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The dipolar coupling between nuclei in magnetically ordered systems, specifically antifer-
romagnets, has been studied theoretically and experimentally. In these materials, the time-
averaged local fields "seen" by the nuclei may vary in magnitude and direction. This results
in terms in the nuclear dipolar Hamiltonian other than the usual I;I& and I'; I& contributing to
the dynamic width of the nuclear magnetic resonance.

The dynamic effects of the dipolar coupling of
nuclear spins on the nuclear magnetic resonance
is generally considered from the point of view of

nuclei in "nonmagnetic" materials. %'e wish to
show here that because the time-averaged local
field may vary in direction in magnetic materials,
particularly in antif erromagnets, contributions
to the width of the resonance profile may involve

terms in the nuclear dipolar Hamiltonian X„other
than the usual I I,'. and I I,' ones. If a single uni-

form quantization direction is chosen for all spins
in the system, X„may conveniently be written as'

Xq = 5 (y;y;5 (to) [A + 8 + C +D + E],

where A = I,.'I,'(1 —3 cos'8),

8 = —,' [I,'I, +I,I; ](—1—3.cos'8.),
C = —2 fI;If + I;I&]sin8 cos8 e '~,

D = —, [I; I,'+I I, ]s—in8co. s8 e'~.
,

8 = —,'[I,"I,'e "~+I,I,—e"~] sin'8, . .

with the sum taken over all spin pairs. For non-

magnetic systems with y, = y, , only the terms A

and 8 in K, are secular (i.e., conserve the total
energy of the system) and they alone contribute to
the dynamic broadening of the resonance; the re-
maining terms produce satellite lines far out in

the wings of the main resonance. This is a conse-
quence of the average local field being everywhere
the same in magnitude and direction when the ma-
terial is nonmagnetic.

However, in some ordered systems (e.g. , anti-
ferromagnets, ferrimagnets, and spiral spin struc-
tures) the direction and magnitude of the local field

may vary from site to site because of differences
in hyperfine fields and the variations in the orien-
tation of the electronic spin moments. In the par-
ticular case where the nuclear moments are all
identical, terms other than A and 8 in X„may be-
come secular even though the magnitude of the lo-
cal field at each site is everywhere the same.
Such an occurrence would result in significant

changes in the dipolar coupling, as the angular
depgpdences of A and 8 differ from C, D, and E.

In order to illustrate this more clearly, consid-
er a simple two-sublattice antiferromagnet of
like electronic spins. The magnitude of the aver-
age local field at all the magnetic ion nuclei will
be the same, provided no external field H,„, is
present. However, the field direction at any given
(up) sublattice site is antiparallel to that of any
site on the other (down) sublattice. Choosing as
a fixed quantization direction the orientation of
one of the sublattices, we find the ordering of
the nuclear Zeeman levels on the two different
sites to be reversed with respect to each other.
Hence the nuclei belonging to spins on a given sub-
lattice will have secular interactions through the
terms A and 8 in K„, while those on opposite sub-
lattices will have secular interactions via the
terms A and E as shown in Fig. 1. As the opera-
tor E alone causes mutual spin flips of nuclei on

opposite sublattice, it will be solely responsible
for energy transfer between nuclei on the two sub-
lattices when X,„,= 0. '

The importance of term E as an energy transfer
mechanism has been demonstrated experimentally
in MnF2, a simple two-sublattice antiferromagnet,
using the F NMR. When an external field is ap-
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FIG. 1. Energy conserving transitions between two

spin states induced by the dipolar interaction for (a) a
pair of identical spins (I= 2) on one sublattice and (b) a
pair of identical spins on opposite sublattices. The states
are defined by choosing a single quantization direction
parallel to the hyperfine field of one of the sublattices.

160



NUCLEAR BIPOLAR INTERACTIONS IN MAGNETICALLY ~ ~

plied, parallel to the direction of spontaneous
alignment (e axis), it adds and subtracts, respec-
tively, to the otherwise identical hyperfine fields
at the two inequivalent F sites. This causes the
E term in X„ to become nonsecular and effectively
decouples the two interpenetrating, distinct F' nu-
clear sublattices. Using conventional spin-echo
techniques we have observed this decoupling by
saturating the NMR of F' on one sublattice and

observing no change in the nuclear magnetization
on the other, in a field He(lt) =4 koe which ismuch
larger than the linewidth. Leaving the field fixed,
we rotate the sample through 90' so that the hyper-
fine field and the external field are in quadrature
and the effective field seen by all F is now the
same. The term E in X„once more becomes sec-
ular and energy transfer is possible. Since the
nuclear- spin-lattice relaxation time T, is relative-
ly large at low temperatures (T', -2 min at 4. 2 K),
one can rotate the sample and restore it to its
original orientation in a time T «T, . If one res-
onance branch is first saturated, the rotation ex-
periment performed, and the resonance intensity
of the second branch monitored, the latter is ob-
served to decrease to half its value after the rota-
tion. Clearly, energy transfer between the two
sublattices has taken place at the 90 position in a
time of the order of lI/E.

Further evidence of the importance of E to dy-
namic spin processes is obtained by comparing
the transverse relaxation time Ta{He=O) to Ta{H,
0 0). Fol' tllls expeI'1111e11't tile Isos'tl'uctuI'al antl-
ferromagnet FeF2 was used because the low Fe'
abundance greatly reduces the contribution of the
cation nuclei to T~, in contrast to MnF3 where the

100% abundant Mn'~ nuclei play an important role. 4

The contributions of A and B to the dynamic sec-
ond moment from spins on the same and opposite
sublattices have previously been calculated to be
Ma (same sublattice) = 3.2 && 10 4' erg', and Ma (op-
posite sublattice) =0.16&&10 4' erg'. The contribu-
tion to the second moment from E may be written

M, (Z) = —,'y', ,h'1(f+ 1)&,. (sfn'e/~'„)

= 1.64~10 ~ erg~ .

Assuming the homogeneous line shape to be Gaus-
sian as is appropriate for a dense system of like
dipoles, we calculate Ta(He=0) =0.82Ta(HeWO). Ta
was measured using conventional spin-echo tech-
niques. While our sample was quite pure, signif-
icant inhomogeneous broadening still existed; 5v
=40 kHz. Because of this, it is required that the
rf field strength satisfy the inequality y' 0, &5v to
obtain a 7I/2 pulse for all the spine in the inhomo-
geneously broadened line. Doing this, we find
Ta(Ho = 0) ™0.9T2(He 40) with an exponential decay
for the echo envelope, implying the homogeneous
line profile is Lorentzian. Despite this discrep-
ancy in line shape caused by the inhomogeneous
broadening, we feel this demonstrates the impor-
tance of term E when considering dynamic nuclear
8pln pl ocesses in antiferromagnets.

Just as E becomes important in antiferromag-
nets, one can see that terms C and D may become
important for spiral spin structures. Here the
mixing of two spin states, caused by differing di-
rections of average local field, can make these
terms, at least, partially secular.
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~Perhaps a conceptually simpler situation to under-
stand, that is isomorphic to the antiferromagnet, is an
identical nonmagnetic lattice with the nuclei on different
sublattiees having oppositely signed gyromagnetie factors
(y, = -y&). Hence in any external field all nuclei in the
sample would have the same resonance frequency, but
only the terms A and E would cause secular interactions
between nuclei with opposite signs to their moments and
again E alone would be responsible for energy transfer
between the (a) and (b) systems.

30f course, all arguments made here are to first order
and even for nuclei with different resonant frequencies a
coupling still exists in second order reduced by the ratio
(dipolar energy/Zeeman energy) . Thus energy is still

transferred between sublattices, albeit at a reduced
rate. The only other magnetic coupling between nuclei
in an ordered magnetic insulator arises from the virtual
emission and reabsorption of spin waves via the hyperfine
interaction —the Suhl-Nakamura interaction. [See H.
Suhl, Phys. Rev. 109, 606 (1958); J. Phys. Radium ~20

333 (1959); T. Nakamura, Progr. Theoret. Phys. (Ky-
oto) 20, M2 (1958) ]. The Suhl-NakaInura interaetionisof
the form A(I+;S; +I; S';) and results in an effective nu-
clear spin Hamiltonian X~ „=C(I &I t +I, I', ) which in an
antiferromagnet only couples nuclei belonging to elec-
tronic spins on the same sublattice. Therefore it will
not mediate energy transfer from one nuclear sublattice
to another.
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