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OU3HUKA TBEPOOI'O TEITA U KOHIEHCHPOBAHHBIX CPEJ

LOCAL SPIN MAGNETIZATION AROUND Zn ION
WHICH IS DOPED IN THE CuO; PLANE

Z. Lj. Kovacevié %!

“Faculty of Natural Sciences and Mathematics, University of Montenegro, Podgorica, Montenegro
bJoint Institute for Nuclear Research, Dubna

The local static spin susceptibility at neighbour sites from vacant Cu in the CuO2 plane was obtained.
Calculations were performed using one of the variants of the memory function method. Charge-transfer
and spin-flip correlation functions were expressed in the framework of the T-matrix formalism in terms
of the corresponding Green functions for the ideal ¢ — J model on the square lattice.

IMonmy4yeH JIOK JIbH S CT THYECK 5 CIIMHOB Sl BOCIIPUMMYUBOCTB IS OJIMXK HIIMX cocesielt OT B K HT-
Horo Cu-y31 B CuOgz-mwiockocTu. Beruncienne mpoBefeHO ¢ MCHONB30B HHEM OIHOIO U3 B DU HTOB
Mmeron ¢yHKIMHU 11 MATH. C noMouipio T-M TpUYHOTO (OpM JIM3M  KOPPEISLUUOHHbIe (PYHKIHHU C Tepe-
HOCOM 3 Pl U C NEePEeBOPOTOM CITMH BBIp XeHBI Yepe3 (pyHKimu ['puH 114 mme npHOH ¢ — J-Monenn
H KB JIp THOH pelueTKe.

PACS: 71.27.4-a, 71.10.Fd, 74.72-h, 75.20.Hr

INTRODUCTION

Recently, much attention has been attracted by investigations of the electronic excitation
spectrum induced by the Zn doped high-temperature superconductive cuprates (Zn:CuOy) [1,
2]. In addition to the unexpected sharp detrimental effect on superconductivity (in the hole
underdoped phase about 20 K per % of Zn substitutions) and strong suppression of the spin
gap in the spin-fluctuation spectrum, the local magnetic moments appear in the close vicinity
of the nonmagnetic impurity which substitutes a Cu atom in the strong electron correlated
CuOy, plane [3].

Recent results of nuclear magnetic resonance experiments on Zn:CuQO; systems can be
explained if one supposes that these magnetic moments and the corresponding site-localized
spin susceptibilities y,, on the nearest neighbour (¢ = n.n.) and on the next to nearest
neighbour (¢ = n.n.n.) sites to Zn ion are of the opposite sign and on the n.n.n. sites are
about three times smaller than on the n.n. ones [4, 5].

One should like to obtain some additional theoretical support of these prepositions of
impurity induced ordered magnetic moments on the nearly cluster sites. This motivates one
to calculate the local spin susceptibility x,, on the n.n. and n.n.n. sites ¢, which is occupied
with Cu atom in the host lattice of the CuOy plane, with respect to the site occupied by
impure Zn atom.
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The corresponding microscopic model for Zn:CuO, system was derived and considered
in [1], where, in accordance with the T-matrix method [6], the additional symmetrized density
of states in the normal phase is calculated.

To calculate x,,, one can use the method of memory function [7], and especially its
variants, which are developed for the ¢ — J model in the Hubbard operator representation [8].

Application of this method in the present case leads to some integral expression for x;;
with charge-transfer (X7°X97) and spin-spin (S;"S;") correlation functions. To calculate
(X7 OX]Q">, one uses the Green function (GF) method [9-11] and the T-matrix method [1, 6].
For (S;" S;> one also uses the T-matrix method, and the corresponding host lattice GF
((SFIS=,))2 can be calculated numerically.

In Sec. 1, one firstly describes the corresponding microscopic model and the calculation
methods. After it, in the Subsec. 1.1 some definition and identity from the memory function
method [8] are given, which are necessary for the present analytical calculations. In the
Subsec. 1.2, one writes some main formulae of the GF method [10]. In the Subsec. 1.3, one
presents main formulae of the T-matrix method applied to the investigated system [1], and in
the last Subsec. 1.4 of the first chapter, one gives some useful formulae nedeed to calculate
spin susceptibility x,,.

In the Sec.2, the theoretical expression is derived for the difference between n.n. and
n.n.n. x,,. Then follows the Conclusions.

1. MODEL HAMILTONIAN AND CALCULATION METHODS

To investigate properties of a strongly correlated electron system with impurity such as
Zn:CuOa, one can consider an effective ¢ — J model for the CuO2 plane with vacant Cu site
©=0:

H=H,_;+V. (D
The hamiltonian of the ¢ — J model in the standard notation takes the form
1
Ht,J = ; tij(l — nia-)C;:Cjo—(]. - njg) + ; Jij (Sisj - anj> . (2)
i#j,0 i#j

To strongly keep the local constraint on doubly occupied sites, one is favourable to use the
advantage of the Hubbard operators, whose algebra leads to that they satisfy the constraint
rigourously.

In the Hubbard operator representation X’ = |i, a)(i, 3|, one has X0 + ZX;’ 7 =1
and
X0 =ch(1=nip), ni=)» XJ° szzla(n» —n»-):lzaxw 57 = X7°.
i o ©5 ) % e i i 2 i i 2 — ) i i
3)

The hamiltonian of the ¢ — J model in the Hubbard operator notation takes the form

oo o o 1 00 Yoo o0 YOO
Hi_j=eY X774+ Y ti; X7°X) +7 N TG (XTXIT - X77XT7), (4
e i#j,0 i#£j,0
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where t;; =t and J;; = J, if i = n.n.(j) and t;; = t' and J;; = 0, if ¢ = n.n.n.(j). The
vacancy contribution is given by

oo o o 1 00 Yoo o0 YOO
Viae = —€ ) _X§7 =t ) _(XgOXQ —i—h.c.)—ZJZ(XO X%7 - X5°X%% +he) (5)
o Ao Ao

with € = ¢4 — p being on-site electron energy «measured» from the chemical potential level
(. The summation over nonequal indices ¢ # j is performed over the nearest neighbor (n.n.)
and the next to them (n.n.n.) Cu-sites of the host square lattice, and the Zn-impurity is at the
i = 0 site with A = 1,2, 3,4 denoting its n.n. sites, as shown in Fig. 1.
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Fig. 1. Schematic presentation of the nearest neighbouring (n.n.) and the next to n.n. sites of the impurity
(or, vacancy) site 0 and of the sites 1 and 1’ which one needs in calculations. Different symbols: o and
[, also point out a different orientation of the localized magnetic moments

1.1. Using the Memory Function Method. To calculate real space static spin suscepti-
bility [8—10]
Xo (W =0) = —((S]S; ))w=o = (8", 57), (6)

ij

one can use the identity [8]
mij = ([iS7,57) = (=5, 57), (7)

where the saught quantity (S;|r v ) appears as a factor after developing the corresponding
commutators in the equation of motion for the spin operators.

For the system with impurity (or, vacant) site, one can expect a different value of the on-
site (local) quantity m,; for ¢ = n.n. and ¢ = n.n.n. sites, because of a different contribution
of quasiparticle scatterings to the equation of motion for the spin rising operators S;~ due to
the interaction V' between the impurity and host lattice.

1.2. Using the Green Function Method. After completing the corresponding algebraic
calculations described in the next section, one obtains local static spin susceptibilities at the
nn. sites x,, and the n.n.n. sites x,,, in terms of the charge transfer (X§°X?7) and

spin-fluctuation correlation functions (S; S;").
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To calculate them, one can use the GF method as, for example, the Zubarev general
formulation [9, 10]. One considers two-time temperature GF:

Gijo (t,1') = ((A(t); B(t))) = =i 0(t — t")[A(t), B{t')]n, (8)

where [A(t), B(t')], = A(t)B(t')—nB(t')A(t) with n = £1, respectively, for the commutator
(anticommutator) of the operators A and B in the Heisenberg representation.

Instantaneous correlation functions can be calculated using temporary dependent cor-
relation functions and the relation of their temporary Fourier transformation (F.T.) to the
corresponding F.T. of the GF, respectively:

+o00 +oo
1 . 1
(AB) = (AWBO)| === [ Jup@e | dw=L / Tap@)dw ()
t=0 27 t=0 27
with 5
Jpa(w) = eﬁw—nImGAB(w+i6) (10)
and 8 =1/(kgT). To find the Im part of the GF, one usually uses the identity
1 1_
P _PPE Fimd(x) (11)
and for the GF’s real part one has
LT
ReG(w) = — — PP / Y ImG(W) (12)
T w—w

with PP being the Cauchy principal part of the corresponding singular integral. The GF’s of the
operators in the direct and opposite order are connected with ((A|B))ytie =
n <<B‘A>>f(w+zs) [10].

1.3. Using the T-Matrix Method. As the considered system is not translationally invariant
(because of the vacant site ¢ = 0), one should express the corresponding «scattered GF» in
terms of the «zero-order GF», as was presented in [1, 6].

Using the GF equation of motion method for the given system, one obtains the «Dyson
equation» for the GF in the matrix notation as

G=G"+GVG=G"+ AG, (13)

where GO is the site-index matrix «zero-order GF» and only nonzero elements of the pertur-
bation matrix are, according to the model (5), n.n. sites close to the impurity (or, vacancy).

The scattering addition to «zero-order GF» is AG = G MG° with the scattering matrix

- ~ 1
M=V——-. (14)
1-GV

After symmetrization of the scattering, i.e., performing the corresponding unitary trans-
formation in accordance with irreducible group theory representations [6] of the symmetry



Local Spin Magnetization around Zn Ion Which Is Doped in the CuQO2 Plane 735

transformations of the considered system, one obtains «scattering additions to GF» AG for the
nonideal system expressed in terms of the «zero-order GF» GV for the ideal system (without
impurity or vacancy)
AG =) G'T,M,TFG* =Y AGW, (15)
Iz I
where summation runs over the possible irreducible representation p. The corresponding
block-diagonal matrices are

A AL AN (16)

with V, = Tj VT, and Gg (w) = T:GO (w)T},, where T}, are rectangular matrices, that are
columns of the corresponding unitary matrix that «block-diagonalizes» the perturbation matrix
V. In such a way, one obtains the symmetrized scattering additions to «zero-order GF», as
was written in paper [1] for the present model.

1.4. Useful Formulae and Approximations. Using Egs. (9), (10) one has for charge-
transfer

+oo +oo
1 Im ((X27]X70)) 1 Im Grm
<X7or'lOX7OLU>:__/dw m<< n | m>> E——/ m G (w) (17)
T efw +1 T efw 41
and for the spin-fluctuation correlation function
L mSEHS e 1 ImSum(w)
—gty — = | g2 \nlomie _ 2 [ 4 Monm{W) 18
<Smsn> T / w e—,@w -1 T / w e—ﬁu -1 ( )
Using Eq. (12) one has
+Oodw’ Im S, (W)
(55:57) = ~(S5ISTuma = [ T2 TImnlE) (19

— 00

To evaluate the multisite correlation functions, one can use mean-field approximations [8],
where
(X7OXG78%, 8,) ~ MXTOX]7) (S5, 87) (20)
and
(8578 Smr S ) 2 01 (S5, S5 (87, S ) + (S 87) (S 87), 21
where one renormalizes the corresponding vertices: A takes into account the spin-hole interac-
tions; and «; and «q, spin-flip processes in the n.n. and n.n.n. lattice sites. In the considered
paramagnetic phase of the CuOy system, one has the following relations:

(SnlS2)) = 5 (SIS ), (SmSid) = (ShSa) = 2(S7,57) (22)

| =

and also

(GOXP7S) =0, (X = (X7 7) =n/2, (X70X]T) = (X[OXT. (23

7
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As the considered square lattice with the vacant ¢ = 0 site has the central point (or,
inversion) symmetry under that vacant site, all physical quantities relating to that system are
invariant under the r — —r transformation. As a consequence, one also has

(XGOX07) = (X7°X37),  (SqS,)=(SFSy). (24)

2. CALCULATIONS OF THE GENERAL EXPRESSION

Firstly, one should derive the general identity, where static spin suceptibility x,, =
(S S") appears as a factor. '

If one introduces the «spin-current> J; = iS} = [S;, H] and the «spin-force» F; =
—SF =1iJ; =[S}, H], H] operators [8], one can write Eq. (7) in a shorter form

To arrange the calculation procedure of the commutation relations, one can introduce useful
denotation to separate different terms of Hamiltonians (4), (5)

H_;=H+H,+H;, V=V +Vj, (26)
where
= > tyX7°X)7, H,= Z Jij(X77X77 — X77X77) (27)
1#j,0 Z;ﬁj o
and
= —t Y (XXX +he), V, = —GZX V= _J Z(Xg“fx —X§° X3 +h.c.)
Ao Ao
(28)
and, as a consequence, one has different terms in the spin-current
Jj=Jj+08Jj +J) +6J] (29)
with
Jp =[S Hy, 6J) =[SH Vi, J) =[Sf, Hyl, 6] =[S}, H) (30)
and the spin-force operators [8]
_ tt tt 2 tt JJ JJ 2JJ
Fy = F;" +0F;" +0°F;" + F/" + 0F; " +0°F; (3D
with
F'=[J}, Hy), OF/'=[J}, V], &°F/'=[6J},Vi], F}7 =[J] H)jl, (32)
and
SF/ =16J7 H,), §8°F] =[0J],Vy], (33)

respectively. Any of the commutators of S;-r and J; with H,, and V,, are equal to zero.
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In such a way, one has in the new denotation

mjr = ([J;,85) = ([J; + J], S )+ ([6JF + 617, 5,]) =
= (F}'+ F]7,8.)+ OF}' + 8°F)' + 6F]7 + 8*°F/7.S;)).  (34)

As in the ideal system, one has ([J} 4+ J/,S.]) = (F}' + F}’, S, ), which leads to the
following relations

(005 +6J7,5. 1) = (OF" + 6°F}* + 0F]7 + 6*F’, S). (35)

Specifying the sites j and k and developing the commutators contained in the spin-force
terms ijm with a = (t,J), one obtains self-consistent relation where, the saught static spin
susceptibility x;x = (Sj, S, ) appears as a factor.

2.1. Local Static Spin Susceptibilities. For j = k£ = 1, Eq. (35) becomes

—26(XFOXV7Y 4 2J(SST) = (OFF + 62 F, S7) + (0F)7 + 6*F{7,S7)  (36)

with
(SFft + 62Fft,87) = {2>\t2[<Xg°X§gx> +2(X5°X07 ]+
3 A
FANME(XTOXIT o )V H(XGOXI) ]+ <5m + 1) 2 } (S,S7)+ (% + 1) t2(Sy, Sy)

(37)
and
(OF" + 82 F{', S17) = a0 T {(S5 S ) (S ar» S1) + (S1tay - S1) + (Simay, S1)—

- - _ _ 1,
(St 57) = (St-ax-av s S7) = (St-ane, ST = | (5785 + 557 8%
X (ST, 87} 4 02 (S ay ST + (ST ST + (S0, STI(ST, S7)

— (S ST+ 2(Supar SIS ST} +ATAST, S7) + A5 (S5, 50), (39)

where ax = a and ay = a are lattice translation constants along the z- and y-axes.
For j = k =1, Eq. (35) becomes

—2(XFOX7) +2J(SFSy,) = (SFfF + 62 Fif, Sy), (39)
where in the right-hand side there are no corresponding terms containing F}/”, as in Eq. (36),
because it gives zero contribution (§F)7 + §2F)7,S7) = 0 which is a consequence of the
fact that J;, = 0 in the considered model (5). For the right-hand side of Eq. (39), one has
(Ff + 6°Fit,S;) =

= IAVH(XEOXD o )+ (XEOXOT o )+ (XGOXDT))(ST, S7) 42N 2 (X X 20y )+
n

3
XX, PG XEISE S+ (G 1) (s sie? (5 +1) (5750
(40)
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Using the usual parameter value t ~ 0.4 eV, J = 0.3t and ¢t = —0.3¢ [3, 12], one can write
Egs. (36), (40) in simpler forms and one finally obtains local spin susceptibilities, respectively,
at the n.n.n. and the n.n. sites with respect to the Cu-vacancy (or, Zn impurity ion) in the
CuO2 plane as

—t'/H(XEOX07) + J/t(S5 ST)

Xy = (S—‘ZS_’) = o o o o o (41)
" TN (XGOXGS g ) T (XGOXDT a0y ) + (XGOX0T)]
and
Xu = (57, 57) =
- —2(XgX07) +2J/t(Sy ST) — (1 +n\/2)t(SF, ST)
o 3nA ’
NI X35, )+ 25X N LXGEE o b+ (XX 4 (14550 )
(42)
which for At > 1 becomes
B —(1/X+n/2)(SF, ST
Xllz(Sf—vSl): ( / / )( 0 1) (43)

2(XEOX5T,) + 2(XGOXQS oy )] + 1/ A+ 302

As one can see from Eqgs. (41), (43), one has to calculate also (SSr , 57 ) and the correlation
functions (S S;) and (X7 X7°). For them one should use Eqgs. (18) and (17), respectively,
and for the GF’s, which appear there, one should use equations Sy, = S3,, + AS},, and
Gom = GY,,, + AGY"). The additions ASY, and AGY) to the «zero-order GF’s» S, and
G3,,» respectively, have the same symmetrized form in terms of the latter, as given in [1].
Finally, one can use Eq. (19) to calculate (S, Sy ).

CONCLUSIONS

In this paper, the analytical expressions for local spin susceptibilities in the n.n. and n.n.n.
sites to the vacant 4 = 0 site of the ¢ — J model were derived, as proposed in the model of
Zn doped superconducting cuprates.

A special variant of the memory function technique, developed in [8] was applied. To
obtain complete self-consistent equations, one should use also the results of the symmetry
analysis for the present model, which is performed in [1] and also «zero-order GF’s». For
charge-transfer GF and their F.T. G%(q,w) = ((X37X%))%(w) one can use the renormalized
band energy F(q) obtained in [1] or [11]. For zero-order spin-fluctuation GF and their F.T.
S8%(q,w) = ((SF1574)) (w) one can use some of the well-justified models [11].

Further work will be aimed at obtaining the impurity induced staggered spin susceptibilities
around ¢ = 0 site and the numerical calculations, which will be published elsewhere.
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