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We consider an open isotropic Heisenberg quantum spin chain, coupled at the ends to boundary
reservoirs polarized in different directions, which sets up a twisting gradient across the chain. Using
a matrix product ansatz, we calculate the exact magnetization profiles and magnetization currents
in the nonequilibrium steady steady state of a chain with N sites. The magnetization profiles
are harmonic functions with a frequency proportional to the twisting angle #. The currents of
the magnetization components lying in the twisting plane and in the orthogonal direction behave
qualitatively differently: In-plane steady state currents scale as 1/N 2 for fixed and sufficiently large
boundary coupling, and vanish as the coupling increases, while the transversal current increases
with the coupling and saturates to 26/N.

PACS numbers: 03.65.Yz, 75.10.Pq, 02.30.1k , 05.60.Gg

The Heisenberg quantum spin chain is a fundamental and one of the most well-studied quantum models of statistical
mechanics. However, not much is known about the Heisenberg chain in a nonequilibrium setting where the chain
is maintained in a strongly non-equilibrium state by e.g. a coupling to the ends to boundary reservoirs at different
chemical potential or different polarization. The boundary gradient drives a quantum system towards a nonequilibrium
steady state (NESS), typically characterized by various nonvanishing currents of energy, magnetization etc. The open
quantum system is canonically described by the celebrated quantum master equation for the reduced density matrix
in the Lindblad form (Lindblad Master Equation, or LME) [1, 12].

The full LME evolution of an open system of N spins is described by a 2V x 2V reduced density matrix p(t),
which has 22V — 1 independent real entries. It is clear that the usage of even most powerful numerical methods
is restricted due to exponentially growing complexity of the problem. However, many fundamental properties like
conductivity, universality classes and critical behaviour are the properties of thermodynamically large systems and
hence require the development of analytic non-perturbative methods. In spin chain materials like SrCuOs many
transport characteristics are measurable experimentally [3, |4].

The purpose of the present paper is to investigate in detail the NESS of a simply formulated, and analytically
treatable, open quantum many-body system. Namely, we consider an open nonequilibrium isotropic Heisenberg spin
chain, coupled to boundary reservoirs, which tend to polarize spins at the edges along arbitrary directions 7ig, 77y, on
the right and on the left end, see Figlll Due to the bulk isotropy, the NESS depends on two scalar parameters: the
angle 6 between the unit vectors 7iy,, g, cost = (7ip,7ir), and the ratio between the boundary coupling strength and
bulk exchange interaction. Except for the case of an ideal alignment # = 0, the boundary coupling induces twisting
gradient gradients and nonvanishing steady state currents.

During last few years, the open nonequilibrium Heisenberg spin chain with local dissipative action at the boundaries
has become a paradigmatic reference model in the field, due to its conceptual simplicity and recently discovered
powerful non-perturbative methods [5-7]. The NESS for the case with antiparallel alignment 7iy, = (0,0,1),7ig =
(0,0,—1), so that § = 7 was formulated as a matrix product ansatz (MPA) and solved for a more general X X7
quantum model. Further generalizations of the basic model [7] were proposed, in which additional incoherent hopping
processes or bulk dephasing processes were included ], |9].

The model with twisting boundary gradients was introduced and studied in [10, [11] in a slightly more general
setting with exchange Z—anisotropy, while twisting was applied in the perpendicular XY -plane. However, previous
studies were limited to small system sizes, and could not provide reliable information on scaling behaviour. Using
LME symmetries [10], one can at most make general qualitative predictions about the nature of the steady state and
admissibility of certain observables [13]. E.g., based on a particular odd-even size alternating symmetry argument,
the possibility of a ballistic magnetization current in X X Z-model with XY -twisting gradient at 6 = /2 was ruled
out [10].

In our recent study [6] it was shown that the isotropic X X X-model is exactly solvable by an MPA for any twisting
angle . Here we go further and compute analytically various steady-state observables for finite systems and in
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thermodynamic limit, namely the magnetization profiles and the steady state magnetization and energy currents, as
functions of the twisting angle # and the coupling strength I'. Due to the isotropy projections of the total magnetization
on all three axes are individually conserved in the steady state. We find drastically different scalings (with system
size N and with coupling) of the magnetization current components within the plane on which the twisting boundary
gradient is imposed, and the magnetization current j; in the perpendicular direction. Moreover, for j; we find an
intriguing non-commutativity of the limits N — oo and § — =.

The plan of the paper is the following: In Secll] we introduce the model and outline the Matrix Product Ansatz
method. In Secllll we calculate the magnetization profiles, and in Secl[II] the magnetization currents. Appendix [A]
contains some necessary technical details.

I. THE MODEL

We consider an open chain of N quantum spins in contact with boundary reservoirs, the time evolution of which is
given by a quantum Master equation in the Lindblad form [1, 2], [14] (we set i = 1)

% = —i [H, p] + 4T(LL]p] + Lrlp]). W

Here p is the reduced density matrix, H is the isotropic spin-1/2 Heisenberg Hamiltonian

N-1
Hxxx = (0kokis + ol +0ioii) (2)
k=1
T" an effective coupling with the reservoirs, and £; and L are Lindblad dissipators which favour a relaxation of
the leftmost and the rightmost spins towards target states pr, pr, so that Lr[pr] = Lgr[pr] = 0. As target states
we choose fully polarized states of one spin p = £ + 23" n%0%, pr = £ + 2> n%o?, |iiL| = |fir] = 1. To fix the
coordinate frame, we choose the XY-plane to be the plane spanned by the vectors 7i, g and the X— axis to point
in the 77, direction,

i = (1,0,0) 3)
fir = (cosb,sin,0), (4)

the angle 8 between 7i1,, 71z taking values 0 < 6 < 7. A canonical, although not the most general, form of the Lindblad
action satisfying Lr[pr] = Lr[pr] =0, is

1
Lrrlp) = XproX{ p — B {p, XZRXL,R} , (5)
where

1
X1 = =(0¥ +1i0?), XR:§(0yCOSH+iUZ—U””sin6‘) (6)

N =

are polarization targeting Lindblad operators. Indeed, in absence of the unitary term in (II) the boundary spins relax
with a characteristic time I'™! to states pr, pr. Consequently, the boundary coupling introduces a twist in XY plane
across the whole system, which constantly drives the system out of equilibrium. Eq. () describes the exact time
evolution of a reduced density matrix, provided that the coupling to reservoir is rescaled appropriately with the time
interval between consecutive interactions of the system with the reservoirs, see [14].

Our setting is shown schematically in Figlll A model with a twist (@) with right twisting angle § = 7/2 in
XY —plane and more general anisotropic X X Z-Hamiltonian Hx xz(A) = i\[;ll (azozﬂ + UZUZH + Aoy, 0;+1) was
introduced in [10], and the respective NESS pyrss(A) was shown to possess intriguing properties. The existence of
a duality transformation between pypss(A) and pyrss(—A), of a different form for even and odd N, allowed to
conclude that the j* magnetization current alternates its sign with system size [10]. For large I' > oo and for an
adequate choice of the anisotropy |A*(NN)| < 1, which depends on system size N, one can generate a NESS arbitrarily
close to a pure state, 1 — Tr[p% pgg(A*)] < € [15]. For small I' < 1 the NESS pnpss(A) was shown to have an
anomaly peaked around the isotropic point A = 1, the anomaly turning into a singularity at A = 1 in the limit
I’ — 0 [16]. While some of above features were proved with general symmetry arguments, others were conjectured by
extrapolating the analytic behaviour of the system for small sizes N < 10 onto larger sizes. However, many important
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Figure 1:  Schematic layout of the model. A chain of qubits is coupled at the boundaries to the reservoirs. Dissipation
introduced by the reservoirs is described by a quantum Master equation (). The figure was taken from [10].

questions concerning scaling behaviour or finite-size corrections crucial for determining the universality, could not be
answered.

In the present work we obtain exact results for the model with a boundary twist for the thermodynamic limit
N > 1 by using a Matrix Product Ansatz (MPA). Our study treats the isotropic Heisenberg chain A = 1, but an
arbitrary twisting angle 6 between the targeted polarizations at the ends. Our calculations are based on the following
observation: The unnormalized NESS of the model (), (@) can be written in the form [6]

pness = USy(USy)! (7)
Sn = (0] Q% |Ry) (8)
U =U®

where € is 2 X 2 matrix with operator-valued entries Q(p) = S, (p)o* + Si(p)ot + S_(p)o~, which satisfy the SU(2)
algebra [S%,Sy] = £54, [S4+,S5-] =25, for any p. The representation parameter p is defined by the action of S, on
the lowest weight vector of SU(2), (0| S, = p (0], and is connected to the coupling constant I" through p = i/T". More
precisely, the operators S (p), S+ (p) operate on a semi-infinite set of states {|n)}22, as

oo

S.(p) =Y _(p—n)n) (]

n=0
oo

Si(p) =Y _(n+1)|n) (n+1|

n=0
00

S_(p)=>_(2p—n)|n+1)(n|.

n=0

Finally, the vector |Rp) is a coherent state, parametrized by the twisting angle 6 [17]

> (—cot &)™ (S_)" > (—cot &)™
rofp)) = 3 S gy -y E (2 ), o)
. >

n=0

where (275’) is a generalized binomial coeflicient.

Note that the Lindblad operators (@) differ from the ones considered in [6] by a cyclic permutation ¢%, 0%, 0¥ —
o”,0Y,0%, accounted for by introducing a unitary matrix U which performs a cyclic permutation on the basis of Pauli
matrices,

1 /1 —
=307 10
ie. Uo*Ut = oY, UcVUt = 0%, Uc?UT = o°.

Some care should be taken in distinguishing the physical Hilbert space C? in which the matrices Q(p) and U are
acting, and an auziliary space R spanned by the vectors {|n)}52,, in which S,(p), S+ (p) are acting. The result of
the operation (8)) (0| Q®~ |R(0)) is a scalar in the auxiliary space and is a matrix in the full Hilbert space for N spins
(C2)@N . For the following it is convenient to rewrite the (7)) in the form

pness = (0,01 Q(p)®~ |Rg, Ry) (11)
where the matrix

Q(p) = UQ(p) ®qu QT (—p)UT (12)



acts in C? ® R ® R such that ®q,, is a tensor product in the auxiliary space, and transposition Q7 is done in the
physical space only. Notation simplifies by embedding the matrices Q(p) and Q7 (—p) in C?> ® R ® R through the
redefinitions ¢ - 0*® I ® I, S = [ ® S, ® I, where the I are the unit operators on the respective subspaces in
the tensor space C2 @ ® ® R and by introducing operators T, = I ® I ® T, where the operators T, Ty also satisfy
SU(2) and the representation for T, (p) are obtained from those for S, (p) by the replacement p — —p. With these
definitions one has Q(p) = S.(p)o* + S4(p)ot +S_(p)o—, QT (—p) = T.(p)o* + Ty (p)o~ +T_(p)o™ and (IZ) can be
written without the tensor product symbol over the auxiliary space in the simpler form

Q(p) = UQp)Q" (—p)U". (13)

The vector (0,0] = (0] ® (0| in () is a tensor product of two lowest weight vectors (0,0/.S_- = (0,0|T- = 0, and
the vector |Rg, Rj;) = |Rj) @ |R}) is a tensor product of two coherent states ()

o3 = 3 M(QZ)) <_2p> fn,m). (14)

nlm! n m
n,m=0

II. STEADY STATE MAGNETIZATION PROFILES

Steady state expectations are found by the usual prescription, e.g. one-point correlations are
oy _ Irlompness)
Z(N,0)

where Z(N,0) = Tr(pngss). It is convenient to introduce operators B, (p) = Tr(c“$2(p)),
By =28, T, + ST +S_T_, (16)
B, =541y —S_T_, (17)
By = S.(T- = Ty) + To(S- — S4), (18)
B, =i(S:(Ty +T-) = T:(S+ + 5-)), (19)

which act in the auxiliary space 8 ® R (here and below we omit the argument p for simplicity). Note that by
construction [S,, T3] = 0 for any «, 5. In terms of the B-operators, the normalization factor becomes

Z(N,0) = Tr(pnEess) = Tr (0,0 Q(p)® |Rq, Ry) = (20)
= (0,0 (Tr(Qp)))™ | Ro, Ry) = (21)
= (0,0[(Tr(c"Qp))™ | Ry, R;) = (22)
= (0,0] By’ |Re, Rj) (23)

Analogously, the one-point expectations (IH]) are expressed in terms of B, as

0,01 B BaBY ~*) |Ro, Ry)

(
My = (o) = 24
b = (k) (0,0| BY |Rg, R}) (24)
Using the SU(2) commutation rules for S, and T, we obtain, with some effort:
[Bo [Bo, Bs]] + 2{Bo, B, } = 4(Cs + Cr) By, (25)

where Cs and Cr are SU(2) Casimir operators Cg = S,(S, — I) + S4+S_,Cr = T.(T, — I) + T4 T—. From the
representations we readily find Cs = p(p+1),Cr = p(p— 1), so that the Eq.([25]) becomes [By [By, Bz]] +2{ By, B} =
8p?B,. Due to the rotational isotropy of the X X X model, this relation is also valid for other spin components,

[Bo [Bo, Bal] +2{Bo, Ba} = 80°Ba, a=u1,y,2. (26)
Another important relation is derived by analyzing the behaviour of the quantity

Z(N +1,60 4
lim ( +’)——

rseo  Z(N,0) _92N2+O(N) (27)



5

for N >> 1, see Appendix [Al Multiplying (Z8) by (0,0| B¥~! from the left and by BY ™71} |Ry, R) from the right,
and using (7)), (4], we obtain

) § o ZIN+1,0)
(Z2Miy 1 N + Mo vy + M’C’NH)W

F2(M Ny + My ) = 8p2M1?,N—1 Z(N,0)

(28)
Taking the continuum limit, we substitute k/N = x, Mg, Mg, v — Mo (2), Mo (z + +) in the above and expand
in Taylor series in 1/N. In the lowest order of expansion, we can neglect the right-hand side of (28)) and obtain using

)

aQMa (.I) 2 «
provided that
A (30)
=5
Integrating (29)) with the boundary conditions M*(0) = O farget(L)? Me(1) = O arget(R) WHETe 00 gy are targeted
boundary magnetizations,
Utwargct(L) =1 O'tyargct(L) = O'{:Zargct(L) =0. (31)
Utwargct(R) = cost; O.gargct(R) = sin6; Ufargct(R) =0, (32)
we obtain stationary density profiles
M?*(x) = cosOx
MY (z) = sinfx (33)

M?(z) =0,

interpolating between the left and right boundary values, see Figl2l In a finite chain these asymptotic results can be
approximated by

(oF) = cos (9%) : (34)

(o) = sin (9%) , (35)

see Figl2l Note that for § = 7 the Eqs(29B3]) reproduce the results obtained in [5].

Numerical evidence as well as the leading behaviour of the normalization (27) suggest that §2/N is a good scaling
variable. For small " of order of #2/N, there are corrections to the asymptotic formula ([33). In particular the M= (x)
profile becomes harmonic as well M*(z) = — f1(I') sin((z — 3)w(I')) see Fig2(b).

It is quite remarkable that the stationary magnetization profile for NESS satisfies a simple harmonic equation (29)
for all magnetization components. However we were not able to derive the (29) in a shorter way. Note that the NESS
is formed with highly excited states, since the magnetization is not alternating in space as would be expected for a
ground state of a antiferromagnet (2)). Reversing the sign of the spin exchange interaction H — —H amounts, for the
NESS, to reversing the sign T', see (). We find that M*(x) and M¥(z) are invariant under I' — —T" exchange, while
M?#(x) reverses its sign, M?#(x) — —M?#(z). As a consequence, the limiting harmonic shape of the magnetization
profile for I' > I'* = %, given by ([B3), does not depend on whether the bulk Hamiltonian is antiferromagnetic or
ferromagnetic one, as long as it stays isotropic [12]. Note also that harmonic density profile leads to diffusive 1/N
scaling of the trasversal magnetization current, see discussion after (G2)).
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Figure 2: (Color online) Exact steady state magnetization profiles from the MPA for the X X X-chain of N = 40 sites and
0 = —m/2. The three components are z (top), y (bottom) and z (middle). The continuous lines shows analytic results (34)),([35)
valid for large I'N. Panel (a): I = 4, Panel (b): I = 0.2.

III. MAGNETIZATION CURRENTS

The X X X-model, due to its isotropy, has three independent local magnetization currents defined by the time
derivative of the respective local magnetization components, C%” =jo_1 — 7%, where

Jn = 25a670502+1 ) (36)

with the Levi-Civita symbol €443,. In the steady state the current expectations j*(6) := (j%) are position-independent.

Some important conclusions can be drawn on the base of LME symmetries, and the uniqueness of the steady state
[@). Parallel boundary driving 6 = 0 does not create any gradient, and therefore all currents vanish, j*(0) = 0. For
the antiparallel alignment § = 7, the magnetization currents j*,j¥ vanish, but not 5%, j%(w) = j¥(7) = 0. To see
this, note that for § = 7 the NESS has a symmetry pnpss = YzpNESssSz, where X, = (0,)®N. The operators
7Y, 3% change sign under the action of the symmetry : X, 4%, = —j3%, X,72%, = —7%. Since Tr(j¥*pnEss) =
—Tr(E:%*Yspnpss) = —Tr(i¥*EepNnpssEs) = —Tr(¥*pNnEss), the current suppression follows, see [10, [13] for
more details.

In terms of the MPA the steady magnetization currents are given by

<jg> — 25aﬁ’y <070| BgilBﬁB’YB(])Vikil) |R9’Rz>

Z(N.0) . (37)
Using the algebra, we find
[By, B:] = 2i(T, — S:)Bo (38)
[Bs, Byl = Bol1 = Bo(S4 — S_ + Ty —T-) (39)
i[B,,By] = Bolo = Bo(Sy + S- — T4+ —1T_) (40)

Operators (T, —S.), I1, I commute with By, which manifests the local conservation of the magnetizations o7, 0¥, o®
respectively, so that current expectations values (3¢) = j* are indeed position-independent. We readily derive the

exact expressions for the x — magnetization current as

Z(N —1,6)

i*(N) = —8i 41
J*(N) PN (41)
which has a characteristic bell-shaped form, see Fig[3l
For N = 2, 3,4 the exact expressions for j* are
(2) = 16I'sin” (£) (3 + cos ) (42)
I T ST 119+ 12cos0 + cos 260
16I'sin® (£) (812 + 19 4 12 cos 6 + cos 26) (43)

() _
7 48T* + 2081 2 + 126 + (16T* + 1122 + 111) cos 6 + 18 cos 26 + cos 36
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Figure 3: (Color online) Exact j* steady state currents from MPA (I), for § = =w/2, as function of I' for N =
30, 40, 50(upper,middle and lower curve) (Panel(a)), and as function of system size for two fixed values of I' = 1,0.2(lower
and upper curve) (Panel(b)). Lines on Panel (b) show the asymptotics (@3]).

_ 16D'sin® (§) (481" + 208 I'2 + 126 + (161" + 112I'% 4 111) cos § 4 18 cos 26 + cos 36)
B Yo + 71 cos 0 + 72 cos 260 + 24 cos 30 + cos 46

J*(4) (44)

with 7o = 688I'¢ + 3584 + 3616 I'? + 867, v1 = 8 (561 4 3200 + 40002 + 117), 2 = 4 (4I'® + 32I'* 4 88I'2 + 55).
For sufficiently large I',N using ([27]), we obtain

207
T N2
Note that the applicability of the asymptotic formula ([5]), as well as of other asymptotics (52]),(27),([34), [B3) depends

on the value of the coupling I" which should be much larger than a characteristic value I'*, see [B0). For small values
of I' <« T'*, we find linear growth of j* with I' of the form

5 (N) +O0(N7?), (45)

- 29
8 sin 5

oS5 2
3+cos9r+0(r )’

J*(N)lper- =
valid for all N > 2. Finally, for intermediate I' values, I' = O(T'"*) the function j* has a maximum in T, see Fig3]
which scales as 1/N. The value of I' which maximizes j* is well-aproximated by I'max = 2/N, for N > 1, data not
shown. The amplitude of the maximum can be approximated as j*(N)|,_p = 6%/(2N).

The j%(N) current has the same scaling 1/N?2 for I > I'* as the current j® as it is simply proportional to the j*
current, with a proportionality coefficient (— cot g) Indeed, e.g. for § = +7/2 it follows from the properties of the
coherent state that Iy |Ry, Ry) = F4p|Rs, R;), and we obtain from {0), B7) that j*(0 = £7/2) = Fj*(0 = £7/2).
For arbitrary 6, I5|Rg, R}) = (2p(cot § + cot ™ §)I + (cot § — cot™ §)(S — T))) |Re, R}) and after a straightforward
calculation we obtain
Z(N—1,0) 0

0
cot — = —cot = x j¥(N,0). (46)

YN0 — 8
JY(N,0) 8”)72(1\7,9) 5 5

On the contrary, the scaling and qualitative behaviour of the j* current is different, in two respects: It scales as
1/N and is a monotonically increasing function of T', see Fig. Ml Using properties of coherent states one obtains the
following exact expression

4 (0,0 By '(=8. — T.)) |Re, R})

1*(N,0) = 47
NG = 5 Z(N,8) (47)
For N = 2,3, 4 explicit expressions for j*(NN) are
o 16T2sin 0
J7(2) (48)

- 82 + 19 + 12 cos @ + cos 20
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Figure 4: (Color online) Exact j* steady state current from MPA, for 6 = 7/2, as function of I" for N = 30, 40, 50(upper,middle
and lower curve) (Panel(a)) and as function of system size for fixed I' = 1 and various 6§ = 0.5, 7/2,67/7 (lower, middle and
upper curve) (Panel(b)). Lines on Panel (b) show the asymptotics (52]).

B 641 sin 6 (I'? + 3 + cos )
48 T4 + 20812 4 126 + (1614 4 112T'2 + 111) cos 6 + 18 cos 20 + cos 360

77(3) (49)

24) = 32I%sin 6 (20T 4 + 92T'% + 57 4 (41" + 2812 + 36) cos 6 + 3 cos 26)
i) = Bo + B1 cos b + B2 cos 20 + 24 cos 30 + cos46

(50)

where 3y = 688T6 + 358474 + 361612 + 867, B, = 448T'C + 2560T* + 3200I"2 + 936, B, = ['6 + 12814 + 352I'2 + 220.

For § = m/2, the above expressions reduce to those obtained by direct diagonalization in [10], j*(2) = %,

2(3) — 1602 (T243) ., 4) — 8T (107* +461%427)
J*3) = 12015221270 J (4) = 3(2800+ 14411+ 13602+27
with I' of the form

3 For small values of I' <« I'*, we find quadratic growth of j5*

8sin 6

m(z\f -rr+o (1), (51)

J5(N)|per- =
for all N > 2. So,

For 6 = w/2 Eq(E]l) reduces to obtained in [16] by direct diagonalization. Finally, for large T, N, ({@7) reduces to a
very simple expression,

. 26 1
FN)lrsre Ns1 = N +0 <m) (52)

see Appendix[Al Note that unlike the currents 5, 7% which decrease with the coupling as 1/T", the current j* increases
with T' and takes a finite value (52]) as T' — oo, see also Fig. @ The finiteness of the magnetization current j* at
I’ — oo also emerges from an analysis of a perturbative expansion of NESS for small systems in 1/T", for arbitrary
spin exchange Z—anisotropy A # 0 [10]. Note also that an increase of system size N results in increase of j%(N) for
small coupling I' < T*due to (BIl), and in decrease of j*(N) for T' > IT'* due to (52I).

Interestingly, the leading term in the asymptotic expression (2] for the current j* can be obtained from the exact
density profiles (33)) if one neglects the connected part of the two-point correlations, as

Jar(N) = 2op) (o 1) — 2(oh) (o 11)- (53)

Making use of the exact expressions (B3), we have (o) = cos (§%), (¢ ) = sin (§"5}). The Eq.(E2) is then obtained

in the first non-vanishing order of the Taylor expansion of (G3) in 4.
Another surprising property consists in the fact that for large N the maximum of the j*(V,0) current is observed

for § = 7 — O(N~1). On the other hand, see the discussion after (B8], j*(N,n) = 0 for any N. Consequently, the



limits N — oo and § — 7 do not commute, namely

lim lim Nj*(N)=2r (54)
6—m N—o00
lim lim Nj*(N) =0, (55)

N—o0 0—m

see Figlhl The reason for the non-commutativity of the limits is the presence of an additional symmetry at § = 7w as
discussed after ([B4]).
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Figure 5: (Color online) Function Nj*(N) versus 6, for N = 10,20,100 (lower, middle, upper curves). In all cases, % < 1.
The dotted line shows the asymptotics ([B2) for N — oco.

IV. CONCLUSIONS

We have investigated open driven X X X model where boundary spins are pumped in two different directions, with an
arbitrary twisting angle between them. We find explicit expressions for one- and two-point observables (magnetization
currents and magnetization profiles) in the steady state, and investigate various asymptotic regimes. We find scaling
of the magnetization current to be qualitatively different in the direction parallel to the twisting plane, and in the
orthogonal direction. We find explicit dependencies on the twisting angle, and retrieve known cases. At the point of
antiparallel driving § = 7 we find a non-analyticity of the transversal magnetization current in the thermodynamic
limit.

It is instructive to compare our findings with previous results on spin transport in the isotropic Heisenberg chain.
For § = m, we retrieve an anomalous scaling of the current 1/N? (@H]), obtained in [5] (note that our j* current then
corresponds to the j# current of |5]). For # = 7, and small driving (i.e. small amplitude of the targeted boundary
values, another scaling form was obtained, j = const/v/N [18]. In both cases the current decreases as 1/T" with
coupling which was attributed to a quantum Zeno effect.

Our study shows that already by an infinitesimal perturbation of the antiparallel boundary alignment § — 7 — ¢
in the isotropic model an additional current appears, pointing in the direction perpendicular to the twisting plane,
which has yet another scaling form 1/N (52]). This new current does not decrease with coupling, but, on the contrary,
saturates to its maximal value at I' — oc.
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Appendix A: Computation of the Z(N,0)

Z(N,0) is given by Eq.(23]). The operator By, restricted to the basis of vectors V = {|n,n)}>2 ,, has the form

o0
Boly = Z2sntn [, n) (n,n| —|—s:{+1t:{+1 [n,n) (n+1,n+ 1|+ s,t, [n+1,n+1){n,n|,

n=0
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where s,, = p—n; st =n;s, =n—2p and expressions for t,,t" are obtained from s, s} by replacing p — p* = —p.
Let us introduce functions Fr(LN)(p) defined as

N
0,0/ By = FM(p) (n,n| (A1)
n=0
through which the normalization factor is expressed as Z(N,6) = > Fr(LN)(p) (n,n| Ry, R), or

27,0 = 3" FV ) (c0t5) " () (42)

n=0

Limit of small p — 0. For p — 0, in the lowest order in p we obtain
) N+1 N2
— A2 N (N+1) v il 2
Z(N +1,0) = —4p (Fl (0) + ; FN+D(0) (cot 2) n2> + o(p?). (A3)
On the other hand, from the (AT]) the recursion relations for F,§N+1)(O) read
F{MH(0) = n? (2F(0) + FY) (0) + £ (0)) (A4)

with the initial condition F)\" (0) = 0p,,1. Substituting the recursion in the (A3]), and noting that FéN) =0for k>N,
we obtain

. Z(N+1,0) 0\>"
lim Z EW (cot 5) (Ab)

p—0 p? sin® 6

Here below we treat the case §# = m/2 in more detail, for which the quantity Z(N + 1, 6) becomes

;ga%p— —162F (A6)

and the recursion relations for F; (N)(O) are given by (A4). For further analysis, fix notation as follows: (i) N =
FN(0), (i) FO = 2N FN The conjecture is limy_oo 1/NYFON+D /F(N) = =2 with y = 2 and ¢ = 4/7 This

n=0"n
implies that asymptotically F(N) = F(cN)?N with some undetermined constant F. Solving the recursion explicitly

for n close to N yields the following exact expressions:

N
F\t =0, (A7)
FV /(N2 =1, (A8)
N—-1
2N3
FNDIN =D =2 3 K ~ = (A9)
k=1
N-—-2 k N-—-2
1 [2N3
FND /N =2 =43 8 Y m? + Y Rk + 1)~ <T) : (A10)
k=1 m=1 k=1 ’
N-3 k k N-3 k
FYO /N =3)P =83 k2 3 m? D n 423 kY7 mP(m+1)°
k=1 m=1 n=1 k=1 m=1
N-3 k+1 3
1 /2N
+2) Bh+1)2) mP~ 3 (—3 ) . (A11)
k=1 m=1 '

Here ~ means up to order 1/N. Hence for fized k we obtain the large N behaviour

k
Jim VT FEM N — k)2 = % (A12)
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However, these terms grow strongly with k£ and do not dominate the sum over m. To study the behaviour for
m o N we make the the ansatz

1 (nlfaN)2
FEWN/FWN) — " mn (A13)
" V4rbN

This solves the recursion (&) with a = ¢/2, b = ¢?/8 and any m — aN of the order v/N solves the recursion (Ad)) up
to corrections of order 1/N for any (positive) value of ¢. This can be seen by setting m = aN + 2v/N and plugging

this into the recursion (AZ]).
The Lh.s. yields

FONED) _ (N1 1 o
" 47b(N + 1)
— p(N+1) 1 1 lmeenPogignoeNide? o
B I+ N1 VAN
_povany_ L !

e
V1+ N-1\/47bN
= FND (1 £ O(NY)) 1 —m+2miow )

V4rbN

FOV+D ax _
:F&N)W (1+ W +O(N 1))

On the r.h.s. one gets for G = TrL?(F,(nj\j_)1 + nyf\i)l + 2F7(nN))

Gy = F{Nm? [2 + 27~ cosh (%)]

= V) ( aN)? + 2azN3/? +:1:2N) {2+ 2e N cosh <L>}
m . ((aV) Vi

2
= F\Ng2N? (1 + = +O(N1)) [44+O(N7

av/'N
Comparing terms up to order N~/2 yields FIN+1) /F(N) = (24N)? and b = a?/2. With the definition of ¢ = 4 /7
this yields a = ¢/2 = 2/ ~ 0.637 and b = 2/72 ~ 0.203. This agrees to the values we found for N = 100 from
numerically exact computation using Mathematica, apart from finite-size corrections. So we have proved the scaling

exponent y = 2 and also found the asymptotic form of F&N) except for the amplitude F'.

For arbitrary twisting angle § we assume, analogously to (AT3]),

N n
Wt 1 <_(m—a(9)N)2>. (A1)
YN FN ) (cot §)2n  \/Amb(O)N 26(0)N
Proceeding analogously to the lines indicated for 6 = 7/2, we find
. Z(N+1,0) 4 9~
1 = 0)°N Al5
I =N et (A15)
2sin? ¢
L = & (A16)

2b(0) a(6)?
Current J?. We start from the expression [@T). Let us denote QN) = (0,0| By’ (=S, — T.)) |Rg, R}), so that

4 QW-1

JEN.6) = sinf Z(N,0)’

(A17)

Only diagonal matrix elements (0,0]...|n,n) , n = 0,1,..N contribute to the Q). We are interested in the lowest
order in p, for which the ”diagonal” part of the vector |Rg, Rj) becomes

2n
>, (cot &
|Ro, R;) = |0,0) — 4p? E % In,n) + O(p®) + nondiag. terms
n
n=1
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Using the above, (=S, —T%) [n,n) = 2n |n,n), (Al), and the recursion (A4)), we obtain for small p

N-1 0\2n

Q=1 — _gy? (cot 3) FIN-1) _
n=1 n "
N-1

The last term on the rhs is of lower order in N and can be neglected. Substituting Q¥ —" in (A7), and using (ATH),
(AH), we obtain

vy — 5 (ot ) BV P 2V -2.6)
P T e Z(N —2,0) Z(N—1,0)

2sin 6

= WW%

where (n) = SN n (cot %)% FN™?7(N - 2,6). Using the Ansatz (A4 we get (n) = a(6)N, to yield

2siné 1
*(N,) = ——+0 | — | . A18
e = 20840 (1) (A1)
The only unknown parameter a(f), corresponding to the maximum of the distribution (AI4)), on the basis of

numerical evidence is conjectured to be

sin 6

a’(e) - 9 )

up to corrections of order O(N ~1). Substituting the (A19) into (AIS) and (ATH), we obtain (Z7), and then, all steady
state density profiles and steady currents (33)), (45), (52).

(A19)

1] H.-P. Breuer and F. Petruccione, The Theory of Open Quantum Systems, Oxford University Press 2002.

2] M.B. Plenio and P.L. Knight, Rev. Mod. Phys. 70, 101 (1998).

F. Heidrich-Meisner et al., Eur. Phys. J. Special Topics 151, 135 (2007).

N. Hlubek, P. Ribeiro, R. Saint-Martin, A. Revcolevschi, G. Roth, G. Behr, B. Biichner, and C. Hess, Phys. Rev. B 81,
020405 (2010).

[5] T. Prosen, Phys. Rev. Lett. 107, 137201 (2011).

[6] D. Karevski, V. Popkov and G. M. Schiitz, Phys. Rev. Lett. 110, 047201 (2013)

[7] T. Prosen, New. J. Phys. 10, 043026 (2008).
8V
(9]

3]
4]

. Eisler, J. of Stat. Mech., PO6007 (2011).
J. J. Mendoza-Arenas, S. Al-Assam, S. R. Clark, D. Jaksch, J. Stat. Mech. (2013). P07007; J. J. Mendoza-Arenas, T.
Grujic, D. Jaksch, S. R. Clark, Phys. Rev. B 87 235130 (2013).
[10] V. Popkov, J. Stat. Mech. (2012) P12015.
[11] V. Popkov, M. Salerno and G. M. Schiitz, Phys. Rev. E 85, 031137 (2012).
[12] That the isotropy of the Hamiltonian is important for harmonicity of the magnetization profile, is seen in an integrable
example of X X Z model with antiparallel twisting (6 = 7): outside the isotropic point A = 1, magnetization profiles are
either flat or domain-wall like [5].
V. Popkov and R. Livi, New J. Phys. 15 (2013) 023030.
S. R. Clark, J. Prior, M. J. Hartmann, D. Jaksch and M. B. Plenio, New J. of Phys. 12, 025005(2010).
. Popkov and M. Salerno, Phys. Rev. E 87, 022108 (2013).
. Popkov and M. Salerno, J. Stat. Mech. (2013) P02040.
ote that our definition of 6 is related to the one in [6] by replacement § — 7 — 6.
M. Znidari¢, J. Stat. Mech. P12008 (2011); M. Znidari¢, Phys.Rev. Lett. 106 , 220601 (2011).

v
\%
N



	I The model
	II  Steady state magnetization profiles
	III Magnetization currents
	IV Conclusions
	 Acknowledgements
	A Computation of the Z(N,)
	 References

