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The spin resonance of Mn'+ impurity modes in the layered antiferromagnet Fear2 was studied in the
frequency range 500-700 MHz. The Mn NMR signals are found to have large enhancements due to the
admixture of electronic spin transitions. Measurements of the frequency spectrum yield accurate values for
the hyperfine, nuclear dipole, and nuclear quadrupole interaction parameters for the Mn impurity. The
measured temperature dependence of the linewidth of the NMR modes in the range 1.5-3.5 K can be
explained by two-magnon scattering of the FeBr, host.

I. INTRODUCTION

The study of phenomena associated with impurity
spins in magnetically ordered materials has been
of considerable interest for some time. Many
studies have been made, ' both theoretically and
experimentally, of both the frequencies of impur-
ity-associated modes, and the thermodynamic
properties associated with their excitations. Re-
cently, there has been renewed interest in the fer-
rous halides FeCl, and FeBr, as a result of several
interesting features in their magnetic properties.
Among these are the two-dimensional character of
their magnetic excitations as revealed by neutron
scattering experiments of Yelon and Vettier (YV),'
and the metamagnetic transition as studied by mag-
netization~ 3nd resonance' measurements. Recent
EPR experiments of Mischler et al. (MCM)' on
Mn" doped into FeBr, have shown the unusual re-
sult that all the 2$+1 Mn impurity modes lie well
below the bottom of the host band in the low-micro-
wave region, and are hence accessible for study.

In this paper we present the results of NMR stud-
ies of Mn ' impurities in antiferromagnetic FeBr, .
We are aware of only one other experiment' in
which the NMR of a magnetic impurity nucleus has
been observed in the ordered state of an insulating
magnetic material. That case is the Mn" impurity
in CoCl .2H20, in which the Mn" impurity elec-
tronic modes also lie in the low-microwave re-
gion." Some of the effects seen in the present
experiment have also been observed in the former
one. The present experiments were done in the
frequency range 500-700 MHz. In this frequency
range, where normally one would expect to find

only the "Mn NMR spectra, we observed the ex-
istence of mixed electronic-nuclear transitions due
to the low-frequency nature of several of the nom-
inally pure EPR lines. Frequency versus field
measurements yield accurate values for the hyper-
fine, nuclear dipole, and nuclear quadrupole inter-
action constants for the "Mn ion in the FeBr, lat-
tice. The temperature dependence of the linewidth
data yields information on the low-k magnons of
FeBr, which, according to our model, relax the
nuclear excitations by two-magnon scattering pro-
cesses.

II. EXPERIMENTS

The experiments were performed using a broad-
band NMR spectrometer in the frequency range
500-700 MHz between 1.2 and 3.6 K in magnetic
fields, up to 20 kOe. The NMR spectrometer, de-.

veloped by one of us (A.R.K.), is a broadband homo-
dyne bridge spectrometer with coherent detection,
employing connectorized miniature power dividers,
mixer, and amplifier which operate over the whole
frequency range 10-1000 MHz. It can be used both
for cw and pulsed modes with the sample mounted
in broadband untuned or in tuned coils. The exper-
iments reported here were performed in a coil-air
capacitor resonator with Q= 2000 at low tempera-
ture, 'which couid be tuned over the 500-700 MHz
range. The sample was grown in Saclay using a
Bridgeman technique, and contained 0.3 mole% of
Mn". The sample and resonator were held out of
the liquid in a closed tube filled with He exchange
gas, which was immersed in a Dewar of pumped
helium. Temperature measurement and control
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FIG. 1. Typical spectrum
atf=574 MHz, 7'=2.4 K.
The four strong transi-
tions are identified, but
the origin of the weaker
lines is not understood.
The two b-sublattice lines
show essentially their
zero-temperature line-
widths, while the bvo a-
sublattice lines show con-
siderable broadening at
this temperature.
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were accomplished via the He vapor pressure. A

typical spectrum is shown in Fig. 1.

III. COUPLED ELECTRONIC-NUCLEAR Mn MODES

The Fe" spine in FeBr, (TN=14K) were found

by YV to have a strong ferromagnetic interaction
within hexagonal layers perpendicular to the c
axis, and to be subject to large single-ion anisot-
ropy fields which confine them along the symmetry
axis. The interplane interaction is antiferromag-
netic and is weak, such that the spin waves have
essentially two-dimensional ferromagnetic char-
acter in the two weakly coupled sublattices. The
behavior of the electronic spin of substitutional
Mn2+ impurities in this system has been recently
investigated in detail by MCM who showed that the
inter and intraplane Mn-Fe exchange interactions
tend to cancel each other. As a result, the Mn"
spin transitions have energies &0.5 cm ' which are
much smaller than the host magnon energies &1V

cm '. In the language of the local impurity mode
problem, it is found that all 2$ successive multiple
excitations of the defect mode levels lie at very
low microwave frequencies.

Since the Ising states of the impurity and host
levels are not eigenstates of the Hamiltonian, the
local model theories predict that successive ex-
citations of the defect may have unequal spacings,
and that impurity levels are not states of pure M~,
an effect entirely analogous to the zero-point de-
viation observed in pure antiferromagnets.

The above effect is the cause of some of the large
and unusual terms in the effective Hamiltonian used
by MCM, which can be written as

X, =g~~p, s(HO+M, „,)S,+D[S2 —g S(S+1)]

+PCS', +—B(35S,—237.5S,+177.19), (1)

where g is the Bohr magneton, Ho is the external

K„(=RA(S,I,+ gS,I +2S I, ). (4)

Here y„ is the nuclear gyromagnetic ratio, I =-,',
Q is the nuclear quadrupole constant, and H„ is the
dipolar field created on the Nn nuclei by the host
Fe ' spine. A is the impurity hyperfine interaction
constant and Il» is the supertransferred hyperfine
field' on the Mn nucleus due to host electronic
spin s.

The nature of the NMR spectrum due to Eqs. (1),
(3), and (4) depends in detail on the time depen-
dence of the impurity electronic-spin motion, and,
in particular, on the characteristic time w, for the
decay of the autocorrelation function of 9,. We dis-
cuss two limiting cases, in which considerably dif-
ferent behaviors of the NMR spectrum are ob-
served.

field applied along the g axis, S =-,', and e takes the
values +1 and -1 on alternate sublattices. For con-
venience, we label the sublattices a and b, respec-
tively. The values of the parameters in Eq. (1) are

g =1.94, II,„,=2.90 kOe,

D/g~~gs=-0. 77kOe, C/g, ~p, s= —0.07kOe,

B/g~, ye =0.015 kOe.

According to the Hamiltonian of Eq. (1), the EPR
spectrum of the impurity consists of two groups of
five lines each, some with frequency increasing
with increasing field and others with frequency de-
creasing with field. In the latter, crossings occur
between nuclear and electronic levels, giving rise
to admixtures of the electronic- and nuclear-spin
transitions. In order to describe these mixed ex-
citations, we consider the Hamiltonian for the nu-
clear spins

X, =y„k[H, +e(H, +H„)]+aq[r'.—,'r(r+1)], (3)—

and for the hyperfine coupling
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In the limit r, «1/A, the dephasing of a nuclear
spin during v, is much less than 1 rad, and the
electronic-spin samples all occupied levels many
times during a single nuclear Larmor period. The
NMR shows a single temperature-dependent fre-
quency +„-A(S,), where (S,) is the thermal aver-
age over the states of S,. This is the familiar case
of NMR in exchange-coupled magnetic materia1s
studied by Hone, Callen, and Walker, '~ where 1/r,
—~s, the exchange frequency. Typically, r, -1/&s
«1/A, giving an exchange-narrowed linewidth
d, &u„-A'/&os. The impurity mode, if not degenerate
with host modes, need not have a short ~„and in
fact ~, is determined not by exchange, but by the
available relaxation processes for both 7.', and T, .
These rates were fast enough for all the impurities
studied in MnF„" that the impurity-associated "F
NMR did indeed measure (S,). These systems all
had the local impurity modes lying either above the
top of the host band or, in the case of Zn impur-
ities, of the modes of the Mn neighbors of the Zn

lying withing the band. They might therefope be
expected to have stronger relaxation processes
than the present case of modes well below the host
band.

If, however, r, »l/A, the nucleus precesses
through many Larmor periods within &„soNMR
is done in a discrete level of S,. The NMR fre-
quency does not reflect (S,); but rather a series of
frequencies corresponding to the discrete values of
S„ i.e., temperature-independent resonant fre-
quencies +„=AM,. The intensities of the individual
resonances reflect the populations of the corres-
ponding electronic levels, giving the first moment
of the NMR spectrum (e„)o:A(S,), with the tem-
perature dependence occurring in the intensities,
not the frequencies. Since the local modes are not
exact eigenfunctions of S„ the NMR is in principle
capable of measuring the zero-point deviation in
each impurity level. The Mn NMR in FeBr, is
seen to be an example of this limit, since temper-.
ature- independent NMR frequencies corresponding
to both M, =a—,

' spin levels on both sublattices were
observed. NMR spectra due to the levels M,
=+~, +—,', would be expected at frequencies roughly
+ and —,

' of those observed, but were below tuning
range of the resonant circuit used. The diagonal
parts of Eqs. (3) and (4) give nuclear transitions
dani = +1, 4M, = o, with frequencies

(u„„-~=-y„[HO+ &(H~+H sr) j + AM + Q(2m'- 1) .

(5)

The dominant term in Eq. (5) is AM„which for
M, =a-,' is approximately 600 MHz. Tpis is, how-
ever, a very poor approximation to the frequency,
due to the proximity of the low-lying electronic

modes.
In order to calculate exactly all the transition

frequencies of the system, one must diagonalize
the total Hamiltonian, for which the eigenstates of
S, and I, can be used as a basis. However, since
our measurements mere made only in the frequency
range close to the NMR transition corresponding
to M, = ~-,', we have carried out the diagonalization
approximately within the subspace of ~M„m, ) and

~M, + I, m~+ I), where M, =s-,'. This procedure is
equivalent to second-order perturbation theory.
The results of the calculation explain very mell the
measured field dependence of the frequency spec-
trum, as demonstrated in Fig. 2. Thy fitting of
the data to the calculation yielded the following
parameters for the nuclear-spin Hamiltonian of the' Mn impurity.

y~/2v =1.05 MHz/kOe, AS/2w =-579 MHz,

Q/2m=0. 225 MHz, H~+Hsr =3.31 kOe.

Note that since both M, =a-,' levels are observed,
the contributions to &„ from the impurities' own
electronic spin may be separated from those due to
host spins, unlike the case of the pure materials.
Since A is affected by covalency we attempted to
estimate the zero-point spin deviation by compar-
ing our measured value with that obtained by EPR
of Mn" in CsMgBr„" in which the Mn site is also
octahedrally coordinated by Br ions. -Those re-
sults give the same values of A as ours, but with
accuracy sufficient to conclude only that the zero-
point deviation is less than 3%.' The value of Hsr
cannot be uniquely derived by subtracting the cal-
culated value of H~ = 8.0 kOe from the measured
(H~+H ). The sign of H„ is not known, since the
identification of the a and g spectra with sublattice
magnetization has not been made. The tmo possible
values of H» are +11.31 and -4.69 kOe.

Notice that a typical spectrum in the frequency
range of Fig. 2 has actually more lines than are
shown; these were left out of the figure for the
sake of clarity. The four groups of lines —a, M,
=a-,' and 5, M, =a-,'—correspond to transitions mith

~mr =+1 far from the level-crossing region. Thus,
even though they are strongly coupled to electronic
transitions, they have slopes of the order of 1
MHz/kOe, the value of y„, and may be properly
called NMR lines. On the other hand, lines with
slopes of the order of a few 6Hz/kOe correspond
to essentially pure electronic transitions, such as
the two shown in the figure.

One of the most interesting features of the ob-
served spectra is the large intensity of some of the
NMR lines, particularly in view of the fact that the
impurity concentration is small. These large in-
tensities result from an enhancement of the nuclear
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FIG. 3. Linewidth vs temperature for three ~5Mn NMR
transitions. The points correspond to the following
conditions: open circles, a sublattice, M, = —2, f= 565
MHz, HO=11.7 kOe; crosses, b sublattice, M, =+2,
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=-2, f= 574 MHz, HO=10.5 kOe. All nuclear transi-
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values of y„calculated from the computer fit to the
spectrum and an EPR width ~,=315 Qe results in
a very satisfactory fit to the low-temperature NMR
linewidths. This value agrees very well with EPR
measurements in similar crystals. As the temper-
ature increases the lines broaden so rapidly that
at 4.2 K the spectrum cannot be observed.

Both the high- and low-temperature line shapes
are very nearly Lorentzian. This allows us to de-
termine the temperature-dependent part (1/T, „) of
the linewidth by simply subtracting the low-temper-
ature width from the measured one.

Two features of the linewidth behavior become
apparent when its temperature-dependent part is
plotted separately (Fig. 4). First, the 1/T, curves
join smoothly the 1/T, data, which differ from
1/T, „only in the low-temperature half of the range
investigated. Second, their temperature depen-
dence is well approximated by exp(-S&o, /kT),
where u is the host magnon gap. This immediately
suggests that the source of T,„and T,„ is a two-
magon scattering process proceeding via the hyper-
fine interaction (Beeman and Pincus"). The usual
calculation for this process, however, gives relax-
ation rates several orders of magnitude smaller
than the measurements. An alternative model was

FIG. 4. Temperature-dependent part 6 p of the
55Mn NMR linewidth plotted logarithmically vs 1/T. The
points are the same as those of Fig. 3, and the lines
represent the theory of Eq. (14). The two 5-sublattice
points can be fit simultaneously with the same choice
of parameters, but the a-sublattice data lie a factor of
3 higher than the calculation.

therefore devised in order to explain the experi-
mental data.

The first ingredient of the model consists of as-
suming that the Mn nuclear relaxation time T,„is
determined by the Mn" electronic-spin relaxation
time T„. In the limit of long 7„ the Mn NMR is
seen at a given frequency -AM, only while the Mn"
electronic spin is in a well-defined state (M, =a-, ).
A relaxation process which removes the spin from
this M, level changes the NMR frequency by an
amount =A, removing it from observation. This
causes a broadening equal to the inverse lifetime
of the state, which is, in turn, equal to the transi-
tion rate out of the state. Vfe denote these rates by
W, and W for the M, =-—,

' and + —,
' levels, respec-

tively.
Thus the NMR linewidth becomes

1/T2„= W~
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and the problem becomes one of calculating the
electronic relaxation rates 9,.

The Mn impurity electronic spin can relax via
two-host magon scattering if the impurity-host in-
teraction Hamiltonian contains nondiagonal terms
of the type J"S„S,'. Here S and S' refer to impurity
and host spins, respectively. Expressing the Fe'+
spin operators in terms of magnon operators one
can show that

, [S(S+1) —,'x»]k2 2 2 @f2

I 2
xg g J'~&', , sin —,'(k —k ') (r, —rt).

~a~

x(0»+1) 0», 6((c»- u», —(o );
W =W, exp(-h~, /kT)

are the relaxation rates due to a process in which
an electronic-spin flip is accompanied by the ab-
sorption of a magnon k' and emission of a magnon
k. In Eq. (11) &u, is the transition frequency out of
the M, level, the sum Q,.', , is over pairs of neigh-
bors placed symmetrically about the impurity with-
in each plane of spins, and g~ is the magnon Bose
factor. Since no direct measurements exist on ex-
change terms of this form, we have used only the
dipolar interaction D", which is zero between
spins on the same sublattice, but would be allowed
between the neighbors on each adjacent plane. Al-
though there is a large off-diagonal exchange
J"'S,S„' which gives rise to the large effective D
term in Eq. (1), this term does not contribute to
Mn relaxation. It is clear from the calculation by
Tachiki" that there is no reason for J'" and J"' to
be equal. In order to evaluate Eq. (11}analytically
we make the following additional assumptions: (a)
The sums in k are replaced by integrals. Due to
the two-dimensional character of the magnons, one
has

~ '2-I;
I

f~&*.

(b) At low temperatures only the magnons with low
energy are excited. We replace q», by exp(-K&» /
&T), and (I+g») by 1. (c) Approximating the mag-
non dispersion by

~ = +o+Dk +Ek

and using the results of Yelon and Vettier, one
finds D/o =AT, +12J, =-0.12 cm ', and E/a'=-SJ,
+ 3J,= 1.71 cm ', where J, and g, are the host intra-
plane exchange constants. Thus the dispersion is
extremely flat near k =0, and has a small negative
initial curvature, which may not be of any practical
significance. We approximate the dispersion by
&„=~~+Ek'. Note that the k=0 frequency is

x exp(-k(o~/kT)I (&„T), (13a)

where
I

t ((a., 1') Fw»r 1'~' & lira I-l.»'~

(
')'v. =I,~ ) 1 expl, „T )-erfl~yT, I

(13b}

is of the order of umty. The sum E (» was evalu-
ated by computer by summing over rectangular
shells of spins, and is found to converge extremely
slowly, reaching —,

' of its final value at the fifth
shell (including 60 neighbors), and —,

' its final value
of the tenth shell (including 220 neighbors). Since
the linear expansion of sin(k —k') ~ r, breaks down

at very low k —k.' for more distant shells, giving
way to oscillatory behavior, we arbitrarily cut off
the sum P ' at the fifth shell. This cutoff gives a
reasonable agreement with the data.

In Fig. 4 we show the nuclear linewidths pre-
dicted by Eqs. (11), (12), and (13):

(b: -»)=W, ,
2ff

1
(fp: +-,') =W =W, exp(+k&o, /kT),

2ft

j.
(a: --', )=W„,

271

together with the corresponding data.
In order to fit the data we used the measured val-

ues (YV) for the spin-wave gap &u~ =17.3 cm ', and

g„=3.5. Vfe also assigned the positive sign in the
frequency Eq. (12) to b-sublattice impurities (a-
sublattice host) to fit the slope and magnitude of
the data. Note that none of the previous measure-
ments was capable of determining this sign.

This determination identifies the g sublattice with
host spins down, giving H~ =-8000 Oe. Together
with H;„,=+28000e, we are able to distinguish be-
tween the two possible values of intra- and inter-
plane exchange constants 4„'~ and J~& of MCM. %'e

find the first possibility to be the correct one, with

J~~ = -5650 Oe, &~a=-8850 Oe,

by using the value -14600 Qe from the note on new

~o = ~g +8'» 4s&o/@~

where the two signs refer to the two sublattices,
cu is the gap frequency and g„ is the host g value.
(d) At low temperatures the upper limits of the in-
tegrals can be extended to infinity. Evaluation of
Eq. (11) thus leads to

( E }-3/»
W. (-l---') =

16, !„)~

x!g 3 sin8, cos8, r, „/r', a)



KING, MERLE-D'AUBIGNE, REZENDE, AND SOARES 18

experimental data of MCM. We can also use the
sublattice identification to choose between the two
possible values of H». We find that

II » =+11.31 kOe.

Since II» may have contributions from more than
one type of host Fe'+ spin, we have not converted
it to an interaction strength.

Not all the features of the linewidth are under-
stood. While the same coefficient and of course the
same gap and g factors fit Eq. (14) quite well to the
data of the lines corresponding to I,=x-,' for sub-
lattice 5, the same is not true for the data for sub-
lattice a shown in Fig. 4. As a result of the de-
creasing magnon frequency with increasing field
for sublattice g, one does expect larger relaxation
rates for this sublattice, as observed. However,
only with a magnitude nearly 3 times as large as
the one for the 5 sublattice can the result of Eq.
(14) explain the data for a.

The reason for the diagreement is not under-
stood, although many approximations have been
made which might lead to such errors. If the off-
diagonal exchange J"' were included, it would be
added to the dipolar D" inside the sum P' over
neighbor spins. It could thus either. increase or de-
crease the overall rates, depending on the relative
signs of J"and D". It is reasonable to assume,
however, that since D"' alone accounts fairly well
for the observed rates, that the effect of J"is cer-
tainly not much larger than D"', and is probably
smaller. Thus we are able to place a rough upper
bound on J"of =0 04 cm

One should also notice that if the contribution of
the off-diagonal exchange is important, our identi-
fication of the g sublattice with host spin down is
questionable. Unlike the dipolar interaction, off-
diagonal exchange between spins within the planes
is not forbidden, so that relaxation through these
interactions could involve magnon scattering on the
same sublattice. This would change the identifica-
tion of the sublattice-spin assignment, as well as
the intra and interplane exchange constants and the
supertransferred hyperfine interaction. So long as
the whole set of linewidths is not completely under-
stood, the identification of these parameters cannot
be considered completely reliable.

The approximations that &~= coo+Ek within the
planes, that spin waves are entirely localized on
one sublattice or the other, and the low-0 approxi-
mation to the dipolar sum are possible sources of
the above- mentioned disagreement. However, all
the effects we have observed are in the direction of
reducing the difference between the a- and 5-sub-
lattice rates, rather than increasing it, as re-
quired to fit the data.

V. LINEWIDTH AND RELAXATION OF THE EPR

Although no extensive linewidth measurements
of the impurity electronic resonance were made by
MCM, the lines were observed to broaden and dis-
appear at a temperature of roughly 8 K. We esti-
mate that the linewidths required must have been
at least 200 Oe. The electronic relaxation rate
1/T„=2W, /[S(S +1)-M,M,'] was inferred from the
nuclear relaxation, and extrapolated to T -8 K,
and is roughly two orders of magnitude too small
to account for this observation. Therefore, we
have attempted to calculate the electronic trans-
verse relaxation rate due to a similar two-host-
magnon scattering process via the isotropic im-
purity-host exchange J',

Here y, ~, = cos' —,'(k —k') ~ (r, r, , )
- 1 fo—r small g,

and ~r, —r,
~

is the nearest-neighbor distance a. Re-
placing the sum by integrals and assuming

~ = COO+EQ4,

we find

with a roughly logarithmic divergence, due to a
combination of the flatness of the dispersion (Ek )
and the large density of states at low k in two di-
mensions. If the small negative term g)A' is added
to the dispersion, the divergence is moved away
from k =0 and made much stronger, which implies
a breakdown in the perturbation approach used in
the magnon scattering calculation. Nevertheless,
other effects, such as finite magnon widths, would
limit the divergence. It appears that not nearly
enough is known about the system to allow an ac-
curate prediction of 1/T„. However, it is clear
that the exponential form of Eq. (16) would ad-
equately fit the data, while the divergent term
could easily account for a numerical factor of
102

VI. CONCLUSION

We have observed the NMR of the impurity "Mn
nucleus in metamagnetic FeBr, at low tempera-
tures. Due to the presence of the low-lying elec-
tronic mode spectrum of the Mn'+ electronic spin,
the nuclear spectrum shows strong mixing with the
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electronic one, giving effects such as nonlinear
field-dependent frequencies and strong enhance-
ments. The electronic relaxation times are found
to be so long below 4 K that nuclear resonance is
done while in fixed levels of M„giving several
sets of spectra corresponding to different values
of I,. The temperature dependence of the elec-
tronic T„gives a lifetime broadening 1/T, „of the
nuclear resonance, which broadens and disappears
above 4 K. The electronic relaxation 1/T„ is ex-
plained by a two-magnon scattering process via the
off-diagonal dipolar interaction D~'. The unusually
large magnitude of the process is due to the nearly
two-dimensional nature of the magnetic excitations,
as well as their extremely flat dispersion at low k.
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