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Both theoretical considerations and experimental data point to a more complicated nature of the valence
hole states in doped cuprates than it is predicted by Zhang-Rice model. Actually, we deal with a competition
of conventional hybrid Cu 3d-O 2p b1y x d,2_,2 state and purely oxygen nonbonding state with e.z,y o pa,y
symmetry. The latter reveals a non-quenched Ising-like orbital moment that gives rise to a novel spinless
purely oxygen scenario of the magnetic response in doped cuprates with the oxygen localized orbital magnetic
moments of the order of tenths of Bohr magneton. We consider the mechanism of %:Cu-O 2p transferred
orbital hyperfine interactions due to the mixing of the oxygen O 2p orbitals with Cu 3p semicore orbitals. Quan-
titative estimates point to a large magnitude of the respective contributions both to local field and electric field

gradient, and their correlated character.

PACS: 74.72.—h

I. Introduction. The role played by magnetism,
particularly the nature of magnetic fluctuations, is one
of the central issues of the high-T. cuprate physics. Nu-
clear magnetic resonance (NMR) and nuclear quadru-
pole resonance (NQR) are believed to provide the basic
experimental grounds for a spin-fluctuation mechanism
of high temperature superconductivity. It is worth to
note that namely the spin-lattice relaxation rates and the
Knight shift measurements by the NMR and NQR stim-
ulated the elaboration of the well known antiferromag-
netic spin-fluctuation scenario for the cuprates.[1] NMR
first revealed a suppression of the low-energy magnetic
excitations below what is called the spin gap tempera-
ture. In the underdoped region, it is thought that above
T. a pseudo-gap opens up in the spin fluctuation spec-
trum. Since the spin-gap state is believed to be related
to the pairing mechanism, a large number of experimen-
tal and theoretical studies have focused on the origin
of the spin gap. Despite some criticism [2] the spin-
fluctuation scenario continues to be very popular both
in the NMR/NQR and HTSC community. However, a
conventional approach to the hyperfine coupling and the
nuclear resonance in cuprates implies a treatment within
simple models usually applied to the conventional metals
or vice versa to the weakly covalent and weakly corre-
lated insulator. The magnetic response is assumed to
be provided by the only contribution of the spin degrees
of freedom. As in parent antiferromagnetic oxides the
Cu?* center with s = 1/2 is considered to be a main res-
onating center whereas the doped holes are considered
to form an usual Fermi-liquid. Meanwhile, a hole dop-
ing in the framework of the strongly-correlated scenario

results in a formation of the well isolated Zhang-Rice
1Ay, singlets. The hyperfine interactions and NMR-
NQR experiments in cuprates right up to now are inter-
preted within the Shastri-Mila-Rice (SMR) spin Hamil-
tonian [3]. A conventional approach to the analysis of
the 63:65Cu NQR/NMR experiments in the hole-doped
cuprates corresponds to the model of uniform lattice and
indirectly implies the 100% volume fraction of the equiv-
alent resonating nuclei.

Despite a great many of experimental and theoret-
ical papers the nature and proper description of the
magnetic correlations in cuprates is still a subject of
controversy. Results of the recent NQR/NMR exper-
iments for ”classic” cuprate systems 214 and 123 to-
gether with a number of early data cast doubt on a va-
lidity of the popular concepts to be widely used as a
starting point for analysis of the nuclear resonance and
in a more broad sense for many other physical effects.
First, it should be noticed that the ®3:¢3Cu NQR lines
in the doped cuprates are sometimes unusually inhomo-
geneously broadened (2 + 4 MHz), practically irrespec-
tive of the doping level [4—12]. Experimental Cu NQR
study in Lay ,Sr,CuQy4, LagCuOy,s has revealed two
distinct Cu(2) sites (A and B) with distinguishing re-
laxation rates and universal difference in corresponding
quadrupole frequencies. Subsequently, a precise mea-
surement of the nuclear relaxation in Las_,Sr,CuQOy4
has revealed a composite structure of the separate Cu
NQR lines with strong frequency dependence of 7, *
across the spectrum. At last, first Cu NQR measure-
ments have revealed either an unexpectedly small value
of the asymmetry parameter 7 or rather large difference
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of n for A and B components. J. Haase et al. [13] have
shown that the broadening of the Cu line in 214 sys-
tem cannot be explained by spin effects and evidences
the orbital shift modulation of a short-length scale. The
full planar oxygen spectra show a correlated modulation
of the electric field gradient with the spin susceptibil-
ity. NMR spin-echo double-resonance experiments un-
covered the large distribution of the local magnetic fields
at the planar Cu sites [14]. They found that a single fluid
spin-only picture could not reproduce the experimental
data.

Above we address mainly the NMR-NQR studies,
however, a close inspection of other magnetic data evi-
dences the same controversies. The absence of an ESR
signal is strong evidence that local moments in cuprates
do not exist. The polarised neutron results presented by
Smith et al. [15] have demonstrated that there is neither
an elastic nor a quasi-elastic magnetic response in the
normal state of nearly optimally doped YBayCusOg.95.
Their data are inconsistent with the existence of local
spin magnetic moments in the CuO4 planes. Little scat-
tering they observed can be assigned to ~ 3% of the Cu
atoms carrying a spin 1/2. They note that neither the
variation in magnitude of the susceptibility in 123 sys-
tem with oxygen content nor the temperature variation
is consistent with the existence of local moments. The
integral intensity of the famous resonanse peak in 123
cuprate does not exceed 1-2% from that for spin-wave
resonanse in parent system [16]. A drastic decreasing
of the AF susceptibility amplitude as a function of dop-
ing is found by INS, that disagrees with NMR data and
questions the role of spin fluctuations in HTSC as the
magnetic fluctuations seem to vanish for samples with
largest T, [16].

Both the NMR-NQR and neutron measurements
cannot discriminate between the spin and orbital ori-
gin of electron magnetic moments. Thus, we cannot
definitely state that current experimental data unam-
biguously confirm the spin nature of the magnetism
in the doped cuprates. Furthermore, recently there
appeared many indications to the orbital magnetism
in cuprates. Possible formation of antiferromagnetism
below the superconducting transition temperature was
found by several experimental techniques in under-
doped YBayCu3Ogy, and Lay_,Sr,CuO4 [17—-21]. The
relatively small values of the observed magnetic mo-
ments [17-19] (0.01 = 0.058,) have indicated an orbital
rather than a spin origin of the observed antiferromag-
netism. Most recent ARPES observation of the circular
dichroism in the normal state of underdoped and over-
doped Pb-Bi2212 samples [22] also may be related to
the persistent orbital currents.

Mucema B MIAT® Tom 80

Beim. 11-12 2004

The NQR study provides a more direct prove for the
formation of orbital magnetism since it is performed in
zero magnetic field. Thus, the internal magnetic mo-
ments if they are present will result in an NQR line
splitting. The first experimental evidence for the for-
mation of the internal magnetic moments in the un-
derdoped three-CuO2-layer Hgg gsCug.2BasCasCusOsgys
(Hg-1223) high-T, cuprate superconductor below T, =
= 134 K has been presented by Breitzke et al. [23]. Us-
ing NQR technique they show that Cu NQR-lines split
below T, due to a Zeeman splitting originating from the
internal magnetic fields within the CuQOs-layers. These
results strongly favor a formation of staggered orbital
currents as an origin of the observed phenomenon. The
values of the internal magnetic fields vary from the inner
to the outer CuO2-layer and are of order of several hun-
dred Gauss. Note, the fields occur below 7. and their
intensities increase with decreasing temperature. The
199Hg Knight shift measurements in HgBa2CuO4. 5 [24]
have revealed very large anisotropic shifts which were
assigned to orbital magnetic moments u =~ 0.043, lo-
calized on the oxygen positions. The ¢365Cu shift dis-
tribution in Laj g5Srg.15CuQ4 is found recently to be of
orbital (!) origin [14].

In our opinion, these and many other experimental
observations point to an inconsistency of a conventional
model of the well isolated spin and orbital Zhang-Rice
(ZR) singlet ' Ay, [25] believed to be a ground state of
the hole-doped CuQy4 center in the CuO. layers. Here, it
should be noted that when speaking of a Zhang-Rice sin-
glet as being “well isolated”, one implies that the '4;,
ground state for the CuQO4 plaquette with the two holes
of the b14(d,>_,2) symmetry is well separated from any
other excited two-hole states. Both, experimental data
and theoretical model considerations evidence in favor
of the more complicated structure of the valence multi-
plet for the hole-doped CuO4 center rather than simple
ZR singlet albeit namely the latter is a guideline in the
overwhelming majority of current model approaches.

So, Y. Yoshinari et al. [26] have undertook
the Cu NQR study of the isolated hole centers in
LasCug.5Lig.504. Their results could be interpreted as
convincing evidence of the singlet-triplet structure of
the hole center. The authors have revealed the spin
singlet ground state (S = 0) and the low lying spin
triplet state (S = 1) with the singlet-triplet separa-
tion Agr = 0.13eV which is comparable with the Cu-
Cu nearest neighbor exchange integral in parent oxide
LagCuQ4. An experimental indication to the apprecia-
ble role of the O 2px orbitals in the 17O hyperfine cou-
pling was obtained by Y. Yoshinari [27]. This implies a
complicated nature of the ground state manifold for the
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CuOy4 center with a significant mixing of the Zhang-Rice
singlet and some other molecular term, whose symmetry
should be distinct from 1Alg. This conclusion conflicts
with the widespread opinion regarding the well isolation
of the Zhang-Rice singlet.

The nature of the valent hole states in doped cuprates
is considered as being of great importance for the high-
T. problem. Having solved the problem we could justify
the choice of the relevant effective Hamiltonian together
with the opportunities of a mapping to the single band
t — J or Hubbard model.

Below we show that the outgoing beyond ZR model
does predict a novel spinless scenario of magnetic re-
sponse in cuprates.

II. A-E orbital structure of hole CuO,4 cen-
ters in cuprates. Intrinsic nature of electron and hole
centers in oxides is related to the self-trapped charge
transfer (CT) excitons. Both experimental observa-
tions and theoretical analysis point to a complex two-
component structure of the low-energy CT band near
2 eV in parent insulating cuprates [28, 29]. Here, we
deal with a superposition of rather well-defined one- and
two-center CT excitons. The former is associated with a
dipole-allowed transition b1, — e, from the ground state
b} , to the purely oxygen non-bonding doublet e, (7) in
the CuO4 plaquette, which is allowed in the “in-plane”
polarization E | Cj;. The latter is attributed to a
b1y — b1g CT between two neighboring CuO4 plaquettes
with the formation of electron CuO}~ and hole CuOj™
centers. Here, the electron center nominally represents
the system of Cu't and O?~ ions with completely filled
shells, whereas the hole one does the system with two
b%, holes forming the ZR-singlet [25]. The one-center
CT exciton formally consists of the conventional elec-
tron center and unconventional hole center with actu-
ally two-hole configuration by e, resulting in a spin sin-
glet 'E, or triplet term 2E,, respectively. Both CT
excitons can interact with each other. Hence, to de-
scribe the el — h-structure of both excitons on an equal
footing one needs to consider the conventional electron
center CuO}~ and unconventional CuOj~ hole center
with actual ' 4,,,"® E, multiplet. Hence, unlike a sim-
ple ZR-model our model assumes a quasi-degeneracy
in the ground state of hole CuO3~ center with two
close in energy 'A;, (ZR-singlet) and *E, terms of
b?, and byge, configurations, respectively. This implies
two near equivalent locations for the additional hole,
either in the Cu 3d-O 2p hybrid bi4(d,>_,2) state to
form ZR singlet ' 4y, or in a purely oxygen nonbond-
ing doublet e, state to form the 13E, state. Figure
shows the term structure of the actual valent A-E mul-
tiplet for hole CuO3  center together with the single-

The term structure of the actual valent A—F multiplet for
hole CuO3~ center together with single-hole basis b'{g and
efm’y orbitals

hole basis orbitals. These orbitals are defined as fol-

lows:
|bl{g) = COS Qp, |blg (3d)> + sin Qpy, |blg (Zp»a (1)

where b1,(3d) = 3d,2_,» and bi4(2p) are cop-
per and oxygen molecular orbitals with by, sym-
metry. There are two types of purely oxygen
nonbonding orbitals with e, symmetry: e,(0)
and e,(w), respectively, that hybridize with each
other (equally for both types (z,y) of such or-
bitals):
|€2) = cosae |e, (7)) + sin . |ey(0));

|€2) = sin ae |eq, (7)) — cos ae |ey (o)), (2)
where
94PP
tan2q, = ———* (3)
€peu(c) ~ €Epeu(m)
and

t’;f = _(tmw + tpzm)

is an effective transfer integral with t,,, < 0, tppr >
> 0 being two types of pp transfer integrals, for o and
7 bonding, respectively (|tppr| & 3|tppo|). Hereafter, we
preserve the notations e, (g), e, (7) for dominantly o, or
m orbital, respectively. Interestingly, that e,(c), ey (m)
orbitals could form two types of circular current p,;-like
states: e,+1(0), €y+1(m), respectively, with Ising-like or-
bital moment
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<eu:t1(7r)|lz|eu:|:1 (ﬂ')) =
= —{ey+1(0)|l;|ey+1(0)) = £sin2a, 4)

or two types of currentless pg ,-like €yz,4(0), €yg,y(T)
states with a quenched orbital moment. The A—F
model with a by, — e, competition goes essentially be-
yond the well-known ZR-model. In a sense, the valence
(3,) A1y — (bigen)"*E, multiplet for the hole center
represents an unconventional state with Cu valence res-
onating between Cu3t and Cu?*, or “ionic-covalent”
bonding. In other words, we deal with a specific version
of the ”correlation” polaron, introduced by Goodenough
and Zhou [30]. Such centers are characterized by strong
coupling with lattice and can reveal the (pseudo)Jahn-
Teller effect [31].

The orbital doublet terms ' E,, for hole CuO3~ cen-
ter are straightforwardly derived from two-hole byg4e,
configuration, whereas the configurational interaction is
surely to be taken into account when deriving the ZR-
singlet 'A;,. For the reasonable values of parameters
(ineV):Ug=8.5,U,=4.0,Vps =1.2,64 =0, ¢, = 3.0,
t = 1.3 [28] its wave function can be written as follows

¥, = |ZR) = —0.25|d?) + 0.95|dp) — 0.19[p?),

where three b? o-like configuration are mixed. This func-
tion reflects the well-known result that the ZR-singlet
represents a two-hole configuration with one predomi-
nantly Cu 3d and one predominantly O 2p holes, how-
ever, having the same b,4, symmetry.

The by, — e, hole competition reflects the subtle
balance between the gain in electron-electron repulsion
(Ugq > Vpq) and the loss in one-particle energy both af-
fected by a lattice polarization. The by, — e, or A—FE
model is supported both by local-density-functional cal-
culations [32] and ab initio unrestricted Hartree-Fock
self-consistent field molecular orbital (MO) method
(UHF-SCF) for copper-oxygen clusters [33, 34]. To the
best of our knowledge the one of the first quantitative
conclusions on a competitive role of the hybrid copper-
oxygen byg(dy2_,2) orbital and purely oxygen O 2p, or-
bitals in the formation of valent states near the Fermi
level in the CuQO;, planes has been made by McMahan
et al. [32] and Tanaka et al. [33, 34]. Namely these
orbitals, as they state, define the low-energy physics of
copper oxides.

In connection with the valent ' 4;, — '3 E,, manifold
model for copper oxides one should note and comment
the results of paper by Tjeng et al. [35] where the au-
thors state that they “...are able to unravel the different
spin states in the single-particle excitation spectrum of
antiferromagnetic CuO and show that the top of the va-
lence band is of pure singlet character, which provides
Mucema B MIAT® Tom 80
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strong support for the existence and stability of Zhang-
Rice singlets in high-T,. cuprates”. However, in their
photoemission work they made use of the Cu 2p;/5(Ls3)
resonance condition that allows to detect unambiguously
only copper photohole states, hence they cannot see the
purely oxygen photohole e, states.

Interestingly to note, that among three possible
states for trapped hole in cuprate: ZR-singlet ' 4;,, spin
singlet ! E,,, and spin triplet 3 E,,, only the latter provides
relevant conditions for the hole transport through anti-
ferromagnetic background. In other words, one might
speak about the spin-triplet channel of e, (7) hole trans-
port as a main mechanism of conductivity in insulating
cuprates [36].

A. Unconventional magneto-electric CuO,
hole centers beyond simple ZR singlet pic-
ture. Unconventional orbital A—FE structure of the
hole CuO5~ center in EH droplet goes beyond simple
ZR-singlet picture and deserves more close examina-
tion. Neglecting the spin degree of freedom we intro-
duce a pseudo-spin formalism to describe the orbital
states of the CuQ4 centers in the framework of the va-
lent (* 414, E,) multiplet model. Three orbital states of
the (*A1y,'E,) multiplet we associate with three states
of orbital pseudo-spin S = 1: |2) = |*A1,);|z,y) =
= |'E,z,y). Then the pseudospin matrix has a very
simple form: (i|Sg|j) = ieir;- A complete set of the
pseudo-spin operators should include both S and five
spin-quadrupole operators

—_—

—— L. 2.
{8:, 85} = {8, S;} — 5525“’-

These pseudo-spin operators are not to be confused with
real physical spin-operators as they act in a pseudo-
space. Nevertheless, all these correspond to real phys-
ical quantities. First, the z-component of pseudo-spin
defines the only non-zero z-component of the Ising-like
orbital magnetic moment: M = §M$, with the only
nonzero g,, component of gM-tensor. Microscopically,
the effective magnetic moment is generated by the or-
bital currents for the e, hole. Taking into account only
local oxygen contributions one may write

4
M = ﬂe Z 1n7
n=1
and
4
927 = 1Be(Bua| Z Inz|Euy),
n=1

where 1,, is the orbital momentum operator for n-oxygen.
Second, the S, , pseudo-spin components define the
unconventional quantity with spatio-transformational



828 A.S. Moskvin

properties of polar vector like electric field, and time-
inversion symmetry like magnetic field. This is a so-
called toroidal moment which can be defined for the
CuO4 plaquette as follows: T = [gT x S], where the
g7 -vector has the only non-zero z-component. Micro-
scopically, the effective toroidal moment can be derived
through the local oxygen effective orbital moments as
follows:

and

4
97 =1Be(A1y] Y Ruolnz|Euy)- (5)

n=1

It should be emphasized that both magnetic and toroidal
moment are generated by the orbital currents for the
oxygen holes. The numerical magnitude of the effec-
tive orbital magnetic moment in E, state is determined
mainly by the mixing of O 2pr and O 2po orbitals (see
(2) and (3))

M _ .
9,z = Besin2a.,

where sin a. is a covalency parameter for e, ()
bond. For a relatively small # — o-mixing

—ey(0)

2012y

9 ~ B.tan 20, = ~ 0.20,

€peu(o) ~ Epeu(n)
given the reasonable values t2P = 0.3 eV and |epe, (o) —
— €pe, (x)| = 3.0 eV. For the 9T -vector we readily obtain

1
T .
9, = —=PBeRcuo cos ae sin by,

V2
where sinas,, is a covalency parameter for by, (3d) —
— b1g(2p) bond. This expression together with (5) im-
plies that the toroidal moment is generated by oxygen
orbital moments

I, = 1 i

2 = mﬂe oS o Sin ay, ,,
which value can be estimated to be of the order of 0.23,
given |sinay,,| ~ 0.6. It is quite probable that the
toroidal fluctuations will be comparable, or even more
pronounced than that of conventional magnetic moment.
The toroidal moment is distributed on CuQO,4 plaquette
and produces a nonzero dipole magnetic field. For all
points lying in the CuQ4 plane the field has c-axis orien-
tation whereas it has ab-orientation for all points lying
in other symmetry planes.

Above we estimated the maximal values of magnetic

and toroidal moments for the A—FE model of CuOy4 cen-
ter. Puzzlingly, these compete with Cu?t spin magnetic

moments in parent oxides, which are markedly reduced
by a quantum reduction and covalent effects. Actually,
we should deal with the quenching effect of “single-ion”
anisotropy or other crystalline fields on the orbital mag-
netism.

The symmetric quadratic pseudo-spin operators de-
fine effective electric dipole and quadrupole moments.
The former has a planar character with two non-zero
components: d, = do{S’zSZ}, Ely = dg{S’yS’z}, where
do is effective dipole moment length. The latter has
three non-zero components: Q 4, = Q 4, (52~ 2), Qp, =
=Qp, (52 —S’Z), QB, = @B,{5.5,} with three quadru-
pole parameters Jr. Thus, the CuO,4 plaquette with
(*A1,4,' E,) valent multiplet forms an unconventional
magneto-electric center characterized by eight indepen-
dent orbital order parameters. Generally speaking, our
model represents a theory that predicts broken time-
reversal (T') symmetry, two-dimensional parity (P), and
basic tetragonal symmetry.

B. Oxygen holes and orbital hyperfine interac-
tions beyond the Shastry-Mila-Rice model. Below
we address some unconventional properties of 63:65Cu
hyperfine interactions for the spin-singlet '4,, — 'E,
valence multiplet of the CuQ4 center resulting from its
non-quenched orbital moment.

The nuclear resonance experiments right up to
now are interpreted within the Shastri-Mila-Rice spin-
Hamiltonian [3]

Hip = ®1(n)[A(n)s(n) + B(nm)s(m)],  (6)

based on the assumption that the spin density in the
CuOy centers is localized on the copper ions. Here A(n)
is the hyperfine tensor for the direct, on-site coupling of
the 53-65Cu nuclei to the Cu?* spins (s = 1/2), B(nm) is
the strength of the transferred hyperfine coupling of the
63,65Cu nuclear spin to the four nearest neighbor Cu?*
spins.

Effective Hamiltonian of nuclear quadrupole inter-
actions for 93%°Cu nuclei has a conventional form as
follows

o Q 52 32
Hg = TR0 V..(3I7 - T?) +
+ anz(jz - jz) + GVZZ(jwjy + jyjz)]a (7)

where for CuQO4 center
Ve: =V (R) = (VE - VA+ VENSHR + VA,
nVio = 3VE(SZ — 53R,  €Vio = 3VE({S:, 5y )R,

where R is the radius-vector of CuO4 center. Parame-
ters VA and VE determine the by, contribution to V,,
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for ' A;, and 1 E, terms, respectively, while V%, does the
total contribution of the Cu p electrons. The 63:65Cu
NQR frequency can be written as follows

1 / 1
I/inlQszl 1+g(772+€2)

A variety of the model EFG calculations were carried
out. [37-40] First, we would like to note the extreme
sensitivity of the EFG to the calculated anisotropic
charge distribution of the semicore Cu 3p states which
are characterized by the very large magnitude of the ef-
fective quadrupole parameter (1/r%)3, ~ 150 (Ref. [37]),
or 170 a.u. (Ref. [39]). This parameter governs the mag-
nitude both of the EFG tensor and local magnetic field
induced by Cu 3p electron on copper nucleus:

Vi =~ (Ur)spGlds — 285) (8)

Hloc = _2/3€<1/T3)3P1) (9)
where 1 is an orbital momentum for Cu 3p electron, and
Ll; = 1/2(Li; + 1;l;). Thus, the Cu 3p contribution
to the EFG and to the local field can reach colossal
values such as 100 (in 10?2 Vm~—2) and 103 T, respec-
tively. In conventional cuprate scenarios with valence
big o dy2_,2 holes there is no hybridization between Cu
3p and valence states, and the semicore Cu 3p contribu-
tion to electric and magnetic hyperfine interactions can
be taken into account in frames of Sternheimer shielding-
antishielding effects. However, the semicore Cu 3p role
becomes of particular significance for the ' 4,,,'E, va-
lence multiplet of electron and hole centers with varying
hole density in oxygen e, states which have the same
symmetry as Cu 3p,,, states, that is these can hybridize
with each other. As a result, the purely oxygen e, or-
bital turns into O 2p-Cu 3p hybrid MO

Z‘,‘y - q):::‘y = 02P¢Zt:y + C3P¢936?y
with MO coeflicients c3, < c2p. Thus we arrive at
the effective magnetic and electric “oxygen-to-copper”
transferred orbital hyperfine interaction. The effective
ey (m) contribution to the local field on the copper nu-

cleus can be written in terms of pseudo-spin formalism
as (in Tesla)

Hfpo = —2Be(1/7%)splcap(m)*(S:) ~

~ 2.0 - 10%|c3p(m)|3(S.,) (10)

irrespective of the magnitude of the orbital moment
for CuO4 center. For the nonzero EFG components
Vezs Vaas Vyy, Vay We obtain (in 10?2 Vmm~2)

2e

21/ aplesp(m) (38155 — 2019) =

Vij = —
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~ 2.7 10%es, (1) (3855, — 26:)).  (11)

Interestingly, that Eqgs.(10) and (11) imply that the ra-
tio between local field and EFG is governed only by the
ratio between respective pseudo-spin averages:

By s Vig = 0(S2)  S(B8:5;-20). (12

Simple relation between local field and EFG governed
only by the respective pseudo-spin averages implies a
rather subtle interplay between magnetic and electric
contributions both to NMR-NQR. frequencies and the
spin-lattice relaxation rate for copper nuclei. The nu-
merical calculations allow us to expect the O 2p-Cu 3p
mixing coeflicient c3, to be of the order of several hun-
dredth. Indeed, the overlap contribution to this coeffi-
cient given the Cu-O separations Royo = 1.94 is esti-
mated [41] to be c3p(overlap) = Sg 5, s, ~ —0.05 for
the strongest Cu 3p — O 2p o-bonding and S{,3, o2, &
~ —0.558,3,_02,- In such a way the oxygen e,(m) hole
contribution to the orbital hyperfine interactions due to
the Cu 3pm-O 2pm overlap can be estimated as |Hjoe| < 1
Tesla and |V;;| < 0.3-10%2 Vm~2 for magnetic and elec-
tric terms, respectively. It should be noted that the re-
spective maximal values correspond to the very large
magnitude of effective NMR and NQR frequencies of
the order of 10 MHz. Moreover, the oxygen e, (o) hole
contribution can be approximately four times bigger.

ITI. Conclusion. We showed that outgoing beyond
a simple ZR model we arrive at a complex '4,, — 1*E,
structure of the valent multiplet for the hole CuO}~
center in cuprate with engaging orbital degree of free-
dom. Moreover, it should be emphasized that simple
1A, — 'E, model implies a spinless purely orbital and
purely oxygen scenario of magnetic response and hyper-
fine interactions in doped cuprates. However, we do not
completely reject the spin degree of freedom. Indeed,
our model implies a near degeneracy for singlet 'E,
and triplet 3E, terms with many interesting manifes-
tations of the spin singlet-triplet magnetism [42]. More-
over, both spin and orbital degrees of freedom are likely
to be involved into a formation of the complex magnetic
response of doped cuprates with a relative weight that
manifests itself diversely depending on the energy range
and experimental conditions (NMR-NQR, magnetic sus-
ceptibility, magnetic neutron scattering,...).
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