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low-frequency limit. For frequencies in the
neighborhood of the Debye frequency, however,
the elastic constants are nearly temperature in-
dependent.
sonically cannot therefore be used to calculate
an effective Debye temperature as has tradition-
ally been done. (3) For the same reason the
lattice softening will not affect the superconduct-
ing transition.!® (4) The apparent arrest of the
structural transition and the anomalies in the
elastic constants near the superconducting transi
tion temperature may be explained as character-~
istic of the structural transition alone which sug-
gests that the superconducting transition may
have less influence on the structural transition
than has been assumed. (5) The very different
behavior of NbySn and V,Si observed in the dis-
torted structure is found to be due to different
relative positions of the band edges and the Fer-
mi level for the two materials.
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Measurements of the onset of the resistive transition and the current-voltage charac-
teristics of “one-dimensional” single-crystal tin whiskers have been extended to a sen-
sitivity of 10715 V. The thermally activated quantum phase slips proposed by Langer
and Ambegaokar have been observed directly and their theory for the voltage, deter-
mined by the rate of phase slippage, has been verified together with the modification of
the attempt frequency proposed by McCumber and Halperin.

We have extended measurements® ™ of the on-
set of the resistive transition and of the current-
voltage characteristics below the critical tem-
perature on single-crystal tin whiskers to volt-
ages of 107 V (an improvement of six orders
of magnitude over previously reported measure-
ments) and power levels of 1072 W using a su-
perconducting femtovolt amplifier.> These “one-
dimensional” crystals have diameters small
compared with the temperature-dependent co-
herence length in the temperature range of the
measurements. Under these conditions it is ex-
pected that the transition shape is determined by
thermodynamic fluctuations.

Langer and Ambegaokar® (L-A) have predicted
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that there will be a finite resistance below the
critical temperature 7, due to discrete slips of
27 in the phase difference of the superconducting
wave function between the ends of the crystal.
They consider this process as one of thermal
activation over an energy barrier separating an
initial state from a final state in which the dif-
ference in the phase is changed by 27 radians.
This barrier height is calculated from the mean-
field Landau-Ginzburg equations assuming con-
stant-voltage boundary conditions. They find
that the voltage V at current / in the limit of 1
<, is

I 1 3>1/2.££:l
V= 2N<,00s1nh(21 >exp[—-;r-<2 I (1)



VOLUME 25, NUMBER 17

PHYSICAL REVIEW LETTERS

26 OCTOBER 1970

where I, = mean-field critical current and I,
=kgT/¢,, ks being Boltzmann’s constant and ¢,
the flux quantum. If T is the critical tempera-
ture of tin, about 3.7 K, I,=2,5X107% A, They
have taken N, the attempt frequency, to be a
constant equal to the frequency of electron scat-
tering in the entire crystal in the normal state,
about 10%” sec ™%

McCumber and Halperin” (M-H) have studied
the theory of the attempt frequency in much
greater detail and find it to be both current and
temperature dependent. It depends on both the
number of statistically independent subsystems
in the crystal and a characteristic relaxation
rate. M-H take the number of independent sub-
systems to be of order L/&(f); i.e., crystal
length/temperature-dependent coherence length.
This leads to a decrease by a factor of about 10%°
from the L-A suggestion for N. The relaxation
rate is found using the time-dependent Ginzburg-
Landau theory. This results in a further de-
crease of 10° go that the M-H estimate of the at-
tempt frequency is N =102 in the range of our
measurements. The current dependence of
order I? and higher has not been calculated, and
there currently are no estimates of its magni-
tude.®

Measurements of the onset of the transition
employed the circuits shown in Fig. 1, where a
superconducting magnetometer serves as a
femtovolt amplifier arranged alternatively to
measure voltage across a crystal specimen or
the current circulating in a superconducting
loop containing the crystal. The crystals were
placed in helium exchange gas inside a copper
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FIG. 1. Measuring circuits of superconducting femto-
volt amplifier. The tin crystal is indicated by crosses.
(a) Ammeter configuration using closed superconducting
loop with magnetically induced current. (b) Voltmeter
configuration with external current leads.

can which could be temperature regulated to +1
uK. The ambient magnetic field level was about
107° G. The crystals were surrounded by sever-
al layers of shielding including copper and super-
conducting cans. The final copper can which en-
closed the crystal had only high-impedence cur-
rent leads entering it. These leads were well
filtered. Additional filters were added at helium
temperature, but no change in the results was
found. The most convincing evidence that ex-
ternal noise had no effect on the measurements
was obtained in the configuration where current
was magnetically induced in the crystal. In this
case no wires of any kind penetrated the shield
can. Using several cans with cutoff frequencies
ranging from 45 Hz to about 1 kHz, there was no
change from the results obtained with circuit
1(b). Any significant magnetic noise below the
cutoff frequency would have been directly ob-
served with the magnetometer, which was part
of the superconducting voltmeter.

The whisker crystals, which were prepared by
conventional techniques,® were carefully soldered
to superconducting electrodes with Wood’s metal
solder. A major difficulty of this experiment
was production of these contacts without damage
to the crystal. Such damage produced readily
identifiable structure in the resistive transition.
The mounted crystals were screened by examin-
ing the transition using a conventional nanovolt-
meter and accepting only those which showed no
obvious structure in the lower part of the transi-
tion. Only about 5% of the crystals mounted
were acceptable by this criterion.

The most direct evidence for the validity of
the L-A model of voltage arising from unique
phase slips of magnitude 27 is provided by the
current dependence of the voltage V at constant
temperature. For constant temperature the theo-
ry predicts, to first order, V «<sinhl/2I,. This
relationship follows directly from the model as-
sumed and does not depend on detailed calcula-
tions of the energy barriers, on sample parame-
ters, or on the boundary conditions.!' Figure 2
shows a measured I-V curve compared with the
sinh relation. For I>>2[,; the theory gives
(InV)/Ie1/21,=20.4 uA™!, The measured slope
is S=AInV/AI=17.2 pA™'x 2% at 0.15 pA. This
value of S shows some variation, usually in the
range 15-18 wA ™! depending on the crystal mea-
sured and the temperature, A¢f=1-T/T,, of mea-
surement. S tends to increase with Af. Inclusion
of higher-order terms in / that appear in the L-A
calculation of the energy barrier gives slightly
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FIG. 2. Current-voltage characteristics at fixed tem-
perature. Solid line, V =sinhI/2I; closed circles,
data points.

better agreement between theory and experiment,
The still unknown higher-order current depen-
dence of the prefactor, presumably depending
both on sample parameters and on temperature,
may explain the small remaining discrepancy.
The data in Fig. 2 were obtained with the crys-
tal connected in a closed superconducting loop
with an inductance of 10™® H as shown in Fig. 1.
Current was induced in the loop by ramping an
external magnetic field and was measured with a
superconducting magnetometer. The voltage was
determined from the measured rate of change of
flux linking the loop. The value of the inductance
was then changed to 2X1072 H to permit obser-
vation of flux changes through the loop of less
than ¢,. As the induced current in the loop was
increased toward the critical current, we ob-
served that flux entered in discrete units of ¢,
corresponding to the 27 phase slips of the L-A
model. Furthermore, at constant ambient con-
ditions near T., with no induced current the
loop current spontaneously fluctuated among
several discrete values corresponding to the low-
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level quantum states. This is the same type of
behavior previously observed in low-inductance
loops containing thin-film weak links.? The val-
ue of S that was measured in the low-inductance
loop remained 17.2 pA ™1,

The crystal was then connected in the voltmeter
configuration shown in Fig. 1(b). Here the loop
contains a resistance so that fluxoid quantization
is not required. However, the measured value
of S again remained unchanged, indicating that
the voltage was still produced by discrete 27
phase slips as assumed by L-A and directly ob-
served in the closed loop. These data also tend
to confirm McCumber’s calculation that the
boundary conditions on the crystals are relative-
ly unimportant, %2

For I<I, Eq. (1) can be expressed as a cur-
rent-independent, temperature-dependent resis-
tance. Using the M-H prefactor with the temper-
ature dependence written out explicitly, Eq. (1)
becomes

1/21
r-fenarren[1(5) 2] o
1

-7; 1
where

Mo s 1 (2) " [1(2) " La ]
£0) e m\7 T\2 I, ’

£(0) being the zero-temperature coherence
length, is a function only of material parame-
ters. For our crystals N,=~10" sec™!, Rj is
the effective resistance associated with the
supercurrent. The total resistance R is assumed
to be equal to the parallel combination of R and
the normal-state resistance R,. Figure 3 shows
a typical resistive transition measured in the
xero-current limit. Data on the lover part of
the transition were obtained with the supercon-
ducting voltmeter using the circuit in Fig. 1(b).
Data for R>0.1 Q were also obtained with a
Keithley nanovoltmeter. The consistency of the
two measuring techniques is shown by the region
of overlapping data. The solid line is the best
fit by Eq. (2) taking N, and T, as variable param-
eters but using the experimentally determined
value of I, where I, =1 At¥2, The best-fit val-
ues of N, obtained in this way are less than the
M-H value by factors of 10°~10% for a number of
samples with cross-sectional areas ranging from
107° to 10™® ¢m? and electron mean free paths
of 0.5X1075 to 30X10™° e¢m. This is to be con-
trasted to a deviation of more than 10 from the
attempt frequency originally suggested by L-A.
Crystals with short mean free paths generally
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FIG. 3, Total resistance of tin crystal as a function
of temperature. Closed circles, measured with super-
conducting femtovoltmeter; closed triangles, mea-
sured with nanovoltmeter., Line, two-parameter fit to
M-H theory.

have values of N, closer to the theoretical value.
The suggestion of Masker, Marcelja, and Parks!®
that R o A7 73 for small resistance is definitely
excluded by the exponential decrease observed.
I, was determined in two ways: First, the
temperature-dependent current necessary to
produce a given resistance in the crystal (chosen
to be about 1% of R,) was measured between
about 10 and 30 pA. A plot of I,#® versus tem-
perature gave a straight line of slope I,%*3, This
slope could be determined within a few percent.
Although data close to T, were not used, itis
possible, though we feel it is unlikely, that an
additional error of several percent could have
been introduced by the effect of fluctuations on
the mean field slope. Next we checked the value
of I, by comparing it with the value calculated
from the measured cross-sectional area and co-
herence length.'* The area was determined from
the room-temperature resistance and the crys-
tal orientation obtained from electron-diffraction
patterns. The coherence length was found by
determining the mean free path from the ratio of
the resistance at 4.2 and 300°K and using the
standard relation between mean free path and co-
herence length.’™!® The uncertainty in this cal-
culation is about 10% which is comparable with
the uncertainty of £,. The calculated and mea-
sured values of I, agree within this error. The
best-fit value of N, varies by about a factor of

2 when I, is varied within its experimental un-
certainty.

If all three parameters N,, T, and I, are
varied, the fit obtained above cannot be improved.
It becomes significantly worse for values of
deviating by more than 20% from the measured
value. The three-parameter fit makes essential
use of the curvature of the data on InR vs 7.
This curvature is greatest for high resistance
—just where one expects corrections to the theo-
ry to become important. The basic criterion for
the applicability of the theory is that the ratio of
the energy barrier height AF to the thermal en-
ergy kT be large. In Fig. 3 the data and theory
began to deviate for AT =0.33 mK where AF/kgT
is about 3. Thus, the accuracy with which the
various parameters can be specified depends on
where corrections to Eq. {(2) become important.
An independent value for T, would define the
regime where the corrections are serious, and
thus permit more certain determination of the
experimental parameters and allow a test of the
temperature dependence of the prefactor. We
are currently making measurements of the tem-
perature-dependent penetration depth to obtain
such a value,

We conclude that the voltage appearing near
the onset of the transition in uniform one-dimen-
sional crystals is determined by the rate of
thermally activated quantum phase slips of mag-
nitude 27 as proposed by L-A. The L-A calcula-
tion of the zero-current activation energy bar-
rier also agrees with the value that we observe,
The basic current dependence is also confirmed;
however, significant deviations from theory are
observed at higher currents where terms of
order (/I,)? are not negligible. This discrepan-
cy may well arise from the uncalculated current
dependence of the attempt frequency, although
our measurement does not distinguish this pos-
sibility from that of additional current depen-
dence in the barrier height. The generally close
agreement of the measured zero-current attempt
frequency with that predicted by M-H appears to
verify their statistical arguments. Relatively
small impurity-dependent discrepancies remain,
however, and are the subject of continuing in-
vestigation.
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High-frequency localized vibrational modes of impurities in a III-V compound have been
observed by Raman scattering. Three lines from the GaP samples closely correspond
to some local modes previously reported in infrared studies, and depolarization mea-
surements tend to confirm their proposed assignments, We describe several attractive
features of this method for the study of semiconductor impurities.

It is well known' that a small concentration of
impurities introduced into a perfect crystal will
have little effect on the vibrational dispersion
branches. But in some cases there may appear
vibrational modes™? lying outside of the allowed
frequency range of the perfect crystal. These
are called localized vibrational modes, or local
modes, because the mode energy is spatially
concentrated near the defect site.

Following the observation of the local mode of
nitrogen® in GaP in luminescence, infrared ab-
sorption was observed for a number of impuri-
ties in several different III-V semiconductors.*
To the best of our knowledge, this is the first
report of Raman scattering from high-frequency
local modes in a III-V compound. Other related
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system types from which Raman scattering has
been reported include mixed crystals,'®"'* the
U center in alkaline-earth halides,'® and the F
center in alkali halides'; only the second be-
longs to a well-defined high-frequency localized
vibrational excitation. The systems we discuss
here are found to give generous signal levels
with impurity concentration as low as 10" em ™3,
The four GaP ingots used in this study were
chosen from a set used in some previously re-
ported infrared work.'® We shall continue the
labeling scheme established in Ref. 10 (ingots
Nos. 1, 2, 3, 4, 5,6), and extend it with further
numerals for additional samples (see Table I).
They are compensated polycrystals prepared
by the vertical Bridgman technique; for the de-



