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Abstract—A formula for the dynamic spin susceptibility is derived in terms of the /—/—V model. This formula
makes it possible to explain the main features of recent experiments on neutron scattering in the electron-doped
superconductor Prj ggl.aCeq ;,CuO, _ . In particular, the proposed theory reproduces well a V-shaped relief in
the frequency behavior of the imaginary part "(Q, ®) of the susceptibility of the Prggsl.aCe( ;,CuO, _ , com-
pound in the vicinity of the wave vector Q = (m, ) and the scaling behavior of the position of the maxima in
the dependence of the function "(Q, ®)T on the quantity /7. The magnetism of the high-temperature super-
conductors is dual. These materials contain charge carriers, on the one hand, and localized spins in the copper
ion sublattice, on the other hand. Both these systems are strongly coupled to each other. The mode of collective
oscillations is common. The magnetism of localized spins “freezes” with the appearance of the superconducting
gap. The recently revealed double-peak structure of the imaginary part "(Q, ®) of the susceptibility in super-
conductors of the La; g4Sr; 14CuO, type is explained. The low-frequency absorption peak is located within the
superconducting gap and interpreted as a manifestation of the branch of spin excitons, and the high-frequency

absorption peak predominantly corresponds to renormalized collective oscillations of localized spins.

PACS numbers: 71.27.+a, 74.72.-h
DOI: 10.1134/S1063776109010087

1. INTRODUCTION

High-temperature superconductors based on lay-
ered cuprates have a rather rich phase diagram. These
materials at low doping levels belong to the class of
quasi-two-dimensional antiferromagnets. The tempera-
ture dependence of the magnetic susceptibility in the
paramagnetic phase obeys the Curie—Weiss law. At
high doping levels, these materials are metals with the
Pauli-Landau paramagnetism. The description of the
magnetism for the region intermediate between the
insulator and metal phases is an important problems in
physics [1]. The -/ model is considered the main
model for describing the dual character of the magne-
tism in these compounds [2]. The parameter ¢ corre-
sponds to hopping of electrons (doped holes) from one
site to another, and J is the parameter of the superex-
change interaction between localized copper spins. The
parameter V of the Coulomb interaction of electrons, as
arule, is considered insignificant in the theory of mag-
netism and is hence omitted for brevity. However, in the
general case, the Coulomb interaction is undeniably
important. In particular, this interaction is necessary for
describing the spectrum of plasmon modes and phase
separations in the systems under consideration.
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The available works devoted to the study of the dual
character of magnetism in the intermediate region of
the phase diagram of high-temperature superconduc-
tors can be separated into two groups. The authors of
[3-7] and other works (see references in [7]) begin with
the dielectric phase in which the number of charge car-
riers is small and superconductivity is absent; they sim-
ply include the susceptibility of itinerant electrons as an
additive component [3]. By contrast, in works of the
other group [8-12], researchers consider the conduct-
ing phase as basic. Particular emphasis has been placed
on the analysis of the magnetic susceptibility of itiner-
ant electrons, for which the motion is correlated by the
condition of the simultaneous absence of two charge
carriers at the same site (lower Hubbard subband). In
this case, the susceptibility of localized spins is
ignored.

In this paper, we derive a new relationship for the
dynamic spin susceptibility in terms of the t—/-V
model. In the dielectric limit when the charge carrier
concentration is zero, the derived relationship corre-
sponds exactly to the spin susceptibility of a two-
dimensional antiferromagnet. At the same time, our
formula in the case where the spin—spin correlation
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functions of localized spins are zero (metal phase) cor-
responds to the generalized random-phase approxima-
tion for metals with strong electron correlations. As an
application of the derived relationship, we analyze the
neutron scattering data for the electron-doped super-
conductor Prjg¢l.aCe,CuO,_,. A short communica-
tion on this subject was published in our earlier work
[13]. In the present paper, we thoroughly describe the
derivation of the formula obtained in [13] for the
dynamic spin susceptibility and compare it in detail
with the experimental data on neutron scattering for
this system [14]. We offer a new explanation for the
scaling behavior of the imaginary part of the suscepti-
bility multiplied by the temperature as a function of the
ratio between the frequency and the temperature in both
the normal and superconducting phases of the
Pr, ssLaCe ;,CuO, _, compound. This scaling phenom-
enon in the vicinity of the wave vector Q = (7, 1) in the
Pr ¢sLLaCe; ;,CuQ, _, superconductor was recently dis-
covered by Wilson et al. [15]. Moreover, we demon-
strate that the derived formula after the performance of
the electron—hole transformation allows us to explain
the origin of two peaks of neutron scattering in the
vicinity of the wave vector Q = (7, ®) for p-type super-
conductors La, _ Sr,CuQ,.

2. DERIVATION OF THE FORMULA
FOR THE SPIN SUSCEPTIBILITY

The Hamiltonian of the #—~/—V model in the repre-
sentation of the Hubbard operators has the form

H=H+H+Hy, =Y t;X°X}°

l‘]G

0,6 y,0,0 G, 0 /0,0
+24J,](X X3 -x7°x70) (1)

i,j,0

1 0,0+,0,0

Here, the first term describes electron hops between
sites of a two-dimensional lattice, the second term rep-
resents the superexchange interaction of spins, and the
last term corresponds to the Coulomb interaction
between charge carriers at different sites. In summa-
tion, it is assumed that i # j. In relationship (1), X" are
the Hubbard operators; the indices p and s can take on

values 0, 6, and 6 (6 =T and |, G = —0); and X?’O

(X ?’ ?) are the creation (annihilation) operators for
electrons at the ith site with the spin ©.
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In deriving the equation of motion for the Fourier
transform of the spin operator

1 1,1 .
Sy = 52 Xi expliq-R)

we use the projection operator technique (q is the recip-
rocal lattice vector and R, is the radius vector of the ith
site). The anticommutation relations have the form

(xTxy = (xP e x s,
148, @)
= (T + Si)S,»j,
X5 X0 = (X0,
148, . 3)
_ ( —~ Si)aij,
where 0; is the Kronecker symbol. These relations are
obtained from the completeness condition X; >0 4 X; i
X" “+ — 1 and the expressions for the spin operators
st =5 -xih, st= Xt s = x

and the operator of the charge carrier density per unit

cell X?’O = §,. In the frequency representation, the

Green’s function ((S;lS:q>) is written in the form

O((SyIS_ ) = (S, HIIS.,))

NZ(M (XX IS ) + @)

X Y Juexp(=iq - R)((S7S; = SiSHIS)-
i, J
Here, as in [3-7], we took into account that the long-

range magnetic order is absent; i.e., (Zl S =0

Initially, we examine the Green’s function

Gi(w,q) = NZ(rk+q (X XIS ()

This function corresponds to the system of itinerant
electrons. In order to calculate the Green’s function, we
consider the product of the operators

0,4 To
NZX (6)

xexp[-i(k+q) - Rj]exp(l -kR)).

Xk+qu
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It can be seen that these operators satisfy the following
identity:

Lot
Sy XXt =0, (7
k

which will be used in the form
o0 o
3 (X XSS = 0. ®)
k

In order to calculate the commutator

[XZ’LX,I’ 0, H], we use the decoupling scheme [16], in
which the random-phase approximation is combined
with the Zwanzig—Mori projection operator technique

so that the results are obtained in the case of simple
metals. For example, the product of the operators

X]T’ $Xﬁ’ % in the site representation can be written in the
form

T lbo Tibo Tlylo0
15 X;7X7 = 5, X0 X0 (L =F) + 15, F, XX

€))
= 1, (1= F)SIXy O+ (e, X0+ AL X0 ).

jsn“*n \sn<tn

The coefficients e;rm and A;;n are found in the same
way as in the conventional projection technique for the
subspace of the creation and annihilation operators for
electrons. Physically, the parameter F, is intended to
retain the molecular-field effects associated with spins
and doped electrons and to provide the stability condi-
tion. The imaginary part of the susceptibility should be
positive. In the general case, according to this scheme,
it is possible to introduce three decoupling parameters:
F,, F;, and Fy.

At T > T, using the above technique, we obtain
AT
(X025, X0 ", (H,+ Hy + Hy)l

0,4 1,0 0,T 1,0
= (Eag— 8 Xih  Xi + (1 =F) (1, Xy Xi7)

USSR +
e XL X eSS (10)

0,TT,0

J Lol
FFF XX = (XX )8,

1 0, 1.0
- NZ(Sk'w — &) X Xi s
o
where

J, = 2Jyy,=2J,[cos(g.a) + cos(q,a)],

fo= Y yexplik - (R,—R))]

J
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are the Fourier transforms of the superexchange inter-
action and the hopping integrals, respectively; a is the
lattice constant; and

e, = {Zru[# + g1 +2F)(5iSD]
l

1 Ayl
+ 2T = F) (X)X
l

(11)
2 T T
+ Vil = Fy) s (X0 X"
l
xexplik - (R,—R))]

is the dispersion law for quasiparticles. This law is con-
veniently rewritten in the form typical of strong cou-

pling:

g, = 214 [cos(k,a) + cos(k,a)]

+ 415 cos (k,a)cos (k,a) (12)

+ 2t$f)[cos(2kxa) + cos(2k,a)].

As can be seen, the effective band parameters are
defined by the expressions

, P+1/2+F,K
1( 1+ 1)

(1)
Tegp =

Ji(1-Fy)+2V,(1 - Fy) .
- 5N ;fk.cos(kxa),

12+ F
t(e%f) = t2(P+ th)

1+6
(13)

Vo(1-Fy) \ \
- —E——N——X—;fkvcos(kxa)cos(k“,a),

3) 12+ F,

teff = t3(P+——-———1 +8 K3)

V3(1 _FV) '
—Tgfk,cosﬂkxa),

where P = (1 + 0)/2; d is the mean number of charge
carriers per unit cell; and V;, V,, and V; are the Cou-
lomb interaction parameters for the nearest, next near-
est, and third nearest neighbors, respectively.

The spin—spin correlation functions K, = 4(S;S,)
are self-consistently calculated in terms of the dynamic
spin susceptibility. The calculation procedure is
described in Appendix A. In the course of calculations,
Vol. 108
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fulfillment of the condition {S;S;) = (1 —8)/2 (the sum
rule) is verified.

It can be seen that the term involved in expression
(10) leads to the appearance of a new Green’s function:

1 L0 e
D;(w,q) = _N2(8k+q_8k)<<xl?+qxl? |qu>>-
k

Expression (10) is used to derive the relationship
between the Green’s functions:

0,4 1,0
0.0, ¢

k+q

S0 = gt t L0 =Fomy

+ 1Y F Xokg ) <<S;|S:q>> + D, (o, Q)qu-

By summing up over the index & and using condition
(8), we obtain

1
Dy(®,q) = 77—
| S, q) s
x|~ 520 ) = (@, US|
where
N, g) = (1 =F)n(®, ) + J,Y,F;Xo(®, g),
Xo(®, q) = ]%]ZXque
k
_ P(fi—fisd)
T ot -g,,
(16)

1
TE((D, Q) = Nznk(p
k

h h
Pt St gfieg)
kq O+&-,,

C((Da Q) = %ng(p
k

1
O+ —€,,

qu =

Here, Pf; = n) = (Xv°X?") are the occupation num-

bers, £ = {1 +exp[(t—e)/ksT]}~" are the Fermi func-

tions in the hole representation, and [ is the chemical
potential. This representation is more convenient
because the lower Hubbard band of states is completely
occupied for the parent cuprate compound in which
charge carriers are absent.
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By differentiating relationship (4) with respect to
time once more, the Fourier transform of the Green’s
function can be represented in the form

o ((SIIS") = o(([S,, H1IS_,))

= S(I1S;, LS,
1 0,4 1,0 - o
=5 2 e = 8 X X HISZ)
k

+ 13 Tuexp(ia - R)(I(STS: - SIS, HIIS-,).

il
Here, we have
(L[S, H], S,y = -2J,K,(2-v,)

(18)
+ 23 =1Ly~ 1D,
k

1 . + + -
v 2T uexp(—iq - R)(I(STS; - 5iS7). HIIS",))
il
2 + o
= Q (SIS

where

Q) = JI2-y)[1-8+2K,+ Ky - K (1+27,)]
is the square of the frequency of oscillations of local-
ized spins with allowance made for only the three near-
est neighbors. The auxiliary Green’s function involved

in expression (17) is calculated using the aforemen-
tioned rules; that is,

3 ey ) XL XL, IS
k

= —I%Z(f“q — 1) (€ 4y — &) ((Xg’quz’ IS0
k (20)

—§Z(Zk+q—lk){|:%Fj+(l —F,)Sk]fz
k

J _
-|FF+ - Ft>ek+q}ft+q}<<sz|s_q>>.
The last expression involves the new Green’s function

1 A0
F 2 (g = 10 (8 8O (X, XIS,
k
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which can be calculated with the use of formula (14);
that 1s,

1 10, o

N 2 (g = 10 (Brr = 8 (X X, IS7))

k

i1
= ﬁNZ(tk+q_tk)(8k+q_Sk)Xqu
k
1
A =F)g Y (= 10— 8T, (21)
k

1 P
+ JquFJNZ(th — 1) (&g — 8k)Xqui| ((SIS-»
k

1
+D; (0o, q)ﬁz(tk+q — 1) (&4, — €4y
k

N (O, ) = 2Ti{(S;IS_)) =

('OX()((Da Q)gt(wa 61) - [OJXt((D’ Q) + 2']11{1(2 B Yq)]C((Da Q)

By simultaneously solving Egs. (15), (17), (20), and
(21) with due regard for relationships (18) and (19) and
making simplifications of the type

1

Nz(tk+q — 1) (&4, —€)C,
k

1

O+& -8,

= %Z(tk+q_ 1) (€sg— & — ®)
‘ (22)

w
+ ]T]Z(t’”q — 1) Gy
k

= %Z(tk+q_ tk)qu = O)Ct(('oa Q)’
k

we obtain the following formula for the dynamic spin
susceptibility:

where

1
@, 9) = 5 (g = 10y
k
X, 4) = 53 (g = 1)k
k

1
n(®,q) = NZ(tk+q_tk)nkq'
k

Let us discuss the specific features of relationship (23).
In the absence of charge carriers, the functions ¥, (®, g),
N(®, g), %o(®, g), and N(w, g) vanish and the function
{(w, g) entering into the numerator and denominator of
relationship (23) is canceled. As a result, we have the
expression

2J,K,(2-v,)

, (24)
o — Qi

X;;)’c_al((o’ Q) =

which corresponds to a two-dimensional antiferromag-
net. This formula coincides with that derived in [3-7,
17], where it is discussed in detail and compared with
the results of cluster calculations.

Now, we consider the wide band limit. In this case,
the function {(®, ¢) becomes small, the terms with fac-
tors in square brackets in relationship (23) can be omit-
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on(o, ¢)5,(0, ¢) +[Q] - o’ — on,(o, 9)15(®, ¢)

; (23)

ted, and the function {,(w, ¢) is canceled. This leads
to the expression

-
Xilineram( , CI)

— XO(OJ, f])
(1-F)n(o, q) +J,v,F %o, q)

At F,=0 and F; = 1, this expression exactly coincides
with the formula obtained in [8, 10-12]. According to
the terminology accepted in [1], this is the generalized
random-phase approximation formula for the lower
subband. The corresponding formula for the upper
Hubbard subband was derived in [9]. However, it
should be emphasized that, at F, = 0, expression (25)
does not satisfy the stability condition. In the given
case, the imaginary part of the function at the band
parameters determined from the angle-resolved photo-
emission spectroscopic data according to our calcula-
tions appears to be negative. This justifies the introduc-
tion of the parameter F, # 0 in order to satisfy the sta-
bility conditions with respect to the spin and charge
susceptibilities.

Formula (23) has much in common with the expres-
sion obtained in [6] for the susceptibility:

2(y,- DK, +tF,/2)

o - oll(o, ¢) - Q)
It can be seen that this expression does not contain the
susceptibility function ¥(®, g) characteristic of itiner-

ant electrons. A similar situation occurs for the formu-
las derived in [18]. This is explained by different pro-

(25)

Xiey (®, ) = (26)
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jection methods used for deriving the corresponding
relationships. In [6], as in our study, the dispersion law
for quasiparticles was derived using the average value
of the anticommutators as the scalar product. However,
the expression for the spin susceptibility in [6, 18] was
obtained from the Kubo correlation functions. In our
case, the dispersion and the susceptibility function were
determined with the use of the same projection method.
Moreover, in our case, we can generalize formula (23)
to the superconducting phase. At T < T., the general
scheme of deriving the relationship for the susceptibil-
ity remains the same; however, the technical calcula-
tions are substantially complicated. They are presented
in Appendix B.

In closing this section, it should be noted that, when
the aforementioned projection technique is used, the
expression for the charge susceptibility has the form

Ken(O, @) = 20 (X, 1X%)

_ Xo(®, )80, 9) — w0, (o, ) D
[l + (p((Dr f])]gz((’% Q) - [(D/2 + (pt(('o7 Q)]C(O‘)7 Q)’

where

h h
_ Mk,an_Mk+q,an+q

O+& -8,

1
(pkq ’ (p(o‘)7 q) = ]sz(pkq’
k

1
0w, q9) = NZ([kw—tk)(qu,
k

1 1
M, ,=F,V,~ ZLFJJ‘]_ 5(1 - F)t,.
The other designations are identical to those for the spin
susceptibility.

3. COMPARISON WITH INELASTIC
NEUTRON SCATTERING DATA
FOR THE Pr, gLaCe,,,CuO, _.
SUPERCONDUCTOR

The experimental data obtained by Wilson et al. [14]
are characterized by two pronounced features: (1) the
imaginary part of the spin susceptibility in the super-
conducting state exhibits a sharp peak at low energies
(Fig. 1); and (2) the scattering intensity peak with an
increase in the neutron energy is split, acquires a
V-shaped form in the vicinity of the wave vector Q =
(m, ), and resembles strongly weakened magnon scat-
tering for the parent compound La,CuO,.

In our calculations, the effective band parameters
were taken according to the experimentally observed

Fermi surface: ti:f) =270 meV, ti?f) = -108 meV, and

tgf) = 27 meV. The Hamiltonian parameters, which

were self-consistent when formulas (13) were used,
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Fig. 1. Frequency dependence of the imaginary part of the
susceptibility for the Pr( ggl.aCe( 1,CuOy, _ , superconduc-

tor according to the data taken from [14].

were as follows: ¢, = 473 meV, t, = —136.1 meV, t; =
34.7 meV, and i = 50 meV.

The dependence of the screened Coulomb interac-
tion on distance was defined by the relationship V(R) =
(e*/R)exp(—0yR), where 6, = 10'° m™! is the screening
parameter. It should be noted that the results of the cal-
culations are weakly sensitive to possible changes in
the form of the Coulomb pseudopotential. As in [6], the
square of the frequency of localized spins at copper
sites in the absence of charge carriers was taken to be

Q) =2J7 oK |2 - ¥,)(2A + 2 + ¥,). As a result of the

self-consistent calculations (see Appendix A), we
obtained the spin—spin correlation function for the

nearest neighbors K, = 4 (S5,S]) =-0.4, the decoupling
parameter o = 1.5, and the spin gap parameter A = 5 X
10~*. For numerical estimates, we used the parameter
J, =140 meV (i.e., the same parameter as for the parent
compound La,CuQ,) and the dependence of the super-
conducting gap on the wave vector was specified
according to the experimental data (as in [19]):

Ay = Aj[cos(k,a) - cos(k,a)]
+Ay[cos(3k.a) - cos(3k,a)l,

where A; = 3.9 meV and A, = -2.0 meV. The decou-
pling parameters F,, F;, and F\ were taken equal to
0.65, 1.00, and 1.00, respectively. These parameters
were consistent with the positivity condition for the
imaginary parts of the spin and charge susceptibilities.
Vol. 108
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600

400

200

Im (o, ¢), arb. units

Fig. 2. Imaginary part of the susceptibility calculated from
relationship (23) as a function of the frequency and the
wave vector g (in terms of m) at g, = g, for the
Pr( ggLaCe( 1,CuOy _ , superconductor.

The results of the numerical calculation of the imag-
inary part of the spin susceptibility for the
Pr, ¢sLLaCe; ;,CuQ, _, superconductor with the use of
the occupation parameter P = (0.7 at a temperature of
T =10 K are presented in Fig. 2. It can be seen from this

Im [y ()17

15 T T T T T AR T T rorTTT T

10 - .

5L 4

O Lol Lol Lol 1

10-2 107! 10° 10! 10
o/T

Fig. 3. Scaling behavior of the imaginary part of the spin
susceptibility multiplied by the temperature as a function of
the ratio between the frequency and the temperature. Shown
are the positions of the maxima of the function

Im[xz:)’tgl (w)]T at different temperatures in the supercon-

ducting (T=(>) 2, (<) 10, (+) 20 K) and normal (7= (V) 30,
(x) 40, (1) 50, (0) 60, (O0) 90, (») 120, (*) 300, (x) 600 K)
phases.
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figure that the imaginary part of the spin susceptibility
at the wave vector Q = (T, 1) in the low-frequency range
exhibits a pronounced peak, which is in agreement with
the experimental data [14]. The diverging V-shaped
relief resembles the corresponding relief associated
with the magnon mode for the parent compound
La,CuO,.

The scaling behavior of the imaginary part of the
spin susceptibility multiplied by the temperature as a
function of the ratio between the frequency and the
temperature in the normal and superconducting phases
according to the calculations at the same parameters is
illustrated in Fig. 3. As in [7], it was assumed that the
damping parameter is proportional to the temperature:
I' = BT, where B = (1/3) x 10 eV/K.

For comparison, the data taken from [15] are pre-
sented in Fig. 4. It can be seen from this figure that the
results of our calculation reproduce the specific fea-
tures of the frequency—temperature dependence of the
neutron scattering for the Pr,gsl.aCe, ;,CuO,_, super-
conductor.

4. ON THE ORIGIN OF TWO PEAKS
IN NEUTRON SCATTERING
FOR THE La,_Sr,CuO, SUPERCONDUCTOR
AND CONCLUDING REMARKS

As one more example of the application of the
developed theory, let us analyze new data on neutron
scattering for superconductors of the La,_,Sr,CuO,
type. Recent experiments [20, 21] with the use of the
La, ¢4S1y,,CuO, and La, 4,St, ;,CuO, compounds dem-
onstrated that the inelastic neutron scattering intensity
is characterized not by one (as was previously believed)
but by two peaks (Fig. 5a). One of them (the low-fre-
quency peak) is most pronounced for the superconduct-
ing phase. For samples corresponding to optimum dop-
ing (x = 0.16), this peak is observed at an energy of

XHT
200 T T T T T

150 .

100

50+

Fig. 4. Neutron scattering data taken from [15].
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approximately 18 meV [20]. As was emphasized in
[21], none of the existing theories of spin susceptibility
can explain the simultaneous observation of these
peaks. In this respect, it is of interest to reveal whether
the observed phenomenon can be described using rela-
tionship (23).

The La,_,Sr,CuO, compound belongs to the group
of p-type superconductors. The charge carriers are dis-
tributed over oxygen sites. The most simplified initial
Hamiltonian for p-type high-temperature superconduc-
tors has the form [16]

o, pd pd c
H = 2 tszz

i,j,o

1 G, 0 (5 o 0,0 G G
+ 2 Z‘Ilj(llfl W! W/ )

i, ), O
+ Z
2

Here, \u,- (W, 7!y are the creation (annihilation)
operators for composite quasiparticles in the conduc-

(28)

pd, pd pd pd

UWz

tion band. For example, the operator Wf’d’T can be

approximately written in the form

510

x Pl T 540

pdT —X P )

v g

where X% and P!"? are the Hubbard operators corre-

sponding to Cu®* d holes and O'~ p holes, respectively.
Formally, the energy operator (28) can be obtained
from Hamiltonian (1) through the transformation

Xo,T \Ilpd,J,, Wpd,T _XO,J,’

X0y
and the change in the sign of the hopping integral; i.e.,
t;; — —1;;. It is easy to check that the functions ¥(®, g)
and &(w, ¢) in expressions (16) are invariant with
respect to this transformation. However, it should be
emphasized that, upon the given transformation, the
function m(®, g) in expressions (16) changes sign. In
particular, this function for the La,_,Sr,CuO, super-
conductors is represented in the form (for brevity, we
write it only for the normal phase)

lzp(tkfk_ t/(+qfk+q)
N = 0-gte, ’
where f, = {1 + exp[(g, — W/kgT]}™" is the electron

Fermi function and the quantity P is determined by the
value of the anticommutator

(W, q) =

pd, T T, pd pd, pd T,T)

iy Y = (p T vy, = (P+5)35;.

With allowance made for these transformations, for-
mula (23) can be used for analyzing magnetic suscepti-
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Fig. 5. Imaginary parts of the susceptibility for the
Laj g4Sr(.16CuOy4 superconductor according to (a) the neu-

tron scattering data taken from [20] and (b) the results of the
numerical calculations from relationship (23).

bility of the La, _ Sr,CuO, superconductors. In order to
avoid misunderstandings, it should be noted that the
given transformation should be differentiated from the
standard electron—hole transformation within states of
one conduction band. Now, the case in point is the prop-
erties of symmetry between the formulas for the sus-
ceptibilities from different bands, namely, the Hubbard
subbands of the lower and upper types.

The shape of the Fermi surface was specified
according to the data obtained by Yoshida et al. [22].

The effective hopping integrals were as follows: tgf) =

250 meV, 1) =-37.5 meV, and ¢ = 18.75 meV. The

results of the numerical calculations of the imaginary
part of the susceptibility for the superconducting phase
are presented in Fig. 5. In the calculations, we used the
following parameters: the superexchange interaction
parameter J; = 0.13 eV, the damping parameter I =
0.003 eV, the gap parameter A; = 0.01 eV in the expres-
sion A, = A[cos(k,a) — cos(kya)], Ky = -0.424, K, =
0.178, K5 = K,, F, = 0.01, F, = 0.80, the number of
Vol. 108
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charge carriers per unit cell 6 = 0.25, P = 0.6250, and
the chemical potential i = 202.5 meV.

A comparison of Figs. 5a and 5b demonstrates that
the results of our calculations reproduce the double-
peak structure of the neutron scattering intensity for the
La,_,Sr,CuO, superconductor. The low-frequency
peak is located within the energy range corresponding
to the superconducting gap. This peak will disappear if
the functions M(®, ¢) and N,(®, ¢) in the denominator of
relationship (23) vanish. This corresponds to the
absence of correlations in the motion of itinerant holes.
It is interesting to note that, in this case, the function
{(m, g) located before the frequencies of oscillations of
localized spins blocks their manifestation. The coher-
ence factors in the function {(w, ¢) are responsible for
the shift in the contribution from the localized oscilla-
tions to the susceptibility toward the high-frequency
range outside the energy gap. In other words, the sus-
ceptibility at low frequencies “freezes.” Therefore, as in
the framework of the random-phase approximation, the
origin of the low-frequency peak can be interpreted as
a manifestation of collective spin oscillations within the
superconducting gap (spin excitons according to the
terminology proposed in [23]). The dispersion of the
high-frequency peak in the vicinity of the wave vector
0O = (w, ) resembles the magnon scattering in the two-
dimensional system of localized spins with strong anti-
ferromagnetic correlations. It should be noted that these
oscillations are significantly renormalized as a result of
coupling with itinerant spins. The relief of the high-fre-
quency peak is similar to the V-shaped relief depicted in
Fig. 1. However, in the case of the La, _ ,Sr,CuQ, super-
conductor, the position of this peak is considerably
shifted toward the high-frequency range. The factor
responsible for this shift becomes clear taking into
account that the effective radius of charge carriers (oxy-
gen holes correlated with the copper spins in a singlet
manner) is considerably larger than that for the
Pry¢sLaCe ;,CuO, _, superconductor, in which the
charge carriers are distributed over copper sites. In the
last case, the perturbation of antiferromagnetic correla-
tions is weaker and the spin gap parameter A, is smaller
than that for the La, _ Sr,CuO, superconductor.

Thus, the performed analysis demonstrates that the
derived relationship permits us to describe the recently
revealed features of the neutron scattering in the
Pry gsLaCe ;,CuO, _, and La, _ Sr,CuO, superconduc-
tors. It is hoped that the proposed formula for the sus-
ceptibility turns out to be useful for interpreting the data
not only on neutron scattering but also on the magnetic
resonance at different nuclei in high-temperature super-
conductors, as well as for evaluating the efficiency of
the mechanism of pairing of quasiparticles through spin
fluctuations.
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APPENDIX A
SPIN-SPIN CORRELATION FUNCTIONS

The spin—spin correlation functions are calculated
as follows:

2<S_q Jexpiq- Ry, (A

Then, we use the Green’s function
dm
(S5 =
X [ <<S;|S:q>>m+ ie <<S;|S:q>>m—zs]

N dm + - . + - . (A.2)
= i) o (¢, 0 +ig) =y (¢, ®—ie)]

_ N _do
Comd P

1Imx+’_(q, o).

Since the following equality is satisfied,

Imy " (¢, ®) = -Imy" (g, -®), (A.3)

the integration can be carried out only over positive fre-
quencies. With due regard for this circumstance, we
find

-\ _ i do +, -
(55 = Fg 2o imx" (4 )
q
. 1 g
xexp(iq-Ry) = E({‘;‘J
dm

oI (4 w)}exp(imR,,)dqxdqy

( )j”coth( )Imx (¢, ®)

x exp(iq - R;)dwdq,dq,.

Imx (g, w)

(A4)

In the general case, the dependence of the correlation
functions (like the exchange integral in the Ruderman—
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Kittel-Kasuya—Yoshida interaction) on the distance
exhibits an oscillatory behavior.

It should be noted that, when the indices of sites
coincide with each other (i = j), the left-hand side of
relationship (A.4) should be represented in the form

cen 1
(5;87) = 5(1-8).

rather than 1/2 as in [17]. In order to calculate the inte-
gral over frequencies, according to [17] we can change
over to summation over the Matsubara frequencies ®, =
2nm/P, where n =0, £1, £2, ... are integer numbers. For
this purpose, we use the expansion

(A.5)

1 1 1
- B[Z‘Zﬂ:nilﬁ "o 22nn,~/[3 n (o}'

Then, we carry out the term-by-term integration with
the use of the Kramers—Kronig relations. In this case,
the integral of the imaginary part of the susceptibility
over frequencies is expressed through the real part and
the formula takes the form

(5;87y = kBT(%t)z
(A.6)
x[[ Y Rex" (. iw,)exp(iq - Ry).

The term on the right-hand side with ®, = 0 corresponds
to the high-temperature approximation [24]. Since the
characteristic frequencies in our case can be approxi-
mately 40 meV, i.e., they can be higher than k37, the
next terms of the sum should also be taken into account.

APPENDIX B
DERIVATION OF THE FORMULA AT T < T,

Generally speaking, since the mechanism of pairing
remains unknown, the formulation of this problem can
appear to be premature. However, it is possible to ana-
lyze a heuristic variant based on the assumption that the
creation and annihilation operators for quasiparticles in
high-temperature superconductors are Bogoliubov
operators. By writing the energy operator through the
Bogoliubov operators as the initial operator, it only
remains to account for the correction terms propor-
tional to he magnetization. It should be noted that,
within the single-band model, the changeover to
Bogoliubov operators of the composite type does not
violate the commutation relations.
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Therefore, we seek the equation of motion for the

operator Xg’qu,I’oexpressed through the Bogoliubov
operators; that is,

0,{ yT.0 _ 0, T,0 0,4 01
XivgXi' ™ = Upy g Oy g0 — Ugy Vi Oy Oy B.1)
1,0 1,0 1,0 0, ’
T Vi g0k )0 = Vg g VOl gy )0y
where
2 1 Ek—u)
X, =u, = z| 1+ ,
k k 2( E,
y vy l(1—81‘_M) Iy = UV ———Ak
k k 2 Ek ’ k kVk 2Ek’
[ 2 2 0,T 0, T ,0
Ek = (Sk— u) + |Ak| ) a,k = Mka - kafk 5
4, N T
Otk 0 = uka’O‘i' VkX(—)}( .

For the Green’s functions constructed from the Bogoli-
ubov operators, we have

Lo,
(0 E+ E, ) oy, 00 120

i o h
= 2_n(uk+quk_ Vk+qvk)(nk —”k+q)

J
+ (Upy gl — Vk+qV1<){[FJ§q +(1- F,)tk}nz (B.2)
J‘I
- FiF 4 = Ft [l (SIS0

= (g y qUg — vk+qvk)N2(tk+q tk)<<Xk+qu |S—q>>

((D + E—k + Ek+q)<<(xk+q —k |S—q>>

h h
= ﬁ(uk+qvk_ Vie g ) (M= Ny g — P)

J
+whwrwmwuﬂﬂg+a—ﬂmwyﬁq
(B.3)

J o
—Pﬁ§+<k4wn}P—Mb}«&wﬁ»

+ (Uit gVie— Vir U 5 Z(tk+q tk)<<Xk+qu |S—q>>

(0 -E, - E (k+q))<<0C (k+q)0(‘k |qu>>

Vol. 108 No. 1 2009



66 ANDREEYV et al.

i ho h
= ﬁ(uk+qvk_ Vi i) (P =1 =1y )

J
+ (Upy g Vi — Vk+quk){|:F13q +(1 _Fz)tk+qi|
(B.4)

h ‘Iq h
X (P=nl )= Fy5t+ (1= Fien}
X <<S;|S:q>> + (uk+qvk_ Vk+quk)
1 0,0 1.0
X5 2 (s = 1) (X X IST))
.

T,0 0,4y
(O+E  —E 4y) <<a‘—(k+q)a—k |S—q>>

i h h
= Eﬁ(umq”k"‘ Ve g Vi) (Mo = N4 o)

J
+ (U Uy + Vk+qVk){[FJ§q +(1— Ft)tk+qi|
(B.5)

J
x(P—nf(kH,))—[F,?‘u(l —F,)tk}(P—nhk)}
X <<S;|S:q>> + (Upy gl + Vi g Vi)

1 0,0 1.0,
X 2t = 1) (XL X IS0,
.

In relationships (B.2)—(B.5), the occupation numbers
are calculated according to the rule

0,TT,0

T i
mo= (Xp X0 = Py — vl

X (00" = v, 0%y = wlP(1= f1) + viPfL,

where 1 =[1 + exp(~E/kgT)]"".

By combining these four equations according to
relationship (B.1), we obtain the generalization of
expression (14) to the case of the superconducting
phase; that is,

TR R ] J
(X XS = 5torg * | Figitong
(B.6)
+(1- F»nkq} ((SI1S" ) + Loy D@, ),

where

P(fi—fisy)

w, =S
Xqu( C]) xxw+Ek_Ek+q
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h h
P = fi=frsg)
Y o-E-E.,

h h
P(fig= 1)
Yo -E+E,,

h h
WPt frvg—1)
+5,
. (D+Ek+Ek+q

h h
P(tyfi—tivqfk+q)
0+E-E.,

h h
+S(—)P(tk(1 —fi) =t oSk q)
e O)—Ek—Ek+q
+S(+)P(tkfz_tk+q(1 _fZ+q))

O+E+E.,,

o PO 1D -t (- i)
» w-E+E,.,, ’

+S

B.7)

B

nkq((l), 61) = Sxx

(B.8)

S

qu((l), q) = _Ek+q

(B.9)

+ .
O+E+E.,., O-E+E.,

Here, in order to write the above expressions in a more
compact form, we introduced the coherence factors

See = XeXiagF UZirgr Sy = YiVkaq T Ulkrgo

SS‘) = X Vk+q ™ Uk + g0 S;x) = ViXk+ g~ 2lk+ g
Formulas (17)—(22) for the superconducting phase
somewhat transform, so that the quantity €, in them
should be formally replaced by the quantity E, and
functions (16) should be replaced by functions (B.7)-
(B.9). Moreover, relationship (B.1) should be taken into
account in Eqgs. (17)—(21). In this case, the formula for
the spin susceptibility has a form identical to expres-
sion (23); however, the functions

1
C(w,q) = ]T]Zk:z;kq’ Xo(®, q) = %;que

1
TE(O), CI) = Nznkq’
k

L) = £ ey 10
k

X0, q) = %Z(tmq—tk)Xquv
k

(o, q) =

1
Nz(tk+q_tk)nkq’
k
n(o,q) = F;J,7,0,(0,9)+ (1 -F)n(o, q)
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in it are determined by relationships (B.7)—(B.9).
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