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Second-order effects of magnetic hyperfine interaction on NMR spectra
in the M2CuX4 ZH20 compounds. I. Pseudoquadrupolar interaction
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The nuclear pseudoquadrupolar interaction is one of the less known and, until now, never ob-

served peculiar effects. in magnetic, materials. that arise from the magnetic coupling between nu-:

clear spins and electron. 'spins; In this paper the experimental observation of this interaction is

presented for: 0 in Rb2cuC14 2H20 and isornorphous compounds. . A: short theoretical

descriptio'n of: the pseudoquadrupolar: interaction is given that is in full agreement with experi-

ment. -

I. INTRODUCTION

During the last few years an extensive nuclear-
. magnetic-resonance study has been carried out'oA the

series of isomorphous ferromagnetic compounds with
the M2CuX4 2H20 composition (MX stands for KCl, .

NH4Cl, CsCl, NH48r, and RbBr, . respectively). The
aim of these investigations is to determine the mag-
netic and electric quadrupolar interactions of all nu-
clei. From the values of these interactions a spatial
distribution of unpaired- spins and charges is calculat-
ed that can be related to the superexchange interac-
tion. Since all compounds in this series contain the
same magnetic ion, the influence of the diamagnetic
ligands on the superexchange can be studied in par-
ticular.

In the course of these experiments we observed in
the NMR spectra of those ligand nuclei which have a
large transferred hyperfine coupling a few remarkable
features. In one of our foregoing papers' we men-
tioned a complicated fine' structure in some chlorine
resonance lines. Several possible origins for this li'ne

splitting were suggested, but none of them was found
to give a complete explanation of the observed
features.

Recently, we reported on the "0 hyperfine interac-
tion in these compounds. %e observed that the an-
gular dependence of the quadrupolar splittings in the
"0NMR spectrum (I = 2) cannot be described on

the basis of the usual nuclear spin Hamiltonian in
'

which the magnetic hyperfine interaction between the
nuclear spin and the electron spin is approximated by
its time-averaged value. In the present paper we will

show that a correct treatment of the full hyperfine
coupling gives rise to a pseudoquadrupolar interac-
tion. This interaction, together with the normal elec-
tric quadrupolar interaction, describes accurately the
observed "quadrupolar" splittings in the "0NMR
spectra.

I

Apart from this. pseudoquadrupolar interaction an
indirect coupling between nuclear spins is found to
exist. The (super)nyperfine interactions and the ex-
change coupling in the M2CuX4 ~ 2H20 compounds
are such that in a large field region the indirect cou-
pling leads to a discrete fine structure of the NMR
lines rather than'to a line broadening as originally
described 'by Suhl and Nakamura. 3 4 This fine struc-
ture will'be the subject of Paper II.

II. PSEUDOQUADRUPOLAR INTERACTION

The physical origin of the pseudoquadrupolar in-
teraction. is essentially the same as that of the Suhl-
Nakamura line broadening. Theories on this subject
always consider a saturated (anti)ferromagnet, in

which the properties of the electric-spin' system are
described in the spin-wave approximation. The ex-
periments'presented here are cirried out in an exter-
nal field, larger than the exchange field J/g pa. As a
consequence, in a first approximation, the electron
spins may be regarded as isolated spins. A sketch of
the derivation. of the pseudoquadrupolar interaction
will therefore be given, starting with a simple
(paramag'netic) system of one electron spin and one
nuclear spin, which may belong either to the magnet-
ic ion or to a ligand. Subsequently, the influence of
the exchange interaction is discussed.

The spin Hamiltonian of a system consisting of one
electron spin S = —, and one nuclear spin I )

2
in a

magnetic field is represented by

3.'=Xs +As(++t +q

where Xs = g p, q H ~ S is the Zeeman energy of the
electron spin and3Csl=I A S is the
(transferred) hyperfine interaction between rand S.
3Ct = ylO'H I is the Zeeman energy of the nuclear
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spin and

Xg =
6 vg [312—I(I + I) +

2 ri(II + 12 )]

where

X' = ga pa HS, + I, A„S, +X, +Xg (2)

is the nuclear quadrupolar interaction in the electric
field resulting from the charge distribution in the cry-
stal.

The electron Zeeman term PCS is as a rule much
larger than the hyperfine term Xsl. Therefore, usual-

ly the components of the hyperfine interaction per-
pendicular to the external field are omitted in the
description of NMR spectra. To calculate the effects
of these terms, the Hamiltonian (1) is written in the
form

X =X +X',

is the unperturbed Harniltonian, which is diagonal in

S„and

X' = —„(A +Ayy) (I+S + I S+)
I

+ —.(A —Ayy)(I+S++ I S )

is the perturbation due to the nondiagonal elements
of Hql. The external field H is applied along the z

principal axis of A. According to second-order per-
turbation theory, the correction to the unperturbed
energy E of 3C due to3C' is given by the general

expression

(rrrsrriilX'I irts'Irrf') (lrts'rrti'IX'I ~sill&
Ems'ml

mS ™Sml'~ml mS ml mSml

(4)

with

vg' =—46(A +Ayy),

rt'= —3(A ~ —Ayy)(A
' +Ayy) ',

h' = 2AM Ayy,

5 = (16g„p,aH) ' .

(5)

The term h'I, gives a small correction to the nuclear
Larmor frequency vL = (yl/2m) H +(I/h)A„ms,
which follows from the unperturbed Hamiltonian (2).
The second term in Eq (5) has been expressed in the
form of an electric quadrupolar interaction. As it is,
however, of magnetic origin, we call it a pseudoqua-

The Cu'+ ions have an electron spin S = —,. The

ground state of the electron-spin system is then
characterized by ms =—,, and the sum over ms' in-

volves only one term, i.e., ms' =+—,. The.nonzero

elements in Eq. (4) are proportional to

g (~Ill I
~l'& (rnl'I lpl mi& = (re I I Ipl rni)

ml

where I and Ip stand for I+. These matrix elements
can be regarded as the diagonal elements of an effec-
tive nuclear Hamiltonian

JCI'"= [(A +Ay~) I+I +(A —Ayy)21 I+

+(A' -A,2)(1,'+I')](4g„I.,H)

Here, it has been assumed that g„p,&0 && A„. Not-
ing that I+ = I„+il~,Xl' ' can be rewritten in the
form

XI'"'= h'I, + —vg'[312 —1(1+1) + -ri'(I' + I')],

drupolar interaction. Since v~' and q' depend on the
components of A perpendicular to the external field,
the pseudoquadrupolar interaction depends on the
direction of the external field with respect to the cry-
stal. Because of the field dependence of 5, also the

magnitude of v~' depends on the strength of H.
These effects distinguish the pseudoquadrupolar in-
teraction from the electric quadrupolar interaction
which depends only on the charge distribution in the
lattice.

Now we extend the calculation to a ferromagnetic
system. Then the electron spins ai'e exchange cou-
pled and expression (2) for the unperturbed Hamil-
tonian becomes

x'=gj,,s' s~+Xg„„,Hs;

+ g I,'A„S,'+ /XI+ XXg .

To keep the calculations simple, it is assumed that
each nuclear spin I' is coupled to only one electron
spin, which is u'sually a good approximation for the
compounds discussed here. At sufficiently low tem-
perature, where the magnetization is nearly saturated
even in a weak field, the electron-spin system can be
described by a spin wave or excitition model. The
ground state is now the state with no spin waves.
The lowest excited states are the states with one spin
wave of wave vector k. The correction E'" to the
ground-state energy E~ due to BC' is calculated in a
similar way as before. In formula (4) the sum over
ms' is now replaced by the sum over all wave
numbers k in the first Brillouin zone of the reciprocal
lattice. The effective Hamiltonian 3.'l'" still has the
same form (5), but now 6 is replaced by
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1 that in the high-field limit, g p,BH » J, the ideal
paramagnetic case is obtained again, and 6(0) tends
to b = (16g„paH). ' as already found in Eq. (5). In
Fig. 1 the field dependence of h 5 is represented by
the straight line (b). The effect of the exchange cou-
pling is thus to reduce the pseudoquadrupolar in-

teraction compared to the paramagnetic situation,
expecially in a low field.

I I I I IIII . I I I I Illll

H 10 (k e) 100

FIG, 1. Calculated field dependence of hh(0) for
T, =1 K. The straight line b represents 5 =(16gps&)
with g =2.

5(0) = $16N co-„

Here N is the number of wave vectors in the first
Brillouin zone and tao-„is the energy of a spin wave

with wave vector k. In Fig. 1 the field dependence of
h 5(0) is shown by curve a (h is Planck's constant),
calculated by a numerical evaluation of the summa-
tion over k. Only nearest-neighbor exchange interac-
tion has been assumed, which leads to

~k=2JS z —xe'"'" +g„psH .

The. summation over 5 runs over the z nearest-
neighbor vectors. To obtain a value for J from the
transition temperature T„ the result of the high-
temperature series calculation by Swendsen has been
used, i.e., ks T,'/I =2.603.' It can be seen from Fig.

III. EXPERIMENTAL EVIDENCE OF
PSEUDOQUADRUPOLAR INTERACTION

In general, the pseudoquadrupolar interaction is
small. Only when the magnetic hyperfine interaction
contains one or more large components the pseudo-
quadrupolar interaction cannot be ignored. However, in

such a situation, a's will be shown in Paper II, usually
also a large line broadening due to a Shul-Nakamura
interaction arises, which makes the determination of
the pseudoquadrupolar interaction inaccurate or even
impossible. In the M2Cux4 2H20 compounds, the
"0 hyperfine interaction is rather large compared to
the quadrupolar interaction. In Table I the- experi-
mental results from Ref. 2 are given for two com-
pounds, both obtained at T =1.22 K and H = 5.8
kOe. In Paper II it will be shown that at this tem-
perature and in this field the "0 lines are hardly
broadened by indirect interactions. The ' 0 NMR
spectrum consists of five lines (I = —,).

In Ref. 2 it is discussed that the frequency differ-
ence between the outer satellite. lines (vq —v, ), when
due to.the electric quadrupolar interaction only, can
be approximated by the well-known first-order ex-
pression

vq —v~ =2vo(3cos t} —I +7i sin ecos2$) .

The values of v5 —vl, observed with the total mag-
netic field directed along the three principal axes of

TABLE I. ' 0 magnetic and quadrupolar interaction parameters. X, Y, and Z are the principal

axes of the EFG tensor. '

1

2h
(MHz)

(v5 —vl), (MHz)

Rb2CuC14 2H20 X 44.44

32.70
32.95

—1.26'
3 33a

5.14'

O. 14b

O. 18b

O. 18b

—1 40'

3 51c

4 96c

RbgCuBr4 2H20 X 46.23

34.44
34.79

—1 29a
—3.70'

5 23a

O.O8b

O. 1Ob

0.10b

—1.37'
3 80c

5.13'

aApparent value at Ho =5.84 kOe and T =1.22 K.
"Calculated pseudoquadrupolar interaction.
'Corrected value.
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the EFG tensor, respectively, are listed in Table I,
third column. In contrast with what should be ex-
pected from expression (8), their sum is nonzero.
This discrepancy (a few hundred kHz) is far outside
the experimental accuracy (a few kHz). It must thus
be concluded that ariother (nontraceless) interaction
contributes to the observed line splittings. In Table
I, fourth column, the contribution to v5 —v~ due to
the pseudoquadrupolar interaction is given, as calcu-
lated from formula (5), with H =5.8 kOe, for the
rubidium-chlorine compound (T, =1.017 K) and the
rubidium-bromine compound (T, =1.874 K). In the
fifth column the values of v5 —v~, corrected for these
pseudoquadrupolar contributions, are given. It can
easily be verified that these values indeed satisfy ex-
pression (8). This clearly proves that the observed
splittings between the five resonance lines is due to
an apparent quadrupolar interaction, which is the
combination of the electric quadrupolar interaction
and the pseudoquadrupolar interaction, as derived in
this paper.

In Table II the final values for the corrected "0
quadrupolar interactions are given for the complete
series of compounds.

The correction h' in Eq. (5) to the magnetic hyper-
fine interaction is on the order of 10 kHz. This can
be neglected completely compared to A„, because it
is even smaller than the experimental errors in the
determination of the magnetic hyperfine interaction.
The "0 spin densities determined in Ref. 2 remain
therefore correct. In the ferromagnetic state in zero
field an anisotropy field of a few hundred oersteds is
present. 6 From the small field dependence of 5 in
weak field (see Fig. 1) it can be expected that in the
ferromagnetic state the pseudoquadrupolar interaction
is about as large as in the paramagnetic state.
Indeed, no significant difference in the quadrupolar
splitting has been observed between the ferromagnet-
ic and paramagnetic states.

A similar pseudoquadrupolar interaction exists for
the other nuclei. Although the magnitude of this in-
teraction is even larger for some nuclei (Cu, Bron)
than for ' 0, the experimental determination proved
to be impossible. Mainly because of the rather large
electric quadrupolar interactions of these nuclei, the

TABLE II. ~70 quadrupolar interaction parameters after
correction for pseudoquadrupolar interaction.

Vg

(MHz)

K~CuCi4 2H20

(NH4)2CuClg 2H20

1.38

1.20'
1 19a

0.45

0.40
0.40

Rb2CuCl4 2H20

Cs~CuC14 2H20

(NH'4) &CuBr& 2H&O

1.24

1.25

1.26'
1.258

0.43

0.46

0.46

0.46

Rb~CuBr4 2H20 1.28 0.47

.IIn the ammonium compounds two slightly different oxygen

sites are present, see Ref, 2,

experimental error exceeds the shift of the resonance
line due to the pseudoquadrupolar interaction.

IV. CONCLUSION
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The pseudoquadrupolar interaction arises for all

nuclei I & —, which have a hyperfine coupling with. an

unpaired electron spin. Obs'ervation will be possible
only when this hyperfine interaction is large while the
electric quadrupolar interaction is small or zero and
the exchange interaction between the electrons is
weak. These three conditions are met for the "0 nu-
clei in Rb2CuC14 2H20 and isomorphous compounds.
The observed pseudoquadrupolar interaction is in
complete agreement with theory.
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