the
ordinary phonon scattering in the XiP, CoP, and CoSm
alloys, but in the Metglas alloy (curve of Fig. 1)
there does seem to be some evidence for additional
scattering at temperatures above -30 K.
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The transmission and two reflection spin-resonance signals for single-crystal AgGd
are shown to have the same crystal-field parameter, and hence are attributable to an iso-
latedlocal moment. This identification illustrates why S-state resonance data need re-
examination. The ratio of the averages of J(k,k') appropriate to the exchange field and
relaxation rate of the local moment is ~ 3 which may be difficult to interpret within the
framework of presently accepted models.

We believe the results reported here, in con-
junction with the theoretical analysis of the fol-
lowing paper' (ll), support the conclusion that
electron-spin-resonance data for 8-state local
moments in metals need to be reexamined. To
illustrate the nature of this reexamination we
present our measurements for dilute Alod alloys
which we believe to be the most complete and pre-
cise set of such data yet taken for a local-mo-
ment-metal system.

The primary data consist of both reflection and
transmission electron-spin-resonance (RESR and
TESR) spectra, at 9.2 and 35 GHz, for single-
erystal AgGd samples at cryogenic temperatures.
The Gd concentrations ranged from 17 to 450 ppm
and were determined in conjunction with resistivi-
ty-ratio, emission-spectrograph, and dc-suscep-

tibility measurements. We have also made TESR
measurements on a single-crystal sample doped
with Au, as well as RESR measurements on pow-
der sa,mples doped with Sb. The experimental
procedures have been described elsewhere. '

Our work was motivated, in part, by a desire
to resolve the following paradox. The observed g
values corresponding to the reQeetion and trans-
mission resonances in Agod were known to be
appreciably different, 2.09 versus 2.00, , respec-
tively. The depth of the paradox may be appre-
ciated when one considers that this g difference
corresponds to a separation of the lines by more
than a full linewidth. How is it that the same sam-
ple can respond at two mell-separated frequen-
cies, and how is one to interpret these data so as
to deduce the intrinsic properties of the local-
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