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The indirect coupling of nuclear spins via the hyperfine interaction with the electron-spin sys-
tem has been known for years. It is often discussed as an important source of line broadening
in saturated (anti) ferromagnets. The experiments presented in this paper mainly concern such
an interaction between only two nuclear spins. Due to the weak exchange interaction, in combi-
nation with the fact that the ligands are bonded pairwise to the magnetic ion, a well-resolved
fine structure on ligand NMR lines has been observed. A theoretical description is given that
explains completely the observed field and temperature dependences of the line shapes, as well
as the isotope effects. Also a second fine-structure mechanism has been observed which ori-
ginates from the influence of the copper nuclear spin on the local electron-spin magnetization.

I. INTRODUCTION

In Paper 1,! it has been mentioned that several
_years ago a complicated fine structure had been
found in the NMR spectra of some ligand nuclei in
Rb,CuCl, - 2H,0 and isomorphous compounds.?® At
that time no suitable explanation for the observed
fine structure could be given although several
mechanisms were investigated. A new, more careful
study of these fine structures was started and
presently attention was also given to the spectrum of
the less abundant *’Cl isotopes. In this paper we
prove that these fine structures originate from two
basically different mechanisms. The first one is an
indirect interaction between two identical (ligand) nu-
clear spins, involving the components of their hyper-
fine interaction perpendicular to the external field.
This indirect interaction is closely related to the fami-
liar Suhl-Nakamura interaction *3which is known to
be the origin of NMR line broadening in several
(anti)ferromagnets. However, owing to the actual
ligand coordination in the M,CuX,-2H,0 compounds
in high field a well-resolved fine structure is ob-
served, which then yields the unique opportunity to
study this indirect interaction in all details and com-
pare it with theory.

The competing second mechanism is also an in-
direct one, but now between nuclear spins at dif-
ferent crystallographic sites. This second interaction
arises through the influence of the copper nuclear
spin upon the (local) expectation value (S) of the
unpaired electron spin via its large hyperfine interac-
tion. The ligand nuclear spins probe in this way the
orientation of the copper nuclear spin. This copper-
ligand interaction involves the components of the
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respective hyperfine interactions parallel to the exter-
nal field. One can observe it best in low field.’

Although in certain cases the effects of both in-
teractions are observed simultaneously, the measured
fine structure can now be unraveled completely. To
avoid complex discussions both miechanisms will be
described separately. The experimental data present-
ed here have been selected in order to illustrate both
effects separately.

1L CRYSTALLOGRAPHiC AND MAGNETIC
STRUCTURE OF THE M,;CuX,-2H,0 COMPOUNDS

Crystals with the M,CuX,-2H,0 structure have
tetragonal symmetry with space group P4,/mnm. In
Fig. 1 the unit cell of K,CuCl,-2H,0 is shown. The
copper ion at (0,0,0) has a six coordination (D,
symmetry). The distorted octahedral surrounding
consists of two strongly bonded Cly) ions at
+(0.21,0.21,0), two weakly bonded Cl(, ions at
+(0.27, -0.27,0), and two water molecules with the
oxygen ions at +(0,0,0.25). The protons at
+(0.07,0.07, +0.31) form hydrogen bridges with the
Cl( ions belonging to the nearest-neighbor copper
octahedra. The two members of each of these three
pairs of ligands are fully identical, except that they
can be different isotopes, e.g., *Cl ?nd 317Cl. The

nearest-neighbor copper ions at (i—z-, 5 i%) are

related to the copper ion at (0,0,0) by a 4, axis paral-

lel to the c axis. Consequently, nuclei belonging to

nearest-neighbor octahedra are in general magnetical-
ly nonequivalent. Even when the external field is ap-
plied along the c axis, only the parallel components
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FIG. I. Crystal structure of K,CuCl, - 2H,0.

of the interaction tensors are equivalent; the perpen-
dicular components however are interchanged.

The magnetic properties of these compounds are
described satisfactorily by the three-dimensional bcc
Heisenberg model for ferromagnets. Curie tempera-
tures are of the order of 1 K.2

In order to avoid line broadening by an inhomo-
geneous distribution of demagnetizing fields over the

sample, these were polished into spheres of about 6-

mm diameter.

The experiments mentioned here have been per-
formed in a *“He bath. The sample holder has been
mounted in a cardan suspension, by which the sam-
ple can be oriented perfectly from outside the cryos-
tat. The NMR signals have been obtained with a set
of marginal oscillators. Frequency sweep, field
modulation, and second-harmonic lock-in detection
have always been used for the actual measurements.

III. INDIRECT COUPLING OF NUCLEAR SPINS

A. Theory

For the derivation of the explicit expression for the
indirect coupling of nuclear spins we use the same
approach as we did in Paper I for the pseudo-
quadrupolar interaction. Consider a system contain-
ing one electron spin S'= %, to which two nuclear

spins / and J are coupled by their respective hyper-

fine interactions 4 'and 4 ’. Again, the total Hamil-
tonian is divided into two parts. The first contains,
apart from the Zeeman interactions and the nuclear
quadrupolar interactions, the components of the hy-
perfine interaction parallel to the external field. The
second term due to the transverse components of 4 !
and A7,

3 =5 (AL +AL)ULS_+1.S.)
+ (AL - AL 1S +1-S)
AL+ 4 (S +IS)
+1 (AL = AN US +IS) (1

is regarded as a perturbation to the first term. Again,
as in Paper I, in second order an energy shift of the
unperturbed ground state arises, which can be inter-
preted as due to an effective interaction Hamiltonian
of the nuclear spins I and J. This Hamiltonian con-
tains (of course) the pseudoquadrupolar terms 3¢/
and 3C#", which have been discussed in Paper I.
Apart from these terms, cross terms in / and J appear
in the effective Hamiltonian which are proportional
to (mymy| 1.1l mm;) with @, 8= +. These latter
terms can be regarded as matrix elements of an effec-
tive two-spin Hamiltonian, describing an indirect in-
teraction between two spins /and J, i.e.,

I =2A[(AL AL + AL AU T_+1-T))
+(A5AL —ALA)UT +12J)] )

again with A= (16g,ugH)~!. It should be recalled
here that the indices x, y, and z refer to a frame of
reference in which z is fixed in the direction of the
external field. Moreover, it is assumed that the
external field is applied along a principal axis of both
A'and A’. General orientations can be treated in a
similar way, but the expression for 3¢5 becomes
rather complicated and less transparent.

In magnetic materials, the electron spins are cou-
pled by their exchange interaction. As in Paper I, the
‘total magnetic system is now described using a spin-
wave or excitation model. The influence of this ex-
change coupling on 3¢5 proves to be twofold. First,
the field dependence of the magnitude of the effec-
tive interaction is changed (as for the pseudoquadru-
polar interaction). Second, now an interaction also
arises between nuclei coupled to different electron
spins. The effective Hamiltonian 3C & keeps the
same for as Eq. (2), but A is replaced by

A(F) = 325eF /16N wy . , 3)
x .

Here T is the vector connecting the electron spins to
which [ and J are coupled. When / and J are coupled
to the same electron spin, T=0. In Fig. 2 the field
dependence of #A(T) is shown for different values
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of T, calculated for a bcce lattice. The coordinates of T
are expressed in umts of the lattice constants. The
curves for T= (; ; 2) etc. have been omitted for
reasons to be discussed later on. Figure 2 shows that
for r >0 A(T) is always at least an order of magni-
tude less than A(0), and decreases faster with in-
creasing field than A(0) does.

In Paper I it was shown that the pseudoquadrupolar
interaction has the same form as an electric quadru-

polar interaction and can thus be treated in the usual .

way. The influence of the indirect interaction 3¢5 on

the / and J spectra is somewhat more complicated
and proves to depend strongly on whether / and J are
magnetically identical or not. When / and J are un-
like spins, for instance spins of different isotopes or
spins of nuclei at different magnetic sites, the effect
of 3¢5 on the spectra can be calculated, treating 35"
as a perturbation on the usual nuclear-spin Hamil-
toniansJC @ and 3¢/¥. Following standard tech-
niques it can easily be seen that in second order a
shift of the unperturbed energies E,,(,‘;) and E,,(,g) arises

which is of the order of
(4A4}ADY(EYD —EQ) . (©))

The experimental conditions are usually such that
this shift is negligibly small (e.g., in the hereafter
described experiments on the chlorine nuclei this
shift is at the most 100 Hz). ~

However, for like spins, i.e., spins of the same iso-
tope, at magnetically identical sites and with the same
quadrupolar interaction, the influence of JC5T cannot
be calculated by a perturbation method, because the
energy levels if / and J now coincide, and hence the
perturbation series is not convergent. Therefore, the
total Hamiltonian of spins / and J,including 3C5", has
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FIG. 2. Calculated field dependence of hA(T) for T, =1
K. The straight line represents hA = (ngp.BH)‘l.

to be diagonalized to obtain the exact energy levels.
In this situation the shift will be of the order of
4AA}Aj, which can be larger than the line width.
Consequently, when observing a transition of /, a
fine structure can be expected due to the different
orientation possibilities for J. The detailed shape of
the fine structure depends strongly on the actual total
nuclear-spin Hamiltonian. In a semiclassical picture
this means that, because the spins / and J have equal
precessing frequencies, the coupling between their
transverse components does not average zero. This
is analogous to the familiar > 5 effect in the proton-

proton dipolar interaction.® In the discussion of the
experimental data the results of these calculations are
presented.

B. Experimental results and discussion

1. Fine structure

In this section we will prove that the observed fine
structure in the Clg;)-NMR lines of the
M,CuX,- 2H,0 compounds can be understood com-
pletely when the above-derived indirect interaction
between like spins is incorporated in the nuclear-spin
Hamiltonian. Both chlorine isotopes (*Cl and 3’Cl)
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FIG. 3. Calculated NMR resonance frequencies for
3Clgy (vg =10.3 MHz, 7 =0.16) as a function of the Lar-
more frequency v;. The total magnetic field is directed
along the y axis of the EFG tensor.
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TABLE L. Interaction parameters for (a) Rb,CuCly - 2H,0 and (b) Rb,CuBry - 2H,0. The prin-

cipal axes ¢, y, and y' are along Cu-O, Cu-Cly, and Cu-Clyy, respectively (see Refs. 2 and 3).

2h ¢ Ay 200 i
(MHz) (MHz) (MHz) (MHz)
(2 35Clg - 0.14 0.85 0.03 2.10 0.70
BCl gy 3.80 2.94 2731 10.30 0.16
179 44.44 32.95 32.70 1.24 0.43
83cy -14.1 -228 -20.1 43.7 0.16
87Rb —~1.45 -1.15 -1.15 0.803 0
(b) "Brq 1.41 5.13 1.20 12.45 0.64
PBrqy 8.22 6.04 126.2 81.8 0.22
19 46.23 34.79 34.44 1.28 0.47
63Cu -39.8 —265 —-36.2 40.8 0.17
87Rb -1.70 -1.37. ~1.37 0.808 0

have nuclear spin [/ = % The quadrupolar interaction
at the Clqy) site is in most experimental situations
comparable in magnitude with the magnetic interac-
tion (see Table I). Therefore a general analytical ex-
pression for the Clg;) energy levels can not be given.

A numerical diagonalization of the 16 X 16 matrix of

the total Hamiltonian of two spins [ =—:— including

JCS5T has been performed, yielding the resonance fre-
quencies and the corresponding transition probabili-’
ties. In Fig. 3 the 3Clg; resonance frequencies, cal-
culated from the unperturbed Hamiltonian, are plot-
ted as a function of the Larmor frequency

vy =(y/2m)H +(1/h) 4., (S). The field is applied
along the y axis of the EFG tensor. In general only
three transitions can be observed experimentally,
which are indicated in Fig. 3 by the drawn lines. In a
strong field (i.e., v, > vg) there results the well-
known spectrum consisting of a central line ¢ and two
satellite lines s and s'. Towards lower fields

(v, << vg) this spectrum changes drastically. Incor-
poration of the perturbation 3¢5 in the calculations
has the consequence that each of these lines is split
up. As this splitting is too small to be indicated on
the scale of Fig. 3, in Figs. 4, 5, and 6 the calculated
fine structure of each of the three lines is given. At
two values of v, drawings of the line shapes are
given in the insets of the figures, to compare with the
hereafter presented experimental line shapes. For
the values of the parameters in 3¢5 the values of the
3Clqp hyperfine interaction, as given in Table I, have
been used. The field dependence of A has not been
taken into account in these figures, to keep them
generally applicable. To obtain Figs. 4, 5, and 6 the
fixed value #A=5x10"7 MHz™! has been used.

In Fig. 7 three 3Clg;) NMR lines are shown that
are observed in a 99.7-at.% 3Cl enriched sample of
Rb,CuCl, - 2H,0.. A magnetic field of 20.2 kOe is ap-
plied along the crystallographic ¢ axis (y axis of the
EFG tensor). The temperature is 1.2 K and the rela-
tive. magnetization is 0.95, leading to v, =10 MHz
for ¥Clqyy. The theoretical fine structures also given
in this figure have been derived from the calculated
fine structures at v, =10 MHz (Figs. 4, 5, and 6) us-
ing the appropriate value of A(0) at H =20.2 kOe
(Fig. 2). No fit on the horizontal scale has been
made; the fine structures of all these three lines have
been calculated straightforwardly using only known
values of ‘hyperfine interactions, exchange constant,

O"-\
_osl 1 i 1 il | ]
O v, 5 10 15(MH2)

FIG. 4. Calculated fine structure of the satellite line s of
Fig. 3'due to HST using a fixed value A=5x10"7 MHz™!

and A=A, and 4,, = A, for 35Clg;) (see Table I).
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15 (MHz)

FIG. 5. Calculated fine structure of the central line ¢ of
Fig. 3.

and applied field. The agreement between these cal-
culations and experiments is excellent. This fine
structure thus arises from the indirect interaction
between the two 3°Cl(y,;) nuclear spins belonging to the
same copper octahedron. In Fig. 8(c) the central
”Cl(") line is shown for the same sample, but now at
H =10 kOe (v, =6 MHz). It can be seen that the
relative positions of the different fine-structure lines
have been changed compared to the situation at 20

" kOe (Fig. 7), in accordance with the calculations
shown in the inset in Fig. 5 for v, =6 MHz. Because
of the increase of A(0) towards lower field the overall
splitting is larger.

It has been shown above that the effect of 35" is

Ber 3k

(kHZ

_25 & i
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FIG. 6. Calculated fine structure of the satellite line s’ of
Fig. 3.

completely different for like spins and unlike spins.
This conclusion is illustrated in Fig. 8. Again in Fig.
8(a) the central 3Cl; resonance line is shown under
the same conditions as in Fig. 8(c), but now in an
isotopically nonenriched crystal. The natural abun-
dances of the chlorine isotopes are 75-at.% 33Cl and
25-at.% 3’Cl. In this sample a quarter of the 3°Cl nu-
clei has a ¥’Cl neighbor. For this 25% of the **Cl nu-
clei the effect of 35T is negligible, resulting in an ex-
tra, unsplitted line in the center of the resonance pat-
tern in Fig. 8(a). The corresponding 3’Cl, line in
the same crystal is shown in Fig. 8(b). Only a quar-
ter of the 3’Cl nuclei can interact with a like nucleus,
and hence three quarters of the total *’Cl line intensi-
ty remains unsplitted. In this figure the four 3’Cl
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FIG. 7. Experiméntal 35C|(“) NMR spectrum (second derivative) at T=1.2 K and H =20 kOe directed along the c axis in a
Rb,CuCly - 2H,0 sample with 99.7-at.% 35Cl. The theoretical fine structure has been calculated straightforwardly.
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fine-structure lines can also be seen although with
the expected lesser intensity. The observed ratio of
the splittings in the 3*Cl and 3’Cl spectra equals

[4 (35C1) /A (C'CD]2. These results are in full agree-
ment with the derived expression for the indirect in-
teraction 3C5™. In the isomorphous compounds' in
which Rb has been replaced by K, NH,, or Cs the
same fine structure is found in the Clgy, lines. Also
in the Brgy lines of the two bromine compounds a
fine structure has been detected. In Fig. 8(d) a
"Brq; resonance line is shown as observed in
Rb,CuBrs: 2H,0. As the abundances of °Br and 'Br
are equal, the shape of the resonance-lines are similar
for both isotopes. Again, the observed ratio of the
splittings is [4 (Br)/4 (81Br)]2. The line shape, as
shown in Fig. 8(d), can be understood completely if
one takes into account the abundance of isotopes, the
appropriate values of the hyperfine interactions, and
the strength of the external field compared to the ex-
change interaction.

2. Line broadening

Between like spins belonging to different copper
octahedra, an indirect interaction also exists. The

i W s WY s SN no NN py B o

10.05

35

35

magnitude of this interoctahedron interaction is much
smaller than the intraoctahedron interaction because
of the T dependence of A(T). The smallest T value
that has to be considered is that between next-nearest
copper neighbors. Nearest-neighbor copper oc-
tahiedrons, e.g., at (0,0,0) and (%,-;—,%—), are magneti-
cally nonequivalent and therefore never contain like
nuclear spins. Only with the field along the c axis are
they equivalent, but then the term A/ A4}, + 4;,4;, in
35T (2) equals 24,4, which is much less than

A2 + A2 for next-nearest neighbors, because

Ay >> A, see Table 1. In a bec lattice there are six
next-nearest (second) neighbors, 12 fourth neigh-
bors, etc. Consequently, the interoctahedron indirect
interaction involves a large number of almost equally
strong interacting nuclei. A multiple line splitting ar-
ises with much smaller overall splittings than that due

" to the intraoctahedron interaction because

A(T) << A(0) for T> 0. Therefore, this interoc-
tahedron interaction results only in a line broadening
of each of the fine-structure lines. In high fields the
ratio A(T)/A(0) is rather small for any T > 0, so that
this line broadening is rather small and the fine-
structure lines can be seen well separated. With de-
creasing field, A(T)/A(0) becomes larger because

T 1 I ._r
815 MHz

;_J | SES—
400 402 MHz

FIG.'8. Central NMR lines at T=1.2'K and H =10 kOe directed along the c axis. (a) and (b) in a Rb,CuCl, - 2H,0 sample
with 75-at.% 3°Cl and 25-at.% 3’CL. (c) in a Rb,CuCl, - 2H,0 sample with 99.7-at.% 3°Cl. (d) in a Rb,CuBr, - 2H,0 sample with

50-at.% 7Br and 50-at.% 8!Br.
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A(T) increases faster than A(0). Consequently, the
line broadening will increase faster than the line split-
ting. For H < 8 kOe, this broadening of the fine-
structure lines has been observed experimentally.
For H <5 kOe A(T)/A(0) is so large that only one
broad resonance line remains, in which the fine
structure has disappeared.

In the ferromagnetic state, at 7=0.3 K in zero
external field the Clgy transitions of both chlorine
isotopes have been detected having a line width of
about 50 kHz, without fine structure.? The situation
in the ferromagnetic state is similar to that in a weak
field in the paramagnetic state in which also only a
broadened line is observed, because the anisotropy
field in these compounds is small.

3. Effect of IS on
other NMR spectra

Now we will discuss the effect of the indirect in-
teraction for the other nuclei in these compounds. It
has been shown that a well-resolved fine structure
can be expected only when this interaction occurs’
between the spins of two identical nuclei, of the same
isotope, coupled to the same electron spin.” The
copper and alkali nuclei are not in such a situation,
thus no fine structure can be expected in their spec-
tra. The separation between the individual fine-
structure lines exceeds only their line width (due to
dipolar interactions) when at least one of the
transverse components of Ais large. Inspecting
Table 1, it can be concluded, therefore, that no fine
structure can be expected in the NMR lines of Br,
and Clg) which have a rather small hyperfine interac-
tion. Even in the resonance lines of Clg; and Brqy
no fine structure is observed when the magnetic field
is applied along the y' direction, because then the two
relatively small components 4, and 4. determine-the
strength of the indirect interaction. The third pair of
ligands is formed by the oxygen nuclei of the two wa-
ter molecules. The natural abundance of the only
oxygen isotope that possesses a nonzero nuclear spin
170, is very small. Only in a 'O enriched sample
(40%) the fine structure has been observed. Because
the 70 hyperfine interaction is large and not very an-

_isotropic (Table I) the 'O fine structure could be ob-
served on all five resonance lines, for any orientation
of the external field. However, due to the high spin
(¢4 =%) the number of fine-structure lines is large.
Moreover, a large number of them disappears under
the unsplitted line which has 60% of the total absorp-
tion intensity. Therefore no attempt has been made
to give a quantitative analysis of the '’O fine struc-
ture.

IV. COPPER-LIGAND INTERACTION

The foregoing part of this paper was devoted to the
fine structure arising from the indirect interaction
between the transverse components (/+) of like
spins. As already mentioned in the Introduction, the
analysis of this fine structure was hindered by the
fact-that simultaneously a second fine structure oc-
curs. This second interaction proves to be due to the
influence of the copper nuclear spin on the local
magnetization of the electron spin, and hence on the
ligand internal field. This copper-ligand interaction is
thus nonzero only when the magnetization is nonsa-
turated. However, when the magnetization is small,
a large number of spin waves is present and interac-
tions between spin waves must be taken into account.
Then, a description of the magnetic system based
upon a simple spin-wave model is no longer justified.
Hereafter a description based on the molecular-field
model will be given that provides a qualitative, as
well as a quantitative explanation, of the observed
copper-ligand interaction.

A. Theory

To start with, the simple model of one electron
spin S, without exchange coupling, and two nuclear
spins / and J, will be considered. When the fluctua-
tions of S are fast, the Larmor frequency of spin / is
determined by the field H and the time-averaged
value of S

R TN
vl =Lt +LALS) (5)

The time-averaged value (S) is related to the re-
duced magnetization m by m =(1/S) (S), and is a
function of temperature and field. The total field H,
acting on S is the sum of the external field H and the
hyperfine fields due to the interaction with /and J

H, = H + (m;/g ug) AL+ (m;/g pg) A2,

Hence, when considering a m; — m, transition, there
are 2J +1 possible values for H,. When these hyper-
fine fields acting on S are small compared to the
external field H, expression (5) can be expanded in a
series,

;Y ! 3(S)y m
=L H v AL |(Syy+ —LH Ty
vL=o (SHu OH gpp

)

Neglecting higher-order terms, a (2J +1)-fold
equidistant fine structure is expected for the reso-

Z

nance lines of 1.
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To extend this description to a ferromagnet the
(super) exchange coupling between the electron spins
must be taken into account. In a molecular-field
model the magnetization of spin §; is described by
the implicit solution of the Curie-Weiss equations,

(S;) =S;tanh(x;) , @)

22J% % (S
= gus(H +3H) + 5( )

i kT kT ®)

Here 8H =my AL, /g ug is the hyperfine field from the
nuclear spin J; on the electron spin S;. Because the
nuclear-spin polarization is negligible the bulk magnet-
ization (1/5) (S) in Eq. (8) does not depend on hy-
perfine fields. When |8H | << H, formula (7) can be
expanded in a Taylor series ‘

9

1
_S_ <Si>;

4

gugdH
0x; kT

L gy=L
S =g+ +

=m+mAL(1 —m*/kT) . )

Again, from Egs. (5) and (9),-a (2J +1)-fold
equidistant fine structure is expected in the NMR
lines of I. The difference in Larmor frequency
between the outer-fine-structure lines is given by

Av] =2JSALAL/h (1 —m?[kT) . (10)

Generally this line splitting is not observed in NMR
spectra because Av/ is smaller than the width of the
observed resonance line. Only in peculiar.situations,
like those described below, can this mechanism lead
to an observable fine structure.

B. Experimental results and discussion

In the series of M,CuX,-2H,0 the Cu hyperfine
interaction has a very large component 4, (Table I).
It can thus be expected that the splitting in Eq. (10)
will be large only when the field is directed along the
v direction. Experimentally under this condition the
discussed fourfold splitting (/€% = -;—) has been ob-

served on all resonance lines of 1’0, ¥*Clgy, and
3Clqy. This splitting arises for both chlorine isotopes
in a similar way, in contrast with the forementioned
CI1-Cl indirect interaction. The Cu-Cl effect could be
studied best on the *’Cly lines, because especially
the 3'Clqy lines hardly exhibit the CI-Cl fine struc-
ture. The 3Cly lines on the contrary exhibit a very
complicated fine structure, because of the simultane-
ous effect of both the CI-Cl interaction and the Cu-Cl
interaction. Both interactions can be studied
separately. For instance, the Cu-Cl fine structure on
the **Clqy lines vanishes for H IIT because 4" is
small, whereas the CI-Cl is hardly observed on the
3Clqy lines. .

In Fig. 9 a typical ’’Cl; line shape, demonstrating
the Cu-Cl four fold fine structure, is shown. In Fig.
10 the observed Av; has been plotted against
(1 —m?/T, in order to compare these experiments
with expression (10). On the vertical scale
Av}/(1/h) ALS has been plotted to obtain the same
scale for all ligand nuclei. The magnetization used
on the horizontal scale has been derived experimen-
tally. The "0 and *’Cl data in this figure are collect-
ed from experiments in a large field and temperature
region, 1 kOe <H <10kOeand 1.2 K< T <4K.In
this region the same value for (1 —m?)/T can be ob-
tained in several ways, which results always in the

7.35

I
7.37 MHz

FIG. 9. Shape of the central 37CI(H) NMR line (second derivative) in Rb,CuCl,-2H,0 at T =1.2 K and H =7.37 kOe applied
along the y direction, showing the fourfold copper-ligand fine structure.
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FIG. 10. Comparison of the experimental results of the
copper-ligand interaction with the molecular-field prediction
(straight line).

same value for Av,. In weak fields the fourfold
structure can not always be observed properly. When
the width of each of the four lines exceeds the dis-
tance between the four lines, on the second deriva-
tive, only a two fold splitting is observed. In Fig. 11
such a liné is shown together with a fit of a set of
four Gaussian lines at equal distance. A fit with
Lorentzian lines appears to be impossible. In Sec.

III B it was shown that in weak field the line width of
the individual lines is mainly due to the indirect in-
teraction with many other nuclear spins. This gives
approximately a random broadening and thus a
Gaussian-like line shape has to be expected. This
Gaussian line shape is also in agreement with earlier
calculations and measurements of the line shape of
NMR lines broadened by a Shul-Nakamura interac-
tion.”

In the bromine compounds the copper-ligand in-
teraction has been observed only in the 7O lines (see
Fig. 10). In the Bryy lines the Cu-Br splitting could
not be observed, because the line width due to the

3.50 355 MHz

»‘Q"‘« :

FIG. 11. Shape of the central 3’Cl;) NMR line (a)
(second derivative) in Rb,CuCly-2H,0 at T=1.2 K and
H =1.60 kOe applied along the y direction. The calculated
line shape (b) is a composition of four identical Gaussian
lines (c).

indirect Br-Br interaction is relatively too large to
make the Cu-Br interaction observable. From:the
values for the hyperfine interactions listed in Table 1
it can be calculated that also for the Rb, Cl,, and
Br) nuclei this line splitting is smaller than the line
width and thus is not observable.

The straight line in Fig. 10 represents: the
molecular-field prediction [Eq. (10)], calculated
straightforwardly. The agreement with the experi-
mental data is very good. It can thus be concluded
that in a wide region of temperature and magnetic
field the variations of the local magnetization can be
described satisfactory with a simple molecular-field
model.
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