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FIG. 2. Normalized resistance data (solid curve) and normal-
ized SAW attenuation data (points) for sample B.

FIG. 5. Normalized resistance data (solid curve) and normal-
ized SAW attenuation data (points) for sample E.
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FIG. 4. Normalized resistance data (solid curve) and normal-
ized SAW attenuation data (points) for sample D.

FIG. 3. Normalized resistance data (solid curve) and normal-
ized SAW attenuation data (points) for sample C.

Thouless transition temperature ( T, },defined as the tem-
perature at which the film resistance fell below 10 of
the normal-state resistance, the measured normal-state
attenuation (a„) and the predicted acoustoelectric at-
tenuation (a„) for each of the samples are listed in Table
I. The values of R„and T,o for each of the films were
determined by fitting the resistance data to the
Aslamosov-Larkin paraconductivity theory" in the re-
gion where the temperature coefficient of resistance is
positive. The measured attenuation, with the exception
of sample E, was taken to be the maximum attenuation in
the normal state. For sample E, the normal-state at-
tenuation was given by the y intercept of the straight line
fit to the attenuation above T,o.

The absorption of SAW energy in the normal state is
produced by acoustoelectric coupling of the SAW polar-
ization field in the piezoelectric substrate to the sheet
resistivity of the deposited film. The attenuation decrease
between the normal and the superconducting states is
caused by superconducting quenching of this acoustoelec-
tric effect. ' The acoustoelectric attenuation was calcu-
lated using the results of the work by Ingebrigtsen and
Adler'3

coEa„= (e +@0)R„.ae

In Eq. (1), co is the angular frequency of the SAW, K is
the piezoelectric coupling constant of the LiNb03 sub-
strate, and ez(eo) is the dielectric constant of the sub-
strate (vacuum}. The frequency of the SAW used in this
investigation was 680 MHz.

In Figs. 1-5 we see that for samples A and B, the nor-
malized attenuation and normalized resistance curves
coincide with one another. However, for the other sam-

ples we notice a distinct "foot" in the attenuation data.
We believe that this foot is due to the presence of bound
vortex pairs in the Slm. We shall discuss this aspect of
the data in the next section.
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TABLE I. Data obtained on the In/InO samples used in this investigation.

Sample R„(Q/0) T p (K) T (K) T /T o a„(dB/cm) a„(dB/cm)

Film
thickness

(A)

A

B
C
D

8041
4594
2660
1643
340

2.79
3.27
3.19
3.33
3.24

1.2
1.5
2.8
2.8
3.24

0.43
0.45
0.88
0.84
1.00

13.43
10.51
5.97
6.54
0.92

17.18
11.44
6.47
6.57
0.84

100
100
100
100
400

DISCUSSION —AMORPHOUS In/InO„FILMS

The characteristics of the five amorphous In/InO„
films are summarized in Table I. Although our focus is
on the SAW attenuation in these films, there are a few ob-
servations that will be made concerning the resistance
data. As the normal-state sheet resistance increases, both
T, and T,o tend to decrease. The decrease in T,o with in-
creasing normal-state sheet resistance has been observed
for other amorphous In/InO„ films.

The universality prediction of Minnhagen' may also
be tested for the amorphous In/InO„ films. According to
Minnhagen if ln(R /R„} is plotted as a function of the pa-
rameter X, defined by

T To TX=
T

Cco T

~~+mg+M 0

C
K
K

-3
O

the result should be a universal curve. We have done this
for our films and the results are shown in Fig. 6. As may
be seen in the region where the resistance drops sharply,
it appears that the universality prediction of Minnhagen
holds for these films.

Let us now turn our attention to the SAW attenuation
data. There are several interesting features that should
be pointed out. First, we see that the normal-state at-
tenuation is very close to the predicted acoustoelectric at-

tenuation. This is different from the behavior observed
for granular In/InO„ films, ' in which the observed SAW
attenuation was larger than the predicted acoustoelectric
attenuation, and is due to the fact that the amorphous
fibns are homogeneous over lengths which are much
shorter than the SAW wavelength.

The most interesting feature of these films is the pres-
ence of a "foot" in the attenuation data for samples C, D,
and E. Looking at the normalized resistance and at-
tenuation data, we see that the normalized curves coin-
cide above T= T„below which we see an excess attenua-
tion. This behavior is different from that seen for the
granular In/InO„ films' in that the deviation between
the normalized attenuation and normalized resistance
curves for the granular In/InO„ films occurred while the
resistance was still nonzero. In addition, we see that the
relative size of the foot seems to decrease as the normal-
state sheet resistance of the sample increases. To verify
this trend, sample C was annealed in order to decrease
the normal-state resistance. The data for the anneals are
given in Table II and the effects on the resistance and at-
tenuation data are shown in Figs. 7 and 8. It is clear
from the data in Fig. 8 that the relative size of the foot in
the attenuation data decreases as the normal-state resis-
tance increases.

Based on the observations made in the preceding para-
graph, an explanation for the excess attenuation observed
for T & T, is proposed in terms of the presence of vortex
pairs. The bound vortex pairs, while not having an effect
on the dc resistance, may indeed have an effect on the
SAW attenuation. Early work done by Schenstrom
et al. ' on vortex-produced SAW attenuation suggested
that the SAW attenuation produced by vortex pairs
should be proportional to the fraction of the area of the
film occupied by the normal cores of the vortices. One of
the predictions of this model was that there would be a
shift in temperature between the midpoints of the resis-
tive and attenuation transitions. Clearly, as seen in Figs.

-5 — +':+

:Ã
0 1

+ Sample A

o Sample B
Sample C

& Sample D

S 10

TABLE II. Anneal data on sample C.

Anneal time
Curve (h) T; (K) T,o (K) R„(Q/CI) a„(dB/cm)

FIG. 6. ln(R/R„) plotted as a function of the parameter X
defined by Eq. (2).

no anneal
30

68.5

2.80
2.91
3.18

3.19
3.21
3.37

2660
1965
999

5.97
4.18
3.24
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e(co) =eb+ (4)

In (4), eb is the contribution to e(co) due to bound vor-
tices and iy/co is the contribution due to free vortices.
Since we are interested in the temperature region below
T„we can neglect the second term in (4). Thus, (3) be-
comes

npe
2

o.(co)= —.
icome(co)

'

where np is the "bare" superelectron density, m is the
electron mass and

I

JI( ( ( ( ( ( ( ( ( ( ( I
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cr(co) =—npe 2

l tom E'b
(5)

FIG. 7. Resistance data for sample C for different anneals:
(a) no anneal, (b) first anneal, (c) second anneal.

For our purposes, it will be convenient to rewrite (5) in
terms of sheet resistance rather than conductivity

R (co, T & T~)=
2 (eb ieb),—

npe
(6)

1-5 this is not the case for the films that were studied.
Thus, an alternative explanation is suggested.

The model that we propose for the vortex-produced at-
tenuation is based on an extension of the work done by
Halperin and Nelson' on the frequency dependent con-
ductivity due to the presence of free vortices, which in
turn is an application of the work done by Ambegaokar
et al. 2 for the case of superconducting films. In their
work, Halperin and Nelson considered the frequency
dependent conductivity above T, where all of the vortices
are unbound. In our case, we are interested in the fre-
quency dependent conductivity below T, where all of the
vortices are bound in pairs. According to Halperin and
Nelson, the frequency dependent (two-dimensional) con-
ductivity is related to the frequency dependent vortex
"dielectric function, "e(co), according to

where we have written eb=eb+ieb' Sin.ce we are only
interested in the real part of (6), we have

corn Eb
R(cQ, T & T, )=

npe

In order to evaluate (7) we must first know the func-
tional form of eb'=Im[eb]. This function has been stud-
ied by Ambegaokar et a/. for the case of a superfluid
helium film and is given by

dZ(r)
4 dr =(14D/I) ~

where D is the vortex diffusion constant and Z(r) is a
"length-dependent dielectric constant"'zo which was in-
troduced into the Kosterlitz-Thouless theory to account
for screening efFects due to the presence of other bound
vortex pairs. If the separation between the vortices is
sufficiently large, then, for a superfluid helium film, we
have

g(r) =Z„ I 1+—,'X( T)(r la) (9)

Eo 5
Kl'D

Z.'
O 4—
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LUI-
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FIG. 8. SAW attenuation data corresponding to the resis-
tance data of Fig. 7.

In (9), a is a distance which is on the order of the intera-
tomic distance and X(T) is given by

2irh p, (T)
X(T)= —4+

m'k, T
(10)

where p, (T) is the superfluid density. To apply Eqs.
(8)—(10) to the case of a superconducting film, we replace
p, (T)lt, where t is the film thickness, by ri, (T), the two-
dimensional superconducting electron density, m by 2m
and the quantity a by the Ginsburg-Landau coherence
length got. .

For simplicity, we will consider the case when the tem-
perature is just below T, . In this case, the expression for
X(T) simplifies to 0
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1/2

X(T)=b 1—
T.

sion for the frequency dependent, normalized resistance
for T slightly less than T,

Eb—
2

X2( T)( 14D /g2 ~)—x(T)l2

[2+X(T)(14D/g co) ' '
]

(12)

where b is a nonuniversal constant assumed to be of order
unity. Substituting (9) into (8) and evaluating the deriva-
tive in (8), we have

R (co, T)
R„

( T)[E ( T)R /R ]

2noe R„[2+X ( T)[E( T)R„/R, ]

(15)

2&'CoL
p= R„.

~h

Under these substitutions, (12) becomes

(13)

7TZ

6b—
2

X (T)[E(T)R„/R, ]

[2+X(T)[E(T)R„/R,]-~'"'"]' (14)

where E(T)=28ksT/hco and R, =@I/ie =1294 0/CI.
Substitution of (14) into (7) yields the following expres-

The vortex diffusion constant (D) is equal to pks T where

p, is the vortex mobility. The vortex mobility, in turn,
can be related to the normal-state sheet resistance by

Within this model, the attenuation due to vortices is be-

ing produced by the acoustoelectric effect and because of
this, the normalized attenuation is equal to the normal-
ized resistance. Thus, (15) gives us the normalized at-
tenuation due to bound vortex pairs for temperatures just
below T, . All of the quantities in the prefactor of (15),
except for no, are constant. Following Halperin and Nel-
son, we write no=4da/P where a and P are, respective-
ly, the coefficients of the ~P~ and the ~f~ terms in the ex-
pression for the Ginsburg-Landau free energy. We ig-
nore the temperature dependence of P and write
a=a'(I —T/T, o). Under these assumptions, the expres-
sion for the normalized attenuation due to vortex pairs
can be written as

a(T (T, ) I (1—T/T, )/(1 —T/T, o)] [28k& TR„/hcoR, ]

a„ [2+X(T)[28kii TRglhcoR ]
(16)

where

m+„maoA=
ge a'dR„

(17)

currents associated with the surface wave. The reorienta-
tion of the bound pairs caused by the alternating currents
of the SAW gives rise to the observed attenuation. In a
real system, the SAW attenuation in the region near T,
would be represented (approximately) by the dashed

and X(T) is given by (11).
Equation (16) qualitatively explains the features seen in

the observed attenuation data. First, (16) predicts that
the attenuation due to bound vortex pairs is proportional
to R„' ', where 1~ rn (T) &

—,'. This would account for

the fact that the relative size of the foot seen in the at-
tenuation data decreases as the normal-state resistance
increases. Second, we see that a/a„~O as T~0. Final-

ly, we see that at T =T„a/a„=O as it should because at
T, a11 of the vortex pairs dissociate into free vortices and
the contribution to the attenuation due to vortex pairs
vanishes.

Figure 9 gives a graphical picture of the mechanisms
involved in producing the SAW attenuation within the
realm of the model just presented. In the temperature re-
gion T, & T & T,o, the SAW attenuation is acoustoelectri-
cally produced by the presence of free vortices and is pro-
portional to the flux-flow resistance of the free vortices.
In the temperature region T (T, the attenuation is given

by (16) and is being produced by the polarization of the
bound vortex pairs due to the presence of the alternating

FREE VOR

BOUND PAIRS

Tc

FIG. 9. Graphical representation of the SAW attenuation
due to the presence of bound and free vortices.
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curve in Fig. 9, since there will be some free vortices just
below T, and some vortex pairs just above T, .

In Figs. 10(a)—10(e) we compare the normalized SAW
attenuation data for samples C E—(including the an-
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FIG. 10. Comparison of the SAW attenuation data for (a)
samp?e C (points) to the prediction of the bound vortex model
(solid curve) for T & T„(b) sample D (points) to the prediction
of the bound vortex model (solid curve) for T & T„(c)sample E
(points) to the prediction of the bound vortex model (solid
curve) for T & T„(d) for the Srst anneal of sample C (points) to
the prediction of the bound vortex model (solid curve) for
T & T„(e) the second anneal of sample C (points) to the predic-
tion of the bound vortex model (solid curve) for T & T, .

nealed data for sample C) to the SAW attenuation pre-
dicted by (16). In evaluating (16), the constant A was
taken to be a variable parameter because it contains
quantities that are unknown and sample dependent. The
value of A was determined by the best fit to the SAW at-
tenuation data below T, and was found to be equal to 2
for samples D and E, and 1 for sample C. As can be seen,
the model that we have developed provides qualitative
agreement with the experimental data, although the mod-
el predicts a more gradual decrease in attenuation than is
observed. Two very important points must be kept in
mind when comparing (16) to the experimental data.
First, (16) is only really valid for temperatures close to
T, . We have clearly extended (16) beyond its range of va-

lidity in Figs. 10(a)—10(e). Attempts to redo the calcula-
tion for a wider range of temperature leads to an equation
with too many undetermined parameters to easily com-
pare to the experimental data. Second, we were limited
by the temperature constraints of the cryogenic system
used in this investigation. It may be that the minimum in
attenuation is below the 1.5 K limit of the cryostat. If so,
then this would afFect the quantitative agreement between
(16) and the experimental data. Keeping these two points
in mind, the agreement between (16) and the experimen-
tal data is reasonable.

CONCLUSION

Experimental data have been obtained on the dc resis-
tance and SAW attenuation for five In/InO„ films. Al-
though the primary focus of this investigation was on the
study of the SAW attenuation, the resistance data were
compared to the universality prediction of Minnhagen.
It was found that the resistance data obtained on the
In/InO„ films supports the predictions of Minnhagen.

As for the attenuation data, several observations were
made. First, the normal-state attenuation of all of the
films was very close to the predicted acoustoelectric at-
tenuation, suggesting that the attenuation is acoustoelec-
trically produced. Second, three of the samples exhibited
a "foot" in the attenuation data for temperatures less
than the Kosterlitz-Thouless transition temperature. It is
believed that this attenuation is being produced by the
polarization of bound vortex pairs in the film. A model
has been presented which suggests that two mechanisms
are responsible for the SAW attenuation. Above T„ the
attenuation is propartional to the flux-flow resistance of
the free vortices. Below T„ the attenuation is being pro-
duced by the polarization of bound vortex pairs. This
model provides qualitative agreement with the experi-
mental data.

Finally, two of the samples ( A and 8) studied showed
no appreciable foot in the attenuation data. These two
samples were also the highest resistance samples which
were studied. A simple analysis based upon the results of
the model developed in this paper could account for the
apparent lack of a foot in the attenuation data for these
two samples. It was found that in the madel presented
here, the normalized attenuation was proportional toR„' ' where m (T) was between 1 and —,'. Using sample
C as a comparison and assuming no sample-dependent
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factors, the predicted normalized SAW attenuation for
the foot for sample 8 should be between —,

' and 1/&2 of
that seen for sample C, and the foot for sample A should
be between —,

' and —,
' of that seen for sample C. Such low

values of attenuation could easily be masked by noise in
the detection equipment. Also, the T, 's for samples A

and 8 lie beyond the limits of the cryostat used in this in-
vestigation. A foot may indeed be present in these two

61ms, but the limits of the experimental apparatus used in
this investigation may be preventing us from seeing the
bound vortex contribution in these samples below T, .
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