PHYSICAL REVIEW B 89, 054410 (2014)

Scaling of quantum discord in spin models

Yichen Huang”
Department of Physics, University of California, Berkeley, Berkeley, California 94720, USA
(Received 12 August 2013; published 11 February 2014)

We study the scaling of quantum discord (a measure of quantum correlation beyond entanglement) in spin
models analytically and systematically. We find that at finite temperature the block scaling of quantum discord
satisfies an area law for any two-local Hamiltonian. We show that generically and heuristically the two-site
scaling of quantum discord is similar to that of correlation functions. In particular, at zero temperature it decays
exponentially and polynomially in gapped and gapless (critical) systems, respectively; at finite temperature it
decays exponentially in both gapped and gapless systems. We compute the two-site scaling of quantum discord
in the X X Z chain, the XY chain (in a magnetic field), and the transverse field Ising chain at zero temperature.
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Quite a few fundamental concepts in quantum mechanics
do not have classical analogs: uncertainty relations [1-4],
quantum nonlocality [5-8], etc. Quantum entanglement [7,8],
defined based on the notion of local operations and classical
communication, is the most prominent manifestation of quan-
tum correlation. The set of separable (not entangled) states
is convex and has nonzero measure (volume), and a lot of
effort is devoted to entanglement detection [8—13]. However,
nontrivial quantum correlation also exists in certain separable
states. Quantum discord [14,15] is the most popular measure
of quantum correlation beyond entanglement and an active
research topic in the past few years [16]. The set of classical
(zero-discord) states is nowhere dense and has measure zero
[17]; computing quantum discord is difficult, since quantum
discord is NP-complete.

Quantum discord has already been extensively studied in
the context of condensed matter physics (spin chains) at
both zero [18-20] and finite [20-22] temperatures. These
papers mainly focus on pairwise quantum discord between
nearest-neighbor (or next-nearest-neighbor) spins and identify
its singularities at quantum phase transitions. As emphasized
in a recent review paper [16], the scaling of quantum discord is
also an interesting problem. There are a few relevant numerical
results [23-25]. The confidence that “simple” models (to
some extent) describe complicated real materials comes from
the notion of universality. The low-energy or long-range
properties (the focus of condensed matter physics) are the
same for different materials in the same universality class
(though the high-energy or short-range properties are not), and
models can be understood as representatives of universality
classes. Therefore, the scaling of quantum discord may be
more physically or practically relevant than pairwise quantum
discord between nearest-neighbor spins.

We study the scaling of quantum discord in spin models
analytically and systematically. We discuss two extensively
studied notions of scaling in condensed matter physics: block
scaling and two-site scaling. We find that at finite temperature
the block scaling of quantum discord satisfies an area law
for any two-local Hamiltonian. We show that generically
and heuristically the two-site scaling of quantum discord
is similar to that of correlation functions. In particular, at
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zero temperature it decays exponentially and polynomially
in gapped and gapless (critical) systems, respectively; at finite
temperature it decays exponentially in both gapped and gapless
systems. We compute the two-site scaling of quantum discord
in the X X Z chain, the XY chain (in a magnetic field), and the
transverse field Ising chain at zero temperature.

Preliminaries. In classical information theory, mutual in-
formation is the standard measure of correlation between two
random variables. As the quantum analog, quantum mutual
information

I(pag) = S(pa) + S(pB) — S(paB) ey

quantifies the total (classical and quantum) correlation in a
bipartite quantum state p4p, where

S(pa) = —trpalnpy )

is the von Neumann entropy of the reduced density matrix
pa = trppap. When pyp is a pure state, S(p4) = S(pp) is the
so-called “entanglement entropy” [7,8]. Entanglement entropy
is the standard measure of entanglement for pure states, but
not for mixed states.

Let {I1;} be a measurement on the subsystem B. Then,
pi = tr(I1; p4p) is the probability of the ith measurement out-
come; py = trg(I1; pap)/ pi and p)yp = 3, pipy ® I1; are the
postmeasurement states. Classical correlation is defined as [15]

Tp(pag) = max Jin)(pap) = max {S(pA) - piS(pZ)}-

3

The maximization is taken either over all von Neumann
measurements or over all generalized measurements described
by positive-operator valued measures. For simplicity, we
restrict ourselves to von Neumann measurements in this
article. Quantum discord is the difference between total
correlation and classical correlation [14],

Dg(pap) = I(pap) — Jp(paB)
= min Dy, = min{/ — Ji.
min i (paB) {n,-}{ (pas) — Jiny(pas)}
= S(op) = S(pan) + min 3 piS(p})
= I{I%H}l Se(php) — S(paB). 4)
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where Sg(pap) = S(pap) — S(pp) is the quantum conditional
entropy. Quantum discord reduces to entanglement entropy
for pure states.

In physics, scaling typically refers to the asymptotic
behavior of some quantity as some reference scale (e.g., length)
diverges. Its mathematical definitions are different in different
contexts. There are at least two extensively studied notions
of scaling in condensed matter physics: block scaling and
two-site scaling. Examples are, respectively, the asymptotic
behavior of the entanglement entropy S;. of a block of L spins
as L — +o0o and that of the correlation function (X;X ;) as
li — j| = +oo for some local operator X at sites i, j.

Block scaling. The block scaling of entanglement entropy
and mutual information has been extensively studied in spin
chains. At zero temperature the block scaling of entanglement
entropy satisfies an area law [26] in one-dimensional (1D)
gapped systems [27]. The area law may be violated in 1D
gapless (critical) systems. For instance, S; ~ (¢ In L)/3, when
the critical theory is a conformal field theory with central
charge ¢ [28,29]. At finite temperature the block scaling of
mutual information satisfies an area law for any two-local
Hamiltonian [30]. Note that entanglement entropy is no longer
a measure of entanglement for mixed states.

The block scaling of quantum discord for a nondegenerate
ground state is not new as quantum discord reduces to
entanglement entropy for pure states. At finite temperature we
observe a very general result that the block scaling of quantum
discord satisfies an area law for any two-local Hamiltonian,
regardless of the energy gap or the dimension/geometry of the
underlying lattice. However, we believe that computing the
block scaling of quantum discord numerically (or analytically)
is difficult even for exactly solvable models.

Theorem I.(Arealaw for quantum discord). Let G = (V,E)
be the underlying lattice (graph) of a two-local Hamiltonian
H =) ip hij, where V is the set of all sites in the spin
system, and &}, jee acts only on the sites i, j. Let A C V be
a region and B = V'\ A be the rest. The thermal state psp =
e PH jtrePH at inverse temperature B satisfies

< .
D(pan) < 2B19A] max |, 5)

where [0A| is the cardinality of the boundary 0A = 0B =
{G,j)e Eli € A,j € B},and || - ||, is the p-norm.

Proof. This is a straightforward consequence of the area
law for mutual information [26,30] as mutual information
is an upper bound on quantum discord. The thermal state
pap Mminimizes the free energy F(o) =tr(Ho) — S(o)/B.
Therefore,

F(pap) < F(pa ® pp) =

D(pag) < 1(pa) < B Y tulhij(pa ® ps — pan)]
(i,j)€dA

< 2BJ0A hijllo. 6
BIOAI max il (©)

|

Two-site scaling. The two-site scaling of entanglement is
generically trivial. In the absence of long-range order, the two-
site reduced density matrix approaches the identity matrix /
as |i — j| — +o00. As the set of separable states contains a
neighbourhood of I [31], entanglement is exactly zero for not
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too small |i — j| (for |i — j| = 5 in practice). This argument
does not apply to the two-site scaling of quantum discord as
the set of classical states is nowhere dense and has measure
zero [17].

Theorem 2. Let {X*} be a complete set of local operators
and po, = lim);_j| 100 0;j- Suppose the convergence speed of
all correlation functions is (tightly) bounded by a nonnegative
monotonically decreasing function f:

(X0 x%) — (xh Xty | < £ - ) @
for any ky,k;. Then,
[D(pij) — D(poc)l = O(— f(li — jDIn f(li —jD). (8)

Proof. As {X f.” X%})isa complete set of two-site operators,
Eq. (7) implies [|p;; — poolli = O(f(li — j]). Then, Eq. (8)
follows from the continuity of quantum discord [32]

ID(p) — D(0)| < —4llp —oliInflp—alli + OUlp — all).
(€))

[ |
Remark. Generically and heuristically,

ID(pij) = D(pso)| ~ f"(Ii = j). (10)

where n (typically equal to 1,2) is a small positive integer.
When the two-site scaling of quantum discord can be obtained
from the scaling of correlation functions via Taylor expansion
around poo, n is determined by the leading order in the
expansion. Therefore, the two-site scaling of quantum discord
is similar to that of correlation functions. In particular, at
zero temperature it decays exponentially and polynomially
in gapped and gapless (critical) systems, respectively; at finite
temperature it decays exponentially in both gapped and gapless
systems.

Methods. In the remainder of this article, we explicitly com-
pute the two-site scaling of quantum discord for the thermal
ground state p = limg_, o e P /tre=PH (which respects all
the symmetries of the Hamiltonian H) in the XX Z chain,
the XY chain (in a magnetic field), and the transverse field
Ising chain. The Z, symmetry of these models implies that the
two-site reduced density matrix p;; is a so-called “X state”,
which has nonzero elements only on the diagonal and the
antidiagonal:

[H,@of} =0= |:,0,®afi| =0

i i

= [pij.07 ® 0;] =0
a 0 0 «
10 b5 B O
= Pij = 0 ,3 c 0 (11)
a 0 0 d

We emphasize that the analytical formula of quantum discord
for general two-qubit X states is unknown (the formula
claimed in [33] is not exactly correct [34—36]). Fortunately,
the following lemma suffices for our purpose.

Lemma I ([35]). The optimal measurement is o~ if

IVad — Vbe| < |a| + 18] (12)
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As in the computational basis the Hamiltonians are real, the
matrix elements of p;; are all real, and are given by [19]

(1+{oF) + (o) + oiof)) /4.
(1+{o7) = lo7) = (o a}]) /4.
(1= {of) +{o) = {oioj)) /4
(1={of) = < ) (o7 o5)) /4.

z
j

z
(o

13)

Z

1- (ol
(o o) -
= ([o"o7) + ( y))/4~

The quantum conditional entropy is

Si(pij) = —H(1/2 + (o} Zxkln/\k, (14)

where H(A) = —X InA — (1 — A)In(1 — A) is the binary en-
tropy function, and the eigenvalues of p;; are [23]
)\,12 = (1 — (O'iZ(')'z

i (o707 )) /4 (15)

has = $(1 +(0709) £ 4o + (o707 — (o7 0))).
(16)

J£(o'o]) =

The quantum conditional entropy of the postmeasurement state
o} ; after the (optimal) measurement o~ is

S;(ol) = H(} + 5\/(05)2 +max {(o7 07 o7 0l }). (17)
XXZ chain. The Hamiltonian is

H:Za al+1~|—a alH—I—AoU (18)

The model is exactly solvable by the Bethe ansatz. It is gapless
(critical) for —1 < A <1 and gapped for |A| > 1. In the
critical regime —1 < A < 1, the scaling of the correlation
functions is [37]

i—Jjl

A(=DI i = 7 -

(of07) ~ — 72y
(19)

fo o) = o7 03 ~ A= = 517,

where 0 <n =~ arccos(—A) < 1, and the prefactors

A, A, are given [38—40] in the Appendix. The validity of

(12) can be verified explicitly, and the optimal measurement

is o*. We obtain the two-site scaling of quantum discord via

the Taylor expansion of (14) and (17):

1

1 x _x\2 _ . i
D(pij) ~ 27 oj0}) ~ 27 ALl — jI . (20)

At the critical point A = 1, the scaling of the correlation
functions is [41,42]

22—l 2 )i —
w32 — | '

(ovo]y>

(afof) = (aixoj)

ey

As the antiferromagnetic Heisenberg model is SU(2) invariant,
any measurement is optimal. We obtain the two-site scaling of
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quantum discord:

D(pij)
XY chain. The Hamiltonian is

H=-Y o0 +ado),, O<a<l). (23

i

~(a;foj) ~277%i — j| 2 Inli —j|. (22)

The model is gapless (critical) for & = 1 [43] and gapped for
0 < o < 1.Inthe gapped regime, the scaling of the correlation
functions strongly depends on whether i — j is even or odd
[44]. Foreveni — j,

(o o; ) 0,
(orof) ~ V1 —a? + 471 — o)) — j| 2672,
(o 0) ~ 27 (1 = &®) i — |, 24)
and forodd i — j,
o) ~ —2n 7l = j| P
o) ~VT—ad+ 2L T )

(=)l = jP

2y-172); _

<aiyajiv> ~277' 1 -« jl el

The validity of (12) can be verified explicitly, and the optimal
measurement is o*. We obtain the two-site scaling of quantum
discord for both even and odd i — j:

D(p;j) ~ 27 e~ (Uyajv)2
~ 221 —a®) i — j1 22 (26)

Transverse field Ising chain. The Hamiltonian is

H=-> o'c},+hoi (h=0). 27)

The model is gapless (critical) for 2 = 1 and gapped otherwise.
The magnetization is [45]

(o7)= % /n(h + cos0)/v/(h + cos0)2 +sin2 0 dO, (28)
0

and in the ferromagnetic regime s < 1 there is long-range
order

(070%)oo = lim
|i—j|—+o00

(ofor) =1 —hH'"" (29)
We only present the final results in order not to tire the reader
with technical details. The two-site scaling of quantum discord
is different in different regions:

D(pij) ~ Ao} o] ) ~ 20 2A0A i — jITY2, (30)
2 AlhfZ\iij
D i)~ A Yot ~ s 31
('OJ) 1<Ul 0}) n(l—h_2)1/2|i—j| G
D(pij) ~ Do:(poo) + Aa((0707) = (0%0%) o)
Ay h2li=il+2
~ Dy+(poo) + (32

2 (1 — h2)4i — 2
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for h=1, h>1, and h < 1, respectively, where A =
1.2824271291... is the Glaisher-Kinkelin constant, and the
prefactors A, A, are given in the Appendix.

XY chain in a magnetic field. The Hamiltonian is

H=-Y (+y)}0)/2+ 0 —y)o] 0}, /2+hof,

(33)

where 0 < y < land /. > 0. The XY chain and the transverse
field Ising chain are special cases of this model. This model is
exactly solvable by the Jordan-Wigner transformation, and is
essentially a model of free fermions. It is gapless (critical) for
h = 1 and gapped otherwise. The magnetization is [46]

1 T
(o7)= ;/0 (h + cos0)/+/(h + cos 0)> + y2 sin? 6 do,

(34
and in the regime & < 1 there is long-range order [47]
(0% 0" =2y 21+ )71 = BHA, (35)

The two-site scaling of quantum discord is different in different
regions:

D(pij) ~ A1<U,~x0f>2

~ 2100 2 A0 (1 4 )2 Al — IV, (36)
X X 2
D(pij) ~ Ai(oj'07)
2y A A= 1+ A2
sy Lt 2 . (37
rar i\ T T O
D(pij) ~ Dor(poo) + A2(<U,~XU;> - (U"G")oo)
12(1 — h2)1/4 A, 02l
~ Dy (poo) + = 2 (38)

(1 +y)h =220 = jI2
|
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D(pij) = Do+ (o),
D(pij) ~ Do+ (poc) + Az(0] 07)

~ Do‘-"(poo) + A4|l — ]|_1[(1 — ]/)/(l + y)]\l—]|
(40)

for h=1, h>1, J1—-y2<h<1, h=,/1—-y2% and

0 < h < +/1 — y2, respectively, where

A==y +h2 =1/ —y),

(39)

(41)

and the prefactors Az,As are given in the Appendix. The
numerical results in [23,24] are consistent with (36)—(40).

Conclusion. We have studied the scaling of quantum discord
in spin models analytically and systematically. We have found
that at finite temperature the block scaling of quantum discord
satisfies an area law for any two-local Hamiltonian. We have
shown that generically and heuristically the two-site scaling
of quantum discord is similar to that of correlation functions.
In particular, at zero temperature it decays exponentially and
polynomially in gapped and gapless (critical) systems, respec-
tively; at finite temperature it decays exponentially in both
gapped and gapless systems. We have computed the two-site
scaling of quantum discord in the X X Z chain, the XY chain
(in a magnetic field), and the transverse field Ising chain at zero
temperature.
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APPENDIX

The prefactors are given as follows:

PSS S B n -1 1 +°°d_)c sinh(2nx — x) _277—1
A =2"rm r (2 — 277) r (2 — 217) xp |:/0 X <sinh(nx) cosh(x — nx) ne )i| ’ (Ab
+0o0 :
— 2=z =3(1 — )2 " - dx (1 _ sinh(7.x) )i|
Ar=2" 20 =) (2—277)F <2—2n>eXp |:/0 x (ezx sinhx cosh(x —nx) /|’ (A2)
A= a7 (= (o) 8 o) (1 (o) /(1 + ()], (%)
L e — (o) . (o' T4 (07 +(x0)2, + 4o)
2 = —1In n
4 (o0 — (o) 4\/<0"0x>§o +4lof) 14 (of) - \/<axUX>§o +4{o7)
X X 1 — XgX %o + z\?
N (650" ) 0o 21n (0¥a*) (Uz )2’ (Ad)
2y/{o*0*)2 + (Gf) 14+ /{o*0*)2 + (Of)
X X _ ;2 X X 1+ ;2_ Yg*\2 4 4 .Z2
AB:%IHI-F(UU)OO (cf,z>zJr (070"} n (ca)2 Jioran <<fl>2’ A5)
1= (070%)o — (o) 4\/<ax(rx>go +4of)  14{of) + \/<ow>go + 4{o7)
Ay =4nlyTPA =)A= A =y = 1)IA = )R + (L + a2 = 2| Az, (A6)
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