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* 1. Brief introduction to surface critical behavior (SCB) and field
theory description of SCB in classical O(N) models

* 2. Numerical exploration of SCB of 2+1 D quantum systems
with SU(2) symmetry

* 3. Surface phase transition of 2+1 D AKLT model when bulk
stays at critical point

* 4. Field theory description and renormalization group analysis
of SCB of 2+1D quantum systems with O(2) symmetry
(collaborator: Prof Long Zhang)



d>3 Classical O(N) model
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K. Binder, in Phase Transitions and Critical Phenomena, edited by C. Domband J. L.

Schematic phase diagram of the classical O(N) Lebowitz, Vol. 8 (Academic Press, London, 1983).
H. W. Diehl, International Journal of Modern Physics B 11, 3503?3523 (1997), ISSN 1793-

model with boundaries. Kand K; are the bulk and 6578 cond-mat/9610143

the surface Coupling strengths, respectively. J. Cardy, Scaling and Rgnormalization in Statistical Physics, Cambridge Lecture Notes in
Physics (Cambridge University Press, 1996).
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Normal universality class
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describe surface critical behavior of class O(N) model by field theory

H— /M dVL(z) + /B dAL: ()

* The Lagrangian of bulk Is:

L(@) = 5 V(@) +Ulg(@)

1

U($) = 5706 + uoldl’

* The Lagrangian of surface Is

Li(z) = Ur[¢()]
Ui (o) = %00052 — h10¢

H. W. Diehl, in Phase Transitions and Critical Phenomena,
edited by C. Domband J. L. Lebowitz(Academic, London,
1986), Vol. 10, pp. 75-267.
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Phase diagram of the semi-infinite n-vector model (2.13) in the variables
1(~T — T')and c(= - surface enhancement), as predicted by Landau theory.



3D O(N) model

* D=3,N=1: 3d classical Ising model, the phase diagram Is the same.
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* D=3,N=2:
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D=3,N>2:there is no spontaneous symmetry break at boundary(Mermin Wagner
theorem), thus only ordinary class exist?( right for the large N case)
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study this model at its bulk critical point T = T, and in the K1/K > 1 region,
when the surface has a strong tendency to local order.

"t

The surface layer can be described by: BD/SD

T, . Research region

1 . _
Sn = /dd_lx(—(auﬁ)z —h- 'ﬁ,), 'fiz =1 ordinary
29 BO/SO

+ Ki/K
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The system without the outermost surface: Sordinary
The coupling of the surface layer to the next layer:

Surface layer
Snp = —§ /dd_lxﬁ(x) - P(x,zq = 0) Ky

Next layer

The total action Is:
K

SUV = Sordinary + S'n, + Sngb H — Zl] Kl,] §l . §] ordinary

M. A. Metlitski, Boundary criticality of the o(n) model in d=3
critically revisited, arXivpreprint arXiv:2009.05119(2020).



The RG equations of g_ i/dzx(a )2 are
29 K

dg N-2, M(9) _, N-1
= 1 — n —
S "_>( y ) =g

* The fixed point is g=0, which means the fluctuations of n are
frozen. The coupling $,,¢ acts as a boundary symmetry breaking
fleld for the bulk O(N) model. This term Is relevant at the ordinary
boundary fixed point and makes the boundary flow to the normal
fixed point.

SUV — Sordinary + Sn + anb
Sy = /dd—lx(;—g(a,,ﬁf —h- ﬁ) =1

Snp = —3 /dd_lxﬁ(x) - p(x, x4 = 0)



Near normal universality class
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RG results

dg _ o a_7rs2_N—2  N-1
a - T or M T Top 9
e N=2a >0

* Correlation function of surface can be got
by solving the callan-symanzik equation:

1
(log z)¢

(7i(z) - 7(0)) ~

N -1
2o
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N -ooo,a<0
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* There should exist a critical vaule N, if N < N_.,extra-ordinary-log
class exists.
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summary
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Bulk:
3D O(N)

Bulk:
3D O(3) O(2)

3D Classical O(N), N=2,3..Nc
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2+1D quantum SU(2), U(1) ?
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Quantum case (2+1D)

H=1) S;-S;+1)Y S-S,
(i) (ijy

S=2 Néel AKLT S=1/2 Néel PVBC

b ————————-
é‘qp—————————-
oY SR

oe
-9

Je < v n p ¥hy | L

Ja 1.064382(13) 1.0008(16) 0.7060(13) 0.0357(13) 0.3663(8) 0.810(20) 1.327(25) 0.680(8)
Jos 0.603520(10) 1.001(5) 0.7052(9) 0.031(4) 0.3642(13) 1.7276(14) -=0.449(5) -=0.2090(15)
J .5 —0.934251(11) 0.9999(13) 0.7052(15) 0.0365(10) 0.3659(9) 1.7802(16) -0.561(4) -0.2707(24)
3D O(3) field 0.7073(35) 0.0355(25) 0.3662(25)

theory [25]
3D classical e e 0.813(2)

Heisenberg [15]

L. Zhang and F. Wang, Phys. Rev. Lett. 118, 087201 (2017)
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Realize three types of surface critical behavior
of 3D O(3) universality class with different
surface configurations
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Columnar (left) and staggered (right) dimerized spin-
1/2 Heisenberg models on the square lattice. J and J' are the
exchange coupling strengths on the two types of bonds, and
J' > J. In each model, two types of open boundaries (denoted by
cut-1 and 2) cutting along the two dashed lines are considered in
this work.

C. Ding, L. Zhang, and W. Guo, Phys. Rev. Lett. 120,
235701 (2018).

Surface critical exponents of the dimerized Heisen-
berg models with different surface cut configurations. Results of
the decorated square lattice at the trivial phase-Néel QCP (J,;)
and the AKLT-Néel QCP (J/.,) [10], the 3D classical Heisenberg
model [7], and the field theoretic results for the ordinary (ord.)
and the special (sp.) transitions from various techniques, includ-
ing ¢ =4 —d expansion [22,23], ¢ =d —2 expansion [24],
massive field theory [25,26], and conformal bootstrap [27],
and the anomalous dimensions of transverse (trans.) and longi-
tudinal (long.) correlations from the scaling arguments and the
large-n expansion of O(n) models at the extraordinary (ext.)
transition [13,14] are also listed for comparison.

Class Model Vil | Ny

Ord. Column, cut-1 0.840(17) 1.387(4) 0.67(6)
Stagger, cut-1 ~ 0.830(11)  1.340(21) 0.682(2)
Deco.sq., /. 0.810(20)  1.327(25) 0.680(8)

3D classical 0.813(2)
e =4 —d exp. 0.846 1.307 0.664
e =d—2exp. 1.39(2)
Massive field 0.831 1.338 0.685
Bootstrap 0.831

Sp.  Column, cut-2 1.7339(12) —0.445(15) —0.218(8)
Deco.sq., J, 1.7276(14) —0.449(5) —0.2090(15)
€ =4 —d exp. 1.723 —0.445 -0.212

Ext.  Stagger, cut-2 1.004(13)  —0.5050(10)
Scaling, trans. 3 3/2
Scaling, long. 5 (541n)/2
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Jpar JPAF J —0 O O o— D
Configuration | un Vi,
Configuration Spin § ult n. Vi,
CD-N 1.30(2) 0.69(4) 0.84(1) _
DAF-N 1.29(6) 0.65(3) 0.832(8) Nondangling 1 1.32(2) 0.70(2) 0.80(1)
PAF-N 1.33(4) 0.65(2) 0.82(2) 1/2 1.30(2) 0.69(4) 0.84(1)
Dangling 1 —0.539(6) —0.25(1) 1.762(3)
CD-D —0.50(1) —0.27(1) 1.740(4) 12 —0.50(1) —0.27(1) 1.740(4)
DAF-D —0.50(1) —0.228(5) 1.728(2)
PAF-D —0.517(4) —0.252(5) 1.742(1)

L. Weber and S. Wessel, Phys. Rev. B 100, 054437 (2019).
L. Weber, F. ParisenToldin, and S. Wessel, Phys. Rev. B 98, 140403 (2018)
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x surface <f T ? r T 1)
SCB class Model /methods Cuts Spin S n N Vi
Nonord. CHC x surface 1 —0.57(2) —0.27(2) 1.760(3)
Ord. y surface 1 1.38(2) 0.69(2) 0.79(2)

W. Zhu, C. Ding, L. Zhang, and W. Guo, Surface critical behavior of coupled haldanechains,
Phys. Rev. B 103



surface phase transition of 2D AKLT model with SU(2) symmetry

Gapped
AKE‘IF') Disorder-> order
SO(3) x T,
Gapless Quantum
edge _
fluctuation
state

C.-M. Jian, Y. Xu, X.-C. Wu, and C. Xu, SciPostPhys. 10, 33 (2021), 2004.07852
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Edge state

The 1d boundary of this AKLT state should be effectively described by an extended Heisenberg model
H=>"JS; Sjm1+-

The boundary system is the SU(2), CFT described by the following Hamiltonian in the infrared limit

1 /> = = =
Ho:/da: = (T Ju+ Tr- Jr)
The relation between the microscopic operator S and the low energy field is
§@) ~ — (@) + 1)
(2) ~ 5= (Jo(@) + JTr(@)) + (~1)7ii(x)

Because the lattice Hamiltonian has a lower symmetry than the infrared theory Hy, another term is
allowed in the low energy Hamiltonian:

le/dx)\fL-fR
SU(2), CFT
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Quantum critical modes couple to boundary fields

Disorder-> order
Neel:n = 1. 3D SO(3) transition
VBS:v ISS%(;)@;S@@ 2. Ising Wilson-Fisher transition
' Following the calculation of boundary The boundary quantum critical modes
criticality of the Wilson-Fisher fixed point couple to the fields at the boundary
Quantum
fluctuation
S = /dQX gn®(x) - 7T(X) + gu®(x)v(X)
1
+ /d2xd2x’ §(I>a(X)C;1(X, x")ap®(x')
%)
. a b . ab 1
Cn(%,0)ap = (0%(2,7)@7(0,0)) = (22 + 72)3/2—¢€n’ + /dQXd2 / 5@(X)Cv—1(x7xf)q)(x’)’

1
(22 + 72)3/2—€

Cy(x,0) = (®(z, 7)P(0,0)) =
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There is no general reason for @, @ to become
critical simultaneously in the bulk. Hence let us
ignore the @ field first, and consider the coupled

RG equation for A, gn
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Surface critical behavior of 2+1 D XXZ model

XXZ chain ny, Ny, N

V1,92, 93

ordinary

Easy-plane: 3D O(2)
Easy-axis: 3D lIsing

H.-H. Song and L. Zhang, in preparation.

Dangling chain

[—— — E— E— —
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The surface layer

The surface layer is described by XXZ chain

1 _ _ A
Hypr = Z §(af0i+1 +o0;0,)+ T Zafoﬁrl
i=1 i=1

By bosonization method, the efficient theory of surface layer is

Ar2a2 K

Soas :/dzd?{%@z(bag(b—vcos(vl&r(b)} V= e, K = (1+ %)—%

RG equations of XXZ chain are
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Influence of bulk

The effective non-local dangling XXZ chain action can be written as }h

Sl — Sm:{:z + Sz'nt

0.2
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The quantum critical modes couple to the fields at surface H“////ééi:gi&%‘i
Sint = / d2dZg.. (N1 + nate) + g-nsibs )bﬁ/,%fi:ik"‘:ii
+ / dzdzdwdwwa(zz)c(_alb) (Zg wW)L/)b (ww) 0.0 0.2 04 0.6 058 10
RG results:
l.ordinary v = —00, K = 0,9. = 0, g — 0

2.extraordinary(break z2 symmytry)

v—o00, K — 0,9, = o0, Guu —>V0.

3.extraordinary(break O(2) symmytry)

v— 0, K — +00,9. = 0,000 — +0

Easy-axis:strong interaction between bulk and surface along
/ axis, and surface have long range order along Z axis

Easy-plane:strong interaction between bulk and surface in X-Y
plane, and that surface have long range order in X-Y plane

(e®e™) ~ 0 and (™) ~ 1 as o —y — o
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Dangling ladder

The surface layer is described by ladder
Hipadger = H- + H, + Hy - m

1 Ay L,
H, _ZQ(U+UJ+1+U] Jtrl)_l_ 4 4 9i95+1
Ay |
+
H- Z T T T ) T T T

Z z

A A
HUT:Z 2/(T+U + 7 a+)+ Fo’

‘ R
j

By bosonization method, the efficient theory of ladder is

Sladdm s — /dzd_{ 0. O d—(ﬁ + g3 COS(Q\/_O )}

Sladder.a = /dzdz{—dz(p D= + g1 cos(V2710,) + g2 cos(2v 2, )}



Phase diagram of ladder

St(x) = \/Qlﬂ_aei\/?@s@ 2i(—1)= sin(\/gﬁa(w)) + 2jeiV2mds () sin(\/gga(m) +V27ha ()]

SZ(ZU) — 2\/285%5@ _ (_1>% % sin(\/%qu) Sin(mgba)

' 1 A —
Sfu.ff.d.r_%r..«s — / dZdE{I_r(‘)zOs()an + g3 (308(2 2?’['()‘_)}
1

byr'a.dd(:r.u — / dzdz{fdz ()(:C)?(Du + g1 COS( 2?1'9”) + g2 608(2 QTTO”)}
. 2

Ising AF phase:g, is more relevant and g3 Is relevant
Singlet phase: g; is more relevant and g3 Is relevant
XY1 phase: g4 i1s more relevant and g3 is irrelevant
XY?2 phase: g, is more relevant and g5 is irrelevant

i g

29



Influence of bulk
The effective non-local dangling ladder action can be written as
SQ — Sladde:r* + SL,‘int

The quantum critical modes couple to the fields at surface

Soint = /d,zdz Z (g%, (ni by + nbibs) + g'nbis] + / dszdwdE@ﬁll(z,E)C(;?b)(Z,E, w, W)y (w,

=0, T

RG results:

1.ordinary(singlet): no coupling , disorder surface

2.extraordinary(break z2 symmetry)(Ising-AF,XY2):strong interaction between bulk and surface
along Z axis, and surface have long range order along Z axis

3.extraordinary(break O(2) symmetry)(XY1):strong interaction between bulk and surface in X-Y

plane, and argue that surface have long range order in X-Y plane



Thanks!
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