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ABSTRACT

Calculated values of the frequencies of nuclear mag-

netic and quadrupole resonances (for ®*Cu

v (NMR) =107 MHz, v (NQR) =32 MHz) are close to

the experimental values (100 and 29.5 MHz). This

coincidence is reliable test of obtained electronic wave
function.

© Hucruryr adepuoid pusuku CO AH CCCP

INTRODUCTION

Nuclear magnetic resonance (NMR) and nuclear quadrupole
resonance (NQR) are the good probes of electronic wave function
of solid. In particular, they are the probes of magnetic structure. At
present there are some speculations about connection of high tempe-
rature superconductivity with magnetic stucture but there is no
clear understanding of magnetic structure of these compounds. We
shall discuss-as simplest example La,_  Sr.CuO,. The qualitative
phase diagram of this compound is presented in Ref. [I]. At
x=<<0.05 it “is antiferromagnetic insulator with magnetic moments
localized at copper- ions. At x=0.06 it is superconducting metal.
However there are localized antiferromagnetic moments in metallic
phase too according to neutron scattering data [2]. At first sight
the natural explanation is that the system is quasi-two-dimensional
and long-range order is destroyed after doping but short-range
antiferromagnetic correlations in CuOg-plane survive. For example,
there is something like spin liquid or spin glass. However this sce-
nario seems in contradiction with data on NMR and NQR on copper
nuclei [3]. According to this work NMR frequency in doped compo-
und is two orders of magnitude smaller than in undoped compound.
Meanwhile NQR frequency varies very slowly and resonance line
remains narrow (in undoped compound NMR irequency is three
times larger than NQR frequency). These data can be considered as

" a hint that system at x>0.06 transfers into state with paired spins
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of Cu®* ions (e. g. into RVB-state or some other quantum state of
the system with zero average value of electron spin at every copper
ion).

In the present work we consider only undoped antiferromagnetic.

LasCu0Oy. Calculation of NMR and NQR f[requencies is necessary
for verification of electronic wave function of CuQ,-plane obtained
in our work [4] and for the further development for the case of
doped compound.

ELECTRONIC ORBITALS AND ENERGY LEVELS

Ground state of CuOs-plane in undoped LasCuQ, corresponds to
d’p®-configuration ‘where d*® is 3d°Cu®* configuration and p® is
2p°0°~ configuration. The system is Mott insulator. Wave function
of O~ ion is calculated in the stabilizing field of crystal lattice. In
the work [4] the excitation energy of electron hopping ifrom oxygen
lo copper was calculated:

A=E(d'"%p®) — E (d°p®) =5 eV. (1)

This value is in reasonable agreement with value obtained from
spectra analysis [5]. In the work [4] the splitting of oxygen 2p
orbitals was also calculated: fiﬁ:a;_w},—axi-:-fl.ﬁ eV (x is CuO axis).
Now we understand that this value is strongly overestimated. The
reasons of overestimation of this splitting in-Rei. [4] were the follo-
wing. Firstly, contribution of oxygen 2p-state mixing with copper
4s-state was estimated i tight-binding approximation which was
»not correct for this case. Secondly, approximation ol point-like ions
strongly overestimated crystal field contribution into splitting. More
accurate calculation carried out in connection with the present work
shows that splitting of O~ 2p-orbitals Ae=e, —e.~1 eV. This
estimation agrees with results of other authors (see review [6]).

In this work we need ‘spectrum of excitaions on the Cu®t ion,
corresponding to the transitions of 3d-hole |[x*—y*) to thé hole
states |xy), |2®), |xz), |yz) (z-axis is orthogonal to the CuO,-pla-
ne). Splitting of this states is due firstly to the Coulomb crystal
field of second and fourth multipolarity and secondly to the virtual
hopping of the hole to the neighbouring oxygen ions. We calculated
this spectrum in the work [4]. In the present work more careful
analysis have been carried out which leads to small changes of
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calculated spectrum. Firstly, calculation of realistic electron density
shows that approximation of point-like ions is not correct and con-
tributions of crystal field of the second and fourth multipolarity

practically vanish. As far as virtual hopping is concerned it is

necessary to take into account the absence of large splitting of oxy-
gen 2p-orbitals. We have chosen the following values of matrix ele-
ments of the hopping between nearest Cu and O:

13
fr*—y“.xz S fﬂdﬁ') )

f?‘.“,-x: _—

—;r (pdﬁ} ;

fxg,yzsxz,;::{pdﬂ) ’ (2}
(pdo) =~ —1.6 eV, (pda)j=~—0.8 eV,

These values agree with generally accepted values [6] and give
correct value of superexchange responsible for antiferromagnetic
spin-spin interaction in CuOs-plane. Parameter {/A is not very small
and perturbation theory used in Ref. [4] should be refined. It is
easy to do by solving the problem for cluster consisting of copper
ion and four oxygen ions. Thus we find the energies of 3d-hole

states:

3 A* L a(pdo)t =~ — 123 eV
o= o —\[5 +3(pdo)* ~ —1.23 eV,
s _
i % = % +4 (pdn)? ~ —0.47 eV,
2 3)
e D D (pdo)? 047 eV,
2 4
s e % X —:- 42(pdn)? ~ —0.24 eV.

We should note that spectrum of 3d-excitations was calculated
earlier in Ref. [7]. It differs a little from our result (3). The main
reason of the difference is the use of perturbation theory in parame-
ter #/A in Ref. [7]. Besides that we take A=05 eV instead of

A=3 eV in Ref. [7].
NMR Frequency

Hamiltonian of magnetic electron-nucleus interaction is of the
form (see e. g. [8]):
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Here [ is an orbital angular momentum and § is spin of elec-
tron, I is nuclear spin, A" is unit vector in the electron direction. At
first, let us find the constants a; for isolated copper atom:. They can
be both calculated theoretically and determined from the experimen-
tal data on atomic hyperfine structure [9]. Experimental data on
configurations 3d4s? 3d'%s, 3d'%4p give: '

dyg=—= 1200 MHz 2
‘14;1:29? MHz g
a,,—6284 MHz. (5)

All the values are presented for “Cu nucleus. Calculation using
Hartree—Fock wave functions give the values of a; which are
10—407% smaller than the experimental these. The disagreement is
due to many-body effects. Mainly it is polarization of electron shells
by magnetic field of the nucleus and Brueckner-type correlations
which renormalize wave [unction of external unpaired electron
[10, 11]. After calculations of these effects disagreement practically
vanishes.

According to (3) 3d-hole is in |x?—y?) state of Cu?*t ion. Orbi-
tal contribution vanishes in this state. Electron spin contribution (4)
is transformed to

(=PI W =Py = — a358lp (2 —y?| Sap—3nany 1x°—g?y.  (6)
From symmetry relations it is obvious that
Tap= (X" — 1| bup—3nanp [ X*—y®> =0 al a=%p.

Diagonal components are equal to ; Vi

Txx:T.yy: ek & ‘é_?‘gg: e '_?“"'.

Taking into account that hole spin lies in xy-plane [(see e. o
Ref. [1]) we obtain

21 1 5 2 g :
(=Pl Wyl —y®) = ?ﬂ:jcr(s'ﬂ . =1

Constant of magnetic spin-nucleus interaction is very sensitive to
spin-orbit correction since it allows to «swiltch on» large orbital
magnetic moment of d-electron. Spin-orbit interaction of 3d-hole is

HieATE ' A=—0103 %V (8)
The value of A follows from Cu®7™ spectrum [12]. Interaction (8)

leads to mixing of orbital states (3). In the second order of pertur-
bation theory it gives correction to hyperfine interaction

9 Z .{IE—HEEH:sld}Uﬂ Wmui—yz}_ (9)

Ea  a— By
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Here in W, (see (4)) it is enough to keep orbital term only which
is much larger than the spin term. Spin of the hole lies in xy-plane.
Therefore only xz- and yz-states contribute to the sum in formula
(9). Contribution to hyperfine interaction induced by spin-orbit inte-
raction is of the form:

9228 g (TD=02layu,(l9. (10)

E ri_yi_ l‘.-xz

Sum of expressions (7) and (10) gives the single-particle contri-
bution of 3d-hole into magnetic field at the nucleus. However, the
holes localized at the four nearest copper ions give essential contri-
bution also. The reason of enhancement of this contribution is the
following. Consider element of CuO;-plane shown at Figure. The
holes localized at the ions 2, 3, 4, 5 hop to oxygen ions nearest to
copper I with noticeable probability. Oxygen wave function 2p,
expanded in orbitals of copper I give considerable s-wave compo-
nent near copper nucleus. Hyperiine interaction in s-wave is an
order of magnitude larger than that in d-wave (see formula (5)).
This enhancement compensates the suppression due to large dis-
tance between copper ions.

Let us carry out calculation according to this mechanism.
Amplitude of |x*—gy®) hole hopping to oxygen 2p,-state is determi-
ned by matrix element ¢. . (2). We have mentioned that parame-
ter {/A is not very small. Therefore oxygen amplitude we should
find by solving the problem for cluster consisting from copper ion
and four oxygen ions. Thus amplitude of probability of hole presen-
ce at the oxygen is equal to



R R

o =i l [l .

1/2
— = —0.203. (11)
22 VAZ 4 12(pdo)? ]

Now we should find contribution of oxygen 2p-electron into copper
s-wave. At first sight situation is sinilar to 3d —2p hopping, i. e. it
is enough to introduce matrix element of 2p—4s hopping. However,
it is not so. The point is that 3d-copper and 2p-oxygen wave func-
tions are localized well enough and therefore overlapping is small:
(3d,._,.12pc) ~0.06. In this situation it is reasonable to introduce
effective hopping matrix element (see, e. g. [13]) and to work with
these states as with orthogonal states. In the case of 4s-orbital the
size of wave function is larger than the distance between Cu and O.
Here another way is more adequate. It is necessary to drow a
sphere around copper and expand oxygen wave function in spherical
harmonics on this sphere (see Figure). Then we shHould match these
harmonics with corresponding copper wave functions, e. g. with 4s
and 4p. Of course, this procedure is reasonable only if matching
coefficients do not depend strongly on sphere radius r when r varies
in some reasonable interval (say, r=15=+25a,). One could say
that there is a region of. dual description of wave function. Coeifici-
ents of oxygen orbitals expansion in 4s and 4p copper orbitals for
different values of r are presented at the Table. It is seen that dua-
lity condition is fulfilled at least for 2p-orbital which is the most
important. -

Table
Coeflicients of Expansion of Oxygen 2p, 2s-orbitals
in 4p, 4s copper orbitals for different values
of matching radius . Cu— O distance is 3.6a,
ds 4p
rjag 1.5 - 2.5 1.5 2. 25
20, —0.43 — .40 —0.44 0.71 0.68 0.74
2P« — - 1 - 0.26 0.26 0.31
25, 0.13 0.15 0.22 - 0.31 —().36 — (.49

Note that oxygen orbitals are obtained by Hartree — Fock me-

thod in spherically averaged crystal field of the lattice [4]. Atomic
correlations change them very little. Contribution of higher harmo-
nics of crystal field influences on expansion coefficients presented in
Table at the level of C10%. The situation for copper orbitals is
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more complicated. Here we use Brueckner orbitals 4s and 4p in cop-
per atom (configurations 3d'%4s or 3d'’4p) as a basis set instead of
Hartree—Fock orbitals. Brueckner orbitals include dominating
intra-atomic correlation corrections (their contributions to a, and
a,, are ~209%) and essentially better reproduce hyperfine structure
of atomic levels (see e. g. Ref. [11]). We use atomic orbitals in-
stead of ion orbitals because hyperfine constans are known from
experiment just for neutral atom. Validity of use of atomic orbitals

‘in copper ion is based on the fact that wave functions of ion are

proportional to atomic wave functions at the r<C2a, The reason of

()

r =
O
A\
@)

= o)

¥
i

CuOz—plane, O is oxygen atom, X is copper atom, arrows show directions of spins.

proportionality -is that at r<C2a, the difference in potential and in
energy between ion and atom is negligible: AU, AE< U. The nor-
malization coefficient is determined by matching with oxygen wave
function in any case. In this situation it does not matter what func-
tions are used. It is only necessary to use the corresponding hyper- |
fine constants. For example, we can use functions 55 and 5p instead
of 45 and 4p.

Basing on values presented at Table we take the following
expansion coeificients of oxygen 2p and 2s-orbitals in 4s and 4p
copper orbitals (for distance between Cu and O equel 3.6a,):
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Bo (2p, 4s) = —0.40 , B, (2p, 4p) =0.68
Bo (25, 4s) =0.15, B (2p, 4p) =026, (12)
Bs (25, 4p) =—0.36 .
Now we can calculate the total magnetic field at the copper nuc-
leus [ including both the interaction with |x—y*) hole localized at

copper [ (formulae (7), (10)) and with electron spins of the neigh-
bours: :

Wiy ={ (5 +021) as—4a?[a,sB2@p,49) + +a,, B220.40) |} 7. (13)

Here § is the electon spin and 7 is the nuclear spin at the copper /.
The sign minus in the second term is due to the opposite orientation
of the electron spins at the neighbouring copper ions. In the antifer-
romagnetic state experiment gives (2s,)=0.5 [l4], which agrees
with theoretical estimations. Note that the change of normalization
of 3d-orbital due to mixing with oxygen orbitals is also included in
(s). Using formulae (5), (11) — (13)- we find NMR frequency

v;=(597— 166 —5) (s;) =107 MHz. (14)
First term is the contribution of a,, second: a,, third: a,, The

value (14) agrees with experiment [3]: v,=100.1(1) MHz. Remind
that the frequencies are presented for isotope %°Cu.

NQR Frequency

Hamiltonian of electron interaction with nuclear quadrupole

moment is of the form (see e. g. Ref. [8]):
=g ¥ i e (7Y
WQ"_ b Q VS Fﬂm( r) sz'

b=e Q{— -

(15)

Here Q=2Qy is nuclear quadrupole moment, 7 is the electron coor-
dinate, e is the electron charge. Constants & can be found from the
experimental data [9] on hyperfine structure of copper atom in con-
figurations 3d°4s®, 3d'%4p, ,: ‘
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by =—65 MHz.

The values are presented for isotope °*Cu. Note that b., corresponds
to 3d-hole and therefore it has the sign opposite to Eq. (15). Calcu-
lation with Hartree—Fock wave functions give value b, which is
by 3% larger than the experimental one and b,, which is 53%
smaller than the experimental value. The reason of disagreement is
well known. It is many-body intra-atomic effects (see e. g.
Ref. [15]). However it is not essential for our work since we use
«experimental» values (16) which include intra-atomic correlations.
According to Eq. (11) the probability of hole presence in x?—y?
copper state equals 1—4a’~0.835. Therefore [x*—y?) hole
contribution to the quadrupole splitting of levels with nuclear spin
projections |f,| =3/2 and |/,| =1/2 is equal to

R S %bg (1 —4a® =74 MHz. (17)

This is the main but not unique contribution to the quadrupole split-
ting.

We have mentioned above that oxygen orbitals. have noticable
p-wave component at the copper ion, which also lead to quadrupole
splitting of nuclear levels. Expansion coefficients for orbitals of O2?~
ion from CuO,-sheet in 4p copper orbital are presented in Eq. (12).
Similar coefficients for O*~ in the octahedron vertex (Cu—O dis-
tance 4.59a,) are the following:

Ba(2p, 4p) =0.35,
Bx (2p, 4p) =0.10, (18)
Bs(2s,4p)= —0.10.

Using formulae (15), (16), (18) we can calculate the contribution
to ‘quadrupole splitting, which is due to penetration of oxygen elec-
trons to copper:

8 : : =
_gbdﬂ[ ﬁ‘i {EP: 4p) +ﬁ§(25‘:| 4.’9) = ﬁi(?n&lp) _ﬁﬁ {21’?: 4,[}} Pl

— B3 (2s,4p) +B3(2p, 4p)] = —42 MHz. (19)

Finally, there is contribution of quadrupole crystal field of nea-
rest ions enhanced by antishielding factor. For copper ion this fac-
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tor is about 19 [15]. In the approximation oi point-like nucleus this
contribution equals —37 MHz. However, calculation with realistic
density distribution gives much smaller value: —8 MHz. Moreover
this contribution is in fact included in equation (19). The point is
that we use «experimental» atomic value b,. In atom both region
inside 3d-shell and external region contribute to b,,. Atomic calcula-
tion (with taking into account antishielding polarization) shows that
about 20—25% of contribution to b,,. is given by configurations
with 4p-electron position at r> 2a, In crystal there is no sense to
describe these configurations by formula (19). Therefore we should
exclude 20—25% firom contribution (19) and add contribution of
long-range crystall field (—8 MHz). But these corrections compen-
sate one another. Therefore, quadrupole splitting of Cu levels with
|1.|=3/2 and |/,|=1/2 is equal to sum of contributions (17) and
(19):

v QZE;_;{.-'Q—E”g:T‘l-—-‘:‘-?132 MHz . (20‘]
This value agrees with experimental one [3]: v,=29.5 MHz.

Authors are grateful to N.K. Moroz for useiul discussions.
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