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of spiral correlations of localized spins and dual localized/itinerant nature of spin fluctuations
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The paper is motivated by the observation of unusual and not well understood spin dynamics in low- and
moderately doped high-7, cuprates as well as by the discovery in these materials of a static incommensurate
order for doping exceeding the insulator-metal boundary in the phase diagram. We develop a microscopic
approach that allows us to treat accurately the quantum fluctuations in the spiral state developing upon doping
the Mott-Neel insulator. We show that the spiral order of localized spins induces an off-diagonal order of mobile
charges and a gap A « |Q] in their spectrum (Q is the spiral incommensurability wave vector defined with
respect to Qar). Due to the dynamic spin-charge interaction the latter gap produces a feedback effect consisting
in the appearence of a gap in the coherent spin excitation spectrum. As a result, the characteristic energy o, = A
appears, in the spin excitation spectra. It separates two components with qualitatively different behavior—above
w., spin excitations are magnonlike and have an upward dispersion, below it, they are of the relaxation type and
have a slight downward dispersion. The form of the dispersion is close to the form observed experimentally (by
inelastic neutron scattering), which can be characterized as OPEN-hour-glass shaped or Y-shaped. There is no
qualitative difference between the spin dynamics in the normal and SC states as far as doping is relatively low.
There is no resonance. Other important features, including the incommensurability and uniaxial anisotropy of
the low-energy spin excitations and the doping dependencies of the characteristic energy and wave vectors, are
also close to those observed experimentally in low-doped cuprates. We show that the static spiral state becomes
unstable at the critical doping n.. We show also that adopting the hypothesis about the presence of finite-energy
spiral correlations in the paramagnetic state above n,. and based on the results obtained for the static spiral state,
it is possible to understand the spin dynamics observed in the so-called pseudogap state as well as the tendencies

of the doping evolution of spin excitations in cuprates from low to high doping.
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I. INTRODUCTION

The theoretical description of electronic systems in a
crossover between fully localized and fully itinerant electrons
is a challenge in theoretical physics for a long time. A strong
additional interest is stimulated by experimental advances in
the field of high-7, materials, namely of cuprates. Indeed,
the high-temperature superconductivity emerges when a Mott
insulator with fully localized spins is doped, while already for
doping levels n ~ 0.2-0.25 on a decline of superconductivity,
the observed behavior of electronic and magnetic properties
is typical for fully itinerant systems. In between these two
limits, the observed spin dynamics is characterized by a non-
conventional behavior. On the other hand, it is highly believed
that Spin Fluctuations (SFs) are at the origin of the high-7,
superconducting pairing in cuprates, see, e.g., Refs. [1-6].
Moreover, it is clear that the spin and charge dynamics are
two sides of the same coin in such a strongly correlated
system as doped Mott-Neel antiferromagnet (AF). Therefore
an understanding of the spin dynamics is a necessary step to
achieve a global comprehension of the high-7, phenomena.

An important progress was made in 2000-2004 when the
unusual spin dynamics observed by neutron scattering in the
superconducting (SC) state of near-optimally doped cuprates
was successfully explained based on the spin-exciton scenario
within the fully itinerant electron picture. It was, namely,
shown that due to the opening of a SC gap of d symmetry, ares-
onance mode with a downward dispersion appears below a cer-
tain characteristic energy (the so-called resonance energy) w,,
see Ref. [7]. Since then, new issues have been raised by inelas-
tic neutron experiments (INS) for low and moderate dopings
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[21-36]. First, the magnetically ordered incommensurate state
was discovered for doping n < n. ~ 0.08-0.09. Second, the
observed spin dynamics was found to be qualitatively the same
in the normal and SC states- no strong enhancement in crossing
T, when lowering T and no resonance, in contrast to near
optimally doped cuprates. The most characteristic features of
the observed at low and moderate doping normal-state spin dy-
namics are the following. The spectrum near Qar is character-
ized by two components having qualitatively different behav-
ior. The component above the characteristic energy o, has an
upward dispersion, the spin excitations are reminiscent of spin
waves in undoped insulating state having however a reduced
spectral weight. The component below w, is quite narrow in g
and has a slight downward dispersion, the spin excitations are
anisotropic in the momentum space being incommensurate in
one in-plane direction and commensurate in the other. The two
components do not cross at Qar, as it happens in the SC state
for near optimal doping; due to this the dispersion is sometimes
called an OPEN-hour-glass shaped. [On the other hand, due
to the narrowness in g of the component below ., the
dispersion is sometimes also called an Y shaped.] For doping
exceeding n., the normal-state spin fluctuations keep most of
the above described features but acquire a gap. The behavior
as a whole is very different from the archetypal behavior of
the optimally doped cuprates. It is clear that the mechanism
behind such a normal-state spin dynamics is different from the
spin-exciton scenario valid for the SC state (and corresponding
to the fully itinerant electron picture). On the other hand, the
observed behavior, although it appears first in the magnetically
ordered incommensurate phase, is very different from the be-
havior predicted for helicoidal magnets within localized-spin
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theories with the cone-shaped dispersion, the resonant charac-
ter of fluctuations, and the uniform spectral weight.

The results obtained in the present paper seem able to
shed light on the origin of the observed nonconventional
normal-state spin dynamics. We study on a microscopic level
the state with spiral order of localized spins appearing in
strongly correlated electron systems that arises upon doping a
2D Neel AF paying special attention to an accurate treatment
of kinematic and dynamic interactions between localized
spins and mobile charges. We show that this interaction is
responsible for many nonconventional features of the spin
dynamics in such a spiral state. These features concern
the energy-momentum (w-q) areas beyond the area of an
immediate proximity to the @ — 0, ¢ — £Q,p points where
the obtained results are close to those in the previous theories
[37-44] (Qyp is the spiral order wave vector). [Note that in the
frequently used to study the spiral state slave-fermion approach
[45-51], the spin dynamics was practically not considered.
The reason is that in this approach, the physical spins and
charges turn out to be two-particle objects, compounds of
auxiliary quasiparticles, spinons and holons, which makes
their study difficult; it is the problem of stability of the spiral
states of different symmetries, the properties of spinons and
holons, etc., that were mainly explored within this approach.]
Namely, we find that due to the interaction with mobile holes, a
characteristic energy emerges above and below which the spin
dynamics is qualitatively different. [This energy (we call it w,.)
is proportional to the spiral incommensurability wave vector
Q0 = |Q| and increases with doping (Q = Qar — Qsp, Where
Qar is the AF wave vector)]. Above w,, spin excitations have
aresonant character typical usually for localized-spin systems,
while below it, coherent excitations disappear in the in-plane
fluctuation spectrum, and SFs have a relaxation character
typical usually for itinerant electron systems. The high-energy
magnonlike component having an upward dispersion can be
roughly seen as a transformation of the AF-state spin waves,
which get a gap due to the incommensurability of the magnetic
order and have a reduced spectral weight being accompanied
for fixed w by a continuum of two-particle fluctuations. The
component below w, reflects an impact of mobile holes on
SFs; it has a slight downward dispersion, the spectra are
anisotropic being incommensurate in one in-plane direction
and commensurate in the other. The low-energy characteristic
wave vector of this component is neither the localized-spin
spiral wave vector Q nor the 2Kp, as it would be in the
metallic SDW state, and is always much smaller than 2kp.
This is why this component is quite narrow in g. The two
components are not crossing at Qar but form a sort of
a neck around the energy w, with the neck width Agueck
proportional to Q. There is no resonance at w.. There is
no qualitative difference between the behavior in the normal
and SC states as far as doping is relatively low. The latter
features, the overall form of the dispersion of spin excitations
(that can be considered as OPEN-hour-glass shaped since the
spin excitations are incommensurate even at @, or Y-shaped
because of the narrowness of the dispersion below the energy
w,), the details of their behavior above and below w., and
the doping dependencies of the characteristic energy and
the characteristic wave vectors are close to those observed
experimentally in low-doped cuprates.
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The mechanism that is behind such spin dynamics can
roughly be understood as follows. Due to the kinematic
spin-charge interaction, the spiral order in the localized-spin
subsystem induces an off-diagonal order in the itinerant-charge
subsystem and a gap in the hole spectrum. This occurs on a
level of dynamically noninteracting quasiparticles. Due to the
dynamic spin-charge interaction, this gap in the hole spectrum
produces a feedback effect consisting in the appearance of
a gap in the coherent spin excitation spectrum. The upper
branch of this spectrum (above the gap) corresponds to
the magnonlike fluctuations mentioned above. The lower
branch (below the gap) is what is left of the spiral-state
Goldstone mode (mandatory in the long-range ordered state as
responsible for the breaking of continuous symmetry)—being
truncated by the gap from above, the Goldstone mode survives
only in its initial part at very low energies, see comment [52].
Inside the gap, incoherent spin excitations of two-particle
electron-hole origin are settled. Further, we find that the
long-range-ordered (LRO) spiral state becomes unstable at
a certain critical doping n.. If we adopt a natural hypothesis
that the paramagnetic (PM) state above n. keeps finite-energy
spiral correlations and use the obtained in the paper results
for the static spiral state, it becomes possible to understand
the spin dynamics observed in the so-called pseudogap state
as well as the tendencies of the doping evolution of spin
excitations in cuprates from low to high doping.

The paper is organized as follows. In Sec. II, we discuss
the kinematic interrelation between spin and charge degrees
of freedom in the system arising upon doping the insulating
Mott-Neel AF and described by the ¢-J model. It consists in
the fact that the Hubbard operators (HOs) describing spin-
and charge- degrees of freedom form a common algebra,
which is equivalent to the existence of a kinematic spin-charge
interaction. In Sec. III, we introduce the representation of these
operators in terms of Bose/Fermi operators, which is the ex-
tension of the Dyson-Maleev representation for spin operators
onto the algebra Spl(1,2) of the eight HOs of the #-J model. It
is much better adapted for the study of magnetically ordered
systems with broken rotational symmetry than the slave-
fermion/slave-boson representations that as the extensions of
the Schwinger-boson/Abrikosov-fermion representations are
suitable to study states with preserved rotational symmetry.
Moreover, it preserves accurately the local constraint between
the spin and charge degrees of freedom that is very important
if one wishes to treat correctly the spin-charge interrelation.
As this representation supposes that the quantization axis
points along the magnetization on each site of the lattice, we
perform first an unitary transformation to local coordinates
which turn in space as the spiral. In Sec. IV, we consider the
spin and charge dynamics in the dynamically noninteracting-
quasiparticle approximation. The important results for the
charge dynamics are the appearance of an off-diagonal order
and the opening of a gap in the fermion spectrum as well
as a shift of the Fermi pocket centers with respect to the
commensurate positions in the Brillouin zone (BZ). As to the
spin dynamics, we find a splitting of the spin-wave spectrum
with respect to the AF case, with one Goldstone and one optical
mode. The behavior of the latter reveals an instability of the
spiral state immediately upon doping in the case of isotropic
exchange interaction and its stabilization for doping n < n,
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in the presence of a small easy-plane anisotropy 1 — ¢; n. is
the doping at which the spiral order incommensurability wave
vector reaches its critical value Q. = 24/1 — ¢. (As known,
for cuprates 1 — ¢ is relatively high, namely, 1 — ¢ ~ 1073
[53-56].) In Sec. V, we study changes in spin dynamics due
to the dynamical spin-charge interaction. The Green function
formalism allowing to get expressions for the in-plane and
out-of-plane spin response functions and SF spectrum through
polarization operator components is presented in Sec. V A. In
Sec. V B, the polarization operator components are calculated
analytically in the low-carrier-density approximation; the
analysis of the impact of their structure on renormalized spin
fluctuation spectrum is presented as well. In Sec. VI, we apply
the formalism to cuprates; Sec. VI A treats the LRO spiral state,
while in Sec. VI B, the spin dynamics above the critical doping
n.isdiscussed. Section VII contains Summary and Discussion.

II. ¢t-J MODEL. INTERRELATION BETWEEN SPIN
AND CHARGE DEGREES OF FREEDOM

The #-J model is a good model to describe the system of
interrelated localized spins and mobile charges resulting from
the doping of the AF Mott-insulator state (# includes nearest
neighbors, next-nearest neighbors, etc.). It was introduced first,
from the one-band Hubbard model [57,58], and later from
the three-band Hubbard model for CuO, plane [59-61]. In
the latter case, the CuO; plane is represented as a lattice of
plaquettes centered on copper sites; each plaquette contains a
Cu site and four nearest neighbor O sites. The Hamiltonian of
the #-J model is written as

H=H+H —py X%

l

Ho=> > ;XX (1)

ij o=1,—1

H, = %Z D Ti(X77 x50 — X77X59),
(ij) o=1,—1

where #;; is a general notation for the terms corresponding
to nearest neighbors (nn) (¢), next nearest-neighbors (nnn)
("), and next-next-nearest neighbors (nnnn) (") hopping (¢’ #
0 and ¢” # 0 reflecting a nonlocal character of the cooper-
oxygen singlet state); for the exchange interaction J;;, only the
nn terms are present, i is the chemical potential. The model is
formulated in terms of the so-called Hubbard operators (HOs),
XP" =i, p)(i,q|, that describe transitions between |¢) and
|p) states on the lattice site i. The HOs are defined by their
multiplication rules

XPIX = by X! @
the commutation relations
(X7, X97 ], =81 (8gg X[ £ 8, X]) 3)
and the sum rule

X =1, )

p

[ ]+ in (3) stands for the anticommutator and commutator,
respectively, the sign “+4” corresponds to the case when both
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HOs are Fermi-like and the sign “—” does to the case when
at least one of them is Bose-like. In the case of the 7-J
model, there are three one-site states (p,g = 0,1, —1) and
therefore eight HOs X/?. The states |1) and | — 1) correspond
to the states of the plaquette with one (localized) hole on
cooper having spin up and down respectively and the state
|0) corresponds to the singlet bound state of two holes on the
plaquette (one on oxygen and another on copper). Therefore
the two operators Xilfl, X 1" describe transitions between
the up, down states of localized spin and the four operators
X iiw, and X?il describe transitions between the states with
zero spin and spin up/down concerning the spin degrees
of freedom, and the creation and annihilation of a “hole”
concerning the charge degrees of freedom. Correspondingly,
the operators X iilo, X?il are Fermi-like [the sign “+4” in (3)],
while the operators X il X ; ! (and all the diagonal operators,
x!, X771 and X%) are Bose-like [the sign “~” in (3)].
These eight independent operators X!? form a close algebra
[Lie superalgebra Spl(1,2)] so that the operators describing
the “holes” and spins turn out to be interrelated, which is
equivalent to a kinematic charge-spin interaction.

Note that since the Bose-like HOs coincide with the spin
operators,

st=x"" s =x" s=3x"-x"N &

the term H; in the Hamiltonian (1) can be also written as

2 1 e e
H,:ZJ[,<S;‘5;+S§S§+;S,?SJY—Zn,.nj), (6)
(i)

(@ =x,y,2, ¢ = X' + X;'"! is a number of “electrons”
on the site i), from where one sees that at zero doping the
Hamiltonian of the 7-J model is reduced to the Heisenberg
Hamiltonian describing the localized s = 1/2 spins on a
square lattice. [In Eq. (6), we introduce a small easy plane
anisotropy 1 — ¢ > 0; although the original #-J model (1)
is isotropic, { = 1, for the cuprates the in-plane anisotropy
is relatively high, 1 — ¢ ~ 107® [53-56], on the other hand,
its presence is important for the stability of the spiral state,
as we will see later on.] Due to the sum rule (4), the total
number of “electrons” and “holes” in the 7-J model is 1 :
(n¢) + (n"y =1 (n! = X%). The hole density (n") =n is
equal to doping.

On the other hand, since the Fermi-like X?", Xl‘.’o opera-
tors coincide with the constrained creation and annihilation
operators of “hole” with spin o on the lattice site i,

= x%, ¢ =x0, @
the term H, in the Hamiltonian (1) can be written also as

Ho=Y "% "1;C}Cjo. (8)

ij

III. UNITARY TRANSFORMATION TO LOCAL
COORDINATES. EXTENDED DYSON-MALEEV
REPRESENTATION

It is difficult to work with the Hubbard operators since their
statistics is different from that of Fermi/Bose operators for
which methods of theoretical physics are well developed. Dif-
ferent approaches are possible. The first consists of using the
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diagrammatic technique for the HOs (see, e.g., Refs. [62-64])
and is rather complex. The second consists of using a
representation of the HOs in terms of Bose/Fermi operators.
Usually, the results obtained within the second approach are
more transparent. (The equation-of-motion approach is also
possible, however, the decoupling schemes used in this case
are not much controllable.) The known representations are the
slave-fermion (SF) [45-51] and the slave-boson (SB) [65-68]
representations that are respectively the extensions of the
Schwinger-boson and Abrikosov-fermion representations for
spin operators onto the algebra Spl(1,2), the representations
[69] and [70] that are respectively the extensions of
the Dyson-Maleev (DM) and Holstein-Primakoff (HP)
representations for spin operators onto the algebra Spl(1,2),
the “normal Fermi-liquid” representations [64] [Eq. (A4)] and
the equivalent representation [71], see Ref. [72]. All of them
are not exact in the same manner as the original representations
for spin operators. In particular, all of them expand the states
of the Hamiltonian by introducing unphysical states.

Use of different representations reduces the initial ¢-J
model to different spin-fermion models corresponding to
different limits (see, e.g., an analysis of the different represen-
tations in Ref. [64], Appendix A). A choice of representation
should be dictated mainly by the proximity of the studied state
to the limit to which the representation is most adapted (i.e.,
in which the population of the unphysical states is small).
Note that the Hamiltonian of the 7-J model is an extension
of the Heisenberg Hamiltonian for s = 1/2 localized spins
and the Lie superalgebra Spl(1,2) is an extension of the Lie
algebra SU(2) formed by the spin 1/2 operators, therefore a
relevant representation for HOs of the former algebra should
be an extension of the relevant representation for spin s = 1/2
operators. As known, in the latter case, there are two types
of the representations: DM/HP representations adapted for
studying of the ordered states with broken rotational symmetry
and the Schwinger-boson/Abrikosov-fermion representations
used usually to study states that conserve the rotational
symmetry. It is clear that the suitable representation to study
physical properties of states with rotationally broken symmetry
in our hole doped system, including the states with the
spiral order of localized spins, is not an extension of the
Schwinger-boson/Abrikosov-fermion representation but that
of the DM/HP representation. Such a representation extended
to the algebra of the 8 HOs of the 7-J model was proposed in
Ref. [69] (the DM variant) and in Ref. [70] (the HP variant).
This representation supposes that the quantization axis z points
along the magnetization on each site of the lattice. Therefore,
to be applied to a noncollinear LRO magnetic state, it must be
preceded by a unitary transformation to “local coordinates” in
which on each lattice site the quantization axis z is parallel to
the local magnetization.

We consider the AF coplanar spiral state (in the zx plane)
with the angle between the magnetization vectors on nn sites
i, i + 1) constant through the lattice and equal to Qar — ¢ij
[QaF = (r,7) is the AF wave vector, /) = £,Z, ¢;5 is supposed
small]. It is convenient to introduce the local coordinates of
the AF type in which on the site i (lattice A) the magnetization
points up and on the nn site i + 7 (lattice B), it points down
with respect to the local quantization axis z. To pass to this local
basis we have to rotate through an angle ¢; = QR; on each
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site, i.e., to apply to the Hamiltonian the unitary transformation
V,: H=1YV, HV, 'V, = exp(i > ¢iSY). (The wave vector
Q should be determmed self-consistently, we will do this in
Sec. VI A)

The explicit form of the transformation of the eight opera-
tors X/ of the t-J model under such a unitary transformation
can be found by using the formalism of the Wigner D matrix.
For the three components corresponding to the spin operators,
it is the D" matrix of the dimension 3 that determines the
transformation, while for the other five components, it is the
D@ matrix of the dimension 5 that is involved. In the case of
the rotations about the axis y (that we need to perform in our
case of zx plane), we get

X' = E[ (14cos @)+ X;'~'(1 — cos ¢)
~(XI 4+ &) sing].

X = %[ (1 —cos ) + X7 (1 + cos p)
+(X, +X ”)51n¢]

X = %[ (14 cosp) — XM (1 — cos ¢)
+( - X - 1)sin(]&],
Xm:XlOcos?—X 10sinf,
i i 2 2

X710 = X;locos%—i—f{}osing, 9)

where X7 and X”? are the HOs in the initial and new basis,
respectively. For X; ' and X% X', one should use X/ =
X{")*.In9), ¢ = & = QR,. B

It is clear from (9) that in the new basis the Hamiltonian H
contains not only the terms of the same structure as in (1) (with
the renormalized interactions, f; s J; ), but also new terms.
Those are Zij R,-jf(?lf(j_m + H.c. for the charge degrees of
freedom and Zij 0ij 5([1—1 f(}_] + H.c. for the spin degrees of
freedom.

We now introduce boson b and fermion f by using the
representation [69]

O=fi, X)'= £ -bb),
X0 =prf, X0V = fTp,
“l=bi, X7V =01 = bbi — [T,
X0 = ff, X7 =bip,
X' =1-b'b; — £ fi, (10)

that is an extension of the Dyson-Maleev representation
for s = 1/2 to the algebra of eight operators of the z-J
model. One can easily check that this representation preserves
exactly the commutation relations (3) and the local constraint
(4). The matrix elements of transitions between physical
and unphysical states are zero. (The physical subspace is
obtained by considering the states with b;b; = Oand b; f; = 0.)
Therefore, when used for a magnetically ordered state this
representation is asymptotically exact in the case of low T
and small hole concentration n. [Note the difference with the
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SF/SB representation in which the local constraint (4) cannot
be fulfilled and is replaced by the enforced global constraint
/NG, XP")y = 1.] Since our local coordinates are of
AF type we should use (10) for sublattice A, while for
sublattice B, we should replace in Eq. (10) 1 <+ —1 and
introduce a- and g operators instead of b and f, respectively.

Performing explicitly all described above transformations,
we get the Hamiltonian

H:H3+Hh+Hs7h» (1])
where H; contains only Bose operators and describes the spin
subsystem, Hj, contains only Fermi operators and describes the
“hole” subsystem, and H;_; describes the interaction between
the two subsystems.

IV. SPIN AND CHARGE DYNAMICS IN
NONINTERACTING-QUASIPARTICLE APPROXIMATION

A. Spin dynamics: spectra, magnon and spin Green functions

The magnetic part of the Hamiltonian, Hy, includes a
quadratic term H{® describing noninteracting “magnons”
and high-order terms H" (I = 4 and 6) describing magnon-
magnon scattering, usually small at low T':

Hy = Ey+ H? + HY + H.
The quadratic Hamiltonian and the energy Ej are given by

H® = [Ag(ataq + bibg) + CqlafbTy + b_qaq)]
q

—}—Dq(aqbg + bqa:{),

ES = —N(Jo + J_q)/16. (12)

Aq= 1o+ Jq), Cq=1[tJq+LUgrq+ Jg-0)].
Dy = _zl'x[{Jq - %(JquQ +Jg-0)]. 13)

and Jqg =4Jyq, Vg = %(cos qx + cos g;). Due to the term with
Dq, we deal here with a 4 x 4 dynamic matrix instead of a
2 x 2 matrix in the case of collinear AF state. Note that for
isotropic exchange interaction, i.e., { = 1, Dy is zero and the
Hamiltonian is reduced to the Hamiltonian of collinear AF
if we restrict ourselves by the lowest in Q terms in the full
Hamiltonian, i.e., neglect by QO terms in (12), (13) (as can be
tempting in the case of low Q). However, it is very important to
keep the 0? terms, otherwise, we loose the effect of instability
of the spiral states in the case of isotropic exchange, i.e., for
the standard t — ¢’ — J model, as we will see later on.

The diagonalization of the Hamiltonian (12) is performed
applying the following generalized Bogolubov canonical
transformation with four eigenvectors:

aq = U;'cq + Vq+ch +Ugdq+ Vq_d;,

by = —Uch — V+ch + Uq_al_q + Vq_d;'.

; (14)

After cumbersome but straightforward calculations, we
find the following expressions for the eigenvectors and
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eigenvalues:
ITAFD ITAFD
U? = = 1], (vER == ~1],
<>4[Qi+}(>49i
C
UtVti=—, UV =———, 15
4Q+ 4Q- (1)
(@5 =(AF D) -C? (16)
while the diagonalized Hamiltonian is written as
HY =" [Qicdeq + Qids dy]. (17)

q

In (17), we renoted the eigenvalues: Q~ = Q4 Qt = Q°; they
describe the dispersions of two branches of the boson spectrum
and are given explicitly by

Qz = %\/(JQ — {Jq)[JQ + %(]quQ + ‘ICI*Q)]’

Q= %\/(JQ + e[V = 3(are + Je-@)]-  (18)

Note the difference with the AF state, namely a leave of
degeneracy between the two branches even in the isotropic
case { = 1.

Near the AF wave vector, i.e., for ¢’ <« 1 (where ¢’ = |q/|
and q' = Q,r — q), the mode Q¢ is a Goldstone mode with
linear dispersion, while the mode 2¢ has a gap, and one can
write approximately

1
2 =cqg. o= h/T+2,
[ 7
Q=2 (Av)2+%, A =V2J/1—¢ — 0%/4 (19)

2

(Q = 1Q]J, here and everywhere below we suppose 1 — ¢ K
1). We see that if ¢ = 1, then (Qfl)2 is negative for ¢’ < Q,
that indicates an instability. Therefore the first conclusion is
the following: the coplanar LRO spiral state is unstable in the
case of isotropic exchange, i.e., for the standard ¢-J model.
As we will see below, the instability concerns the out-of-plane
susceptibility, see Ref. [73]. A presence of a small easy plane
anisotropy is enough to stabilize such a state as far as the spiral
order incommensurability wave vector is small, namely, as

0<Q0.=2/1-¢. (20)

Note that if we were neglected the terms proportional to Q2
in the Hamiltonian (12), we would remain with degenerated
modes Q¢ and Q¢ and miss the effect of the instability [44].

Near the BZ center, i.e., forg = |q| < 1, itis the Q4 mode
that is optical and the ¢ mode that is a Goldstone mode with
linear dispersion, ¢ = cq. For “high”q,q’,q > V2A¢,q" >
V2A¢, the two modes are practically degenerated, Qg ~ Q‘é.

Since the Hamiltonian is diagonal on ¢ and d operators,
only the diagonal Green functions

Gua+(@iw,) = (dgld)))im,
B
- / e (T dy()d; (0)),
0
Gc*c(qaiwn) = ((thlch»iwn

B
. / dre ™ (T,ct (e q(0)  (21)

0
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are nonzero, they are equal to

Gdd* (q’lwn) ==

iw, — Qg’
GuoQioy) = ——. (22)
—iw, — Qa

In 21) and (22), G,;. and G, are Matsubara Green
functions, T is a chronological operator, w, = 2nn T are Mat-
subara discrete frequencies for bosons and 7 is the imaginary
time. The Green functions determined on the initial @ and b
operators, that we will need for the following calculations, can
be easily obtained from (22) by using Eq. (14).

Those were boson Green functions. Let us now calculate
physical spin Green functions, namely the two transversal
functions, the out-of-plane one determined as

G (@.iwy) = ((Sy]S3))

N
=— / dte' (T, $3(1)S(0)),  (23)
0

and the in-plane one determined as

Gy (@.ion) = {(Sg]Sy)

iwy

B
=— / dte' (T, S3(1)S(0)).  (24)
0

For this we should use the relation (5) between the spin and
Hubbard operators, the transformation (9) from the initial
to local coordinates and finally the representation (10) for
the HOs through Bose/Fermi operators. Cumbersome but
straightforward calculations give

G (q,iwy) = C—a (25)
P(qiw,) = F ,
4 (iwp)? — (Q;‘l)z

. 1 A
G?X(q,lwn) — 5 |:qu+Q q+Q

(0 — (o)

+(Q — —Q)} + 0?0, (26)

The prefactors Fyand F, g in the one-particle terms of (25), (26)
are determined as Fy = (U‘;r — Vq+)2, F(‘f = Uy + Vq’)z;
their explicit dependencies on wave vectors near the AF wave
vector (small ¢”) are given by

1+¢1 1 1
Fi= /1> F=— " (@7
a 2 ¢ Y V2 /AT q7%)2

The term Q?Oq4 in Eq. (26) corresponds to a higher-order
“many-particle” contribution, it is small with respect to the
one-particle contribution.

We see that the in-plane Green function (and therefore the
in-plane spin susceptibility) contains only the ¢ mode, while
the out-of-plane susceptibility contains only the 2 mode. We
see also that the out-of-plane Green function is commensurate,
while the in-plane spin Green function gets q+ Q, q — Q
as arguments and therefore is incommensurate. The presence
in the in-plane Green function (and in the corresponding
susceptibility) of the Goldstone modes at ' = £Q is related
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to the spontaneous breaking in the LRO state of the continuous
symmetry of the Hamiltonian (6) corresponding to the rotation
around the y axis. Since it is a single continuous symmetry of
the Hamiltonian in the case ¢ # 1, there is no Goldstone mode
in the out-of-plane susceptibility.

Note that the gap A€ in the optical mode decreases with
increasing @, i.e., with increasing doping (since Q « n, as we
will see in Sec. VI), and vanishes at certain doping n = n,
at which Q = Q.. Therefore the out-of-plane susceptibility
XY turns out to be a critical susceptibility with respect to the
instability at this doping.

The higher-order terms of H have a little influence on
spin dynamics since the occupation number of the excited
states is small at low 7. In particular, the magnon-magnon
interaction alone does not lead to a finite magnon lifetime at
T = 0 because the requirement of energy- and momentum-
conservation forbids a spontaneous decay of one “magnon”
into several magnons. On the contrary, a decay of the
“magnon” into two quasiparticles (boson and fermion) occurs
due to the spin-hole interaction H,_j, that finally strongly
modifies the spin dynamics, as we will see in Secs. V and VI.
Before to study the role of this interaction let us first analyze
the charge dynamics.

B. Charge dynamics: fermionic quasiparticle spectra,
charge Green functions

The quadratic on Fermi operators Hamiltonian is given by
H? = (H?)"" + AH,. (28)

The first term in (28) is the same as for the collinear AF state
[69]

HE) Y =Y @— w0 i+ gt Q9
k

with the hole dispersion € having the form
ex = €¢ + xq1(cosk, + cos kz)2 + x;(cos 2k, + cos 2k;), (30)

where x; = 2t and x, = 2¢” — t' (we have neglected unimpor-
tant (for the fermions) terms proportional to Q2. The location
of the minimum of €, depends on the relation between ¢’ and
t”, it can be at (;r/2,7/2) or (0,7) (in the first quadrant of the
BZ). It is well known, however, that the “dressed” holes on the
AF background have the dispersion (30) with renormalized
parameters x; and x, such that the minimum of e occurs
at (w/2,7/2) (even when t' =1" = 0), see Refs. [74-80].
The isoenergetical surfaces in this case are given by four
ellipses centered at (£m/2, = m/2) and having their axes
turned by the angle /4 with respect to the basic vectors
of the reciprocal lattice. In the vicinities of the minima, the
dispersion is parabolic,

€p = apiy + bpy), €2))

D« Py are the projections of the vector p on the principal axes
of ellipses and a = 2(x; + x3), b = 2x;.

The second term in (28), absent in the collinear AF state,
has the form

AH, = > [Bu(fil 8k — & fi)l.
k

By = (tk—Q/2 — tit+Q2)/2i, (32)
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where 1, = 4tyx. Bk can be rewritten as
Bx = —i2t[sin(Q,/2)sink, + sin(Q./2)sink,], (33)

where k, and Q, are defined in the basic reciprocal space
corresponding to the square lattice.

For the matrix fermion Green function in the Matsubara
representation

B
Rik.iwy) = — / AT (T, o (D) DFO),  (34)
0

determined on the vector operators ® and @7,

= [}%ﬂ Ot = (g, fiD), (35)
one gets
> —1 . _ ia)n — €k Bk
K™ (Kiw,) = [ B iw, — GJ, (36)

where w, = (2n + 1)x T are the Matsubara discrete frequen-
cies for fermions. By inverting (36), we get for the fermion
matrix Green-function components the following expressions:

Kk io,) = ((gklg))in,

(ot o)
2\iw, — E}f  iw,—E_ )’
KnK,io,) = ((fl i Nio, = KnK,io,),
KinKiwy) = (gkl il )io,

_lBk< 1 1 )
C 2B \iw, — Ep  iw,— E)

Ko (Kiwy) = ((filgy ) io,

1 B 1 1
=z , - — - ). (3D
2 Bkl \iw, — Ey iw, — E}

where

Ef =eac—pt Byl (38)

describe the two branches in the fermion spectrum (u is the
chemical potential equal to the Fermi energy e = wn+/ab).
We see that in the spiral state the fermion spectrum is
split by the gap Ak = 2|Bk|. The momentum dependence
of the gap is given by Eq. (33). For the (1,1) spiral state
(Qr = Q, = Q), By is zero for k in the (1, —1) direction so
that the spectrum near (—mx /2,7 /2) and (v /2, —m /2) remains
practically unchanged with respect to the collinear AF state,
and the minima are not the absolute minima. In the direction
(1,1), | Bx| is maximum at (;r/2,7/2) and (—m/2, —m/2) so
that the latter are the points of absolute minima. For the (1,0)
spiral (Q, = O, Q. = 0), the spectrum has the same minima
for the four pockets around (£ /2, £ /2).

The calculated above Green functions are the fermion Green
functions. Let us calculate now the Green functions describing
the physical charges:

Gy (kiw,) = (Cio|CF )i,

B
_ / dee (T XT ()X (©0)  (39)
0
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(0 =1, —1). By expressing X°° and X operators through
the operators X7 in the local coordinates via Eq. (9) and then
using the representation (10) for sublattice A and a similar
representation for sublattice B, we get

G (K iw,)

1 1
= EI:KH(k"' %’lwn> + l_KIZ(k+ %ﬂia)n>]
1 1
+§|:K“ (k — %,ia),1> — ?Klz(k — %,iwn)] (40)

[In (40), we keep only the leading one-particle contributions.]
The explicit expression depends on the symmetry of the spiral
state and for the chosen symmetry—on the Fermi pocket
considered. For both (1,0) and (1,1) spirals, we have near
(m/2,m/2)and (—m /2, —m/2):

G,I(k,iwn)=l . 1+ I (1)
2 1a)n—Ek+% za),,—ElF%
and
Glhion=2| ———+ L | @
2 la)n—EkJr% la)n—Ek7%

respectively. Near (7 /2, —m/2) and (—r /2,7 /2), we have for
the (1,0) spiral the expression (41) and (42), respectively, while
for the (1,1) spiral we have the expression with a practically
nonperturbed spectrum:

1

iw, — Ek+%

1 1
G (ki) ~ = + - . (43)
2 1wy — € Q

For the charge Green function with spin down, Gﬁ(k,i wy),
one should replace g <> f and therefore i — —i in (40) that
gives for k in a vicinity of (7/2,7/2) the same expression
as for G,Tl(k,ia),,) for k in a vicinity of (—x/2, —m/2) and so
on, so that the charge spectra are polarized. For the Green
function that includes both polarizations [usually measured
by the angle-resolved photoemission (ARPES)], one has near
(/2,7/2) and (—m /2, —7/2),

3 Gy tkian) = [ :
~ h IO 2 lw"_E”r(k.’.%)

1
+
iw, — E-(k+9)

+Q— —Q)},

(44)

and the evident expressions for k in the two other quadrants of
the BZ.

Note the important difference between the physical charge
Green functions Gj and the fermion Green functions
((fel 705 ((gklgy)). The former has the same spectrum as
the latter, displaced, however, by the vectors +Q/2. In other
words, the Fermi pocket centers for the physical charges are
located not at (+m/2, &+ /2) but are shifted by half the
spiral incommensurability wave vector, as shown in Fig. 1(a)
for the (1,1) spiral symmetry and Fig. 1(b) for the (1,0)
spiral symmetry. In real crystals, domains of both (1,0) and
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(m,0) (0,012 J (1,0

FIG. 1. Schematic plot of the hole Fermi pockets in the first quadrant of BZ: (a) for the (1,1) spiral state, (b) for the (0,1) spiral state, (c)
for real crystals in which domains of the (0,1)- and (1,0)-spiral symmetries can be present simultaneously. The crosses show the centers of the
pockets. We present for simplicity the case when only the pockets related to the E~ branch are filled. Note the asymmetry of the pockets with

respect to AF BZ boundary.

(0,1) symmetries can exist simultaneously so that in ARPES
experiments, the two corresponding Fermi pockets with the
centers displayed by (Q/2,0) and (0,Q/2) with respect to
(/2,7 /2) could be seen simultaneously, as shown in Fig. 1(c).
Note that asymmetric with respect to the AF boundary pockets
whose centers are shifted from the commensurate positions
were observed in certain ARPES experiments in the normal
state of underdoped cuprates [81,82].

C. Off-diagonal charge order

Another important effect in the charge subsystem is the
appearance of an off-diagonal order induced by the spiral order
of localized spins. The effect is due to the kinematic spin-
charge interaction. Indeed, let us consider the charge Green
function nondiagonal in spin ((Ck,|C,% ). This Green function
being expressed in terms of the fermion Green functions, is
given by

<(CkT|C|:r¢))iwn

1 1
= Z[—Ku(k — %,iwn> + ;K]g(k— %,iwn>:|
1 1
+2—l,|:K11<k+%,iwn) +?K12(k+%,ia)n>] (45)

(we performed the same transformations as before when
calculating the diagonal charge Green function). One can
rewrite explicitly, for example, near (7 /2,7/2):

((ékT|C|j¢>>iwn

1 1 1
" 2| iw, — E' g  iw,— E-
(O R " T3
1 | Bk+-Qy2| + | Bi—q,2l

= (46)
i - E;%][iwn = Ek__%]

from where we see that the order parameter (OP) ¢x =
(C[{T(t)Cki(t)) is proportional to Q,

¢ X |Br=(z/2,7/2)] ¢ O. 47

The OP is obtained by using the Green-function-formalism
theorem that relates an average of operators to the correspond-

ing Green function:

o0

don® (w)pag(w)e =,

(BHA®) = /

—00

where pap = Gy z(w +i8) — Gy g(w — i§) is the spectral
function and G” is the Green function in retarded represen-
tation. The OP ¢y describes the off-diagonal order in the
charge subsystem, which corresponds to Bose condensation
of electron-hole pairs with total spin zero—the pairing similar
to the singlet SC pairing but concerning an electron and a hole
instead of two electrons (i.e., of DW nature). In Ref. [83],
we show that such an order also appears in the case when
spiral correlations of localized spins are short-range and that
it has a certain relation to the so-called intra unit cell ¢ = 0
magnetic order observed in cuprates in the pseudogap phase
[84]. We discuss this in details in Ref. [83]. Here it is important
to emphasize that the appearance of this off-diagonal charge
order is a direct consequence of the spin-charge kinematic
interaction, which consists in the fact that the spin and charge
Hubbard operators form a common algebra and therefore the
charge HOs (and thus the charge degrees of freedom) are also
affected by the unitary transformation to the local coordinates
concerning the spin subsystem and they feel in this way the
incommensurability of the localized spin order. This is one of
the manifestation of strong-electron-correlation aspect in the
considered approach.

V. THE EFFECT OF THE DYNAMIC SPIN-CHARGE
INTERACTION ON THE SPIN DYNAMICS

Let us now study effects of the dynamic spin-charge
interaction on spin dynamics. The most important term of
such an interaction is given by the Hamiltonian of third order

3)
HY, = 3" [ty 08 firaby
k.q

088 firqdoq +(Q > —Q)]  (48)

describing a decay of Bose quasiparticle, magnon, into two
Fermi quasiparticles, “electron” and “hole.” Note that this
process turns out to be associated with the highest energetical
parameter (¢) in the #-#'-J model.
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A. Renormalised “magnon” and spin Green functions

First we rewrite Hs(i)h in terms of ¢ and d operators. Two
independent groups of terms emerge: the first is coming from
the U~ and V~ coefficients and the d operators, i.e., from
the d mode, and the second is coming from the Ut and V*
coefficients and the ¢ operators, i.e., from the ¢ mode:

H3(3)h — H(3) + H(3)

W =0 o
H(3) =1 Z

with the scattering amplitudes given by

k qqgkfk qd—q+HC)

ke qqgkfk ch+HC) (49)

My qq = %[Uq_yk—q+% +Vy ipe (@~ -0)].
Mi_qq = 3[Ud heqre = Vo viag (@ = Q)] (50)

The latter can be rewritten in a more symmetrical form:

Mi_qq = 3[Ug + V_)(Vk—q+% + %t 9)
+Uq = Vo) Viqe@ = Yip2) (0 = 0],
My oo =3[0 - V*)(Vk,ﬁg + Y 2)
+ WU + VO Vicqr? = %eg) +(Q = —0)]
(51)

from which we see that M¢ — 0 when ¢ — Qar (¢’ — 0),
i.e., in the region where Q¢ is a Goldstone mode, and M¢ — 0
when g — 0, i.e., in the region near the BZ center where Q¢
is a Goldstone mode, as it should be in a correspondence to
the Adler theorem for scattering amplitudes. More precisely,
(M4)?* o ¢’ wheng’ — 0,and (M¢)*> « ¢ wheng — 0.Below
we will consider spin fluctuations near the AF wave vector.
Asusual in the case of quasiparticles with strong interaction
(here t) but small quasiparticle density (here density of the
doped holes n), the actual expansion parameter is proportional
to the density and is equal here to (¢/J)n. This is why for small
n one can take into account only the lowest-order graphs,
which for the interaction (49) are the bubble graphs. (The
approximation is very good due to the absence of single loop
corrections in the spin-charge vertex, the reason is the same
as for AF state, see Refs. [75,76].) The Hamiltonian (49)
does not conserve the number of “magnons” and therefore
the spin-charge interaction induces not only a renormalization
of the diagonal Green functions G .+, and G 44+ but also an ap-
pearance of off-diagonal components. Then, for renormalized
magnon Green functions, we should introduce the matrix

~ B )
G(q,iwy) = — / dre ™ (T Uy (DI (©0)  (52)
0

defined on vector operators

dq
d”
\IJ = +q N
C—q
Cq

+ = (d;—vdfq’ch’c;_)' (53)
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Straightforward calculations show that the result of sum-
mation of infinite series of different bubble graphs can be

presented as a matrix Dyson equation G~ = (G)~! —
written explicitly as
Al — o, D! B c
Gi__| D' Altie,  C B
- B C A +iw, D¢
C B D¢ A —iw,
(54)
I (54), A?=Qd+4Tf(qio,), AC=Q+ T (qio,),
DY = —TII; (q,za)n) D¢ = -T1_(q,iw,), B =— Cd(q,la),,)

C = Hcd(q,lwn) and l'IC 4 are the components of the matrix

polarization operator [1. The latter are determined as follows.
The d components Hf are given by

1
= e+ py),
2 F(Ei ) — nf(EL)
. k—q k
P]d(qﬂlwl1):£ZZ k qq . + +
2 5 iwg + Ey_g — Eg
2 nf(EE ) —nf(ET)
. 2 k—q k
Pi(q.iw,) = ﬂ (Mi_q.q) = T :
(55)

where P, and P, are due to decay of the d-magnon into
two fermions belonging to the same and different branches,
respectively. These expressions correspond to the bubble graph
for I} = Iy4+, defined analytically as

I (q,za),,)_l‘0 ZZ Mk qq

Wy

X Kii(k = q,iwn—n)Kn(K,io,)], (56)

and to the similar bubble graph and similar analytical ex-
pression for I1;, = —I44; they are obtained after summation
over imaginary frequency iw,. The expressions for the c
components [T have the same structure as (55) with M¢
replaced by M. ¢, For the “mixed” components [T, one should
replace in (55) (M?)? by MeMe [85].

The above written expressions describe the renormalization
of the magnon Green functions. To get expressions for
the renormalized spin Green functions, we have to use the
expressions for the S“ operators through the a,b operators,
of the latter through the c,d operators and the symmetry
properties of the magnon Green functions. After a bit long but
straightforward calculations, we get the following expressions
relating the renormalized spin Green functions G** and G3”
to the renormalized magnon Green functions:

G;Yy(q,iwn) = %Fé{[écﬁr(q’lwn) + GL'*L'(qviwn)]
- [Gcc(qviwn) + Gc*c*(‘l’ia)n)]}v (57)

G (qiwy) = 3[R(q+ Q.iw,) + R(q — Q.iw,)], (58)
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where

R(Q.iwy) = 3 F{ G aa+ (Qiwy) + Gara(quiw,)]
+1Gaa(Qiw,) + Garar(qiv)]}  (59)

(the multimagnon contribution is neglected). Note that the
terms related to the ¢ (d) operators cancel each other in the
expression for G** (G3”) and the terms containing one ¢ and
one d operators cancel each other in the expressions for both
G** and G3”. As a consequence, even being renormalized
due to the spin-charge interaction, the out-of-plane spin Green
function G}’ remains sensitive only to the optical mode, while

J

(GCL‘Jr + Gc*c)(qvia)n) = (Gdcﬁ + Gd*d)(qvia)n)

PHYSICAL REVIEW B 95, 125110 (2017)

the in-plane Green function G** does only to the Goldstone
mode.

To calculate explicitly the Green functions we have first
to invert the 4x4 matrix (54) with frequency dependent
components. This is a quite difficult problem. The procedure
is simplified in the following cases.

(1) In the limit g’ > 4/(2)A€. In this case, the bare
magnon spectra and the scattering amplitudes for the d and
¢ modes tend to each other, Qg ~ Qa ~ wq, M 4 ~ M€, Then,
the polarization operator components become approximately
equal as well: P{, ~ P{4 ~ P{, = Py and the expressions
for the magnon Green functions, magnon spectra, and spin
Green functions are simplified. Namely we get for the magnon
Green functions:

with the determinant given by
D(q.iw,) = [(i0,)* — wg(@q +2Pi(q,i®,)]
x [(iwn)” — wg(oq + 2P2(qio,))]. (62)

The renormalized spectra of the two magnon modes are given

) [wq(wq + ZH;(iwn)) — (iwy)*N(wq + ZH;(iw,,)) - (2H;(iwn))2wq’

60
D(q,iw,) (60)
- , L , A, T (iw,)
(Gee + G+ et )Quiwn) = (Gaa + Garas N Qiwy) = ———————— (61)
D(q,iwy)
[
i.e., represent the polarization operator as
~ 14 0
=1 A N
[ 0 HC]’ (66)
T g+ Mgq Se IMee+ e,
d — c —
e = [Hd+d+ Hd+d]’ e = |:HC+C+ HC+C,:|' (67)

by solutions of the equation D(q,w) = 0 on the real axis. They
are explicitly described by the equations

QZ = \/‘Uq[“’q +2P>(q,2)].

% = \Jo[wg + 2P (0.25)]- (63)

Note that (63) are not expressions but equations with respect
to Qf’l’d (w) that should be solved self-consistently [in Eq. (63)
the argument w is omitted].

Using (60)—(62), we obtain the following: for the out-of-
plane spin Green function the expression

wq + 2P i(q,iw,)

G (q,iw,) = F, ,
> (@den) 0?2 — wg[wg + 2P1(q,iw,)]

(64)

and for the in-plane spin Green function the expression of the
form (58) with R(q,iw,) given by

wq + 2P (q,iw,)
w? — wglog + 2P2(q,iw,)]’

R(q,iw,) = Fy (65)

where Fy = Fg = Fg [defined after Egs. (25) and (26)].
Note that despite the degeneracy between the bare Goldstone
and optical modes in this limit, the two modes finally
remain distinguishable due to the presence of the different
polarization-operator components in the renormalized spectra.

(2) Another limit in which the inversion of the matrix (54)
is simplified is ¢’ < +/2A°. In this case, one can neglect the
mixed components of the polarization operator with respect to
the pure components and consider the two modes separately,

For the Goldstone mode, this approximation is valid under the
additional condition (k;)4 & +/q'/A°), see comment in [86].
Performing explicit calculations we get for the magnon

Green functions corresponding to the block T4 the following
expressions:

Gaa+(Quiwy) = Gara(q, — iwy)
_Qq+ (o) +iw,

: 68
D(q.iw,) (%)
e ; 2 . H;(q’lwn)
Gaa(q,iwn) = Ggra+(q,iwy) = Dilqion)’ (69)
DU(q,iwy) = (iw,)* — [Q + P (Q,iw,)]
x [Q4 + PS(q.ion)], (70)

and similar expressions for the Green functions corresponding
to the block Ii¢ obtained when replacing the index d by
¢ everywhere in (68)—(70). The solutions of the equations
Dd(q,a)) =0, D°(q,w) =0 on the real axis (if they exist)
determine the renormalized spectrum of the d and ¢ modes in
this limit:

% = o4+ Pl (@04 + F (a.0)]

a5 = \J[9g + Pr(a.99)][2g + Pi(a.B9)], (7D

those are not expressions but equations [with respect to
Qg*d(a))] that should be solved self-consistently.
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Using (68)—(70), we get for the out-of-plane spin Green
function in this limit,

Gi’y (q,ia)n)
. Q¢+ P (q.iw,)
(i) — [+ PE(@io)|[2G + PE(@ion)]’

while for the in-plane spin Green function G** we get again
the general structure (58) in which R(q,iw,) is written as

R(q,iwy)

(72)

QL+ P{(quiwy)

d
= o[l Pi@ion [ P @ion] )
The corresponding static susceptibilities are given by
X5(q.0 Fira
x(q,0) [0+ Pla+ QO] +(Q — —0),
Fe
x7(@.0) ¢ o (74)

Qg + P5(q,0)

o) that the 1n plane static susceptibility diverges as x**
[(q, 107 + @ Q)2] like in the spin wave approximation de-

scribed in Sec. IV. Here, we took into account that F¢ qxQ &

1
Qz’iQ ' _
3. In the limit ¢’ ~ +/2A¢ calculations are also simplified.

The q dependencies of the M€ and M¢ amplitudes become the

2
i Md)’ ~ \% As a
result, the polarization operators I, l'I+ It ~-aswellas I,
I, IT_,;, have the same functional dependenc1es and differ
only by the numerical factors related to the amplitudes. In this

same—both are proportional to ¢’ while ¢

case one can reduce the 4 x 4 matrix G to the effective 2 x 2
matrix G* in the way shown in Appendix. As follows from
the present there formulas, the equations for the renormalized
magnon spectrum can explicitly be written as

wzzw%+w§i\/<w%—w§>2+A’ (75)
2 2
where
o} = (@ + P (@ + B) - PSP,
wy = (@ + P{)(Q + P;) — P{PY,
A =[(Q"+ P P{ — (@ + P{)Ps]
(0 4 PP = (@ 4 PP

(we omit the argument q, w in Q¢, Q¢ and Pl‘f for short).
Again, the formulas (75) are not expressions but equations
that should be solved self—consistently. Note that in this limit,
it is enough to calculate explicitly P components the Pf
components will differ only by factor —— ﬁ in the right-hand
side (rhs).

The expressions for the spin Green functions are very
cumbersome in this limit, we do not present them. We note
only that they have the structure general for all the limits:

. 1
G (qo), = g[R(q +Q,0) + R(q — Q,0)],
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d N¢
N(q,0) GV (q.0) = N(q,0) 76)

D,(q) ’ D.,(q)

with D, given in Appendix, whose behavior determines the
main features of the spin dynamics.

R(q,0) =

B. Properties of the polarization operator and an impact of its
structure on the renormalized spin fluctuation spectra

In this section, we calculate the polarization operator
components. Near the AF boundary, calculations can be
performed analytically since the main contribution to the
integrals (55) comes from the momenta in the vicinities of the
minima in the hole spectra and therefore one can use quadratic
expansions for Eki, while for the scattering amplitude one can
write explicitly

(M )’
_NTFT (g sintky + Q) + . sink; + 0.))* 7
8 q '

Below, we will omit everywhere the “prime” in q', ' — q,
i.e., consider q defined with respect to the AF wave vector
Qar, and g = |q|.

To perform explicit calculations, we have to fix the
symmetry of the spiral state. We will consider the spiral state
of the uniaxial (1,0) symmetry, O, = Q, Q. = 0, since first,
it is energetically favorable with respect to the (1,1) state, as
was shown in earlier papers [42,47-49] and confirmed by our
calculations (Sec. VI) and second, it is this symmetry that is
observed experimentally in the magnetically ordered incom-
mensurate state in low-doped cuprates. Analytical calculations
give for this case the following expressions for Pld and P2d (for
one chosen pocket):

Re Py (q,0)

A%ﬁ{[ o + sgn(@) F((0™)? — 2kp)?)]

+[w=® — sgn(w_")F((w=*)* — k7)™
+ [~ + sgn(@; ) F (07 %) — (2k5)%)]
+[w? — sgn(@®)F(02)* — QK1
ImPZd(q,a))
= "‘f — (@2 = F(2kp)? = (@=%))]
+[F(Q2KE? — (@7 — F(QkE)* — (@M1}, (78)
where
F(X) = G(X)ﬁ, w=ws+AJaq, a);A =wy—AJ/aq,
wr =w/ag+q, §=q/Va,
_ bq_) o
“‘O+aﬁ A =nvarow Y

The expressions for Pld are given by (78), (79) when setting
A =0,

Pi(q,0) = P{(q0,A = 0). (80)
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In (78) and (79), A is the fermion gap at the minima of the
fermion spectrum, A = 2|By—(z/2,7/2)| = 2t O, q1, g2 are re-
spectively the q components orthogonal and parallel to the AF
BZ boundary near the considered pocket, 6(X) is the Heaviside
theta function, A is the effective interaction, kf = /mnte
are the Fermi wave vectors in the direction perpendicular to
the AF boundary for EkjE branches, respectively, where nt =
(1/N) ZkrzF(EEE — p) are the populations of these bran-
ches and € = /b/a. (When calculating we used for the
scattering amplitude |leffq’q|2 ~ |M|*> where |[M“|* is the
amplitude at the fermion spectra minimum k = (7/2,7/2);
we neglect the small changes in the fermion effective masses
due to the term By and the weak momentum dependence of
the electron gap, fixing its value at the minimum of hole
dispersion.) Note that the case of a formally negative (k")
(when calculated as (k}’)2 = (k;)2 — A/a) corresponds to
the unpopulated E,5 branch, and k; should be set equal
to zero in (78) in this case. The expressions (78) and (79)
are written for one pocket. The global expressions for Pﬁz
contain a sum over four pockets. Note that for the pockets
centered at (1/2,7/2), (—m /2, —m/2), the g, component of q
is parallel to the (1, 1) direction while for the pockets centered
at (—m/2,m/2), (w/2, —m/2), the g; component is parallel to
the (1, —1) direction.

Note that in the limit Q = 0, the expressions for Pzd and
P¢ coincide, P{ = P{. Since k- and k. in Eq. (78) coincide
as well, the expressions (78) and (79) are reduced to those
obtained earlier for the doped AF state, see Ref. [69]. Note
also that in the latter case the interaction A is higher than
in the spiral state when calculated with the same parameter
values, namely it is twice higher than in the spiral state with
only the lowest branch E filled. In other words, in such
a spiral state, the effect of the electron-spin interaction is
twice reduced with respect to the collinear AF state. As a
consequence, the Goldstone mode, whose instability is at the
origin of the instability of the AF state above a certain, quite
low, critical hole concentration n?F [69,87,88], remains stable
for n > nF when the order is spiral.

The expressions (78) and (79) are written for the d
components of the polarization operator. We remind the reader
that in the limit ¢’ > \/EAC, the d and ¢ components of the
polarization operators coincide, Pﬁ , = P,"{z, and that in the

limit ¢’ ~ +/2A¢ they differ only by a numerical factor while
1

having the same w, q dependencies: Py, = e Pl‘f ,- Below,
we will omit the superscript d in the polarization operators
Pld , for short.

The knowledge of the analytical form of the momentum and
energy dependencies of the polarization operator allows us to
get formulas for certain characteristic lines whose location in
the w-q plane largely determines the form of spin fluctuation
dispersion, as we will see later on. These lines are given by the

equations

wi(qQ) = ag(Cky — ), w(q) =aq(q — 2kg),

w3(q) = ag(ky + ), (81)

for P; and

03 (@) = ag(@ —2kp)+ A, 0fQ) =agky +§)+ A
(82)
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for P,, see Ref. [89]. First, they are the lines of square-root
singularities in the real and imaginary parts of P; and P».
Second, they are the lines of onset of ImP; # 0, namely, Im P,
is nonzero only in the area between the lines w(q) and ws(q),
while Im P, is nonzero in the area between w3'(q) and w5 (q).
We will call the latter areas Contl and Cont2, respectively (that
stands for the continuum 1 and continuum 2), to emphasize that
in these areas there is a two-particle electron-hole contribution
to the spin susceptibility in addition to the one-particle
contribution from localized spins. Depending on parameters,
the locations of these lines and of the Contl and Cont2 can
vary significantly, see Fig. 2. Figure 2(a) corresponds to the
case when only the lower fermion branch E|_ is filled—in this
case, the Cont2 lies entirely at positive w. Figures 2(b) and 2(c)
correspond to the case when the E;’ band is also filled—the
Cont2 descends into negative w; in Fig. 2(b), the fillings of the
two branches differ significantly, in Fig. 2(c), the filling of the
branch E™* approaches the filling for E~. The limit nt =n",
k= kj corresponds to the AF state: the blue and black lines
in Fig. 2 coincide. For parameters typical for cuprates (which
we discuss in the following subsection), the situation is at the
limit between the cases in Figs. 2(a) and 2(b). A reader can
already take a look of Fig. 3 plotted for parameters typical for
cuprates in which the Cont?2 related to the polarization operator
P, is shown by orange color and the Contl related to P; by
grey.

Outside the two continua, the bosonic excitations have no
damping. The renormalization of their spectrum with respect
to the noninteracting spin-wave spectrum and of their spectral
weight are determined by Re P; and Re P». Since the latter have
square-root singularities at the borders of the continua, the
quasiparticle spectral weight diminishes in approaching any
continua border and vanishes on it. Schematically, it is seen
from the following: outside the continua, the susceptibility
can be written as Imy,.(q,») = aq6(w — Qq) with a spectral

-1 ~
weight given by aq = g—:{l — g—:[aPé‘j;“’) lo=g, ]} (S2qand 4
are bare and renormalized dispersions respectively and P is
a polarization operator at the origin of the renormalization),
so that agq is zero at the point where P exhibits a square-root
singularity. As to the renormalization of the dispersion, the
properties of P;, and P, are such that the low-energy part
of the Goldstone mode should obligatory soften with respect
to the spin-wave spectrum. Indeed, as follows from Eq. (78),
the ReP; is negative below (in w) the continuum Cont/ and
therefore if acted alone, ReP; (I = 1 or [ = 2) would tend to
soften the dispersion when the spin-wave spectrum lies below
the Contl. Since the bare Goldstone mode Q‘é in its initial
part (low w, low g) lies obligatory below Cont2 and on the
other hand for such ¢, w, |Re P,| is much higher than |Re P, |,
the renormalized dispersion of the Goldstone mode ¢ should
soften with respect to the spin-wave dispersion Q9.

Inside the continua the form of SF spectra is settled by a
competition between one-particle (magnon) and two-particle
(electron-hole) contributions. We will see later on that inside
the Cont2, the two-particle processes can even dominate
the spin dynamics (that happens for parameters typical for
cuprates) so that it becomes of the relaxation type. Since due
to the square-root singularities, ImP; and ReP; behave in a
quite sharp way near the borders, some sort of pinning of
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FIG. 2. Possible locations in the energy-momentum space of the characteristic lines w,(q), w3(q), a)ZA (g), and a)3A (q) [Egs. (81) and (82)]
and of the two continua, Contl and Cont2 [corresponding to the areas between the w,(q), w3(g) lines and the w3 (q), w5 (¢) lines, respectively].
In fact, (a) and (b) are plotted for the parameter values characteristic for cuprates and Q obtained self-consistently for n = 0.04, they differ
only by the values of the inverse effective hole mass a in Eq. (31): (a) a = 0.11 eV and (b) 0.15 eV that are, respectively, slightly lower and
higher than the estimated limits for a (see Sec. VI A). The plot (c) shows the tendency of evolution with decreasing Q, i.e., with approaching
the collinear AF state; in the limit Q — 0, there is a degeneration, and the blue and black lines coincide. The plots correspond to the (1,0)
direction [for the (1,0) spiral state]; the wave vectors are defined with respect to Qar and ¢ stands for ¢,, g = ¢,. The energies are in eV.

incoherent SFs spectra to one of the coninua’s border will
occur in this case.

VI. SPIN FLUCTUATIONS IN CUPRATES

A. Spiral-state spin fluctuations for parameter
values typical for cuprates

Let us now apply the developed above general formulation
to cuprates. For this, we have to fix the parameter values
and then to perform self-consistent calculations based on
the obtained equations. First, the incommensurability wave
vector Q should be determined self-consistently. This can be
done by minimizing the free energy, i.e., from the equation
g% =0 (for T = 0). The spin contribution E; to E equals
to E; = —N Jo/8 (for simplicity, we keep only the dominant
term neglecting ‘“zero-point” fluctuations having usually a very
small density). The hole contribution Ej, is given by E, =
Dkt EEn"(Ef — w). When taking into account the explicit

expressions for Ef [Eq. (38)], we get for the (1,0) spiral state

(Q=(Q.0): E,” = —QiN(n_ —ny)+ Yy el +ny) so
that for the total energy, we have

E(LO)/N =—Jo/8— Ot(n— —ny)+ 7'[(71?1r + ni)\/ﬁ,
(83)

ny =(1/N) anF(Ef — ) are the populations of the Ef
bands; the total hole concentration is n =n_ +ny. [This
energy is lower than the energy of the (1,1) spiral state
EYD/N, as seen from similar calculations for the latter state
and as known from earlier papers.] When n™ <« n~ (that is
always the case for the parameter values discussed below), we
get for the spiral incommensurability wave vector in the (1,0)
state, 0 = %(n~ —n™) ~ 4n.

Second, one should take into account a renormalization
of the charge parameters. Such a renormalization appears
due to the spin-hole interaction Hs(i)h. The latter leads to the
fermion self-energy, which in shorthand notations is written as
$ = M2K G so that the renormalized matrix fermion Green
function is given by (K)~' = K~! — $. We will not perform

125110-13



F. ONUFRIEVA

0.050—

0.025;

0-Af

FIG. 3. The two branches of the bare boson spectrum, Q¢(g) and
Q¢(g), and the two continua, Contl and Cont2, for the parameters
typical for cuprates and n = 0.04 (plotted in the w-q space near AF
wave vector, the energies are in eV). (The parameter values are given
in Sec. VI A.) The grey and orange shaded areas show the continua
Contl and Cont2 associated with the two-particle “electron-hole”
fluctuations originated from the fermions of the same and different
branches respectively. Other notations are as in Fig. 2.

explicit calculations to get the renormalized charge parameters.
We expect that the renormalization should be similar to that
in the commensurate AF state. It was shown [74—80] that the
dressing of holes on the AF background reduces the bandwidth
by a factor Z;, which is of the order of J/¢, while the hole
dispersion is as in Eq. (30). The parameters of the dressed-hole
dispersion for the 7-J model with only nn hopping were
obtained in Refs. [74-78], later on they were recalculated
taking into account the bare hopping beyond nn [79,80]. The
absolute values of x;, x, [Eq. (30)], or equivalently of a, b
[Eq. (31)], depend on J/t; for reasonable for cuprates values,
J =0.125eV, t/J = 2.5, and an estimated range for ¢’, ¢”,
t' = —(0.25 — 0.35)t, t" = (0.12 — 0.16)¢, the latter estima-
tions give a ~ 0.12 —0.14 eV and € = /b/a ~ 1. (These
estimations correspond very well to the experimental data for
the dispersion of a hole on the AF background [90,91].) The
part of the hole spectrum with B also should be renormalized
: Bk—> Z f Byx. Then, the first term in the expression for

E,(:‘O) is renormalized by the factor ZF as well, and the
equation for Q becomes Q = (4th /J)n. The fermionic gap
is renormalized as well: A =2ZFtQ. We suppose that ZJ
is also of the order of J/¢. Further, since in fact it is not J
but the Goldstone mode velocity that participates in the renor-
malization of the hole spectrum, and since this velocity is
lowering significantly in the renormalized spin spectrum,
we should use for the estimations of Z7Z the effective J
corresponding to the renormalized velocity. (The effect of the
softening of the Goldstone mode is explained qualitatively
in Sec. V B and obtained numerically in this section, see
below.) Incorporating this effect we take ZZ ~ 0.25 and
correspondingly Q ~ 2.5n. And finally, one should take
into account a renormalization of the fermion quasiparticle
residue—by a factor Z.s. This leads to the appearance of
the factor Z2_ in the expression for the polarization operator

res
that can be incorporated in the effective interaction A: A —
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AZrzeS. The estimated range for Z. is 0.35 — 0.4. We will
use Zs = 0.38 as in [76]. The last parameter we need for
numerical calculations is the exchange-interaction anisotropy:
we use 1 — ¢ = 0.003, that is, of the same order that observed
experimentally [53-56].

The results of calculations performed with these parameters
for the hole concentration n = 0.04 are presented in Figs. 3—0.
First, in Fig. 3, we show the two branches of the bare boson
spectra [Eqgs. (18) and (19)] and the two continua, Contl and
Cont2. The locations of the continua in this and the following
figures correspond to a = 0.12 eV, which is the low limit of
the estimated range a = 0.12 — 0.14 eV. For higher values of
a, Cont2 moves down into negative @ area (the tendencies
see in Fig. 2), and the discussed below effects are even
more pronounced. The plot in Fig. 3 (and in the following
figures) corresponds to the (1,0) direction [for the spiral of the
(1,0) symmetry]; in this case § = g/~ 2, ki = (kf)x/«/ﬁ,
where g, and (k¥), are the components of q and K in the
(1,0) direction. Since we took the spectrum of the dressed
holes practically isotropic, we have o = 1/2 and therefore
g = q, intheequations (78) and (79). Below we renote g, = q.
Self-consistent calculations of the renormalized spectra show
that the most important consequences of the dynamic spin-
charge interaction concern the in-plane fluctuations while the
dispersion of the mode €2¢ is roughly conserved, see Ref. [92].
The renormalized boson spectrum associated with the in-plane
fluctuations is presented in Fig. 4. The first remarkable feature
is that the low-energy fluctuations keep a resonant character
only in a small area in the g-w space, see the magenta line
with square symbols. Of course, in the limit o — 0, g — 0,
the resonance mode still has a linear dispersion, Q¢ = g, as it
should be in a correspondence to the Goldstone theorem while
the velocity is strongly reduced, ¢ < ¢, (see the discussion
in the end of Sec. V B). The Goldstone mode lies slightly
above the Contl. It is accompanied by a second “mode” lying
inside the Contl and therefore damped (shown by the magenta
line with triangle symbols, hardly distinguishable from the
magenta line with square symbols in this scale); the effect
is qualitatively the same as in commensurate doped AF state
[69,87]. Figure 5(a) shows how these two modes appear in
the response function ImR(q,w) [we remind that the spin
Green function ImG§* is related to the ImR(q,w) as given
by Eq. (58)].

Above certain characteristic energy o = w*, coherent
quasiparticles disappear, they decay on electron-hole pairs.
Technically, for ® > w*, solutions of the Eq. D(q,w) = 0 (i.e.,
poles of the magnon Green functions) disappear outside the
Cont2. They exist formally inside Cont2, however, the absolute
values of Im P»(q,w) are so high for corresponding q and w that
there are no coherent quasiparticles inside the continuum as
well. The form of the spin response function as a function of q,
w is determined mainly by Im P;(q, ), i.e., by the two-particle
electron-hole response, in a way as it usually happens in
itinerant-magnetism systems (when a role of polarization
operator is roughly speaking played by the bare electron-hole
susceptibility x°). The q dependencies of ImR(q,w) for
different w belonging to the interval o* < w < w, = A are
shown in Fig. 5(b). The maxima in the q dependencies of
ImR(q,w) for fixed @ determine the “dispersion” of these
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FIG. 4. The renormalized boson spectrum corresponding to the
in-plane fluctuations in the (1,0) direction for the uniaxial spiral state
(1,0) (calculated for the parameter values given in Sec. VI A and
for the hole concentration n = 0.04). The magenta and green lines
correspond respectively to the spectrum of resonant and relaxation
type. The low-energy magenta line with square symbols corresponds
to the Goldstone mode, it lies slightly above the continuum Contl,
its lower-energy counterpart mode lying inside the continuum and
damped is shown by the magenta line with triangles; the two modes
are hardly distinguishable in the present scale but the corresponding
8-function peaks and smooth maxima appear clearly in Fig. 5(a). The
high-energy magenta line with circles corresponds to magnonlike
fluctuations that can be seen as a transformation of the AF-state spin
waves that get a gap due to the incommensurability of the magnetic
order. The green line below w, corresponds to the incoherent spin
excitations of the two particle electron-hole origin that are settled
inside the gap in the coherent excitation spectra. Other notations are
as in Figs. 2 and 3.

relaxation-type fluctuations (the green line in Fig. 4). These
maxima occur near the low-¢g border of Cont2, this happens
due to a sharp behavior of the Im P,, Re P, near the continuum
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borders. As a consequence, the “dispersion” of this relaxation
mode follows roughly the downward dispersion of the line
w3 (q). The intensity of this mode increases with increasing w,
as seen in Fig. 5(b).

Such a behavior occurs until the energy reaches the value
w. = A. Starting from @, the low-g border of Cont2 is
determined by the w$(q) line with the upward dispersion,
and the dispersion of the relaxation “mode” follows this
upward tendency. At the same time, for @ > w., coherent
excitations, magnons, are restored, see the magenta line with
circle symbols in Fig. 4, see Ref. [93]. For the parameters used,
the restored-magnon branch lies slightly above the Cont2, the
spectral weight is reduced due to proximity to the continuum
(see the discussion in Sec. V B); the form of ImR(q,w) as a
function of ¢ for different @ from this energy range, is shown
in Fig. 5(c). One should emphasize that under small change in
parameter values, the magnon branch can move into Cont?2 still
remaining close to its border; in this case it keeps a resonant
character but acquires a damping.

In order to compare with the experimentally observable
spectra, one should plot not the spectrum of bosons but the
spectrum of spin fluctuations that is displaced by +Q with
respect to the boson spectrum [see Eq. (58)]. We present
in Fig. 6 the in-plane spin excitation spectrum in the (1,0)
direction displaced by —Q, = — Q. [We do not plot the inner
pattern (close to Qap) corresponding to the mirror reflection of
the spectraatg — Q > 0tog — Q < 0, hardly distinguishable
by neutrons.]

Summarizing the obtained above features of the spin
dynamics, we notice the following. (1) The presence of
the characteristic energy w, = A that separates two compo-
nents with qualitatively different behavior, one with resonant
magnonlike fluctuations having an upward dispersion (at
o > w,) and another with relaxation-type fluctuations having a
downward dispersion (at @ < w,). (2) The two components are
not crossing at Qar but form in the overall dispersion a sort of a
neck around energy .. The neck width Agyeck is proportional
to Q. (in the « direction). The characteristic energy of the
neck, w, is linear in Q, as well. Herein Q, is proportional to
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FIG. 5. Response functions ImR(g,w), as a function of ¢ for different intervals of w (a) 0 < w < w* (the §-function peaks and the maxima
correspond to the low-energy magenta lines in Fig. 4), (b) v* < w < w, (the maxima correspond to the green line below w, in Fig. 4), and (c)
o > w, (the §-function peaks correspond to the magenta line with the circle symbols in Fig. 4 and the maxima correspond to the green line
above w,). The relation of R(q,w) to the in-plane spin Green function is given by Eq. (58).
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FIG. 6. Dispersion of the in-plane spin fluctuations in the (1,0)
direction; the spectrum is shifted by Q with respect to the boson
spectrum in Fig. 4, see Eq. (58). The notations are the same as in Fig. 4.
Note that the calculations have been performed with the isotropic
hole spectrum (¢ = 1), i.e., with the round hole Fermi pockets, and
thus the SF component below w, shown by the green line has a
largest dispersion possible for equal other parameters, see Ref. [94];
in the opposite limit of very small € corresponding to the FS strongly
elongated along the (0,7)-(rr,0) direction, the dispersion is practically
vertical and the width in ¢ is equal to Q everywhere below w,.

doping n if the spiral state occurs immediately upon doping
or to n —nF if it is preceded by the collinear AF state.
(3) The high-energy magnonlike component can be roughly
represented as a transformation of the AF-state spin waves,
which get a gap due to the incommensurability of magnetic
order, have a reduced spectral weight, and are accompanied for
fixed @ by a continuum of two-particle fluctuations. (4) The
fluctuations corresponding to the component below w,. are
anisotropic being incommensurate in one in-plane direction
and commensurate in the other. They are overdamped and
resemble spin excitations in itinerant-magnetism systems.
Note that although this component reflects an impact of
mobile holes, the spectra are not directly a spin response
of doped holes: two contributions, from localized spins and
mobile holes, are unified in a common structure of the
Green functions more typical for localized spin systems.
The incommensurability wave vector (the characteristic wave
vector of this component at low energies), kinc, is neither the
localized-spin spiral wave vector Q nor the 2kf as it would be
in the metallic SDW phase. Its value depends on parameters
(and then should be material dependent) but it is always much
smaller than 2k . The ¢ width of the spectra decreases towards
.. (5) The Goldstone mode survives only at very low energies
in a small area in a vicinity of q = Q, w = 0. It disappears if
the spiral order is not static but quasistatic as in cuprates;
however, a strong response around q = Q should subsist at
very low energies.

The described picture corresponds to the normal phase. It
is, however, practically not sensitive to a presence or absence
of SC order of d symmetry (the symmetry taking place in
cuprates) in the case of low to moderate doping. Indeed, the
mobile holes responsible for the behavior of the component
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below w, are those near the Fermi level. At low and up to
moderate doping, the Fermi pockets are small and located
in the vicinity of (£m/2, & 7 /2) where the d-wave SC gap
vanishes, ASC(k) — 0. As a result, the component below w,
is almost insensitive to the presence of SC pairing while the
component above w, being related to localized spins is not
sensitive at all. Thus the spin dynamics should not undergo a
qualitative change in crossing 7.

The obtained results are in a very good agreement with ex-
periments for low and moderately doped cuprates [21,26-33],
see also reviews [20,36]. This concerns firstly the existence of
the characteristic energy w,, which separates two components
with qualitatively different behavior. As in experiment, the
component above . has an upward dispersion, the spin
excitations are of resonant type but have the spectral weight
reduced with respect to spin waves in insulating undoped
cuprates. As in experiment, the component below w, is quite
narrow in g (see Ref. [94]) and has a slight downward dis-
persion, the spin excitations are anisotropic in the momentum
space being incommensurate in one in-plane direction and
commensurate in the other. This concerns secondly the overall
form of the dispersion close to that which the experimentalists
call sometimes the OPEN-hour-glass shaped sometimes Y
shaped. This concerns finally the doping evolution of the
characteristic energies and characteristic wave vectors, namely
the monotonic increase with doping of the low-energy in-
commensurability, of the characteristic energy w,., and of the
neck-width around w,; for the form of the experimental spin
excitation dispersion see Fig. 8(a), for the doping dependencies
of certain characteristics see figures in Refs. [27,20].

On the other hand, they shed light on the difference of the
behavior observed in this doping range from the archetype
behavior of near-optimally-doped cuprates despite the similar
in some extent form of the spin excitation dispersion in
the SC state. Namely, our results explain the absence of a
resonance in both normal and SC states in contrast to the near
optimal doping for which the resonance is a most prominent
feature of the SC-state spin dynamics, the incommensurability
of the fluctuations even at w, for low doping versus the
commensurability at w, for the near optimally doped SC state,
the narrow dispersion of the low-energy component at low
doping versus the much larger dispersion of the spin-exciton
mode in the near-optimal-doping SC state, the absence of a
qualitative change in the spin dynamics when crossing 7 in the
former case versus the flagrant change with total disappearance
of the low-energy resonant component above T, in the latter
case, and finally the different symmetries in the q space of the
low-energy spin excitations in the two cases.

B. Scenario for spin dynamics above critical doping n..
Comparison of theoretical and experimental results for cuprates

As we have shown, the static ordered spiral state becomes
unstable at the critical doping n = n, at which the incommen-
surability wave vector Q reaches its critical value Q.. Exper-
imental observations in cuprates also show a disappearance
of the incommensurate magnetic order above n = 0.08-0.09.
Meanwhile, the normal-state spin dynamics observed for
higher doping, i.e., for the paramagnetic (PM) state, keeps
many features described in this article and corresponding to
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Hole doping, n

FIG. 7. Theoretical predictions for doping evolution of the
normal-state spin excitation spectra in high-7, cuprates for the
paramagnetic state, n > n. (shown in a schematic way).

the ordered spiral state. This could be understood if adopting
the natural hypothesis that the PM state developing above n,
preserves the spiral correlations on a finite-energy scale [that
would happen in the case of the phase transition of second
order, i.e., when the point n = n, is a quantum critical point
(QCP)]. Such a PM state would correspond to long-lived
(with a characteristic time 1) regions of incommensurate
AF spiral correlations. The finite-energy SRO phase with
local incommensuration should keep general features of the
static-phase SF spectraforw > 7, ! On the other hand, the SFs
should develop a spin gap (rather a pseudogap, see comment
[95]) AS ~ 75 .

When 7, ! (controlled by n — n.) is very small, the main
spin excitation features related to the two components above
and below w, should be preserved while the Goldstone mode
should disappear, see the schematic plot in Fig. 7(a). This
would explain very well the normal state spin dynamics
observed in YBa;Cu30¢, (YBCO) for moderate doping (for
example, for x = 0.6 [22-24], corresponding approximately to
doping n ~ 0.1-0.12), including the absence of a resonance
at w., the upwardly dispersed spin excitations (reminiscent
of spin waves in Neel AF) for v > w,, the incommensurate
spectrum with a slight downward dispersion for w < w,, the
small spin “gap” in the total spin response function, and finally
the overall form of the dispersion.

With increasing 7, ! (increasing doping) the low-energy
part of the component below w, should be progressively
washed out. Since simultaneously the energy w. increases
with doping, a significant part of this component should still
survive, as schematically shown in Fig. 7(b). Other tendencies
of doping evolution are the same as for the static spiral state
since they concern the preserved part of the spin fluctuation
spectrum; they are discussed in detail in the previous section.

With further increasing doping the effective gap A® contin-
ues to increase and either the low-energy component is washed
out completely—if A® becomes at some doping higher than w,
(that would explain the normal state spin dynamics in YBCO7)
or some part of this component around w, is preserved—if A*
remain smaller than w,; this could be material dependent. The
overall doping evolution of the normal-state SF spectra above
n. arising from the described above picture is shown in a
schematic way in Fig. 7.

If we compare with the experimentally observed doping
evolution summarized schematically in Fig. 8(b) taken from
the review [36] (one should consider the normal state), the
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FIG. 8. Experimental neutron data for the spin-fluctuation spectra
in high-T, cuprates. (a) The SF dispersion near the AF wave vector
in low-doped cuprates, namely in YBa,Cu3Og 45 (reproduced from
Ref. [21]). (b) Schematic summary of the doping evolution of spin
dynamics through the phase diagrams in high-7, cuprates, YBCO
family (reproduced from Ref. [36]); the Ty and T, are the AF and SC
transition temperatures, the red line indicates the stability range of
static incommensurate uniaxial magnetic order, the insets show the
dispersion and spectral weight distribution of the SFs near the AF
wave vector.

resemblance is striking. One should, however, note that in our
discussion above we did not take into account the effect of
the temperature, rather we tacitly assumed 7 < A°, which
more or less corresponds to the experimental observations for
the normal state of moderately and highly doped cuprates:
the spin gap A*® measured at 7 ~ 100 K is equal to tens of
meV. However, in other experimental conditions, namely in
those corresponding to another 7' regime, the low-energy spin
dynamics can be different. So, what is the role of temperature?

From a very general point of view concerning the behavior
near a QCP, one can expect that the “high-energy” dynamics,
foro>T,w> 1, 1, should be qualitatively the same as for
the ordered state whatever T, while the low-energy dynamics
will depend on the 7 regime and namely on the relation
between T and 7, ' In the low-T regime, T < 7, 1, the
behavior should be qualitatively the same as that discussed
above in this section, namely the SF spectrum should exhibit
a gap, and moreover this gap should not change with 7. In the
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high-T regime, T > 1, ! [“quantum critical regime” (QCR)],
the low-energy fluctuations should become scale invariant in
space and time. The scaling description of this regime demands
the renormalization group approach that is of course beyond
our present scope. Although the behavior in this regime should
depend on the type of system (it was studied for a very
limited number of models [96]), the universal features are the
disappearance of the gap and the relaxation type of dynamics.
Note that in our case the critical mode is the optical mode,
and therefore it is commensurate; that its low-energy part lies
outside the continuum; and that the dynamical exponent z = 1.

For the most delicate intermediate-7 regime, one could
expect that the low-energy spin dynamics combines the
features of the two limit regimes, namely, that the low-energy
SFs are still characterized by a gap A*, whose value decreases
with T', while the fluctuations immediately above this gap keep
the features of QCR, i.e., are overdamped, commensurate, and
satisfy scaling laws. As to the “high-energy” spin excitations,
as we already told their behavior should be the same as for all
other T regimes.

Coming back to cuprates. As we already emphasized,
when T < A®, the spin dynamics in the PM state should
be as described in the beginning of this subsection and as
schematically shown in Fig. 7. For higher T, one should
expect (i) for low energies-the presence of a gap and of
commensurate overdamped fluctuations immediately above
this gap and (ii) for high energies, > T, @ > 1, !, -spin
dynamics qualitatively the same as for the ordered spiral state
(with, of course, an additional damping of spin excitations).
As to the high-T" QCR regime, T > A®, it should be hardly
reachable for moderately and highly doped cuprates in view
of high A*.

On the contrary, the QCR should be easily attainable in
relatively low-doped cuprates for doping in the immediate
proximity to . (on both sides of the QCP,n < n, andn > n,,
see Ref. [97]) when the T = 0 optical mode gap is small.
Quite probably the effects observed in low-doped (n < n.)
cuprates, such as the persistence of low-energy excitations
upon heating while, starting from 7 = 150 K, the magnetic
response becomes commensurate [27,36], are fingerprints of
the QCR behavior.

VII. SUMMARY AND DISCUSSION

In summary, we have studied the ordered spiral state
appearing upon doping of the Mott-Neel insulator. The goal
was to take into account in the most accurate way the intrinsic
interrelation between spin and charge degrees of freedom in
such a strongly correlated system. This study was based on
the ¢-1'-J model with anisotropic exchange interaction. Since
the #-J model was used in many ways to study the high-7,
cuprate physics, we first summarize the important points of
our approach and the made approximations.

We used the representation of the Hubbard operators
(HOs) via Fermi/Bose operators that is the extension of the
Dyson-Maleev representation for localized spins to the algebra
Spl(1,2) formed by the eight HOs of the ¢-J model. This
representation is well adapted for studying the spin dynamics
of spin-charge systems with localized spin ordering, which
breaks the rotational symmetry and it has several advantages
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with respect to the slave-fermion/slave-boson representations.
First, it preserves the local constraint between the spin and
charge degrees of freedom (very important if one wishes
to treat correctly the spin-charge interrelation) while in the
slave-particle approaches this constraint is relaxed completely
in the often used mean-field approximation, which leads to
uncontrollable results. Secondly, in our representation, the spin
(charge) HOs are linear in Bose (Fermi) operators in leading
order while in the slave-particle representation the physical
spins and charges turn out to be composite two-particle
objects of auxiliary quasiparticles, spinons, and holons, so
that a calculation of their (four-particle) correlation functions
is an additional problem. And thirdly, the introduced by
this representation Bose quasiparticles describe fluctuations
above the ordered ground state, and their number is small
at low T [98] so that the probability of the collisions with
other Bose quasiparticles (described by high-order terms on
Bose operators) tends to almost zero when T — 0. (This is
not so for the Bose quasiparticles introduced through the
SF/SB representations: the auxiliary quasiparticles, spinons
and holons, describe the ground state while the fluctuations
above this ground state are the local-constraint fluctuations,
which are quite difficult to treat.) Therefore, in the absence
of charges (n = 0), we would have a quantum Bose liquid
with practically undamped quasiparticles well described by
the quadratic Hamiltonian. The presence of charges leads to
the possibility of a decay of the boson into two fermions—a
process described by the Hamiltonian Hs(i)h and important
even at T = 0— moreover this process is associated with
the highest energy parameter 7. [When n is small (as in
underdoped cuprates) one can neglect the decay into more
than two fermions.]

It is the latter interaction that leads to unconventional
spin dynamics that is very different from that in the doped
antiferromagnetic state [69] as well as in the spiral state
in insulating systems. In the latter case, such processes
are simply absent; the important difference from the doped
AF state arises from the fact that the fermions themselves
change when the localized spin order is incommensurate:
the incommensurability induces an off-diagonal order in the
fermion subsystem and a gap A o |Q] in the fermion spectrum.
The effect arises from the kinematic spin-charge interaction
and is approximation independent. The dynamic interaction
with these gapped fermions leads to the unconventional q and
o dependencies of the polarization operator responsible for
the renormalization of the boson quasiparticle dispersion. The
results are obtained by a summation of a series of bubble
graphs that in the case of small » is a very good approximation.
The polarization operator is calculated analytically for q in a
proximity to Qar. The incommensurability wave vector is
determined self-consistently.

For the typical for cuprates high value of the corresponding
interaction constant (¢), this behavior of the polarization
operator results in the appearance of a gap in the coherent
spin excitation spectrum. The upper branch of this spectrum
corresponds to the magnonlike fluctuations that get a gap equal
to A and acquire a reduced spectral weight being accompanied
for fixed w by a continuum of two-particle excitations. The
lower branch of the coherent spectrum is what is left of the
Goldstone mode (mandatory in the long-range ordered state as
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responsible for the breaking of continuous symmetry). Being
truncated by the gap from above, the Goldstone mode survives
only in its initial part at very low energies. Inside the gap,
incoherent spin excitations of two-particle electron-hole origin
are settled. They have a slight downward dispersion (given by
peaks in broad spectral densities) that roughly follows the
low-¢q border of the gapped electron-hole continuum.

Thus globally the spin dynamics is mainly determined
by the two components with qualitatively different behavior
of spin excitations that are magnonlike above w, = A and
of a relaxation type below w,.. All the details are discussed
in the end of Sec. VI A. The behavior is very close to what
is observed experimentally in low- and moderately- doped
cuprates. The absence of the X-type crossing of the two
components at Qap, the absence of a resonance at w,, the
relaxation character and the narrowness of the dispersion of the
component below w, are the most prominent features of this
spin dynamics and are contrasting with the archetype behavior
in the SC state of near optimally doped cuprates. One can say
that the form of the dispersion is OPEN-hour-glass-shaped
since the spin excitations at w, remain incommensurate or
that it is ¥ shaped because the dispersion of the component
below w, is rather steep, see Ref. [94]. Note that the ordered
state characterized by these properties is not an SDW state in
an itinerant-charge system with the incommensurability wave
vector 2k but the state with the spiral order of localized spins
in the presence of doped holes. We emphasize again that the
described spin dynamics is characteristic for both normal and
SC states at low and moderate doping.

Further, we found that this ordered state becomes unstable
at a certain critical doping n.. We have argued that adopting
the hypothesis about the presence of finite-energy spiral corre-
lations in the paramagnetic state above n, and based on the re-
sults obtained for the static spiral state, it is possible to explain
practically all the details of the doping evolution of the normal-
state spin dynamics in cuprates from low to high doping (com-
pare the theoretical Fig. 7 and the experimental Fig. 8(b) above
T,). This concerns the Y -shaped form of the dispersion and the
absence of a resonance in contrast to the X-shaped form and
the resonance in the SC state of near optimally doped cuprates.
This concerns the presence of a spin gap (our A®), which in
our scenario is controlled by n — n.. And this concerns the
persistence of high-energy magnonlike excitations observed
for all doping including in the overdoped regime [99-101].

We discussed also the effect of temperature in proximity to
the QCP and argued that above a certain 7', the spin excitations
at w immediately above the spin gap A* should be commen-
surate and that in the close proximity to the QCP this should
happen at the lowest energies. This effect could possibly be
responsible for the 7' behavior observed in YBCOg 45 [23,36]
where low-energy spin excitations survive upon heating but
become commensurate starting from 150 K. The latter could
signal a transition to the quantum critical regime.

We hope that all these results can shed light on the
origin of highly unconventional normal-state spin dynamics
in cuprates. We would also like to add several words that are a
speculation about the behavior in the SC state. As we mention
in Ref. [95], in the metallic state above n. in addition to the
contribution related to the finite-energy spiral correlations,
there is also the conventional direct hole contribution to the
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spin response function. This contribution, usually small in the
normal state, can be strongly enhanced in the SC state of
d-wave symmetry in the way discussed in Refs. [8,10] (the
spin-exciton scenario), see also Refs. [11-14]. It is important
to clarify that a necessary condition for the emergence of the
spin-exciton mode is the extension of the Fermi surface until
or almost until the saddle-point at (0,77) and the coherence of
the charge quasiparticles in this momentum region (otherwise
there is no divergence of the two-fermion response function
at the electron-hole continuum border and the spin response
remains weak). The spin-exciton scenario is elaborated within
a pure itinerant electron approach. When both, the dynamic
spiral correlations of localized spins and the static SC order
are present, as on our opinion happens in the SC state of
underdoped cuprates, the spin dynamics is determined by
a competition between the two mechanisms and a relation
between different characteristic energies. For low doping, the
spin dynamics in the SC state is qualitatively the same as in the
normal state, as was emphasized before, i.e., the low-energy
behavior is dominated by the spiral-correlation scenario. On
the other hand, starting from the near-optimal doping, the
condition of the coherence of the charge quasiparticles in
the near-(0,7) region, necessary for the existence of the
spin-exciton mode, is fulfilled (as known from the ARPES
experiments), while the spiral correlations are weakened. As
a result, for this doping range the SC-state low-energy spin
dynamics should be dominated by the spin-exciton mode
and the behavior as a whole should be characterized by
the X-shaped dispersion in the SC state, by the resonance
which disappears in the normal state, etc., (see Ref. [102])
i.e. by the archetypal behavior observed experimentally for
near optimally doped cuprates. For intermediate doping, the
picture should progressively change from the one limit case to
the other and should be material dependent. These speculations
allow one to get a qualitative insight on the overall picture of
the SC-state spin dynamics in cuprates; a quantitative study of
the spin dynamics resulting from the competition between the
two mentioned mechanisms is beyond the scope of this article.

It is also worth mentioning certain results obtained for the
charge dynamics, namely the asymmetry of the Fermi pockets
with respect to the AF BZ boundary (close to that observed
in certain ARPES experiment [81,82]) and especially the
appearance of the off-diagonal order in the charge subsystem
induced by the spiral correlations of localized spins. As shown
in [83], this order has a certain relation to the so-called
intra-unit-cell magnetic order observed in cuprates in the
pseudogap phase [84].

As a final remark, after the submission of the manuscript,
we learned about the latest neutron experiment on the
HgBa,CuO4s (HBCO) family of high-7, cuprates performed
for moderate [107] and near optimal doping [108]. Basically,
the discovered spin dynamics fits into the theoretical scheme
described in the present paper. This concerns the global shape
of the spin excitation dispersion, in particular the existence
of the two characteristic energies, the first (our w.) above
which the spin excitations are magnonlike with the dispersion
reminiscent of that in AF insulator but with a gap and a reduced
spectral weight, and the second (our A*) below which there
is a global spin gap, see Fig. 4 in Ref. [107] and Fig. 11 in
Ref. [108]. [The narrowness of the dispersion of the component
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below w, in the normal state also corresponds qualitatively to
our scenario although for the HBCO family the dispersion is
extremely narrow, much more than for the YBCO family and
namely for YBCOg ¢ [25]. With such narrowness, of the order
of the experimental resolution, it is difficult to judge whether
SFs corresponding to this component are commensurate or
incommensurate, whereas in YBCOg ¢ for which the normal
state spin dynamics is globally the same while the dispersion
of the low-energy component is larger than the resolution, the
low-energy SFs are clearly incommensurate, see, e.g., Fig. 10
in Refs. [24,25], see comments [94,109]]. This concerns the
absence of a resonance in the normal-state spin response.
This also concerns finally the evolution of the spin dynamics
with doping: for the underdoped HBCO sample, no qualitative
difference between the spin dynamics in the normal and SC
state was found [107], while for the near optimally doped
sample, the low-energy behavior in the SC state is found to be
dominated by the spin-exciton mode and very different from
the normal state behavior [108]. Although the doping level in
the former case is moderate rather than low, it is clear that the
tendency is universal—the precise doping at which the picture
corresponding to the one limit case changes for the picture
corresponding to the other limit case should depend on details
in the carrier band structure and other parameters and should
be material dependent. [This probably is the reason why for
the YBCO family the behavior in the SC state is of the optimal-
doping type already for x = 0.6 (corresponding approximately
ton = 0.1), while for the HBCO family, the SC-state behavior
is still of the normal-state type for approximately the same 7.]
This is all the more so as the different families of cuprates differ
by the number of CuO, layers, by the crystal structure and by
the importance of disorder effects. The HBCO family, which
is single-layered, does not have such strong disorder effects
as the LSCO family and in addition has a simple tetragonal
structure may reveal the most basic cuprate behavior.
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APPENDIX: EXPRESSIONS FOR RENORMALIZED
GREEN FUNCTIONS AND SPECTRUM OF BOSONS
IN THE LIMIT ¢’ ~ +/2A¢

As seen from the expressions (50) and (51) for the
scattering amplitudes M¢ and M?, in the limit ¢’ ~ +/2A¢
(M9)* 1
M4y VI+eT
As a result, the polarization operators I, Hj, H;Ld, as well

both amplitudes are proportional to ¢’, while
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as [T, T17, I1_,, have the same functional dependencies and
differ only by the numerical factors related to the amplitudes.

In this case, one can reduce the 4x4 matrix G to the effective

2x2 matrix G° in the way shown below. First, we introduce
the vector operators

b= Mddq - M"ch
M”’dfq — Mcq |’

¢t = MUdf —Mcq. Mld_q—Mc)). (Al

Then, the renormalized effective matrix Green function is
given by

(éeff)q — (Ge)~! — et (A2)

where G is the diagonal bare Green function with the
components

—(a—B)
(iw, — Q) (iw, + Q°)

G = M2G g+ + M?*G oo = (A3)
and Ggg(q,iwn) = G?flf(—q, — iw,), While [T is the matrix
polarization operator

N I —II;
Heff — |: iw, +m),,:|‘ (A4)

_H;wn —iwy

Above we denoted o = ia)n(MC2 — Mj), B = QCM(% + Qde,
nf, =105{(q.io,), M, =T5(q.iw,) and took into ac-
count that T§i(q,iw,) = NN(—q, —iw,), TN(q,iw,) =
s (—q,iw,) and n; = I"Ij_[q. Then, the determinant D, =

det(éEff) is given on the real axis by
D, = [(TT})* = (T’ (@ — B0 — B)
+ I} [ — B)@ + Q)@ — Q)
+ (@0 — B — Qo) + Q)]

+(0® - Q7)(? — 20), (A5)

above, we omit the wave vector argument in =, «, B and
the w and q arguments in 2,4, 2. for short. By definition, this
determinant is equal to the determinant of the initial 4 x 4
Green function (54). Note that l'[i introduced above differ
from Hf 2(q,), Hfd(q,w) used in the main text only by the
factors related to the scattering amplitudes. Coming back to the
notations in the main text and using the polarization operators
Pf{ , and Py ,, we can explicitly write down the equations for the
renormalized spectrum (given by the solutions of the equation
D, = 0) in a quite compact way. The explicit expressions are
presented in the main text, see Eq. (75).
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