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1.Introduction

Cosmology

Astrophysics
Generdl Relativity — Gravity~
"‘1019(36\/ \'4 ravity

Symmetry and symmetry breaking at different

String Theory 777?

energy (or length ) scales

_ Elementary particle physics~ 10 2Ge
Quantum Mechanics

Quantum Feld Theory Atomic physics
Many body physics
Condensed matter physics

2d conformal fidd theory/»Statistical mechanics

l

~mK Emergent quantum Phenomena !

‘ |s supersolid a new emergent phenomenon ’?‘



P.W. Anderson: Moreisdifferent !
Emergent Phenomena!

M acroscopic quantum phenomena emerged in ~ 107
Interacting atoms, electrons or spins

States of matter break different symmetries at low temperature

«Superconductivity » High temperature superconductors
«Superfluid e Mott insulators
*Quantum Hall effects e Quantum Anti-ferromagnets
eQuantum Solids e Spin density wave
eSupersolid ? » Charge density waves
*.......7?77? « Valence bond solids

e Spinliquids ?

|s the super solid anew state of matter ?




What isaliquid ?

A liquid can flow with some viscosity
It breaks no symmetry, it exists only at high temperatures

At low temperatures, any matter has to have some orders which
break some kinds of symmetries.

What isa solid ?

—

A solidcannot flow G Reciprocal lattice vectors

Density operator: n()*() =N, + Z N eiéo)?
G —>

Breaking trandlational symmetry: —> Lattice phonons u



Essentialy all substancestake solidsexcent  *He, *He

What is asuperfluid ?

A superfluid can flow without viscosity
Complex order parameter: 1y :‘ W ‘ a?

Breaking Global U(1) symmetry: —> Superfiuid phonons 7

What isasupersolid ?

A supersolid isanew state which has both crystalline order
and superfluid order.

Can a supersolid exist in nature, especially in He4 ?



Large quantum fluctuations in He4 make it possible

The supersolid state was theoretically speculated in 1970:

Andreev and I. Lifshitz, 1969. Bose-Einstein Condensation (BEC) of
vacancies leadsto supersolid, classical hydrodynamices of vacancies.

G. V. Chester, 1970, Wavefunction with both BEC and crystalline order, a
supersolid cannot exist without vacancies or interstitials

A. J. Leggett, 1970, Non-Classical Rotational Inertial (NCRI) of
supersolidHed | =1, (1-p./ p), p. ! p<107*

guantum exchange process of He atoms can also lead to a supersolid even
in the absence of vacancies,

W. M. Saslow, 1976, improve the upper bound  * % <10

Over the last 35 years, a number of experiments have been designed to search
for the supersolid state without success.



Torsional oscillator Is ideal Tor
the detection of superfluidity

O
Be-Cu
Torsion Rod
Torsion Bob '
Containin
helium _
Drive_L _l
Detection

z-02271-\/II<: Izlcl(l_ps/p)




shifts in period[ns]

Kim and Chan

By Torsional Oscillator experiments
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Science 305, 1941 (2004)

Soild Hed at 51 bars

1~2% NCRI appears below
0.25K

Strong |v|,,, dependence
(above 14um/s)

T=27Z'\/I
K

| = ICI (1_105//0)



Very recently, there are three experimental groups onein US, two in Japan
Confirmed ( ?) PSU’s experiments.

1. A.S Rittner and J. D. Reppy, cond-mat/0604568
2. M. Kubota et al

3. K. Shirahama et al

Pressure [bar]
120 - ,
Possible phase diagram 100 i
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60 - :
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L0 - 1
] II Normal
. |ll Liguid
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PSU’ s experiments have rekindled great theoretical interestsin
the possible supersolid phase of Hed

(1) Numerica ( Path Integral quantum Monte-Carlo ) approach:

*  D.M.Ceperley, B. Bernu, Phys. Rev. Lett. 93, 155303 (2004): Superfluid flowing
N. Prokof'ev, B. Svistunov, Phys. Rev. Lett. 94, 155302 (2005): In grain boundary ?

E. Burovski, E. Kozik, A. Kuklov, N. Prokof'ev, B. Svistunov, Phys. Rev. Lett., 94,165301(2005).
M. Boninsegni, A. B. Kuklov, L. Pollet, N. V. Prokof'ev, B. V. Svistunov, and M. Troyer,
Phys. Rev. Lett. {\bf 97}, 080401 (2006).

(2) Phenomenological approach:
Xi Dai, Michael Ma, Fu-Chun Zhang, Phys. Rev. B 72, 132504 (2005)
P. W. Anderson, W. F. Brinkman, David A. Huse, Phys. Rev. Lett. 96, 055301 (2006)
A.T.Dorsey, P. M. Goldbart, J. Toner, Science 18 Nov. 2005 :
Supersolid ?




Uncertainty Relation: [X, p] =  AX e Ap >1

Cannot measure position and momentum precisely simultaneoudly !

[N,,#]=i, AN eAg>1

Cannot measure phase and deng)ty precisely ssimultaneoudly !

Superfluid: phase order in ¢
Solid: density order in  N(X)

How to reconcile the two extremes into a supersolid ?

The solid is not perfect: has either vacancies or interstitials
whose BEC may lead to a supersolid




2. Ginsburg-Landau (GL) Theory of a supersolid

Construct GL theory:

Expanding free energy in terms of order parameters near
critical point consistent with the symmetries of the system

(1) GL theory of Liquid to superfluid transition:

Complex order parameter:

v =y | €’ M

I ap f{|1"-._'."|2 | Ir-|I,.|E | I,|,|I,,|-L E t=T-T,

Invariant under the U(1) symmetry: 6 — 0+ ¢



0 v
(a) (b)
(@) Inliquid: (b) In superfluid:
t>0,<y>=0 t<0, <y >20
U(1) symmetry Is respected U(1) symmetry is broken

Both sides have the trandational symmetry: ¥ (X) = w(X+a)



3d XY model to describe the ﬂ/ ( cusp ) transition

E A L Cy
,. Greywall and Ahlers, 1973
* Ahler, 1971

200K T TK 2. 176K

C, ~ItI”, py ~t I
a=-0.013<0,v=0.672



(2) GL theory of Liquid to solid transition:

Density operator; ~ N(X) — Ny = on(X) = Z 'néei >
G

R F;fk} ' ]
" |
Order parameter: N, G=0
II.

: | . -

JL-NS Z?I':’ﬂ”fﬂ — Z N 3,303 1 Pt a0 0
e &, 55,6
Fu Z e M, N e 0G L g s Gar a0 T 77

(71,0, GG 4
o =1 +0(G*—K?)?, S(K) ~1/1, 5n(>*<)>§ —on(x)

Invariant under trandational symmetry:

—_

n(x) —» n(x+a), n; — née‘ 3ed A isany vector



In liquid: r>0,<n; >=0
In solid: r<0,<ns; >=0

Trandational symmetry is broken down to the lattice symmetry:

[ —_

d=R, GeR=2r R isany lattice vector

S S B GeR _
n(X) -» n(x+R), ny > n€~" =n,

NL to SF transition NL to NS transition

Complex OP Density OP n,, G20 =
a k=0 at reciprocal lattice vector | (5
even order terms cubic term,

2nd order transition first order




(3) GL theory of asupersolid:

Density operator: on(X) = Z néeiéﬁ(
G

Complex order parameter: (X} Vacancy or interstitial

f=1f _&+f o+ T,

fie = 9N [ () [* +v(N(X))* [ () [ ......

Invariant under:  N(X) = n(X+a), w(X) >y (X+a),
y —>ye’

Under  on(X) > —on(X), g > -0,V V
Two competing orders ——> Repulsive: V' > 0

g>0: Vacancy case g<0: |Interstitial case




Insupersolid: | <Nz ># 0, <y >#0

IntheNL,t >0, y hasagap, canbeintegrated out.

Inthe NL, <nNn(X)>=n,,oN(X) hasagap, can beintegrated out

P A NS
<y >=0
< nz=>=0




3. TheSFtoNSor SS transtion

Eiky

IntheSFstate, 1<0,A, >0

BEC: <y, >=a=#0 bresksU(1) symmetry 7/

T : I -

2 Phonon A K

T - 3.17A "
As P 1 . theroton minimum gets deeper and deeper, A

as detected in neutron scattering experiments
S(k) 4

~ 27T
kr a

e
&

2 Y

: g
Feymann relation: @(q) ~
2mS, ()

-

|
) k, k

The first maximum peak in S,(q) = the roton minimumin @(Q)



Two possibilities:

D <y >=0

Commensurate Solid, | SFto NStransition No SS

2 <y >0

In-Commensurate Solid with elther vacancies or interstitials

ThereisaSS! SF to SS transition

Which scenario will happen depends on the sign and strength of
the coupling {J , will be analyzed further in afew minutes

Let’'sfocuson case (1) first:

| will explicitly construct a Quantum Ginzburg-Landau (QGL)
action to describe SF to NS transition



3a. The SF to NStransition

Inside the SF: Lldn. H) = iond # H %.H,,I:Th'_]? I %r‘iul'”[f_,-'_]f?l'f.-

Where: Vi)

Phase representation:

Dispersion Relation:

Vi(q)

a
i — .i',.,-!.-' | r-,-_l.‘l
- . 2 | . -2
£_||'|I| = T |Il:-i|-l|-lr-|lll | ;u”-ﬂl.T”_.l
=FrRi4; )
: T ¥ ! l-.:I '-.l i [ .
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Neglecting vortex excitations:

DenSI ty representa“ on. .f_‘.|.-']'u| %.‘h.ll: — (. —idp I| ..;':,2 - -” 7)) |.-':|.-,- I:r!'. i |
2 Pal]

e ™ Siky 4

Feymann Relation: )= 557

Structure function: S, (q) = pagm/2v(q) L -

Including vortex excitations. QGL to describe SF to NS transition:

. . 2 oo 9.9 e . ,
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3b. TheSFtoSS transtion

2 <wy>#0 Thereisass!

W .

Eik) 4

Feymann relation:

The first maximum peak in S,(q) = the roton minimum in @(Q)

SF to SS transition

Vacancies or Interstitials !

Sikys

il
k, k

2

__ 9
9 2ms, (9)

The I laticeand ¥/ Superfluid density wave (SDW)
formations happen simultaneously




A >0, <y, >#0, <y,>=0,<n; >=0 SF phase

A <0, <y, >20,<y, > 0,<n; >0 SS phase

o\ iGeX . . 272'
n(x)_no+zé:née G=k =k k ~ 2 ~ O
. . 3.17A
y(X)=yy+ D W€, w, =D w e

G G
SSisdtill invariant under translations by lattice vectors: ﬁ

iGeR

n(X) - n(X+R), n, —>n.e n

o

eié-ﬁ

w(X) >y (X+R), ws o w e =y,

Superfluid Density Wave:  p =|w =]y, +w, [

Vacancy SDW or Interstitial SDW




Global phase diagram of Hed in case (2)

S(k) 4

2
_q
- a)q =
k 2qu
-
] k

NL

]1.]-1:"; non (b)

<y >=0

<y >=0

<ng>=0
0 Tse T

{a)

The phase diagram will be confirmed from the NS side



4. Vancancy induced supersolid and
NSto SStransition

L ooking the effects of g and V
g >0, solidisthevacancytype, NSv, &, <§&
g <0, solidistheinterstitial type, NS+, & > &

d >0, wlidhasthe P-H symmetry, NS-PH

v>0= t>t+v(p)X n(G)f
t~T-T,

t=T+A(p), A(P) =V(p) X¢ [N(G) [ Ty, >0




Weassumethegap V(D)

Aip) &
e
SF[SS—37 NS—v
| o ekl I
SF | NS-PH SF | NS—v | N3PH
1] I"'IL_ | I;_ il |‘||_' | I_"ll-_: - |"|
(a) (b)

P

Taking the NS-PH as the reference state, tuningon 9

A perturbative estimateon ¢ ,(0) at the origin k=0:

n2(G) n(é) _ e—Gza2/4a

eulll)

2p
- ”'“F K, (2

n(Gyn{Gan( -G, — Ga)

r L
x| L_.I

P

t_:'l If:'-_l

P R—— ]
K,GiK,G5

u

V, |




For vacancies, g, <0
el0) =t — gy — lgo* — lgo|* +--- =t—1,(9,)
f (g,)> f,(0)=0 isanincreasing function of 9,

For interstitials, ¢; >0
(0) =t—gi +g; — g +--- =t=F(g)
It is hard to judge the behavior of f,(9;) except f,(0)=0

Where:

t=T+A(p), A(P) =V(p) X¢ IN(G) [ ~Ty, >0




V acancies induced supersolids:

t, =T+A(P)-T1,(9,) =TT,

TSS—V — fv(gv) o A( p)
Defining acritical value 9. - fv(gvc) = A( pcl)
@ 19 Kl9wl Tsy <0 <, >=0,NS-v
(b) | gv |>| gvc |1 TSS—V( pcl) — 1:v(gv) _A( pcl) > O
p T TSS—V( pcz) — 1:v(gv) _A( ch) — O

TSS—V( p) = fv(gv) _A( p) = A( ch) B A( p)

isan effective measure of thegap  A(p)



Aip) &

SF 1 N5—PH

¢l

(a)

Setting <y, >=a€”, <y, >= 'ezzwm d¥* Q ~G intotheGL,

We study the effectsof [ latticeon ¥ =y, +y,
fo = 9N [y (%) P+



The lowest energy ground state must satisfy:

—

(1) ¥ hastoberea, Q. hasto bepaired as anti-nodal points

—

(2) Q.,,m=1..P aethe P shortest reciprocal lattice vectors

Eik)

Bloch theorem:

i 1 '
xl'\_}'rri_h\'-._ﬂ-"rﬂ\lk J'T"\_/; bl

s(K=0)= (K =Q,)

-k

K 0 K

W, and <\ haveto condense at the sametime

(3) Point group symmetry: A_=A=real

(4) Theattractive g,6 <0 favors  w(Xx=R/2)~0

Pja _
g i0

— fas—w = Yol + 5 ) cosQm - ) v, =ae

=1




Similarly, Interstitials induced supersolid SS-.

For both SS-v (+) or SS-i (-):

Py

) , _ _
Yoll = P Z cos (Qyy, - T), L' 1 |€ o
=1

At mean field theory levdl:

The X-ray scattering from SS-v isthe same asthe NS-v,
but will be modified by Debye-Waller factor

The X-ray scattering from SS-i has the even-odd modulation




Global phase diagram of Hed in case (2)
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5. Excitationsin a Supersolid

(1) Superfluid phononsin the W sector: @

Topological vortex excitationsin O

—

(2) Duetothe couplings, the U in
Wsector are locked together with the I lattice phonons.

Only onekind of transnational symmetry breaking leads to
one kind of lattice phonons | ] -

A low energy effective action is under construction:

L (6,0) = L (6) + Ly (0) + Ly, (6,0)

int



If ignoring the couplingterm L. (8,U)
NSto SStransitionisin 3D XY universality class:

L]

. : 2 2 4
foo = Knsg\Vio|[" +itns|to|” + uvs|thol” + - -

*T
T fu(gy) A (p)
Tss 7 filgi)A(p)

Very recent very refined Specific heat experiment at PSU detected:

Excess specific heat exhibitsapeak ~100 mK




The effects of the coupling term: L

Int

(6,1)

How phonon spectrum in a SS differ from that in NS ?

2<u

1 2 _
Debye-Waller factor: | (G)=e 3 1,(G)

How the DW factors differ in the SS-v than the NS-v ?

How does it affact the X-ray scattering from the SS-v ?

Ongoing Experiments at PSU:.

High precision X-ray scattering at  \ <<2 (WY




6. Supersolidsin other systems

Supersolid on L attices can berealized on optical lattices!

Jinwu, Ye, cond-mat/0503113, bipartite lattices, Cooper pair SUpGI’SOlid
d-mat/0612009, frustrated | atti C
woneme ST IATES in high temperature SC ?

The physics of lattice SSis different than that of He4 SS

Possible excitonic supersolid in eectronic systems ?

Electron + hole — Excitonisaboson
There is also aroton minimum in electron-hole bilayer system
Excitonic supersolid in EHBS ?

There is amagneto-roton in Bilayer quantum Hall systems,
for very interesting physics similar to He4 in BLQH, see:
Jinwu, Ye and Longhua Jiang, cond-mat/0606639 Jinwu, Ye, PRL, 2006
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7. Conclusions

A simple GL theory to study all the 4 phases from a unified picture

If a SS exists depends on the sign and strength of the coupling g
Construct explicitly the QGL of SF to NStransition

SF to SSisasimultaneous formation of SDW and normal lattice
Vacancy induced supersolid is certainly possible

NSto SSisa3d XY with much narrower critical regime than NL to SF
Excitationsin SS, phonon spectra, Debye-waller factors.....

X-ray scattering patterns from SS-v and SS-i

No matter if He4 has the SS phase, the SS has deep and wide
scientific interests. It could be realized in other systems:




