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The nuclear magnetic resonance of Br” and Br®! has been studied in ferromagnetic CrBr;. Br™ resonances
were observed at 53.7444-0.010 and 130.64-0.10 Mc/sec, and Br®! resonances were observed at 55.321
#+0.010 and 121.6140.10 Mc/sec in zero applied magnetic field at 1.48°K. This compares with quadrupole
frequencies of 101.82 and 85.73 Mc/sec in the paramagnetic state observed for the same two isotopes. The
shift in frequencies produced in the ferromagnetic state arises predominantly from the magnetic hyperfine
field Hy at the bromine sites. The observed resonant frequencies and their temperature dependence can be
explained by assuming | Hy|~36kOe at 0°K. Nuclear spin-lattice relaxation rates at 1.3 and 4.2°K are re-
ported. The observed Br™ and Br#! rates are an order of magnitude faster than the rate calculated for relaxa-
tion of the nuclei by the Raman scattering of spin waves.

INTRODUCTION

NE of the relatively few known ferromagnetic
materials which are nonmetallic is CrBrs.! The
absence of exchange interactions through conduction
electrons and the fact that the observed magnetization
arises solely from spin contributions makes CrBr; ideal
for studies of the thermodynamic properties of a ferro-
magnet. For this reason, several resonance experiments
have previously been performed on this ferromagnetic
compound. The Cr%® nuclear magnetic resonance
(NMR) in the bulk of the ferromagnetic domains was
observed? and used to determine the temperature de-
pendence of the spontaneous magnetization at tempera-
tures T far below the transition temperature 7',=37°K.
The results were then compared with the predictions
of simple spin-wave theory for the CrBr; structure. A
resonance of the Cr® nuclei lying in the domain walls
was subsequently observed® and when compared with
the resonances from the bulk of the domains yielded a
measure of the thermal excitations of the ferromagnetic
domain walls, as well as values for the angular depen-
dence of the magnetic hyperfine field at the Cr nuclei.
In the present work, we report the observation of Br™
and Br® nuclear resonances in ferromagnetic CrBrs.
Br™ and Br® nuclear quadrupole resonances were pre-
viously observed in CrBr; at temperatures above 7'..*
The bromine resonances which we have observed lie
at different frequencies than the resonances in the para-
magnetic state, evidently being shifted by magnetic
interactions. Two of the four resonances which we ob-
served have also been seen by another group.®
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EXPERIMENTAL RESULTS

Samples, consisting of flakes of CrBr;, were prepared
in the same manner previously reported.? The rf power
absorption of the crystals was examined at liquid-helium
temperatures using a superregenerative nuclear reso-
nance spectrometer and a modified Robinson oscillating
limiter spectrometer.® Resonances subsequently identi-
fied as Br”™ and Br¥ NMR, were observed when rela-
tively strain-free samples of CrBr; were examined. The
intensity of the resonances depended on the state of
strain of the samples, the resonances being unobservable
in more strained crystals. The maximum absorption
intensities were of the same order of magnitude as the
domain Cr® absorptions. The frequencies of the lower
frequency bromine resonances are displayed against
temperature in Fig. 1, along with the frequencies of the
Cr? resonances from domains and walls for comparison.
The highest frequency triplet was identified as the Cr5
resonance from the domains by associating the three
relatively narrow (Av=20 kc/sec) absorption peaks
with the quadrupolar split Cr® (I=%) resonance ab-
sorptions which are expected from Cr? nuclei subjected
to a magnetic field and an electric field gradient uni-
formly oriented with respect to each other. The absorp-
tion at the next lower frequency was identified as a
resonance from nuclei in the domain walls by its greater
breadth (Av=250kc/sec). This occurs because the mag-
netic hyperfine fields at different nuclear sites in the wall
have different orientation with respect to the crystal
axes. The temperature dependencies of these resonances
were consistent with these assignments.!s?

An extended search in the frequency region 20-170
Mc/sec revealed four additional resonances. We might
expect to observe Br™ and Br® (I=%) NMR because
of the relatively large nuclear moments and abundances
(50.69, and 49.49,) of the two isotopes. Knowing the
pure quadrupole resonance frequencies above T. (101.82

6 F. N. H. Robinson, J. Sci. Instr. 36, 481 (1959).
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F1c. 1. Observed resonance frequencies
versus temperature in CrBr;.

and 85.73 Mc/sec at 77°K) the ratio of the nuclear
magnetic moments, uy™/ux®=0.9277, and the ratio of
the nuclear electric quadrupole moments, Q/Q%
=1.1971, we shall show that the observed resonances
are indeed Br resonances and may be uniquely assigned
to two given transitions of each of the Br isotopes, and
that reasonable values of the magnetic hyperfine field
at the Br site may be deduced. The frequencies of the
observed resonances, along with the isotope assignments
subsequently arrived at in this paper and the resonance
frequencies reported in the paramegnetic state are given
in Table I.

TaBLE I. Observed Br™ and Br®! resonance frequencies
(Mc/sec, 77°K values from Ref. 4).

»(1.48°K)

TIsotope »(1.48°K) v (77°K) v(77°K)
Br?® 53.74440.010 101.82 £ ? 0.528
130.64 +0.10 1.283
Br#t 55.32140.010 85.7254-0.020 0.645
121.61 40.10 1.418

In analyzing the lines, it is necessary to determine
whether the Br nuclei participating in the resonances
lie in the ferromagnetic domains or in the domain walls.
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The shifts in the nuclear energy levels produced by the
magnetic hyperfine field depend strongly on the relative
orientation of the magnetic hyperfine field and the
electric field gradient. A distribution of such orientations
is expected within the domain walls, and consequently,
a broad resonance spectrum would be expected from
nuclei in the walls. However, at 1.4°K, the observed
lines at 53 and 55 Mc/sec have linewidths between ab-
sorption derivative extrema of only 60 kc/sec. This line-
width is much less than the total shift produced by the
magnetic interaction, indicating that the participating
nuclei lie on sites within the ferromagnetic domains.
The linewidths of the resonances at 121 and 130 Mc/sec
were qualitatively similar; no precise measurements of
line shapes were possible since the resonances were ob-
served using superregenerative techniques.

ANALYSIS

The crystal structure of CrBrs is shown in Fig. 2.
Hexagonal layers of Cr®* ions, whose moments of 3ug
per ion are aligned parallel to the ¢ axis in the ferro-
magnetic state, are separated by two intervening layers
of Br~ ions. The two nearest neighbors of a Br~ ion are
Cr3* ions, as shown in Fig. 3, while each Cr®* ion is
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F16. 2. Crystal structure of CrBr;.
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surrounded by a nearly regular octahedron of Br~
nearest-neighbor ions. The Br~ ions are thus subject to
larger electric field gradients than the Cr** ions. The
nearest-neighbor Cr®* ions of a Br~ ion lie at nearly
right angles to each other. On a point charge model,
they create an axially symmetric electric field gradient
at the Br~ site, whose principal axis is perpendicular to
the plane of the Br— and two Cr* neighbors. The princi-
pal axis makes an angle of 54.7° from the hexagonal
¢ axis. (The electric field gradient arising from the co-
valent contributions of the Br p electrons will also have
the same principal axis.)

In the ferromagnetic state, a spontaneous magneti-
zation develops, which produces magnetic fields at both
the Cr and Br nuclei. The instantaneous fields at the
nuclei will be proportional to the net electronic spin S.
Since fluctuations in this spin are rapid compared with
nuclear frequencies, the field measured in a nuclear
resonance experiment will be proportional to the time
average electronic spin (S). Magnetic hyperfine inter-
actions are thus added to the Br quadrupole inter-
actions in ferromagnetic CrBrs;.

A preliminary analysis of the observed resonance
frequencies indicated a magnetic field at the nucleus of
more than 2.6X10* Oe. The dipolar field from the
nearest-neighbor Cr3* ions is only 2.36X10°® Oe at a
Br— site, at least an order smaller than the total field,
and is directed in the basal (ab) plane. Therefore, the
dominant contribution to the magnetic field at the Br
nuclei evidently arises from other sources, e.g., the
hyperfine field of unpaired Br 4p electrons. From inspec-
tion of the symmetry of the Cr 3d wave functions and
the ligand wave functions, one can determine the
spatial orientation of such a field. Since only Cr 3de
states are occupied, the augmented functions will con-

A1053

tain only Br pr ligands, i.e., no ¢ bonding will occur.
For an angle of 90° between the nearest neighbor Cr
directions, the distribution of ligand electrons is axially
symmetric about the line through the Br nucleus per-
pendicular to the Cr-Br-Cr plane. With (S) directed
along the ¢ (easy) axis, the resulting dipolar field of this
charge distribution then is directed in the ab (basal)
plane, parallel to the dipolar field of the nearest neigh-
bors. Other sources of field at the Br nuclei include core
polarization of inner-shell s electrons, the Lorentz field,
and the dipolar fields of more distant neighbors. Since
these other sources should be smaller than the dipolar
field of the 4p electrons, the direction of the hyperfine
field should be close to that of the dipolar contributions
alone.

The energy levels of a spin § nucleus in combined
external magnetic fields and electric field gradients are
readily calculable and have been tabulated by Parker.”
In Fig. 4 are displayed the nuclear energy levels for the
case in which the magnetic hyperfine field and the
principal electric field gradient (EFG) axis lie at an
angle 6 of 33.2° with respect to each other. An investi-
gation of these energy levels and the corresponding
energy levels for other relative orientations of hyper-
fine field and EFG gave nuclear resonance frequencies
most consistent with the observed frequencies for this
particular value of 6, confirming our original surmise
that 8 would be close to 35°. In Fig. 4, the spacing
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F1c. 4. Energy levels E of spin § nucleus with nuclear mag-
netic moment uN and nuclear electric quadrupole moment Q in
magnetic field Hy and axially symmetric electric field gradient ¢
oriented at an angle of 33.2° from Hy to the principal axis of ¢.

7 Paul M. Parker, J. Chem. Phys. 24, 1096 (1956).
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between the energy levels at Hy=0 corresponds to
»(77°K). Since no measurable change in » occurs be-
tween 77 and 295°K, it is assumed that no change in
the magnitude of ¢ occurs at still lower temperatures.
The transitions marked in Fig. 4 correspond to the ob-
served Br resonance frequencies for H y=36.3 kOe. The
two transitions marked for each isotope are only two of
six possible transitions between the four nuclear states.
The transition probabilities for all six lines were calcu-
lated, and for all of the unobserved lines were less than
half the probabilities of the observed lines. For the
transitions marked the value of 4unH n/e%Q is 1.141 for
Br™ and 1.472 for Br®. In Table I, the resonance fre-

TaBLE II. Comparison of observed Br? and Br® resonance
frequencies (in Mc/sec) and temperature dependences and those
calculated for §=33.2° and Hy=236.6 kOe.

Experiment Calculation

p7 53.7444-0.010 53.320

130.64 +0.10 131.392

8 55.3214-0.010 55.836

121.61 +0.10 120.422
av™® \Hy 0.938-£0.040 0.88
dHy ) v™® 0.37 £0.10 0.29
a8 \Hy 0.7244-0.050 0.77
dHy) v e 048

quencies and their temperature dependences calculated
from these energy levels are compared with the experi-
mental results. To calculate the temperature depen-
dence the fractional change in magnetic field at a
bromine nucleus is taken to be equal to the fractional
change in magnetic field measured at the Cr nuclei in
the domains.? We believe the discrepancies between the
experiment and the calculation to arise from the neglect
of asymmetry in the EFG tensor. The uncertainty in the
deduced value of 8 is approximately 1°, and that in Hy
approximately 1 kOe.

Since the dipolar magnetic fields of the neighbors are
much smaller than the deduced hyperfine field, the
covalant contributions to the hyperfine field are evi-
dently important. It was previously suggested* that the
electric field gradient arose primarily from unpaired 4p
electrons on the Br site and that comparison of the
observed CrBr; EFG with that of a single unpaired 4p
electron would give a measure of the degree of covalency.
The covalency parameter of 0.7 thus indicated was
surprising in view of the relatively weak exchange
constants determined for CrBr;.2 It has subsequently
been pointed out that in CrCl;, which has the same
low-temperature crystal structure as CrBrs, the
strongly noncubic character of the Cl site allows
substantial contributions to the EFG from the charges
of neighboring ions.® The nearest neighbor Cr¥* ions
in CrBr; lead to an EFG of (6e/73) (1—7v,) at the
Br nucleus in the point charge approximation, where

8 B. Morosin and A. Narath, J. Chem. Phys. 40, 1958 (1964).
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7 is the Cr to Br interatomic spacing and v, is the
quadrupolar antishielding factor of the Br~ ion. Using
Yo=—1232 and (Q%=0.28 b for Br®, we obtain
€2qQ%/h=4X10?® sec. The experimentally observed
value is 1.70X10% sec™’. Thus, the point-charge field
gradient of the nearest neighbors is probably the domi-
nant contribution to the observed EFG. That the contri-
bution from covalent effects may be minor cannot be
unambiguously established because of uncertainties in
calculating the EFG from the neighbors.

The magnitude of the magnetic hyperfine field at the
Br nucleus is more sensitively affected by covalency
and overlap effects. The augmented wave functions re-
sponsible for the Br magnetic hyperfine interaction
arising from two nearest neighbor Cr ions (which are
assumed to have only de states ds,, dy¢, and d¢s occupied)
arel®:

(120540 2(de 1 —aps?),
(120540 2(d 1 —apr?),
(1—2aS+a?)12(dg, Tt —ap,t),
(1—20S+a) (@ —apr?).

S is the overlap integral and a= (\4-S)/(14-\S), where
\ is the covalency parameter. I and II refer to the two
neighbors, and £, 7, and ¢ are the directions shown in
Fig. 3. The dipolar hyperfine field to second order in @ is
then a 2Hur »;3?, where Hur »:41? is the dipolar hyper-
fine field of a single spin unpaired Br p¢ electron. For
a spin moment directed along the hexagonal ¢ axis,
Hur p;cdiP lies in the basal plane and has a magnitude of
(2V2ug/5){1/r*). Taking (1/7*)=11.9 a.u.,t this is
4.22X10° Oe. The observed value of 0.36X10° Oe indi-
cates that a®= (S-+M\)?/(1+5))2=0.08. Had we chosen
molecular orbitals including $ states from all six Br
neighbors of each Cr ion, the corresponding value of o?
would have been four times as large. Factors which have
been neglected which could lead to additional contri-
butions to the hyperfine fields are interactions with more
distant neighbors, deviations from 90° in the angle
between the bonds to the two nearest-neighbor Cr
atoms, spin polarization of other than 3p shell Br elec-
trons, and spin orbit interaction of the Cr 3d states,
which would couple de and dv states.

RELAXATION MEASUREMENTS

Free induction and spin-echo measurements were also
made on ferromagnetic CrBr;. The three Cr resonances
from nuclei in the domains relaxed with similar relaxa-
tion rates, while the lower frequency Br™ and Br®
resonances showed a different behavior. The results for
the nuclear spin-relaxation time 7 at 1.3 and 4.2°K
are given in Table IIT.

® R. M. Sternheimer, Phys. Rev. 132, 1637 (1963).
10 M. Tinkham, Proc. Roy. Soc. (London) A236, 549 (1956).
1 J. G. King and V. Jaccarino, Phys. Rev. 94, 1610 (1954).
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TastE III. Nuclear spin-relaxation time.

FERROMAGNETIC

T1(1.3°K) T1(4.2°K)
Crs 13 sec 0.4 sec
Br?, Br#! 0.15-0.20 sec 0.005-0.010 sec

Because CrBr; is an insulator, there are no spin-
lattice relaxation processes involving conduction elec-
trons. Instead, relaxation by either nuclear electric
quadrupole interactions or via interactions with the
ferromagnetic spin system must predominate. The ferro-
magnetic spin waves via the magnetic hyperfine inter-
action provide a source of nuclear spin-lattice relaxation.
However, because of the gap gugH in the spin wave
spectrum caused by H, the effective anisotropy and
applied fields acting on the Cr ions, no spin waves of
energy as low as the nuclear Zeeman energy exist, and
direct one-magnon processes are ineffective in producing
relaxation. This inhibition of direct spin wave relaxation
by the gap occurs not only for relaxation by the Cr3t
spins, but also for relaxation by other species of mag-
netic impurities, whose lowest freqencies of excitation
are raised by exchange interaction with the Cr3t lattice.
However, two-magnon (Raman) processes are allowed,?
giving, for the CrBr; structure,

1 A?sin?(kT)?
—~ e In(1— ¢ 9rBH/IT)

T]_ 16]121153 (27(‘)3h

for ion core spins S coupled by exchange interaction
—J; to nearest-neighbor spins in the basal plane, by an
effective exchange —J; to neighboring planes, and by
hyperfine interaction 4 to their nuclei. 6 is the angle

A, H. Mitchell, J. Chem. Phys. 27, 17 (1957).
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between the axes of quantization of the nuclei and the
ion cores. CrBr; makes an especially attractive material
to study such relaxation. The Cr nuclei and ion cores
are quantized parallel to each other (#=0), and from
this process, no relaxation is to be expected. The Br
quadrupole interactions, on the other hand, create a
different effective quantization axis for the Br nuclear
levels and for the spin wave excitations in the hyperfine
field acting at the Br site. Thus relaxation from the
Raman scattering of spin waves is allowed at the Br site.
The Br nuclear eigenstates corresponding to the observed
Br energy levels were found, and the transition proba-
bilities associated with the spin wave processes were
calculated. The resulting effective value of sin’0 found
was sin?§=0.05. We thus obtain 73=~~10 sec at 1.3°K
and 0.4 sec at T=4.2°K. The rates are approximately
one fiftieth of the observed rates at the two tempera-
tures. Relaxation by quadrupolar interaction with the
lattice is probably also a contributing mechanism,
although no reliable calculation of the rate from this
process is available. The Cr® rate is much slower, as
expected. The temperature dependences of the Cr and
Br relaxation rates are the same within the accuracy of
the measurements and indicate that coupling of the
Cr’ nuclei to the lattice via the Br nuclei may be an
important Cr® relaxation process.
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