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Ni are taken from Figs. 2 and 3. Similar E(k)
data has been obtained for Cu (Ref. 15) and is
given for comparison. Theoretical values in Fig.
4 are those of Moruzzi, Williams, and Janak,
who have performed a& initio self-consistent
Kohn-Korringa-Rostoker calculations using the
local-density theory of electronic exchange and
correlation. In summary, Ni and Co (to a lesser
extent) show significant deviations from state-of-
the-art ground-state calculations. ' ' Using the
experimental exchange splittings 6F.,„ in Fig. 4
and Bohr-magneton data (p, = 2.1 ps, and 0.55 ' s
for Fe, Co, and Ni, respectively), we observe
that a phenomenological measure" of the intra-
atomic exchange interaction U~ ", namely U" "
= 5Z,„/p, , is approximately constant (U' " =0.6-
0.7) for Fe, Co, and Ni. This value of U' " is
smaller (~ &) than a previous estimate based on
electron-energy-loss and soft-x-ray spectra. "
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In amorphous, nongranular, thin films of Nb3Ge, the temperature dependence of the
resistance and the current-voltage relation have been investigated at temperatures be-
low the experimentally determined thermodynamic transition. This temperature-de-
pendent resistance is compared to several theories which predict flux-flow resistance
below the BCS transition temperature due to thermally excited vortex pairs.

In this Letter we report measurements of the
temperature dependence of the electrical resis-
tance and heat capacity of amorphous, nongranu-

lar, Nb, Ge films deposited on thin polished-sap-
phire substrates. The heat capacities were mea-
sured with an ac technique. ' %e have found the
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samples to be resistive below the thermodynamic
transition temperature TBCS. A precursor to the
heat-capacity jump at TB&s is always observed
and in some samples a bump is found on top of
the BCS jump. Measurements of the magnetic
field dependence of the resistance below TBcs in-
dicate that the transition broadens with field in a
manner similar to that reported for granular Al
and amorphous Bi films. 2'

The Nb, Qe films, of thickness d in the range
from 1000-1500A, are not two dimensional (2-D)
except very close to Tscs, in that d&$(T). Here
$ (T) is the temperature-dependent coherence
length. On the other hand, d «Xr =X'(T)/d at all
temperatures, where X(T) is the dirty-limit Lon-
don parameter and X ~ is the transverse penetra-
tion depth. %hen X~ is nearly macroscopic,
which is possible in films with a high sheet resis-
tance R&, thermally excited vortex pairs of op-
posite circulation are generally believed to inter-
act through a logarithmic force law, ~ and there is
a possibility of a 2-D phase transition character-
ized by a condensation of these vortex excitations
at a finite temperature T, D which is less than
TB&s.' ' Since free vortices would be swept
across a film by a transport current, a finite re-
sistance is expected in the temperature range
T, D&T&TBCS.' ' The condensation of such "topo-
logical excitations" has been discussed by Bere-
zinskii' and by Kosterlitz and Thouless' and has
been the subject of extensive study in superfluid
helium films. "

Heat capacities were measured with calorime-
ters suspended by their electrical leads from a
thermal platform which could be cooled to 1 K.
Basically the calorimeters consisted of polished
0.025-0.50-mm-thick single-crystal sapphire
substrates approximately 1.2~2.5 cm2 in area.
The films were dc sputtered onto these substrates.
The heat-capacity measurements were able to
resolve changes in the total heat capacity of 1-5
x10 ' allowing the BCS temperature to be deter-
mined even though the Nb, Ge films constituted
only 5 —No of the total heat capacity. In this de-
termination, for T& T&cs and away from the tran-
sition, the total measured heat capacity a,ccurate-
ly fit a sum of terms only linear and cubic in the
temperature. Since amorphous Nb, Ge is a weak-
coupled superconductor, "the data in the super-
conducting state, away from the transition and in
the range between 1 and 2 K, were fitted to a mod-

el which included a BCS contribution, a cubic term,
and a linear addendum contribution. In this fit,
the only adjustable parameters were the transi-
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FIG. 1. Total C/T (film + substrate) vs T2 for sample
Nb36e-6 from 1 to 4 K. The solid lines are the fits.

tion temperature TR-s and y, the coefficient of
the specific heat of the film in the normal state.
The other parameters which were required, i.e.,
the total y (film+substrate) and the coefficient of
the cubic term, were provided independently
from the results of the fit to T & T, data. The
cryostat was suspended inside a double Mumetal
shield which reduced the ambient magnetic field
to less than 1 mOe.

In Fig. 1 we show the temperature dependence
of the total measured heat capacity to display the
quality of the data and the fit which is the solid
line. In Figs. 2(a) and 2(b) we show, for two

films, the temperature dependences of C„, the
heat capacity in excess of the normal-state value
for T&TBcs~ the BCS value for T&TBcsp and
R(T). The heat capacity between 1 and 2 K, the
range over which the fitting was carried out, is
consistent with the observed jump at TBCS, even
when the resistive transition is broadened. The
observation of a full BCS jump suggests that the
suppression of the resistive transition is not the
result of sample inhomogeneity.

If the BCS theory is fitted over the entire range
of temperatures below TB«rather than between 1
and 2 K, a poorer fit results. However, the val-
ues of TBCS selected by the program are only
changed by about 0.010 K from the previous fit.
The extra entropy associated with the peaks of
Figs. 2(a) and 2(b) should be accompanied by a
fall in the heat capacity below the BCS value in
the range below T&cs to ensure the thermodynam-
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FIG. 3. Natural logarithm of the resistance vs T for

the 1000-A-thick film. The open circles are data taken
in a magnetic field &0.001. G and the crosses are data
in a perpendicular field of 20 G. The solid line is a fit
to Turkevich's theory with modifications as outlined in
the text with A(0) =80000 A. With this value of )I., one
finds T2 D=2.54 K. With the normal-state sheet resis-
tance in the manner outlined in Ref. 5, T2 D=2.59 K.

FIG. 2. C,„vs T and R vs T for samples (a) Nb3Ge-4
(p =950+ 150 pO cm, AAI=65+10 i)/sq) and (b) Nb&Ge-6

(p =800 + 150 p0 cm, AA, =68+ 10 0/sq).

ic consistency. As this entropy is the order of
0.17o of the total entropy at Tscs, it is not sur-
prising that the correction is lost in the scatter.

For each film, the excess heat capacity above
Tscs varies as 1/(T —TIIcs)' ', a result consistent
with film thicknesses being 800-1300 A and with
the

smally�

(0) one expects in amorphous films.
The excess conductivity above T~~ also varies
as 1/(T —Tscs)' ', but given the complexity of the
predictions for excess conductivity, extensive
fitting efforts were not carried out.

In Fig. 3 we show the natural logarithm of the
resistance (lnR) as a function of temperature for
temperatures belom &~cs. These data mere ac-
cumulated with a current density of 1 A/cm' over
the entire range of resistances. Also in this fig-
ure is lnA vs T with an externally applied mag-
netic field of = 20 0 perpendicular to the plane of
the film.

At the present there are four theoretical pa-
pers' ' which discuss the possibility of thermally
excited vortex-antivortex pairs giving rise to
Qux-Qow resistance below T&«. These theories,
though different in detail, rely heavily on the
pioneering work of Kosterlitz and Thouless in

IOO

this area. Three of the papers ' predict the tem-
perature dependence of the Qux-Qow resistance
R(T) below Tscs. We have attempted to fit the
theories to our zero-magnetic-field experimental
results without any success for any values of the
adjustable parameters. On the other hand, with
a single modification, Turkevich's' theory could
be fitted quite well (see Fig. 3). In a manner con-
sistent with the other theories he defines T, D in
terms of the temperature-dependent penetration
depth )t(T). However, rather than solving self-
consistently for &, D, he implicitly assumes T, D

«T Res in obtaining his Eq. (12) for R(T). Our
data mere fitted by restoring the temperature de-
pendence of )I to Eq. (12) with the only adjustable
parameters being 4mB„, where RN is the normal
resistance, and )I. (0). As shown in Fig. 3, this
form fitted the data over 11 to 12 "e-cades" (5
decades) of resistance. The value of X(0) deter-
mined in this fit was 30000 A which, if one as-
sumes a-Nb, oe to be a weak-coupled supercon-
ductor, gives a value of g (0) of 25 A ~ The latter
is within 20%%uo of that determined from H„(T).

The temperature-dependent resistance mas also
measured in seven different magnetic fields ap-
plied perpendicular to the sample. The magni-
tude of the fields ranged from 50 mG to 21 G with
the data obtained in the largest field being ex-
hibited in Fig. 3. Even though the zero-field
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theory of Doniach and Huberman' could not ex-
plain our results, the effect of externally applied
fields looks qualitatively like the inset in their
Fig. 1.

At temperatures below TBc~ the I-V character-
istics were found to be non-Ohmic. The data
thus far discussed were obtained with a current
density of 1 A/cm'. When the current density
was decreased to 0.01 A/cm' there were only
small changes in the measured voltages when
compared with the 1-A/cms data. Thus we have
used the 1-A/cm' current density to define R(T)
When the current density was increased to 10 A/
cm', the effect was to shift the resistance versus
temperature curve to a lower temperature (this
temperature shift was approximately 25 mK).
Such behavior might be expected if the number of
free vortices were dependent on the magnitude of
the transport current either from the current
breaking vortex-antivortex pairs or depinning
additional vortices. '

The order of the resistive and heat capacity
transitions in the present work is the reverse of
that reported for granular Al. '~ Although the 800-
p.A-cm resistivities of our films are within the re-
sistivity range studied in Ref. 14, our film thick-
nesses are close to 1000 A rather than 10 pm.
The values of R„+ in Ref. 14 range from 0.6 0/sg
to 5.6 0/sq, far below those studied here. For
the Kosterlitz- Thouless transition to be observa-
ble (T, D/TBcs&1), R„and not p„must be large.

The high resistivities (™700 to 1000 pQ cm) of
the present films are less than the maximum
metallic resistivity for amorphous and liquid met-
als as suggested by Mott. " X-ray diffraction
analysis of the 1000-A-thick film showed one
broad weak peak. Electron diffraction analysis
of the broken edge of this film showed three dif-
fuse peaks. These results are consistent with
the film being either amorphous or microcrystal-
line. A broad area of the film was studied with
use of a JEOLCO 100-CX electron microscope in
the scanning mode with a resolution of 30 A. The
surface features are consistent with those ob-
served in other amorphous films. Although these
studies were carried out on only one film, they
are believed to be representative of all of the
films because all of the films had similar resis-
tivities and were deposited under identical condi-
tions.

We have shown that the data are broadly consis-
tent with a model of flux-flow resistance involv-
ing dissociated vortex-antivortex pairs. How-
ever, although there is no feature in R(T) imply-

ing a divergence in the conductivity as discussed
in Refs. 6 and 8 for high-sheet resistance films
at the value of T,.D

= 2.54 K derived from the fit-
ting procedure to Turkevich's formula, the data
are not inconsistent with a divergence in the con-
ductivity at a finite temperature below 2.4V K
which was the limit of the data. The data mea-
sured at finite magnetic field are qualitatively
consistent with the theory of Ref. 6. The apparent
absence of any special feature in R(T) near T, D

may be the result of the external magnetic field
(&0.001 Oe in this case) being greater than H„
in which case the vortex-antivortex pairs would
remain dissociated until a much lower tempera-
ture than reached in the present work. " The pos-
sibility that the disappearance of resistance below
TB« is due to a transition of the type reported in
thin NbN films may be ruled out by the fact that
our data could not be fitted with a power law. " It
should be noted that the value of T, D determined
from R& as outlined in Ref. 5 differs from that
obtained from our fit. This might be due to the
use in Ref. 5 of the nearly-free-electron model to
relate X to B„.
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Specific Heat of Insulating Spin-Glasses, (Eu, Sr)S, near the Onset of Ferromagnetism
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The specific heat, C(T), of the insulating spin-glass Eu„Sr& „Swith x = 0.40 exhibits a
linear term yT and no singularity at T&, like metallic spin-glasses. A new term, 5T
is found which may arise from totally decoupled clusters created by frustration. The
field dependence, y(B) and 5(B}, show maxima, ~ith x = 0.54 the behavior is similar.
C(T,B) and y(T,B) there indicate the spin-glass phase to be supressed at B = 1 T.

A characteristic property of metallic spin-glass
systems is the (nearly) linear thermal variation
of the magnetic specific heat, C(T), at low T, to-
gether with the observation of a broad maximum
of C above the freezing temperature T& but a lack
of a pronounced anomaly at T&.' Recent numeri-
cal calculations by Walker and Walstedt' con-
firmed the linear dependence of C(T).

Becently, the insulating compounds (Eu, Sr)S
were found to show the same magnetic behavior'
as is well established for metallic spin-glasses.
The oscillating Ruderman-Kittel-Kasuya- Yosida
(BKKY) interaction mediated by the conduction
electrons is now replaced in (Eu, Sr)S by the well-
known competing nearest- and next-nearest-
neighbor exchange interactions. ' An interesting
detail of its magnetic phase diagram has been
discovered by neutron diffraction experiments, '
showing upon cooling a spin-glass state to exist
below the ferromagnetic phase within a concen-
tration regime above the "multicritical" point at
x, =0.51. In this Letter we present the first cal-
orimetric studies of Eu„Sr, „Ssingle crystals

with concentrations below (x =0.40) and slightly
above g =0.54) x, . One advantage of this system
is the lack of an electronic contribution to the
specific heat. Since, in addition, below 10 K the
lattice contributes less than 0.3%%uo, the measured
specific heat is nearly identical with the magnetic
part.

The specific heat was determined between 0.3
and 10 K at magnetic fields 0- I3- 1.0 T by a
quasistatic method as described in detail else-
where. ' A pair of carbon resistors (Allen-Brad-
ley, 10 0 and 180 &) were used as sample ther-
mometers, which covered the ranges 0.3-1.5 K
and 1.2-10 K, respectively. They were calibrat-
ed against 'He and 'He vapor pressure and (for T)4.2 K) against a precalibrated Ge resistor. The
magnetoresistance of these thermometers never
exceeded hR/R (B = 0) = 2%%uo in the present experi-
ments. This introduced a maximum error of the
specific heat, which was confined to 0.5% and
could therefore be neglected in the data analysis
(compare Bef. 6). The results of the specific
heat were compared to the low-frequency (117
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