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Rotation-induced three-dimensional vorticity in “He superfluid films adsorbed on a porous glass
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A detailed study of torsional oscillator experiments under steady rotation up to 6.28 rad/sec is reported for
a “He superfluid monolayer film formed in Zm-pore-diameter porous glass. We discovered a new dissipation
peak, whose height changes in proportion to the angular speed. The new peak appears at a temperature lower
than the vortex pair unbinding peak observed in the static state. A model of three-dimeii3@neabreless
vortices(“pore vortices’) is proposed to explain this additional peak in terms of 2D vortex pair dynamics in the
presence of a flow field caused by 3D vortices. The new peak originates from dissipation close to the pore
vortex lines, where a large superfluid velocity shifts the vortex pair unbinding dissipation to lower temperature.
This explanation is consistent with the observation of nonlinear effects at high oscillation amplitudes.
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The system of superfluidHe films adsorbed in porous other hand, rotation with angular velocify produces free
media provides a unique opportunity to study the interplayortices with temperature-independent areal density
between two-dimension&2D) and 3D physics.The system 20/« (x=h/mis the*He circulation quantuiy and this sim-
shows similar behavior as 2D filn{the Kosterlitz-Thouless plifies analysis of the dynamical properties. Adams and
transitior?) such as the superfluid density being proportionalGlabersof* have shown that rotation-induced vortices in a
to the transition temperaturg,, with an energy dissipation plane superfluid film are responsible for major dissipation at
peak around..>®® Simultaneously, the system behaves likethe low-temperature side of the dissipation peak, where the
3D bulk *He with the critical index of superfluid densipg ~ density of thermally created vortices is negligible and dissi-
close to 2/3(Refs. 1, 4, and band a sharp cusp of the pation is not detectable without rotation. They obtained valu-
specific hedtappearing af.. The thermally excited vortex- able information on 2D vortex diffusivity from their experi-
antivortex pairgVAP’s) play a crucial role in the Kosterlitz- ment. TO with a resonance frequency of 0.5-1 kHz is
Thouless 2D transition. For A transition of the 3D*He  appropriate for studying 2D vortex dynamics.
system, a similar mechanism was proposed where the vortex We report® on our studies of monolayer superfluid films
rings play an important rolf&Multiple connectivity of super-  covering a 1lzm-pore porous-glass substratéunder rota-
fluid film in porous media allows a variety of vortex configu- tion by the TO techniqué’ We have chosen porous glass
rations other than VAP's—e.g., vortex rings and 3D corelessvith this pore diameter because of the clear thin-film 2D
pore vortice$-11 Therefore, the response of films on porousfeature of*He and apparent 3D connectivity. That is, the de
substrates is fundamentally different from that on a planeBroglie wavelength ofHe is much smaller than the pore
substrate and a 3D phase transition is expetted. diameter under the conditions of the present study. Our situ-

Experimentally the importance of 2D coherence to deteration is closely connected to the one considered by theoreti-
mine the transition temperatufie has been reportédThen  cal works for thin films>-1! The 2D superfluid areal density
what would be a manifestation of the 3D superfluidity of the pg, is derived from the period change of the oscillation, while
system other than the sharp specific heat peak and critic#tiformation about the vortex dynamics is obtained from the
behavior? One obvious thing is the appearence of 3D vortegissipation, characterized by the chany®! of the quality
lines through the system. Observations of these films undédactor Q. Traditionally, the response of the superfluid film in
rotation are of great interest for understanding in this respectO experiments is described by the “dielectric permeability”
and further to see the role of these 3D vortices on the supes, which is the ratio of the effective mass of the superfluid
fluid transition. component participating in the oscillation to the total or

An effective experimental method to study the superflu-“bare” superfluid mass. ThemQ 1=(My/Mo)lm(s™Y),
idity of films, both on a plane and on a porous substrate, isvhere M;=Ap,, is the total superfluid mass of the film of
the torsional oscillatofTO) technique'? The theory of the areaA andMq is the oscillator’s effective magé.'®
vortex dynamics of 2D films, probed in TO experiments, was The design and performance of the rotating dilution re-
developed by Ambegaokar, Halperin, Nelson, and Siggidrigerator used have been reported previod$lit can be
(AHNS).® Applying the theory to experiments revealed thatrotated with an angular velocity up to 6.28 rad/sec, while the
close to the critical temperature, the VAP’s gave rise to aemperature of the mixing chamber is controlled in the range
dissipation peak, where VAP’s started to dissociate and freelom 50 mK to 2 K. Our TO(Ref. 17 is made of Be—Cu
vortices appeared. The number of vortices in a 2D superfluidlloy and filled with a stack of porous glass diskameter
is dependent on the temperature and other parameters, whidi=15 mm, total height 9 mynglued by a tiny amount of
are difficult to measure or estimate independently. On thepoxy to the sidewall of the bob. It is attached to the mixing
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FIG. 2. (Color online The blue peak is the static one specified
as 1 in Fig. 1. The group of the left peaks is composed of rotation-

FIG. 1. (Color online Energy dissipation peak under rotation . , . L
(&), the number from 1 to 6 each corresponding to rotation speeﬂpduced ones, 2-6/, for various(} divided by (). The fact that all

0(1), 0.79, 1.57, 3.14, 4.71, 6.8 ~rad/sec, respectively. It is curves collapse more or less on the same curve proves linearity on
realized trl\at thé data 'ifa) ar;a actually the su’mmation of the two Q. In qddi_tion, the superfluid density gcaled by its zero temperatur_e
peaks—namely, the static peak 1 and a rotationally induced’alue is displayed. The lagest slope is extrapolated to zero density

peak—Dby subtracting the former from the datga@h The rotation- to Tc=628 mK where the static peak is locatef. 3.
ally induced peak&Q;ll is displayed in(b) together with the static

peak 1 with a dashed number, each corresponding to the number irh

One peak, which is seen on the higtside of the rapid
(). Data are all for the film with a superfluid transition temperature_C ange of the superfluid density in Fig. 2, is present aflall

T.=628 mK, which is determined as in Ref. 3. See also Fig. 2mc|qding the static state. The other peak appears only under
caption. rotation at a lower temperature. The peak appears at a tem-
perature~1% below T;, where no excess dissipation was
chamber through a vibration isolation scheme as described ifletected whe)=0. The rotation-induced peak%l is nor-
Ref. 3 and has a resonance fage477 Hz andQ=1¢ at  malized by the product d? andAQ;)lmaFazg rad/sec@S Shown
100 mK. o ~in Fig. 2. They all collapse onto the same curve except for
The experimental procedure is first to measure withousmga]| deviations on the low-temperature side. @ peak
rotation the superfluid densitiperiod shif} and dissipation height is proportional t&). The half width at half maximum
(Q value from ~50 mK to aboveT,. The TO is then cooled o the rotational peak is about 001
down t0~0.94T;, whereT, is the superfluid onset tempera-  The amplitude of the torsional oscillation, used for re-
ture determined in the same manner as in Ref. 3. Then rotgyprding of the data in Fig. 1, corresponds to the ac velocity
tion of the cryostat is starteq at a fixed e_mgular velo€ity amplitude of the TOY,.= ~0.03 cm/sec, dimensions evalu-
=6.28 rad/sec, and the period and amplitude of the TO argteq at half its radius. This velocity amplitude is in the linear
recorded Wh|le the temperature is slowly raised upTto response regioff. The peak height and shape are indepen-
=1.05T during 20 h. The process is repeated for e8ch  gent of excitation under the linear conditi#hEigure 3 pre-
This procedure provides reproducibility of the period a”dsentsAle under static condition in the range of drive ac
amplitude data of the TO. The observed temperature depe%locity, ~0.09< V,.< ~0.9 cm/sec. The nonlinear effect
dence ofAQ™* in the vicinity of the superfluid transition is pecomes pronounced aboVg.~ 0.25 cm/sec.

shown for different angular velocities in franfa@ of Fig. 1. Now, we shall utilize these nonlinear response data in
In order to see the effect of rotation, we have plotte@,,

=AQ™'-AQt in frame(b). It can be seen thatQ™* nicely w F T T T T
decomposes into two contributions from static and rotational
states. 5

The observed relative location of the static peak to the
superfluid density in our porous glass is different from the
flat film case?® The peak inAQ;1 is located at a higher tem-
perature than where the rapid change in superfluid density
occurs. There was no detectable changepjnfor 0<()
<6.28 rad/secsee Fig. 2. Two pronounced features of dis-
sipation are observed in our experiment. These are dramati-
cally different from the response of flat films to rotatidf)

. . .. . . 0.6 0.61 0.62 0.63 0.64 0.65

There is no low-temperature tail of dissipation, which char- T4
acterizes the response of flat films, to rotattbrinstead, a
sharp cutoff, in comparison to the flat film of dissipation at  FIG. 3. (Color online Energy dissipation curves in the static
the low-temperature side of the peak is observ@l.The  condition for the nonlinear regime. The ac drive velocity amplitude
double-peak structure of the dissipation was revealed witlior each curve corresponds Yq.=0.0951), 0.19, 0.36, 0.52, 0.66,
sharp peaks at constant temperatures independent of 0.94(6) cm/sec, respectively.
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FIG. 4. (Color online Vortex
creep in the jungle gym structure:
the vortex(dashedl line crosses a
cylinder between two cells, creat-
ing a VAP in the cylinder. The ar-
rowed curved lines show circula-
tion around the cells where the
vortex line is located.

explaining the rotational dissipation peak. We model the po\We assume =2.5a, which agrees with the aspect ratio seen
rous medium with a “jungle gym” structufe’® which is a  from scanning tunneling microscog8EM) observationd®
3D cubic lattice of intersecting cylinders of diametewith  For a=1 um, we obtain U<Sl>:1,o cm/s, 0(52)20.33 cm/s,
pe_nodl (Fig. 4)_. If this structure is the substrate for a super-,3-g 2 cm/s,v(4)=0.14 cm/s;;(S):O.ll cm/s, and so on.
fluid film, multiple connectivity allows a new type of vorti- * Asqming that these circular flows around vortex lines
ces, Wh'(.:h Is impossible ona ﬂat_ single connected f||m: a .3Dproduce the same effect on dissipation as large-amplitude ac
vortex \.N'thOUt a 2D_(?ore—|.e., W'thom. any p_hase s!ngularltyﬂows’ we shall utilize the corresponding large-amplitude ac
in the film. The position of vortex line is confined within the dissipation data in Fig. 3, respectively agl)so 94 cm/s
pores around which there is a superfluid velocity circulation. 2-0.36 cm/s 0@ =0 '19 'cm/s ana™=0 C@Slcm/s fo,r
Vortex motion is possible as a creep process, when the vorte >21_ .Th s _I d o |A 1S I. ¢
line shifts from one pore to another by crossing cyIinders.n/ - Ihe rotat_|orPa _|53|pat|o ,QQ (Lr)law_ly comes from
Crossing of a cylinder means creation of a VAP in the film, € nonlinear dissipation of VAP's ing™ with n<3 of the
which covers this cylinder, as shown in Fig. 4. 3D vortices:

If the vortex line moves over distances much larger than 41 1 »
the size distanck one may describe the vortex motion by a AQy = 22 S(AQ - AQY
continuous displacement of the vortex line. But for small- otn=1
amplitude oscillations the position vector can be defined only 8
within the accuracy of. In practice this means that the vor- = CE (2n- 1)(AQ(‘n1) - AQ;l), (1
tex is locked along some chain of pores by “intrinsic pin- n=1

ning” (a concept suggested for vortices in layered superconqore AQ<—1) are data from Fig. 3 for ™ S,
n ' s !

ductorg. However, if the vortex line cannot move, the : :
question arises as to how it is possible to detect its presencTaA'(zn_l)M’a is the substrate surface area in titk closest

— 2,02
at all. We argue that though the 3D vortex lines cannot mov@duare, andg=2mat XL,/ (" is the totai suEstrate area per
easily themselves once 3D coherence is established, they c3ifglé vortex. The prefactor i€=406%/x=1.6x10")
influence the gas of VAP’s, and the rotation experiment re\VNere{l is given in radians per second. Then, the height of
veals this influence. This immediately explains the first fea2Qo has tumed to be
ture of the rotation response: no low-temperature dissipation. [AQs_ll]max: 3.5% 107190). (2)
Indeed, a significant number of VAP’s is possible only close ) . .
to the transition temperature. Since one can notice thd his value is about 10 times smaller than the experimental
rotation-induced vortex lines only via their effect on VAP’s, On€. The peak position, however, is in good agreement with

one can reveal the presence of locked 3D coreless vortices

also only at high temperatures where 2D VAP’s are present.
In order to explain the second feature of the rotation re- . 1
sponseg(the double-peak structurewve shall consider the ef- <
fect of circular currents around the 3D vortices on the VAP § 0.8
dissipation. At the highest rotation spe€d=6.28 rad/sec, s
the average inter-3D vortex distance ik,=\x/2Q 3’ 0.6
=90 um. This means that the 3D vortices are well sepa- =
rated:L,, is at least=40 times larger thafi under rotations in T 0.4
question. As a result, the 3D-vorticity-generated superfluid Sf
velocity relative to the substrate is effectively zero except for 0.2}
regions close to the 3D vortex centers. For each 3D vortex, p
the length of the squares of cylinders surrounding the center g.’59 0.6 o0.61 /o.'sz 0.63 0.64

is 4(2n—-1)¢. Heren=1 is of the closest square to the center,
n=2 is of the second closest one, etc. The superfluid velocity
for the circulation in thenth closest square is then(sn) FIG. 5. (Color online Calculated rotation-induced energy dissi-
=«/{4(2n=1)¢}. (As n becomes larger, the current stream pation peak\Qj! divided by() (thin line) along with the static state
line changes to circular from square. Here, we neglect thiaQ_* (blue color peak These two peaks are scaled so that their
change because it change(sg) only by a numerical factor. peak height becomes unity to compare with Fig. 2.

T(K)
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the experiment. In Fig. 5, the calculated rotation-induced disters of 3D vortices. This effect is similar to the nonlinear
sipation is plotted along with the experimental dissipationeffect of high-amplitude oscillating velocity, which was re-
peak 1, of the static state shown in Fig. 2. The peak width is;ealed both for flat and multiply connected porous sub-
somewhat narrower than the experimental one. This disgrates. Using our own measurements of this nonlinear effect
agreement does not appear to be serious bearing in mind the, o,r system, we were able to reproduce the structure of the

complicated geometry for ac and dc external flows and the,, o\ e rotation dissipation peak within a reasonable nu-
fact that dissipation peak of He films in porous glass is very

much dependent on the pore size. Indeed, therlsystem merical agreement. One can expect larger §eparation of the
has 1/10 of the dissipation peak height of flat fisAnother peaks for films condensed on smaller-pore-size porous glass.
reason why our model predicts a weaker dissipation is thatOr larger-pore systems we would expect a merging of the
the large-amplitude ac flows oscillate and the oscillationtwo peaks into one, but it would still be different from the
should weaken their effect on dissipation compared wittflat film response. Our preliminary data on a &6y porous
static circular flows generated by 3D vorticity. medium is consistent with the present analysis.

In conclusion, we demonstrated the existence of an addi-
tional dissipation peak whose height is proportional to the The authors express thanks to W. . Glaberson, J. D.
rotation speed in a torsional-oscillator experiment with sub-Reppy, and W. F. Vinen for fruitful discussions. E.B.S. ac-
monolayer superfluidHe films in porous glass. We relate the knowledges the hospitality and support of the Institute for
rotation-induced peak to 3D coreless pore vortices threadin§olid State Physics, the University of Tokyo. This work has
through the jungle gym structure cells. We argue that thdeen supported by a Grant-in-Aid for Scientific Research
rotation peak is due to high superfluid velocity around cenfrom JSPS.
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