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Vortex-dynamics study of the frequency dependence of the superfluid onset temperature
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The superfluid transition in a thifHe film on an oscillating Mylar substrate at two frequencies was studied
by using a two-torsional-oscillators technique. An onset in superfluid and a peak in dissipation in the same
coverage film were observed at higher temperatures at high frequency than at low frequency. The frequency
dependence agrees quantitatively with the prediction in the dynamic Kosterlitz-Thouless theory. In interpreta-
tion of the frequency dependence we found a peak in the inverse of the diffusion length of a vortex at a
coverage of 1.0 atomic layer. A comparison with the isothermal compressibiliiHef film adsorbed on
graphite suggests that the diffusion length increases with compressibility in the vicinity of 1.0 atomic layer. We
also report the ratio of the diffusion constant to the square of the core radius of the vortex in the submonolayer
region as well as at coverages above 1 atomic 1dB5163-182809)02425-X

I. INTRODUCTION less than 102 of T,. As a result the macroscopic inhomo-
geneities make the peak lower and broader. For substrate
The superfluid transition iffHe film has been described models a simple  macroscopic  hypernetted-chain
successfully in the Kosterlitz-ThouleS&T) picture of a calculatiort® yields reasonable order-of-magnitude agree-
vortex-antivortex pair unbinding® The vortex-antivortex ment with the height of the peak in the experiméht.
pair is a relevant thermal excitation in a superfluid film. Ata  Another perspective is necessary for the purpose of the
temperature where many pairs are created, screening effeeortex dynamics study in thin films. Motion of the vortex
results in unbinding of the pair and induces free vortices tacauses a variation ifi, with frequency. The temperatufe,
destroy superfluidity. In a static flow limit the transition oc- is insensitive to the macroscopic inhomogeneities, because
curs at a temperature where free vortices are induced. In tHbese dimensions are much larger than the diffusion length.
experimental study, however, it is necessary to include th&requency dependence measurements are suitable for the
effects of a time-dependent flow velocity. Ambegaokar, Hal-vortex dynamics study in the submonolayer region.

perin, Nelson, and SiggiAHNS) extended the KT transi- In this paper we present results of the frequency depen-
tion by including the effects of the vortex dynamics in exter-dence of the superfluid onset temperature in thite films
nally applied velocity fields. on Mylar at coverages below 2 atomic layers by a two-

Based on the theoretical description the vortex dynamicsorsional-oscillators technique. We found a peak in the in-
has been investigated experimentally by various methods oferse of the diffusion length of the vortex at the coverage of
a torsional oscillatof;*"® a quartz microbalanc&** a ther- 1.0 atomic layer. We also report the coverage dependence of
mal transport,*>*3and a thermal counter flol. These ex-  D/r3 of the vortex in the submonolayer region as well as at
periments have manifested the property of the vortex such asoverages above 1 atomic layer. In Sec. Il we derive the
a diffusion constanD and a vortex core radius, in super-  frequency dependence of superfluid onset temperature from
fluid films adsorbed on various substrates. Particularly a Mythe theoretical description of the vortex dynamics. In Sec. IlI
lar sheet has been often used as a substrate ever since the describe a two-torsional-oscillators technigue and experi-
excellent study by Bishop and Reppyor superfluid films mental procedure. In Sec. IV we present experimental results
on the Mylar substrate a value Df/rg has been obtained at and discuss the vortex dynamics. First we present the tem-
coverages above 1 atomic layer by a fit to experimentaperature dependence of the superfluid density and the dissi-
data®4>1213Below this coverage, however, the value waspation. Second we present the variation of the superfluid on-
not obvious because of an unsuccessful fit. The height of aet temperature with frequency. From both temperature and
peak in dissipation measured with a torsional oscillator iSfrequency dependence we discuss the vortex dynamics.
lower than that expected in the AHNS theory below 1 atomic
layer except some coverages.

The low peak in dissipation is attributable to macroscopic
inhomogeneities in substrate potenfidf. A Mylar sheet A superfluid density and a dissipation in an alternated
contains small bubbles and flakes on the surface. These dield are described essentially by expressions in the AHNS
mensions are in the order of 1@m, while the diffusion theory. The vortex dynamics has been investigated experi-
length of a vortex is in the order of 1000*&1t is reasonable mentally by a fit of the temperature dependence of the den-
to expect macroscopic inhomogeneities to occur on a scalsity and the dissipation. Although an excellent fit to experi-
larger than the diffusion length. The macroscopic inhomogemental data has been often obtained, a successful fit is
neities cause inhomogeneous broadening in the film densityimited for films at coverages above 1 atomic layer. To in-
The temperaturd, at the peak in dissipation increases lin- vestigate the vortex dynamics in thin fims we address an-
early with coverage, while the half width of the peak remainsother relation between the superfluid onset temperature and

II. SUPERFLUID ONSET IN DYNAMIC THEORY
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frequency. The superfluid onset temperature and a dissipa- ~/}@— Mixing Chamber
tion peak temperature increase with frequency. Since the of Dilution Refrigerator
temperature dependence in the AHNS theory is from com- Tsolation Rod (copper)

plicated expressions with five free parameters, it is difficult
to derive the frequency dependence from the expressions. In
this section we present a simple equation of the frequency
dependence based on a result in more phenomenological
theory given by Minnhaget. Comparisons with experi-
ments support the Minnhagen theory for two-dimensional
superfluid'®

The dissipatiol\Q ! shows a peak at the temperatiie
where a screening length is equal to a diffusion length
J14D/w.}" Here D is the diffusion constant of a superfluid
vortex andw is an oscillator angular frequency. The screen-
ing length\ is written as

2
A=roex —

BT —Tr)/ Tir

wherer q is the core radius of the vortek,is a nonuniversal
parameter, and ¢ is a Kosterlitz-Thouless transition tem-
perature. From the relation of=14D/w at Ty, T, is
given as
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Thus the temperaturg, increases with oscillator frequency.
In the present experiment valuesTgf were measured at two (b) TORSIONAL OSCILLATOR
frequencies. From Ed2.2) a differenceAT, in T, between

two frequenciess; and, can be written as FIG. 1. (a) Cross section of the experimental setup in the vicin-

ity of torsional oscillators. Two torsional oscillators are mounted on

AT o w2 the same cold plate and are connected to the same inlet(bipe.
_P =A472p~ 2| 53|”_1 +0 In—l (2.3 Torsional oscillator. A Mylar sheet is rolled in an oscillator head.
Tyr w3 w2
Herelp is the logarithm of the diffusion length scaled by  layer. In Sec. IV B we discuss the vortex dynamics based on
and is given by the differenceAT, data for all coverages. In Sec. IV C we
present the parameté?r/rg estimated from Eq(2.5) by as-
| 1I 14D ) (2.4 suming a value ob.
p=zIn| V—]. .
2\ rgJoyw,
) ) ) Ill. EXPERIMENTAL DETAILS
The higher order terms in EqR.3) are estimated to be lower
than a tenth of the first term using two frequencies in the A. Two-torsional-oscillators technique
present experiment and values Bfrg and b obtained by A torsional oscillator is useful for the experiment of the

Bishop and Repp§.The temperaturd, can be more easily superfiuid density. Since its frequency is stabilized i %10
detected tharTy in the torsional experiment. Because the and its quality factor is 10to 1C%, a self-balanced circuit
temperaturel, at 2.6 kHz is only about 10 mK higher than accurately detects a frequency variation proportional to the
T for a film with Ty r=1.2 K? Eq. (2.3 can be rewritten  syperfluid density. The method, however, prevents modifica-

as tion of the frequency of the oscillator. Accordingly, we pre-
AT pare two torsional oscillators whose frequency is different
p ~4w2b’zl,§3(|nwl—lnw2). (2.5 from each .other. We must detect the superfluid oqset tem—

To perature within the accuracy below 1 mK as mentioned in

the next section, while the onset temperature increases with

Equation(2.5) says that a parametbF|} relates directly  fim coverage? Therefore the same coverage film is neces-
to the differenceAT,. The vortex parameters &f/r3 andb, sary in the oscillators.
however, cannot be obtained separately from this equation. For unifying films we used a two-torsional-oscillators
Accordingly, we use a fit of the temperature dependence ofechnique’-!° The cross section of our experimental setup is
the superfluid density and the dissipation in the AHNSshown in Fig. 1a). The torsional oscillators were mounted
theory along with Eq(2.5). In Sec. IV A values oD/rS and on the same cold plate made of copper. A helium-inlet line
b estimated by the fit are presented separately, although theas connected to the oscillator cells through the cold plate.
parameters are adjustable for only films above 1 atomidMeasurements were simultaneously performed for two oscil-
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lators. These settings and measurements allow us to unify O 7 T T T T T T T T
film in the oscillators and to obtain data at the same tempera- n ] 8
ture for two frequencies. 50 e this work e 4 §
The massive cold plate was mounted on a cryostat ~ [ Agnolet et al. {1 &
through an isolation rod. Since a characteristic frequency of E 40 - ] o,
the cold plate is much lower than the oscillator frequency, E n .« A 3 g
oscillations are prevented from the outside of the cryostat. & C : %
The rod was made of copper and thermally connected the 2 30 d . g,
cold plate to a mixing chamber of a dilution refrigerator. The ® 12 =
cold plate and the oscillators were surrounded with a thermal < 20| o ® . ’%?
shield attached to the mixing chamber for avoiding a tem- & C 1, &
perature gradient. 10 {1 2
The schematic drawing of the torsional oscillator is shown 1 £
in Fig. 1(b). The oscillation frequencies are 1016 and 1778 ok v 0 1w 1 1 =
Hz and the quality factor$Q) are 1.0<1C° and 1.3< 10, 0 0.5 1 1.5
respectively. The torsional oscillators are the same type as in T. (K)

a previous study.A torsion rod and a head of the oscillator
were made of Al alloy 5056. Since the density of the alloy is  FIG. 2. Variation of superfluid coverage- n, with temperature
low and a torsion made of the alloy has higtf° this mate- T, at the peak in dissipation. Hereis a total amount of helium
rial is well suited for superfluid film studies. divided by surface area an is a nonsuperfluid coverage. Cover-
A Mylar strip of 4.5 um thick, 12.5 mm wide, and 48 m age data at high temperatures are incorrect because of desorbed gas
long was wrapped around a spool attached to a cap. The capthe cell. A correct superfluid coverage obtained by Agnetedl.
with the Mylar strip was held in an oscillator head and wasis also shown as a solid lingRef. 5. We useT, as the superfluid
sealed with Stycast 1266 epoxy. To avoid different condi-coverage rather tham—n, (see text At the right side we show the
tions between the oscillators we cut each strip from the sameoverage of superfluid in atomic layer.
patch and wrapped it with the same tension. The surface area
in each cell is computed to be 1.22rfrom the amount of the superfluid onset temperature. At each temperatife
the Mylar strip. and AQ were measured aftea 6 to 10 minwait because of
Oscillation of the head was detected through capacitivéhe highQ value of the 1016 Hz oscillator.
electrodes. Two electrodes attached to the head were made of Since the helium is desorbed from the substrate above 0.9
brass and were biased to a static voltage of 160 V. Externdf, corrections are necessary on film coverages. In Fig. 2 we
electrodes were attached to the cold plate. The gap betwegot the coverage dependence Bf in the present experi-
the external and bias electrodes was set at about60to ~ ment as well as that in the experiment by Agnolet, Mc-
achieve a capacitance of 2 pF. The detection of the oscillaQueeney, and Reppyin the latter experiment film cover-
tion was amplified electrically and was applied to the headages were corrected from the gas amount in the cell. The
through another part of the capacitive electrodes. A selfdiscrepancy inl, at high coverages shows the deflection in
balanced circuit stabilized the frequency in"20to 1071%  the film coverage. In the present paper we Tges the film
The dissipation of the torsional oscillator was detected as theoverage rather than the total amount of gas divided by sur-
amplitude of the oscillation proportional Q. The accuracy face area.

of Q is within 10 3 to 10 * using a lock-in amplifier. To To verify thickness of a film between two oscillators we
perform simultaneous measurements for two oscillators wéneasured the frequency dependence under some conditions.
used two self-balanced circuits. As shown in Fig. 1 the oscillators were mounted on upper

and lower side of a cold plate. Measurements for two com-

binations between the oscillator and the side yielded the
B. Experimental procedure same result. We also performed measurements for a different
frequencies set.The result of the relation between the su-

guency and the dissipation as a function of temperature. Th erfluid onset and the frv_aqu_ency is consistgnt Wi_th that i_n
temperature dependence is similar to those obtained in pr >ec. IV_B. These results indicate the same film thickness in
vious experiment$?° The frequency of the 1016 Hz oscilla- two oscillators.

tor decreases by 1.9 mHz with an increase in temperature

from 0.05 to 1.6 K. We obtained background variations by IV. RESULTS AND DISCUSSIONS

the fit of polynomial expressions.

The sample gas was filled into the cells at 1.2 K for each
coverage. After heating up to 4.2 K we kept the temperature We present results of the temperature dependence of
of the sample in the superfluid region more than 10 h for2AF/F, andAQ ™! at 1016 Hz in Fig. 3, wher& is the
annealing. An oscillator-frequency chan§& and a dissipa- oscillator frequency. An abrupt change idB/F is propor-
tion changeAQ due to superfluid were measured as a func-ional to the superfluid transition temperatdigas shown by
tion of temperaturel. The temperature control was made the solid line in Fig. 8). The proportionality is well known
within 0.2 mK by a proportion-integration-deviation action as the universal jump in the Kosterlitz-Thouless transition.
using a resistance thermometer and a heater attached to tfibe height of a peak inQ ™, however, is not proportional
cold plate. A temperature step was 0.5 mK in the vicinity ofto the temperatur&, at the peak for all coverages. Above 1

Before filling gas into the cells we measured the fre-

A. Temperature dependence of AF/F, and AQ~*
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So2fF .
: in the study of Agnolet, McQueeney, and Reppwe ob-
O . tained values of the vortex parameters separately for each
P T T T TR (P) frequency:D/r3=2.5x 10" sec’ ! and T«;=1.2466 K for
“0 02 04 06 08 1 12 14 the 1016 Hz oscillator and/r3=1.3x10" sec! and
T (K) Tkr=1.2456 K for the 1778 Hz oscillator. Discrepancy be-

tween the values is attributable to uncertainties in the data.
We plot the coverage dependence of the vortex parameters of
D/r(z) andb from the successful fit in Fig. 5. As the coverage

FIG. 3. Superfluid onset ifiHe films on an oscillating substrate
at 1016 Hz for various coverages) A superfluid density AF/F

has a steplike change just below superfluid onset temperature N .
The superfluid density is proportional g shown as a solid line. of the film increases with the peak temperaturenfrd K to

2 . .
(b) The dissipatiod Q! has a peak arouri, and the temperature 1.4 K, D/r'o increases by .two prders of magnitude. The value
T, whereAQ™* retains a maximum is a few mK lower thap (see b is practically constant in this coverage range.

in Fig. 6). The peak height is proportional , for films with T, Parameters oD/rS andb have been estimated from tor-
abowe 1 K shown as a solid line, but it is lower than the solid line sional oscillator experimert§ and thermal conductivity
below 1 K. experiment$:*213 |n Table | we list the typical values of

D/r3 andb obtained in the previous studies along with the
2 .
K the peak height increases linearly willy as a straight line ~ Present study. Our values 0f/ry andb are in good agree-
in Fig. 3(b), while it is lower than the line below 1 K. Since Ment with those in the conductivity experiments rather than
a coverage of a film withT,=0.94 K corresponds to 1 in the oscillator experiment. In the present study we used
p . . .
atomic layer of a superfluid film as shown in Fig. 2, the low MOre reasonable equatiGnexcluding a parameteb than

peaks were observed in the submonolayer region. To confirrwose_ including b in the . previo_u; torsional os_cillator
the AHNS description we tried to perform a fit to data pre_experlment§: A difference in the fitting methods might re-

sented in Fig. 3. The successful fit, however, was limited td/€Ct estimated values @/rg. For comparison We_ialcglate
some coverages Wwith, above 1 K. For other coverages the & value of AT, /Ty in Eq. (2.9: ATp/T;=3.910"" with
peak was lower and broader than that expected in the AHNS

theory. 10”5"''|""|""|""|""_10
The unsuccessful fit of low and broad peakai® ! was - .
also pointed out by McQueenet al!® The peak height in 102 ° 4 Js
their torsional oscillator experiment changes as a function of ~ ) § Q ]
coverage with a periodicity of a half atomic layer. In Fig. N | o ° P
3(b) a periodicity in the peak height seems a half to a third 2 10 E' -
atomic layer in the submonolayer region. Although the cov- . C ° i L 1 °
erage dependence is not the same as each other in the whole & 10'°F 14
coverage range, the periodic change in the peak height is A § L D/r2 ]
reliable below 1 atomic layer. In a microscopic hypernetted- 10°0F ; b " 1,
chain model Collingt al. found that the low and broad peak E i
is caused by the macroscopic inhomogeneity of substrate P P PUTIS PURRR T

potential’® The model, however, shows not a half-layer pe- 11 12 13 14 15

riodicity but a full-layer one. They suggested that the more T (K)

sophisticated model derives short periodicity such a half ?

layer. In the situation of the inhomogeneous potential an ex- F|G. 5. Diffusion parameteb/r2 and intrinsic parameten of

tra expression including an inhomogeneity effect is necesthe vortex. Here is the diffusion constant,, the core radius, and

sary for the fit. b the parameter in Eq2.1). Error bars are shown only for data at
The fit was performed in Fig. 4 using the same equationg ,=1.2 K for clarity.

—
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TABLE |. Typical values of the parametelsand D/r% for a Mylar substrate found in various experi-
ments conducted in the vicinity of the Kosterlitz-Thouless transition. The values are listed for filmByith
below 1.4 K. The standard errors fbrare 7% and for Irﬂ)/rf,) they are 3% in the present study.

Tkt (K) b D/r3 (sec?) Experiment
1.047 7.1 3.410° this work
1.128 6.2 1.410% this work
1.191 7.3 1.610% this work
1.247 8.0 2.5%10° this work
1.286 7.7 1.%x10% this work
1.405 7.7 5.5 10t this work
1.2043 5.5 3.x10" oscillator (Ref. 2
1.2794 4.9 6.x10' oscillator (Ref. 4
1.2794 6.9 6. 10" conductivity (Ref. 4
1.30 3.2 6.% 10" conductivity (Ref. 12
1.2811 8.13 1.510° conductivity (Ref. 13
1.3683 8.0 6 10° conductivity (Ref. 13
1.3789 7.75 x10° conductivity (Ref. 13

D/r3=3.1x10" sec! and b=5.5 and AT,/T,=45 erage below 0.5 K. The coverages of films wilh=0.94
% 10~4 with D/r§:6><1013 sec! andb=4.9. These val- and 0.5 K correspond to 1.0 and 0.6 atomic layers, respec-

: : _ tively, as shown in Fig. 2.
ues are in good agreement with our valueAdf,/T,=4.2 P .
X 10™* at Tyr=1.286 K. This implies that the temperature . In the interpretation of Eq2.5) the coverage dependence

indicates that the inverse of the diffusion length of the vortex
de?ﬁnd%':ser‘:‘ ellre t:]?”fnamet. ver with below 1 K varies with coverage accompanied with a peak at 1.0 atomic
2 submonolaye S at coverages wiily belo . layer. It is probable that some property in film affects the
D/rg was estimated for only two coverages. The estimate

| h ders | han th b iffusion length. In the case of graphite substrékge film
values are two to three orders lower than those a ove_l K. throws layer by layer through at least seven atomic layers and
inhomogeneities lower the peak in dissipation, the estimate

s isothermal compressibility exhibits minima at layer

D/r3 is.incorrect. In this case the correct value is larger tha’bompressioﬁ.l Since the inert layer is three atomic layers,
the estimated one. From the temperature dependence we C3fa inverse of the compressibility exhibits a peak at one

not decide values d/rg in submonolayer films. atomic layer of superfluid film. The coverage dependence of
the compressibility is similar to the peak &T,/T, at 1.0
B. Frequency dependence of superfluid onset atomic layer of superfluid film. The comparison suggests that

the diffusion length of the vortex increases with compress-

-1
The temperature dependence &fR2/F, andAQ™~ was ébility in “He film.

obtained at two frequencies of 1016 and 1778 Hz for variou
coverages by the two-torsional-oscillators method. Figure 6 5 11— |
provides typical data in the vicinity of the superfluid onset -
temperature. An onset temperatligsei@and a peak tempera- + b
ture T, are higher at 1778 Hz than at 1016 Hz. A difference C
AT, between two frequencies was obtained to be 0.5
+0.2 mK.

In the AHNS theory the differencaAT, is caused by the
vortex motion in alternated fields. In the previous section we
estimated the vortex parameters from the temperature depen-
dence of AF/F, andAQ 1. From Eq.(2.3 AT, is com-
puted to be 0.64 mK using the values 1r§ and b with
Tkr=1.247 Kin Table I. The computed value is in quanti- 0
tative agreement with the value obtained in the present ex-
periment. The agreement indicates that the superfluid onset B P T BT B
temperature in alternated fields is dominated by the vortex 1.245 1.25 1.255 1.26 1.265
dynamics in terms of a diffusion length and a screening
length of a vortex. It is also evidence of the same condition

of “He films in two oscillator-cells except frequency. FIG. 6. Superfluid density 2F/F, and dissipatiorAQ "~ for

At all coveragesT onserand Ty, are higher at 1778 Hz than o frequencies of 1016 and 1778 Hz measured by a two-torsional-
at 1016 Hz. DifferenceaT, divided by T, are presented in oscillators technique. Both a superfluid onset temperature and a
Fig. 7, whereT, is the temperature of a dissipation peak atdissipation peak temperature are higher at 1778 than at 1016 Hz.
1016 Hz. The coverage dependencédf, /T, shows a peak The arrows on the lower side indicate the superfluid onsets and
atT,=0.94 K, andAT,/T, increases with decreasing cov- those on the upper side indicate the dissipation peaks.

0 1016 Hz 0.8
® 1778 Hz ]

0.6

0.4

(o-01) 1-0OV
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2AF/F, (10-6)

10
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T (K)



548 HIDEO YANO, TSUYOSHI JOCHA, AND NOBUO WADA PRB 60

10_ T T T T T T T T T T T T T ] 1015§ T T T T T T T T T T T g

[ ] 3 B

8 | . 1013 1

T X ] o - .
= B ] i 3 3
cosr ] g 10 y
= [ ] N i- i
S 4T § ook % 1
| B ] -~ E E
< B i [a] 1 1 % .
2 - Eii 7] 107;r % -é

N X o r % E

0 ! ! ! ! . . . . I : ! E L L L L I L L L L I L L L L E

0 0.5 K 1 1.5 1050 0.5 1 s

’ T, (K)

FIG. 7. DifferenceAT, of dissipation peak temperatures be- o
tween 1016 and 1778 Hz as a function of coverage. We plot a /G- 8. Coverage dependence of the diffusion paramBfef
dissipation peak temperatufie, at 1016 Hz as the coverage. (white circles calculated fromAT, /T, in Fig. 7 and Eq(2.9). The

diffusion parameter calculated from the temperature dependence in

The same peak AT, /T, was found in“He films ad- Fig. 5 is also plotted as solid circles.

sorbed on hydrogen by the two-torsional-oscillators method.the only coverage withT,=0.11 K5 At the coverage a

The coverage at the maximum of the peakTjs=1.15 K,  yalue ofb is computed to be 4.4 from E¢2.2). Assuming
which corresponds to one atomic layer of superfluid fifm. p—4 4 D/r2 at 0.2 K increases one order of magnitude from
The compressibility in*He film on graphite preplated with {ha values in Fig. 8. In this case our value Ibtr(z, agrees

_hydr_ogen exhi_bits minimum at _the same gover%fgé’his well with that at 0.11 K in the previous experiment.
implies the existence of the universal relation between the

diffusion length of the vortex and the isothermal compress- V. CONCLUSIONS
ibility in “He film.

In summary, we investigated the motion of the superfluid
vortex in alternated fields based on the experimental results
of the superfluid density and the dissipation by a two-

For the estimate oD/r2 from the data ofAT,/T, we torsional-oscillators technique. The frequency dependence of
must know the value of the nonuniversal paramétdn the  the superfluid onset temperature is caused by the balance
region of the thicker films witir,>1.6 K the value obis  between a diffusion length and a screening length of the
proportional tod®®®, whered is the film thickness? In the  vortex. In the two-torsional-oscillators experiment we indi-
region between 1 and 1.4 K, howevbris nearly constant as cate that the difference of the onset temperature between two
shown in Table |. Therefore it is probable thatdoes not frequencies is related to the diffusion length scaled by a core
vary so much in the submonolayer region below 1 K. Byradius of the vortex. The coverage dependence of the tem-
assumingg=7+1 we estimath/rS from AT, /T, in Fig. 8. perature difference shows a peak in the diffusion length at
At coverages withT,>1 K the estimated values are consis- the coverage of 1 atomic layer. On comparison with the iso-
tent with the fitting values within errors from the temperaturethermal compressibility ofHe film adsorbed on graphite the
dependence of 8F/F, andAQ 2. In the region above 0.94 Ppeak suggests that the diffusion length increases with com-
K D/rZ increases monotonously with coverage, whereas theressibility in the vicinity of 1.0 atomic layer. We present the
coverage dependence is not monotonous in the Submonéoverage dependence of the ratio of the diffusion Constant.to
layer region. The peak in the coverage dependence seems!fts square of the core radius of the vortex below 2 atomic
be at 0.5 K which corresponds to 0.6 atomic layer. Below 0.92yers. The ratio decreases three orders of magnitude above 1
K D/r2 decreases two to three orders of magnitude than th&t{omic layer as decreasing coverage. In the submonolayer
at 1.0 atomic layer. In superfluid films adsorbed on 500 Arégion the coverage dependence of the ratio is not monoto-
alumina powder, the core size of the vortex increases by tw80US: the peak seems to be at the 0.6 atomic layer.
order of magnitude as the film is thinned at coverages from
0.6 to 0.05 K23 It is probable that the decrease IMr? at
low coverages is attributed to the increase in the vortex core We would like to thank T. Minoguchi for valuable advice
size ofry,. about theoretical analyses. This work was supported by

It is also likely thatb increases with coverage. For sub- Grants-in-Aid for Scientific Research from the Ministry of
monolayer films vortex parameters have been estimated &ducation, Science and Culture, Japan.

C. Coverage dependence of vortex parameters
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