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Summary of the present presentation�
1]. Vortex fluid (VF) state was found below an Onset temperature To~500mK for samples at 32 and 49 

bar. (Local condensate as well as quantized vortices start to appear below To.) 

2]. VF state is characterized by its unique fluctuations, which can be controlled by AC excitation 

velocities, which tries to polarize the random fluctuations, where log(Vac)-linear suppression 

appears. We find a unique T-2 dependence of this suppression. Actually it follows as Langevin 

function: T-2 dependence at height T and gradual saturation towards 0K, similar as an ensemble of 

dipole moment systems.            '()	������������	
���� 

3a].Transition from VF into a real 3D supersolid state was found for 49 bar sample below Tc=~75 mK 

and also for sample at 61 bar, by hysteretic torsional oscillator (TO) behavior’s start below this Tc. 

3b]. We could derive a characteristic energy gap of the order of ~400 mK. 

4]. We propose supersolid density �s(T), which shows a unique T dependence: “T-linear” dependence 

for ~60 mK< T <~75 mK and steeper increase towards lower T. 

5]. From the AC excitation velocity Vac dependence of the hysteretic components of TO responses, we 

could conclude that it suggests �s(T) is depressed totally by a critical AC velocity on the order 1 

cm/s.  We need to excite this state with Vac> ~40 μm/s excitation. 

6]. Using one of our world record rotation cryostats, we studied vortex line penetration phenomena 

under DC rotation and TO techniques. We observed evidences of vortex line penetration below Tc, 

and we find the same/similar T dependence as �s(T) from the hysteretic change. 

7]. Remarkable observations:  �s(T �0 K) ~ NLRS(T� 0 K)         

1]. Vortex fluid (VF) state was found below an Onset temperature To~500mK for samples at 32 and 49

bar. (Local condensate as well as quantized vortices start to appear below To.) 

2]. VF state is characterized by its unique fluctuations, which can be controlled by AC excitation 
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3a].Transition from VF into a real 3D supersolid state was found for 49 bar sample below Tc=~75 mK 

and also for sample at 61 bar, by hysteretic torsional oscillator (TO) behavior’s start below this Tc. 

3b]. We could derive a characteristic energy gap of the order of ~400 mK.

4]. We propose supersolid density �s(T), which shows a unique T dependence: “T-linear” dependence 

for ~60 mK< T <~75 mK and steeper increase towards lower T.

5]. From the AC excitation velocity Vac dependence of the hysteretic components of TO responses, we 

could conclude that it suggests �s(T) is depressed totally by a critical AC velocity on the order 1 

cm/s.  We need to excite this state with Vac> ~40 μm/s excitation.
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6]. Using one of our world record rotation cryostats, we studied vortex line penetration phenomena

under DC rotation and TO techniques. We observed evidences of vortex line penetration below Tc, 

and we find the same/similar T dependence as �s(T) from the hysteretic change.

7]. Remarkable observations:  �s(T �0 K) ~ NLRS(T� 0 K)        
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Back ground�

Kubota group at ISSP 

We have been asking ourselves:  
What is superfluid? 

     
    We are studying 3D connected 4He 
    monolayer superfluid systems, as well 
    as superfluid 3He in restricted geometry,  
    especially under rotation using two rotating  
    cryostats. 

    
    
    
    s.



Superfluids under Rotation (SuR) series of 

workshops: 2003(Chuzenji-lake), 2004(Trento), 

Manchester(2005), Jerusalem(2007), Helsinki(expected 2009)�
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Macro 3D Vortices are known to have very high energy:   

  Ev/kB~108 K in cm3 volume or so.  

So It is impossible to induce vortex lines without DC rotation or 

flow velocity exceeding some Vc.  

Ev is also proportional to its length L, so in a system of low D Ev gets smaller. For 
example, for a film of 10-8 cm thickness, Ev~ 1K. It becomes possible to excite 
vortices by thermal energy.  Yet no BEC is expected in 2,1,0 D systems. 
However, some low D superfluidity is possible. Examples: 

 2D: Kosterlitz-Thouless transition occurs at TKT ~ n2.  2D quantized vortices 
are present at T > TKT and paired at T< TKT, keeping macroscopic phase 
coherence: superflow is possible with Vc~0, unless some pinning mechamism. 

 1D: ??  Lattinger Liquid ? 

 0D: ???   �

PHYSICAL REVIEW B 69, 134515 (2004)  
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1]. Reatto and Chester, “Phonons and the properties of a Bose system”, PR Vol.155, 88-100 (1967):   BEC only in 
3D 

2]. Andreev and Lifshitz, “Quantum Theory of defects in Crystals”, Soviet Physics, JETP vol.29, 1107- 1113 
(1969).   

3]. Chester, “Speculations on Bose-Einstein Condensation and Quantum Crystals”, Phys. Rev. A2, 256 – 258.
(1970). 

4]. A. Leggett, “Can a Solid Be “Superfluid”? ”, Phys. Rev. Lett. Vol. 25, 1543 -1546 (1970). 

 There had been plenty of Experimental Efforts to seek for 

“Supersolid State” in the World, but with Negative Results (Till 
2002) 

1]. Bishop, Paalanen, and Reppy, “Search for Superfluidity in hcp 4He”, Phys. Rev.B24, 2844 (1981). 

2]. H. Suzuki, “Plastic Flow ��	�����	D����,H�	I$	'*�$���$	I'0	���$�J�	:C<!	?	:C<;	-:;<�/K	 I. Iwasa and H. Suzuki, 

“Sound Velocity and Attenuation in hcp 4He Crystals Containing 3He Impurities”, J. Phys. Soc. Jpn.. Vol.49, 
1722- 1730 (1980). 

3]. Meisel, “Supersolid 4He: an overview of past searches and future possibilities”, Physica B 178, 121-128 

(1992).       

4]. J. Goodkind, “Interaction of First and Second Sound in Solid 4He: Properties of a Possible Bose Condensate”, 
Phys. Rev. Lett. Vol. 89, 095301-1-4 (2002).     �



Rapid Developments of Supersolid Study since 

2004��

 Original discussion (1960’s and 1970) of Supersolid: 

      BEC of vacancies or other imperfections in solid 4He  �s/� ~ 10-6 ~10-4 

 Experimental Observations  after 2004 : 

 Rather High Tonset=To:  0.2-0.5 K,   Too high for known nv, ni for BEC!! 

 BEC cannot explain the observed To ~ �T� (� ~ 0.1~0.3)of liq. 4He !!      

Vortex Fluid State proposal by P.W. Anderson: Nature Phys. Vol.3.Mar’07 

 VF model can explain the following experimental facts: 

  1). High To , (supposing lower Dimensional sub system, MK) 

   2). Real 3D Transition is expected at lower Tc < To . 

  3). Dimensional crossover of excitations is often expected in known               
vortex fluids;  Cuprate HTS, Organic SC, and Layered SC as well as Fe 
compounds. 2D subsystems are common in all theseSC’s.�
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Study of artificial 3D superfluids: (Previous activity) 

He “monolayer” films on 3D connected pore surface 
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Detailed study of an artificial 3D superfluid, made of mono- 

layer superfluid He film �

3D superfluid without condensate? 

Tc is primarily determined by n2 and 

modified slightly by L. 

Vc is determined by  

     h/mL, where L is unit length of the 

pore 

3D vortex lines were detected by an 

extra energy dissipation peak at a 

constant TR, whose height changes 

linearly with �. Its mechanism has 

been theoretically analyzed.  

M. Fukuda, PhD Thesis 2000;  Phys. Rev. B71, 212502 (2005)  



Vac Dependent Dissipation at Still condition  

and DC Rotation Experiments 

Excitation dependent Energy dissipation 

 at Still condition:  Larger Vac � Larger Dissipation 

Energy dissipation under DC rotation with  

Increasing DC rotation speed: New “Rotational  

Peak” appears at lower T as Still peak. Linear  

Dependence of the height on Rotation Velocity 

��Vortex line penetration by Rotation  

�� 3D Superfluid!! 
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DC flow experiments for a He monolayer film in 1 μm pore 

porous glass:  Vc(3D � 2D superflow) ~ cm/s ~ h/mL�

B������	��	��$�	I)
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ISSP High Speed Rotating DR�



Summary of the present presentation-1�

1]. Vortex fluid (VF) state was found below an Onset 
temperature To~500mK for samples at 32 and 49 bar. (Local 
condensate as well as quantized vortices start to appear 
below To.) 

2]. VF state is characterized by its unique fluctuations, which 
can be controlled by AC excitation velocities, which tries to 
polarize the random fluctuations, where log(Vac)-linear 
suppression appears. We find a unique T-2 dependence of this 
suppression. Actually it follows as Langevin function: T-2 
dependence at height T and gradual saturation towards 0K, 
similar as an ensemble of dipole moment systems. 
           PRL 101, 065301 (2008) 
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Our first Solid 4He Study:  A. Penzyev et al.,JLTP2006 

We enjoy finding our work among the earliest experiments on 

supersolid phenomena observations:  



We report first VF state. And then Real 3D Supersolid 

Transition will be discussed later.��

(We report the first evidences of 3D Supersolid phase 
transition by this presentation.) 

We start with our vortex fluid state 
discovery: cf   Penzev, Yasuta, Kubota 
Phys. Rev. Lett. Vol.101, 8th Aug 2008.  

We have report first the onset  
Temperature, To observation and  
vortex fluid (VF) behavior at 
T< To.  

 Vortex fluid state   Tc < T < To 

But, without real Tc. 
We realized that VF state has a unique Vac  
Dependence.  

c



Vac dependence is completely 
opposite to known Superfluid 
Transions: KT, 3Dfilms, Bulk 
4He !! How one can imagine larger 
energy dissipation with smaller 
excitation? Thermal excitation itself 
is causing VF state fluctuations!!  
And what we observe is controlling 
process by AC excitation to polarize 
the VF tangle. 

FIG. 2: (a) and NCRIF(b) as a function 
of Vac at T < 300mK. The solid lines 
in (b) show the nearly linear depen-
dence on log(Vac) for two Vac 
ranges; 40< Vac <400�m/sand Vac > 
500 �m/s. The slope for each range 
has a uniqueT dependence given in 
Fig. 4. Extrapolated lines are foundto 
converge at a point for each Vac 
range. This point of con- vergence 
also determines the position of the 
zero in Fig. 1(b).�



New measurements on Solid 4He at 49 bar�

   We wanted more stable solid 4He sample to 

study properties in a more systematic way. 

Kim & Chan, PRL 97, 115302 (2006) 

Vortex fluid state is expected above  

a Real 3D superfluid transition 

temperature, Tc. 

Below Tc we expect 3D coherent 

supersolid state, where we can expect 

Real phase transition and 3D vortex 

lines excitation under DC rotation.  



Log(Vac) linear depencence is more 

clearly observed for 49 bar solid 4He 

sample:  see box (c) right. And by 

plotting this slope as a function of T, 

one realizes a very simple relation:  

1/T2 dependence with “right” 

pressure dependence.	



LogVac linear dependence 

 is clear�
This is indicationof involvement of Quantized vortices 

as discussed by P.W. Anderson[2007]. 

Yet, it is not clear how it occurs. AC velocity field Vac 

may forces existing randomly fluctuating vortex rings  

of local sizes to align. And larger the Vac alinement 

 becomes better and random fluctuation is decreased. 

Is this Scenario OK? 

Then we do have vortex fluid state indeed. 

And at further lower T, we would expect freezing of 

vortex fluid and we shall have real supersolid!!    �

s 



Unique Temperature Dependence of	d(NLRS)/d(logVac) 

as pointed out by P.W. Anderson Nature Phys. Mar.(2007) 

We believe that what People 

 have been calling as NCRIF 

 is actually Non Linear 

Rotational Susceptibilility 

(NLRS) as PW Anderson  

proposed. 

Actually there are some more interesting observations. 



1/T2 Dependence is expected for “polarization” of superfluid turbulence 

at high temperature limit !! And Langevin Function over all T!!  

Makoto Tsubota, Carlo F. Barenghi, Tsunehiko Araki, and 
Akira Mitani,” Instability of vortex array and 
transitions to turbulence in rotating helium II “, 
Phys. Rev. B69, :�CJ:J	-!""C/�		��&$:J$	)P	=	������	
���&��	������ �����				

Although we have no concrete  

Explanation as to the relation 

between d(NLRS)/d(logVac) and 

Polarization, it involves tangled 

quantized vortices in both cases of 

Liquid He superfluid turbulence 

and vortex fluid state in solid He. 

The latter is believed to lack 3D 

macroscopic coherence.   



Summary of the present presentation-2�

3a].Transition from VF into a real 3D supersolid state was found for 49 bar sample 

below Tc=~75 mK and also for sample at 61 bar, by hysteretic torsional 
oscillator (TO) behavior’s start below this Tc. 

3b]. We could derive a characteristic energy gap of the order of ~500 mK. 

4]. We propose supersolid density �s(T), which shows a unique T dependence: “T-
linear” dependence for ~60 mK< T <~75 mK and steeper increase towards 
lower T. 

5]. From the AC excitation velocity Vac dependence of the hysteretic components 
of TO responses, we could conclude that it suggests �s(T) is depressed totally 
by a critical AC velocity on the order 1 cm/s.  We need to excite this state with 
Vac> ~40 μm/s excitation. 

3a].Transition from VF into a real 3D supersolid state was found for 49 bar sample

below Tc=~75 mK and also for sample at 61 bar, by hysteretic torsional 
oscillator (TO) behavior’s start below this Tc. 

3b]. We could derive a characteristic energy gap of the order of ~500 mK.

4]. We propose supersolid density �s(T), which shows a unique T dependence: “T-
linear” dependence for ~60 mK< T <~75 mK and steeper increase towards 
lower T. 

5]. From the AC excitation velocity Vac dependence of the hysteretic components
of TO responses, we could conclude that it suggests �s(T) is depressed totally 
by a critical AC velocity on the order 1 cm/s.  We need to excite this state with
Vac> ~40 μm/s excitation. 



Hysteretic behavior by changing AC excitation 

General observation in the vortex fluid state of solid 4He: 
1]. Smaller AC excitation produces larger amplitude signal as well as period 

shift. �--> quite opposite to usual excitations. Thermally excited random 
vortices exists already without external excitation. It lacks macro coherence. 

Hysteretic behavior starts below Tc =~76 mK in Real 
Supersolid state (P=~49 bar)   

    We have made two sets of measurements. 

A set (T sweep under “equilibrium” and “non-equilibrium conditions) 
1]. Change AC excitation at T > ~500 mK,  then cool down to Tmin and sweep 

up T �  “equilibrium” T sweep measurement. 
2]. Set AC excitation at 20 μm/s (0.5mV) then cool down to Tmin and change 

AC excitation at Tmin to measuring excitation Vac, then sweep up. �”non-
equilibrium” T sweep measurements.  

B set (Vac sweep at constant T’s) 

1]. Keep the sampe temperature constant and Sweep Vac slowly �



Detailed Study of Vac Dependence and 

Appearance of Hysteretic behavior below Tc !?! c



B set (Vac sweep at constant T’s) 
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Q2<C,B�
Vac dependence of 

Dissipation and �NCRIF 

At Vac > ~ 40 μm/s  

Hysteretic behavior 

     appears. 

At Vac > ~ 300 μm/s, both 
quantities decreases their 
absolute values. 

Vacc ~ 7-10 mm/s where 
�NCRIF is depressed to 
0. �



A sort of Spontaneously Induced Non-Linear 

Rotational Susceptibility(NLRS) = NCRI ?!!�


�AJ;	,B�



A set (T sweep under “equilibrium” and “non-equilibrium conditions) 
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Summary of the present presentation-3�

6]. Using one of our world record rotation cryostats, we studied vortex line 

penetration phenomena under DC rotation and TO techniques. We observed 

evidences of vortex line penetration below Tc, and we find the same/similar T 

dependence as �s(T) from the hysteretic change. 

7]. Remarkable observations:  �s(T �0 K) ~ NLRS(T� 0 K)         

6]. Using one of our world record rotation cryostats, we studied vortex line

penetration phenomena under DC rotation and TO techniques. We observed 

evidences of vortex line penetration below Tc, and we find the same/similar T

dependence as �s(T) from the hysteretic change.

7]. Remarkable observations: �s(T �0 K) ~ NLRS(T� 0 K)        
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M. Fukuda et al., Phys. Rev. B 71, 212502 (2005)� 
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/secSolid He sample・・・blocked capillary method, same as other 

measurements, but seemingly quite reproducible. 

    P～49bar 

    Tmin～48mK 

    DC Rotational Speed 0 to �max＝0.2 rps=1.256 rad/sec 

torsion rod �=2.2mm/�=0.8 mm, L=15mm  

Sample  �=10mm, h=4mm, V=314 mm3 

f = 1.00 kHz 

Q ~1.5�106   (T < K �
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We find two characteristic 

temperatures, 

~57mK,~76mK 
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Vortex Fluid State and its Transition to Supersolid 

State has been found by the following people �

Yoshinori Yasuta,        Andriy Penzev,       Nobutaka Shimizu    Patryk Gumann 

                                                                                               and Minoru Kubota    



Summary and Discussion 
1]. What do we have now?   Vortex Fluid state below To and 3D Supersolid 

below Tc for (49 bar) solid 4He. The former is characterized by Non-linear 

rotational susceptibility: �R ~ F(1/T2)?? , and the latter starts below Tc with 

unique �s(T). 

Characteristic Temperatures: 

 To=~500mK, Tc=~75mK, Tp~85mK, (Tp’~40 mK?),  

Characteristic Velocities: 

 Vc=~ 1 cm/s, further study is needed to determine Vc(T).   

2]. Dislocation motion 

      Our dissipation data suggests that TO measurements does not involve 

activation of vortices in comparison with . 

3]. Vortex physics �� dislocation dynamics 

      In any case we are discussing 1D topological defects. Some part is thermal 

and circulation is quantized in the former, but many features may be 

classical. Langevin function appears for classical dipole systems.      



Discussion-continued 

4]. Interesting Observations 

A. �s(T�0K)  ~  NLRS(T�0K)   !!?? 

B. Vortex fluid to 3D Supersolid a first order transition? 

      We observe NLRS and its hysteretic component coexist over a wide T range. 
David Huse points out that pinning effect may complicate the situation. But the 
observation A adds more for the first order transition to us. 

C. Langevin function with x=1/T2 is followed to our lowest T. This suggests really a 
thermal phenomenon of dipoles (vortex rings) is going on still to ~50 mK. 

D. NCRI(T) has a unique temperature dependence: T linear change ~60 mK < T 
<~75 mK, then steeper increase towards lower T. T-linear change may indicate 
involvement of 1D. 

E. Vortex fluid state has been found/discussed in the following systems: 

     UD Cuprate SC’s, Organic SC’s, Layered SC’s, and newly found Fecompounds 
SC’s, and all of them involve 2D subsystems. Solid He may also have 2D 
subsystem(s): basal plane, which can be there even in small pores of 20 � or so. 

5]. Remaining apparent question: What kind of thermal excitations are the origin of 
the energy dissipation in TO experiment?   



Thank you for your patience 

and thanks to organizers�




