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Abstract

We consider theoretically spin correlations in an 1D quantum wire with Rashba-Dresselhaus
spin-orbit interaction (RDI). The correlations of non-interacting electrons display electron-spin
resonance at a frequency proportional to the RDI coupling. Interacting electrons on varying the
direction of external magnetic field transit from the state of Luttinger liquid (LL) to the spin
density wave (SDW) state. We show that the two-time total spin correlations of these states are
significantly different. In the LL the projection of total spin to the direction of the RDI induced field
is conserved and the corresponding correlator is equal to zero. The correlators of two components
perpendicular to the RDI field display a sharp ESR driven by RDI induced intrinsic field. In
contrast, in the SDW state the longitudinal projection of spin dominates, whereas the transverse
components are suppressed. This prediction indicates a simple way for experimental diagnostic of

the SDW in a quantum wire.


http://arxiv.org/abs/1411.4084v2

Introduction.—Abanov et al. H] predicted a sharp ESR in a quantum wire driven by
an intrinsic momentum dependent RDI of the spin-orbit-interaction origin. The electron
interaction in [1] was neglected. In the work & theory of the RDI spin resonance was
extended to the interacting 1D electron system described as the Luttinger liquid (LL)BB]
Theory B] showed that the ESR persists in the electronic LL with slightly modified shape
of line. However, Starykh et al. B} predicted that a quantum wire with the RDI subject to
external magnetic field perpendicular to the intrinsic field develops an SDW with the wave
vector 2kp, an inhomogeneous state with physical properties rather different from the LL.

Multiple experiments on 1D wires (c.f. the review H] and its references) have proved
validity of the LL model. However, neither the ESR nor the SDW state was observed
experimentally in quantum wires with the RDI. The standard way of the resonance
observation, i.e. resonance absorption of an electromagnetic wave, gives a very weak
signal since the total number of electrons in a wire is typically small. Therefore, it
requires enormous power of the incident wave in the terahertz range of frequencies at
helium temperature.[l] The standard method of the SDW observation in the bulk is
neutron scattering which doesn’t work well for wires for the same reason. Purely magnetic
measurements also are impossible. Here we propose to overcome these difficulties by using
the spin noise measurements method developed by Crooker et al.[8] In this method they
measured total spin fluctuations in real time observing induced by them Faraday rotation of
the light polarization. They were able to see them in quantum dots H, ] that also contain
not too large number of electrons. Therefore, their method is specially intended for weak
signals. It does not require e-m sources of ultra-high power. The recently developed ultrafast
spin noise spectroscopy have achieved frequency resolutions up to hundreds of Ghz.|[11]

In this work we calculate spin correlators in the 1D interacting electron system with the
RDI for both the ordinary LL and the SDW states. Different properties of spin correlations
for these two states make it possible to identify them experimentally.

Model.—We consider a quantum wire with the RDI in single channel regime, in which
the electrons occupy only the lowest band of the transverse motion. Thus, the system is
effectively 1D. We also assume zero temperature and the thermodynamic limit, i.e. wire’s
length being much larger than all other length scales. In 1D the most general form of the RD
Hamiltonian is Hgp = a(n - o)p, where « is the RDI coupling constant with dimensionality

of velocity, n is a unit vector in the spin space, o is the vector of Pauli matrices, and p



is the 1D momentum. (Later we set A = 1 and write everywhere wave vector k instead of
momentum p.) We choose the spin-orbit axis to be z—axis and assume the external magnetic

field to lie in the 2Oz plane: b = %guBB = bz + b 2. The Hamiltonian reads:

H:Z[

where ¢ labels electrons and H,,; denotes the e-e interaction. We assume external field to be

k2
27Zn + (ak; — b)), — bioie] + Hine, (1)

weak: b < akp, and the RDI velocity being much smaller than the Fermi velocity: o < vp.

The time-ordered spin correlators are defined as:
Saa(t) = (Te Sa(t)Sa(0)) = (V5,71 S,), (2)

where S,(t) is the total spin projection operator along direction a = x,y, z, and () denotes
the average over the ground state. The retarded correlators can be obtained from the time-
ordered ones as SE (t) = —20(¢) Im S7 (t) B], where O(t) is the Heaviside step function.

Let us analyze the symmetry of our model. The e-e interaction is invariant under any
spin rotation. Thus, in the absence of the RDI and external field the Hamiltonian is SU(2)
invariant and all three components of the total spin are conserved. A finite RDI coupling
« and/or parallel field by reduces the symmetry group to U(1), in which case only S, is
conserved. In the presence of non-zero transverse field b, , the U(1) symmetry is also broken
and neither of the total spin components is conserved.

Ideal 1D Fermi gas.—Before calculating the spin correlators of interacting electrons, it
is instructive to solve the same problem for the ideal 1D Fermi gas. In the presence of the
RDI and the external magnetic field, the spectrum consists of a pair of asymmetric parabola
with avoided crossing. If b < akr and a < vg, the four Fermi momenta are approximately
kor = Thp —om|a — 7‘2—‘; + W%_Tb“)], where 0 = + denotes the spin-up/down bands and
T = =+ denotes right/left movers. At T" = 0 spin correlators can be obtained directly by
calculating the ground state average:

SE () = Sj;(t) = @(t)z—l sin(2akpt) sin(2ma?t), SE(t) =0, (3)
mot

where [ is the wire’s length, and spins are in units 2/2 = 1/2. The Fourier transforms are:

Ry erg Lo (wi6)? = [2a(ke + ma)]?
SealW) = S W) = S o8 (5 Balky — ma) P

Si(w) =0, (4)



where § = 07. The x and y components are equal and the z component vanishes, respecting
the U(1) symmetry. The imaginary part of SE (w) has a narrow peak around w = 2akp of
the width 4ma?. In the resonance interval of frequency 2a(kp —ma) < |w| < 2a(kr +ma),
the absorption intensity $S% is constant. Disorder can change this exotic shape of line.

Interacting electrons and bosonization.—For interacting electrons we apply Luttinger
liquid theory, detailed description of which can be found in [12,[13]. In 1D the interaction
between fermions near Fermi points is always strong enough to destroy the Fermi-excitations.
Instead the Bose-excitations play the role of almost free quasiparticles. Before translation to
the bosonic language (bosonization), the original quadratic spectrum of fermions is linearized
around the Fermi points, and the infinite sea of negative energy levels is filled. The extension
of the fermion spectrum to —oo contradicts to the initial spectrum of fermions limited from
below. Usually this does not lead to mistakes in physical results if the substantial range
of momenta is close to the Fermi points. However in some problems a broader range of
momentum is important. Namely this happens in the case of the total spin correlators as it
will be shown later. In this situation the LL theory can be used only together with a proper
cut-off of negative momenta.

Below we consider the bosonization for the fermions with the RDI in a parallel external
field. In terms of the fermionic particle field W, (z), Hyy,, reads: Hy,y = % Zo’o, [ dzdz'U(x—
2 VW ()W, (2/) W, (2') W, (x). We do not specify a form of the e-e interaction, except that it
is assumed to be repulsive and short-ranged. The field ¥, (z) is the sum of the right and left
movers fields R, and L,. These chiral fields are expressed in terms of bosonic fields in a way
that respects fermionic anticommutation relations. Details of the bosonization procedure
are presented in the Supplemental Material [14]. The resultant Hamiltonian in terms of the

bosonic charge fields ¢., 0. and spin fields ¢,, 0, reads:

H=H.+ H,,
_ 1 Ye 2 2
Ho=; [ dolge0.00° + vK(0,6.),
1 Vg 9 9
Hs - 5 dz[f(axQSs) + 'UsKs(a:ces) ] + Hc, (5)

where K, = {1 + [20(0) — U(2kp)]/(7vp)} "2, ve = vp/Ke, Ky = [1 — U(2kp)/(7vr)] "2,
vs = vp/K are the Luttinger parameters, and Ho = 2(7“;7700)2 [ dx cos(vV8mgps — %”x) with

gc = U(2kp). (U(q) is the Fourier transform of U(z).) We approximated U(2(kp + i))

Il
o
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by U(2(kr)), and ignored a term mixing charge and spin fields o f—‘F‘ < 1. The charge and
spin degrees of freedom in this Hamiltonian are separated. The charge Hamiltonian H, is
completely quadratic, but the spin Hamiltonian H, contains a cosine term Ho. If He can be
neglected, the remaining quadratic Hamiltonian H describes the ordinary LL state. When
He dominates, ¢, field becomes pinned to one of the minima of cosine, resulting in ordering
in the spin sector — the SDW state.

SDW in weak magnetic field.—Starykh et al. B] proved that static SDW appears when
external field is directed perpendicular to the internal one and strongly exceeds it. We
consider a more realistic limit b < akp, and first fix b, = 0. The charge Hamiltonian H.,
is quadratic and does not change in magnetic field. To renormalize the spin part we define

o = G,
2R, Jp = Zw/:; L,T, 2~ L,. In terms of

following [6] spin currents: Ji = PR R}

these currents, H, reads:

H, = 2%@2/(117{(],3],3 + JiJi) +ysJpdi

4b 4b
yol(cos —) (TRTE + TTE) + (sin —La) (JRTY — ThJE))}, (6)

F F
where v, = /202(0) —v% = vp[l — U(2kp)/(27vr)], and the initial values of coupling
constants are y,(0) = yo(0) = —U(2kp)/(7v"). The constants K,, go and y,, yc are

connected by relations: Ky = /(2 — y5)/(2 + vs), 9o = —mvlyc. At by = 0, Hy reduces to:
Hy = 2mv) [dx[(J5Jh + JiJ7) + ysJ i Ji + yo(JEJF + J4J})]. The renornalization group
(RG) equations for the vertices y, and y¢ in one-loop approximation read: dy,/d\ = y2,
dyc/d\ = ysyc, where the running RG parameter is A = log(l,./ag) and [, is the running
scale of length. The integral of motion y2 —y? = yZ(0) —y2(0) = 0 implies that the RG flow
goes along the separatrix to the fix point ys = yo = 0. Thus, at large scales Ky — 1 and
gc — 0. The renormalization of go to zero means irrelevance of Ho. The renormalization
of K, to 1 demonstrates the SU(2) invariance, since the RDI can be removed by a unitary
transformation|2]. Therefore, at zero field the Hamiltonian is renormalized to a completely
quadratic one. No SDW appears, and the system remains in an ordinary LL state with
K, = 1. In finite b the SDW state also does not exist. The parallel field violates the
SU(2) symmetry leaving only the U(1) symmetry. In this case the term Hg develops an
oscillating factor exp(i%x). For a more general case including also b, it is modified to

2
exp[i%”(l - #%_bﬁ)x] The component b, enters only as a higher order correction. Due



to oscillation the renormalization stops at a scale [y = ZTFH determined by the strength of b
rather than the size of the system (/). For the parallel external field ~ 100Gs, [ is of the
order of several micrometers. (In numerical estimates we use the data for Ing;3Gag 47As;
see [1] for references). Thus, in the thermodynamic limit [ > [y, any weak parallel field
destroys the SDW. The coupling constants are not renormalized, and H can be neglected.
In completely perpendicular field the SDW should exist as proved in [6]. Thus, in weak
field limit, SDW appears only if the external field is completely perpendicular. The possible
states of the wire are summarized in Table 1. But they may be different at stronger field
b 2 akp. Starykh et al. ﬂa] considered opposite limiting case b > akpr and argued that a
weak parallel field does not destroy SDW.

Table 1. States of the wire at b < akp.

external field| renormalization state
b=0 ys — 0,y — 0 |ordinary LL
by #0 none ordinary LL
by =0,b. # 0|y, = —00,yc — —00 SDW

Spin density correlations.—Below we calculate the spin density correlators for the
ordinary LL state and the SDW state. At b < akp the Fermi momenta are approximately
k,r = Tkr — oma. In the ordinary LL state, the cosine term Hg can be dropped and
the Hamiltonian becomes completely quadratic. The Luttinger parameters are given in the
text following Eq. (Bl), except Ky = 1 at zero external field. Spin density operators read:
$a(2) = U1 (2)04.50' Vo (), where a = x,y, 2. The time-ordered spin density correlators are
Saa(x,t) = (T¢ sq(2,1)54(0,0)). Applying the bosonization one can express ‘jin correlators

|

as path integrals over bosonic fields. Details of calculation are placed in . The results

are:
a1 0
aé{erKs ? (y? — 2?) cos(2maz) aé{ch R cos(2kpr) cos(2max)
Sza (T, T) = Syy(2,7) = 5 K, 1 T D) K 1
T @r i @)t
5..(2.7) = K, yi—a? N abfe T2 cos(2kpr) )
A N T (224 y2) (a2 y2)

where y,/.(T) = vs/.T, T is imaginary time, and ¢ is an ultraviolet cut-off. Each correlator
contains contributions from small g and from ¢ ~ 2kpr. For weakly interacting case K., K, ~

1, and both decay as =2 and oscillate.



The SDW state exists at completely perpendicular field, when yo flows to the strong
coupling limit yo — —o0. H¢ is relevant and dominates the spin Hamiltonian. The field ¢,
is pinned to ¢5 = (N + %)\/g (N is an integer), whereas its conjugated field 6, is completely
uncertain. Correlators of the charge fields remain the same as in ordinary LL. The correlators
Sux (2, 7) and sy, (z, 7) decay exponentially to zero being averaged with the oscillating factor
e . But s..(x, ) survives since 6, doesn’t appear in its expression:

COS(2]{?FZL’>(7CLO ) e, (8)

It is determined exclusively by the charge degrees of freedom. It oscillates with the wave

vector 2k and decays power-like with /22 +y2. For K, ~ 1 it decays as x~! which is

S.(x,7) =

—

7Ta0)2

slower than 272 decay of the ordinary LL case. This is the result of ordering in the SDW
state.

Total spin correlations.—We aim to obtain the Fourier transforms of the two-time total
spin correlators. Eqs. (@) and (§) present the time-ordered spin density correlators
for imaginary time 7. The imaginary-time-ordered total spin correlators read SI (1) =
fol fol drdr'see(x — @', 7) ~ 1 [7_ Sea(z,7). Their Fourier transforms are S (w) =
ffooo e ST (7). The Fourier transform of the retarded correlator SZ(¢) is related to the
time-ordered one as analytic continuation: SZ(w) = ST (iw — w + id), where § = 07 [12].
Details of calculation see in [14].

However, when integrating the correlator s,,(x, 7) over z, we are faced with the fact that,
in the absence of the transverse field, the integral is not constant in time in contradiction
with the exact conservation of the z-component of the total spin. For the SDW state S (w)
is also not a constant, but the SDW appears only in non-zero transverse field that violates
the S, conservation. Such a contradiction was first noted by Tennant et al. ] (see their
appendix) and they treated it phenomenologically assuming that the oscillating term is a
complete derivative.

This discrepancy originates from filling of infinite Fermi sea, a crucial assumption in
the LL model M, Q,, , ] Electron and hole excitations in this model are completely
symmetric. In real wires the relativistic particle-hole symmetry is violated. In particular,
the momenta of holes cannot exceed kr by modulus. This limitation is not important if
essential for a problem momenta are close to £kpr. This is the case for the spin-Peierls

instability leading to the appearance of the SDW. However, the momenta far from kg bring
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a significant contribution to the total spin. Therefore, the LL model does not respect the
total spin conservation. Nevertheless, calculations for the non-interacting case within the
Fermi gas model shows that the cut-off of the integration at some negative moment kp leads
to conserving S, if kp < kF] This cut-off produces additional terms in the spin density

correlator so that at kp = 0,

y? — a2 1 cos(2kpx) 2 y(ycos(kpz) — xsin(kpx))e Fry
sz, 7) = (2 +y2)? w2 22442 w2 (22 +y?)? )
where y = vp7. The third term in Eq. (@) is the cut-off correction. After integration over
x it completely cancels the contribution of the second term. The first term is contribution
of small momentum transfer. Its integration gives zero.

Unfortunately, it is not clear how to introduce the proper cut-off in LL model. The
conjectured form of s,,(z,7) is given by Eq. (88) in ]; it tends to the exact free electron
correlator of Eq. (@) at vanishing interaction and, after integration over x, the correction
approximately cancels the term with the transfer of momentum by 2kr. Anyway, the result
@) obtained for free electrons shows that, at b = 0, at a proper cut-off the contribution of
the 2kr momentum transfer to 5., exactly vanishes. The same is correct in the presence of
b). In the presence of non-zero b, its smallness is determined by the smallness of b, . Further
we neglect this part of the correlator. For the same reason we neglect the contribution of the

2k p-transfer of momentum to the transverse spin correlators. Contribution from the small

momentum transfer must be retained. We then arrive at a simple result for the LL state:

s_

SE(w) = S8 (w) = Ao[w? + (w + i0)?][w? — (w + ié)Q]%Jrﬁ_Q, SH(w) = 0. (10)

(20 R Pr- e 1) i
Zus 22K’ The SDW state that appears only in

7rvSF(l+%+ﬁ)

the transverse field violating the total spin conservation does not require such a fine tuning.

where wy, = 2mavg and Ay =

Its total spin correlators are:

Si(w) = Sp(w) =0, SE(w) = Aspwwf. — (w+i8)%) % 7, (11)

2(52)Ke—2r(1-£e)
mvel(Be)

Relation to experiment.—The results given by Eqs. (I0) and (I1]) show that measurements

where wg. = 2kpv., and Agpw =

of the total spin correlators can be used as a diagnostic tool for identification of the state
of the electronic liquid in the quantum wire, is it the LL or the SDW. Besides of that we

predict that in the ordinary LL state the transverse correlators display the spin resonance



at wy = 2mav, ~ 2kpa. For K, &~ 1 the shape of the resonance line is almost Lorentzian

|. The position of resonance agrees with the previous non-interacting result Eq. ().
In the SDW state only the z correlator survives and it has a peak at a relatively high
Woe = 2kpv. =~ 2kpvp. A typical value for this frequency in semiconductors is 10 Hz. At

much lower frequency it is almost constant.

Experimentally, the Faraday rotation method H, ] measures directly the spin
correlations in real time. At zero field the system is in the ordinary LL state, and we
expect peaks at w = 2mauw, for directions perpendicular to the RDI axis. The direction of
the RDI axis is not a priori known. It must be found utilizing the U(1) symmetry of the
transverse spin correlations. Applying the magnetic field perpendicular to the RDI axis, one
can check whether the wire transits to the SDW state. At this transition the longitudinal
correlator suppressed in the LL state becomes dominant, whereas the transverse correlators

are suppressed.

The considered quantum wire problem is closely related to a quantum antiferromagnetic
spin chain problem, where Dzyaloshinskii-Moriya interactions plays a similar role as RDI.[6]
Thus, studies on spin chain systems, e.g. , Eﬁ] may also be helpful for understanding the

physics of quantum wires.

Conclusions.—We calculated the spin density and total spin correlators in the quantum
wire with RDI in the ordinary LL state and in the SDW state. They display different
dependencies on directions and different positions of resonance peaks. Thus, experimental
studies of spin correlations in quantum wires can be employed for detecting the SDW driven
by properly directed magnetic field and electron resonance on the intrinsic field induced by
the RDI. The impurity scattering does not change the results significantly if the mean free
path is larger than 1/(ma), typically 10-30 nm. The corresponding mobility is ~(1-3)x10?
cm?/(Vs).

We thank Oleg A. Starykh, Nikolai A. Sinitsyn and Fuxiang Li for helpful discussions of

theoretical problem and experimental situation.
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SUPPLEMENTAL MATERIAL

BOSONIZATION

Here we present the procedure of bosonization in some details. We follow prescriptions

given in Ref. | in the main text. The chiral fermionic fields are defined as:
Ry(z) = [Zeilbkor)rg (k), Ly(z) = [Eelkko-)rg,(k), where a,(k) is the Fermi

annihilation operator in momentum space. The second quantized wave-function operator
U, (x) = e*+*R,(z) + e*~*L,(x). The interaction Hamiltonian H;,; contains several
quartic products of fermionic chiral fields. We neglect the strongly oscillating terms like
eikor-~For )7 RY (2) Ry (2) R, () Lo (). By assumption, U(z — ') decreases rapidly beyond
the effective interaction radius, whereas the fields R,(x), L,(x) vary on much longer scales.
Therefore, it is possible to integrate first over the difference x — 2’ neglecting the change of
the chiral fields. After these simplifications we obtain:

1 ~
Huw=3 / de{U(0)(RI Ry + LI L,) (R, Ry + LY, L))

o0’

_ / b i2(0/7<7)b”x
Ok + OO S e R e, (12)
Ufp
where U(q) is the Fourier transform of U(z). We have dropped the arguments of the chiral
fields while keeping in mind that coordinate of the first two fields in any term is x and that
of the last two is 0.

The chiral fermionic fields are now expressed in terms of chiral bosonic fields ¢g/r, as

_ _nx  iVATR, _ Nt —iVArm
Ri - \/27ra()e ? Li - \/27ra()e

the so-called Klein operators. The bosonic fields obey commutation relations: [¢g,,¢r_,] =

%L+ where aq is the ultraviolet cut-off, and 7, are

i

2000t [Or/L, (2), Or/L,, (Y)] = £2060 sgn(z — y). The Klein operators 7+ can be viewed as

Majorana fermions which satisfy: {1, 7y} = 200/, N} = 1g, 73n- = i. The commutation
relations of bosonic fields ensure anticommutation relations of chiral fermionic fields with
the same spin index o. But commutators of bosonic fields between different spin species

always vanish, so to ensure anticommutations between fermionic fields with different os the

Klein operators must be introduced. The chiral densities are R] R, = Mﬁ, LiL, = M%.

™

Finally, following general rules ] we introduce charge fields ¢., 6. and spin fields ¢, 6

related to the chiral fields as: ¢p, = (¢c—a¢s2)\;éec—aes)7 oL, = ((b“_ms;;égc_aes). Plugging these

expressions into the Hamiltonian with a careful usage of the commutations we arrive at the
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bosonized Hamiltonian Eq. (5) in the main text.

CALCULATION OF SPIN DENSITY CORRELATIONS

Here we present calculations of the spin density correlations for the ordinary LL state.

In terms of the bosonic fields, the spin density operators reads:

50(z) = —— sin[V/37(0: — 64) — 2maz] + —— sin[v3r (0, + 6.) — 2maa]

Tay Tao
bl Sin[VER (0, — 6) + (ke — 2ma)a] + —— sin[VEZr (0 + b) — (2hp + 2ma)a],
Tag Tao
sy(x) = L cos|V27m(0s — ¢s) — 2mazx] + L cos[V27 (05 + ¢s) — 2maz]
Tag Tao
1 1
+ — cos|V2m(0s — ¢.) + (2kp — 2ma)x] + — cos|[V27(bs + ¢c) — (2kp + 2ma)z],
0 0
2 1 1
s, () = —\/iam@(x) — —sin[V27(¢e — ¢s) + 2kpx] + — sin[V 27w (p. + ¢5) + 2kpx].
™ Tag en)
(13)
Let us define the partition function as a functional integral:
7= / DO (x, 7)els o7 S L@@ (14)

where 7 = it + esgn(t)(e = 07) is the imaginary time, 5 = 1/(kgT), ® = (¢¢, O, ¢s, 0s) is
the 4-vector of fields, and L£(®(x, 7)) is the Lagrangian associated with the Hamiltonian H.
Note that for the ordinary LL state H is completely quadratic and thus invariant under a
uniform translation of any bosonic fields: ®;(x) — ®;(x) + A;, a symmetry which we use

later. In the functional integral language, the time-ordered correlation for operators A(®)

and B(®) is:
(T AMBO) = 5 [ DB, AR B@(0)e e, (15)

Later we will drop the time ordering symbol T, and use directly () to denote the time-
ordered average. The Lagrangian £ can be written as L(®) = —%QDM o = %q)iMijCI)j, where

the Fourier transform of the matrix M (z, ) is:

veg? iqw 0 0

K.
iqw v.K.q* 0 0

M(q,w) = e ) (16)
0 0 7 iqw

0 0  iqw v.K,q?
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Note that here w is the imaginary frequency associated with 7. The inverse of M (q,w) reads:

Keve  _ iw
Q2 g2 0 0
W Ve 0 O
_ 2 2
MY q,w) = o Kol (17)
7 . )
O 0 Ksvs  _ iw
Q2 q02
_w Us
0 0 Q2 K02

where we denoted 2, = v?, ¢* +w?. Let ®;(q,w) be the Fourier transform of ®;(z,7).

Then:

(Pi(q,w)Pj(—q, —w)) = BIM;" (q,w). (18)

Correlations for ¢,.(x,7) and 0,/.(z,7) can be obtained from Eq. (I§) by inverse Fourier

transform. The results at zero temperature are:

KS C 2 S/c 2
<(¢s/c(x> T) - ¢s/c(0a O))2> = 27_({ log . ig/ (T) ) (19&)
1 2 /e 2
((Bre(w.7) = 0e(0,0))?) = 5= o log = ‘Z%/ () (19b)
(61, 7)021c(0,0)) = =5 Arelyese(r) + ], (19¢)

where yg/.(T) = vs/eT + agsgn(7). The argument in Eq. ([I9d) is defined with a branch cut
at (—o0,0].

When calculating the spin density correlators s, (x,t) employing Eq. (I3]), there
appear terms of three types: (a) (0,0s(x, 7)0:05(0,0)), (b) (0ps(x, 7)e' 2 A4:®00) "and (c)
(! 2 Bi®i(2.7) i3 Ci®i0.0)) “wwhere A;, B;, C; are numerical coefficients. For their calculation we
employ the invariance of H and £ under the uniform translation of ®;. For terms of type (b)
with A; # 0, the translation ®; — ®;+7/A; changes the sign of the averaged value leaving the
Lagrangian invariant. Thus, the average (0,¢,(z, 7)e’2=4®(00) must be zero if at least one
A; # 0. For terms of type (c), a similar argument shows that (e?2Bi®i(@7) i Ci®i(0.0)) —

if at least one of the sums B; + C; # 0. As a result, s,.(x, 7) reduces to:

2
.0, 7) = ;<8x¢5(17, 7)0:95(0,0))
1 [e2kFe (¢ 27r(¢c(x,7)—¢s(m,T))e_z\/%(¢>c(0,0)—¢s(0,0))> + h.c)]

472a3
1 . . .
+ 47T2a2 [67/2kFx<ez 27r(¢0(x77—)+¢5(va))e_l\/ﬂ((bc(ovo)'i_(ﬁs(ovo))> _I_ hc] (20)
0
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From Eq. (I9al) it follows that

2 2 1
;(@%(SE, T)am¢8(07 0)) = ;893893/(—5((?3(%, T) - (bs(x/v O)>2> |9E’=0
2 K, (x —2') + y,(7)? K, yi—a?

3(A%)

For the second term in Eq. (1)) we apply the formula (¢"4) = e~24" valid for any Gaussian

distributed variable A. Let calculate for example an average:

<6i\/§(¢c(x77)_¢s(1‘77—))e_i\/g((bc(ovo)_(bs(ovo))>
— <6i 2W(¢c(wﬁ)—¢s(w,T))—i\/g(¢>c(070)—¢>s(0,0))> — o ™{[be(@,m) = s (,7) = ¢c(0,0)+¢5(0,0)]%)

K z2+y (7')2 K CL‘2+y (7')2
—7[ 5L log =I5 4 08 log ZI5 ] Q, a
o 2m a(z) 2m a(z) ( 0 K. 0 )lié (22)

VRN R

Similar calculations can be done for other terms in s.,(z,7) and for the other two spin

density correlators, which lead to the results Eq. () in the main text. The z direction
spin density correlators of the SDW state can also be calculated in the same way, with ¢,

replaced by a constant that minimizes Hc.

INTEGRALS OF TOTAL SPIN CORRELATIONS

We calculate from the spin density correlators the total spin correlators by integrate over

the coordinate. The integrals that must be evaluated are of the forms:

L = / dT/ dze™T cos(kx) (xy;;;s)
WT 1
o [ n [ ot o) gy

Ig,:/ dT/ dwe™T cos(kx)%, (23)

(22 +y2)

where £ > 0 and a, b, ¢ are constants, and w is imaginary frequency associated with 7. Of
them, I, or Iy are parts of the correlations with small ¢ or ¢ ~ 2k of the ordinary LL state,

and I3 corresponds to the (z component) correlation of the SDW state.

The integrals can be performed by changing to polar coordinates (r, ¢) where x = r cos ¢

14



and ys = rsin ¢. For example, [; reads:

]1 _ i o d¢ /oo dreir(kcos ¢+ sin ¢) T2(Sin2 ¢ — cos’ ¢)
0

Vs Jo 7«2a—1
27 e’} ir 2, w2 cos(d—arctan —<—
L[ / dre i contgmant k”s)coi(2f)
vs Jo 0 [ 2a—
(3 —a) K0 —w® Kol +w®

vsl'(a) k202 + w? 4v?

Similarly we can calculate I3, and also I provided we approximate both v. and v, to be

vp. The results are:

I - ml'(1—0b—c) (kzv% — wz)bJrC_l
vrl'(b + ¢) 4v%, ’
(1 —d) k*? — w?

I = et (25)

vel'(d) ( 4v?

Applying these results to the correlations and analytically continuing to real frequency

by iw — w + 10, we obtain the correlations for the ordinary LL state:

Sea(w) = Sy (w)

Kc 1

. 1 i
= Ag(w? +w?)(w? —w?) T2 S (e W) EHTE T (W2 W) e,

SP(w) = A3, (w2 — w?) FHae (26)
and those for the SDW state:
Ke 1

Sea(w) = Sy (w) =0, SZ(w) = Aspw(wp, —w?) T, (27)

where we defined the frequencies wy = 2maws, wy = 2kpvp, we = 2(kptma)vp, wo. = 2kpo,,

and the amplitudes

l(;TOS)KS—FKLS_zF( _ % _ 2]1(5)
Ao = (1 + & L ’
v (14 5 +2K5)
aj Kc - c
PR U
2kr WUFF(% + 211(5) 7
I i U Sl »
2%kp




w everywhere in these expressions is understood to have a small imaginary part. Note that
the expressions for the ¢ ~ 2k parts of the ordinary LL correlations are only approximations
when v. and vs are both close to vp.

We remind that the conservation of S, requires that S (w) = 0 at any w in the absence
of the transverse external magnetic field. In the main text we have demonstrated that
this discrepancy is associated with the inconsistency of the LL model at negative, large by

modulus £ and how this discrepancy can be corrected.

NON-INTERACTING MODEL WITH VARYING FILLING DEPTH OF FERMI
SEA

We calculate the spin density correlators for the non-interacting case with no RDI and
zero external field to illustrate the effect of filling of Fermi sea on the spin correlations. The
original quadratic spectrum is E, = k*/(2m), where in the ground state the momentum
states k € (—kp, kr) are occupied. These states all have non-negative energies. But in the
LL model, the spectrum is linearized in such a way that the ground state is a filled Fermi
sea with infinite depth. The spectrum is Ej, = +vpk for right and left movers, respectively.

We will consider a more general model with a cut-off kp: in the ground state the occupied
states are k € (—kp, kp) for right movers, and k € (—kp, kp) for left movers (See Fig. 1).
The parameter kp denotes the depth of the Fermi sea: the lowest occupied level of each
species of movers has energy —vpkp. In this model, the total number of electrons is finite at
any finite kp. kp = 0 corresponds to the case when there’s only one band with non-negative
energy states, which is the case of the original model where electrons fill from zero energy
to the Fermi surface. kp = oo corresponds to the case of filling an infinite sea and of infinite

number of particles, as assumed in the LL model. The field operator ¥, (z,t) reads:
U, (z,t) = e*" R, (2,t) + e "L, (,1), (29)

where R, (x,t) and L,(z,t) are the chiral fields. The Fourier expansion of the chiral field

contain the operators of annihilation in momentum space as Fourier coefficients:
1 )
R, (z,t) = — ak,oel(km_k”‘?t),
ﬂ ?

1 .
Ly(x,t) = _l Z bkﬂez(km—l—kvpt)‘ (30)
k
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FIG. 1. Spectra: (a) for the original model; (b) for the generalized model.

tikpx

Since the factors e are placed in front of sums in Eq. (B0), the summation proceeds

from —kp — kp till zero for right movers and from 0 till kr + kp for left movers. At zero

temperature the momentum space field operators satisfy:

a’kzl o Az, U2> - 6161 k’2601 02@(—]{31)Y(/{51 + kF + kD),

k1, crlbk’2 U2> 5k1,k2501702@(k1)y(_k1 + kr + kD)v

(af

(W1 @,y ) = Ok diyOry 02 O (K1),

(b

(1,010 ) = Ok ka0 O(— o). (31)

The averages of all other pairings between a, af, b, b' vanish. The spin density operators are
Sa(,t) = Ui (2,4)04050' Vo (z,t). The correlator of z-components of spin at positive time

reads:

Su(x,t) = (s,(x,1)s.(0,0))
= (Ul (2, )T (2, )T (0,0)T,(0,0)) + (' (z,)W_(z, )W (0,0)T_(0,0))
— (W (2, )W, (2, )W (0,0)W_(0,0)) — (VT (2, 4)T_(z, )T (0,0)T,(0,0)). (32)

We then apply Wick’s theorem and express each term as a sum of all possible pairings
of operators. Due to the reflection symmetry of the spin space, (Ul (z,t)U, (z,t)) =
(O (2,t)T_(x,t)). Thus,

sea(, 1) = 2(W (2, )0 (0,0))(W (2, )W) (0,0)). (33)
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In terms of chiral fields we find:

sex(w,t) = 2(e7*r*(RY () R4 (0,0)) + ¢*r* (LY (2,1) L4 (0, 0)))
X (" (Ry (2, 8) RL(0, 0)) + e~ r*(LE (2, £) L} (0,0))). (34)

The chiral field averages are readily found employing Eqs. (B0) and 31)):

= R.(0.0 1 1 — ¢~ (kptkp)(—izt+vpT)
(LG 7R, 0,0) = -t
11— 6—(kF+kD)(i:c+va)
<LT|-(':C7T)L+(070)> = o

Co2n iT + VpT
1 1
i N
<R+(qu>R+(070)> - o _Z»x_'_UFTu
1 1
(Ly(z,7)L1(0,0)) = ———— (35)

21 ix + vpT’

where we assumed 7 > 0. Note that if kp — oo (the LL prescription), (R' (z,t)R,(0,0)) =
(Ry(z,t)R (0,0)) and (L% (z,t)L,(0,0)) = (L. (x,t)L1(0,0)), as a consequence of
electron-hole symmetry. For finite kp, electrons and holes are not symmetric. Thus,
(L (2, ) R (0,0)) # (Ry (2, 1) RYL(0,0)),

Plugging these results into Eq. ([B4]), we get:
1 vir? —2? 1 cos(2kpzx)
2 (22 + va72)? w2 a? + viT?

9 e—(kD-i-kF)UFT(UFT COS(]{?DSL’) —x Sil’l(l{}DI))(UFT COS(]{?FSL’) — X Sil'l(kFx))
5 .

S..(x,7) =

2 (vET? + 22)

(36)

The first and the second term in Eq. (B8] corresponds to the contribution of small ¢ and
the ¢ ~ 2kp part, respectively (compare Eq. () in the main text). The third term depends
on kp, and it vanishes as kp — oo.

The total spin correlation is obtained after integration over x:

oo I —2kpvpT I —2max(kp,kp)vpT
Sou(r) = 1 / das..(z,7) = & _

00 TURT TURT
o 0 for 0 S ]{ID S ]{IF, (37)
7T’l)lF7' (6_2kFUFT — 6_2vaFT) for kp > kp.

In the second line in the equation (B7), the first term comes from the ¢ ~ 2kp part, and
the second term comes from the kp-dependent part. If 0 < kp < kr these two terms cancel

each other, but if kp > kr they do not cancel. Thus, the total z spin correlation is zero if
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0 < kp < kp, and it becomes non-zero when kp exceeds kr. At kp — oo as is in the LL
model, S,.(1) = #ﬂe_%F UFT  Therefore, it is clear that non-zero S,, results from inclusion
of negative energy states.

Next we should extrapolate Eq. (37) to the interacting case. Corrected s..(x,7) should
satisfy: 1. its integration over x should give zero; 2. in the non-interacting limit it should

reduce to Eq. (@) in the main text. A candidate could be:

K, (y* — 2%)(1 — e *r¥Y cos(kpx)) + 2xye 7Y sin(kpx)

Sz2\ T, = 5
(,7) 2 (22 1 y2)?
alf < tRe2 cos(2kpx) — 25+ ~le=hry cos(kp)
T3 R : (38)
m (22 +y?) 2 "2

where we have approximated both v, and v, to be vp. It satisfies condition 2. For condition
1, the first term integrate exactly to zero, but the correction to the second ¢ ~ 2kpr term
only compensates the original result to the leading order in 1/(kry). Finally, spin density

correlations of the transverse directions must be corrected in a similar manner.
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