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Nuclear-spin lattice relaxation and magnetic-ion spin fluctuations
in Heisenberg antiferromagnets below Tiv
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The results of measurements on the magnetic field and temperature dependences of the ' F
nuclear-spin lattice relaxation time Tj in KNiF3 for T & 0.04T~ are reported. It is concluded that a
relaxation mechanism that had been previously proposed to interpret the low-temperature field
dependence of T~ in RbMnF3 does not explain our experimental results in KNiF3. Some similarities
in the behavior of both systems suggest that a common mechanism may be responsible for spin-
lattice relaxation in either case. We discuss the possibility that this mechanism may involve a dif-
fusive mode below T~ with a central peak in the relevant magnetic-ion spin correlation function.

I. INTRODUCTION

Nuclear-spin lattice relaxation (NSLR) has proven to be
a powerful tool for probing the nature of the fluctuations
in the local magnetic field experienced by nuclei due to
various excitations present in solids. In antiferromagnets
NSLR is often achieved via the transferred hyperfine cou-
pling. This interaction allows the scattering of magnons
to be accompanied by a nuclear spin flip. A variety of
NSLR processes involving magnons have been proposed
and identified experimentally. '

RbMnF3 and KNiF3 are model antiferromagnets whose
magnetic properties can be described in some cases to a
good approximation by a pure Heisenberg model. The ra-
tios of the anisotropy field to the exchange field are ex-
tremely small in these systems. For example, for RbMnF3
Hg/HF -5 X 10 while for KNiF3 Hg /H g
-7X 10; Both antiferromagnets possess the perovskite
crystal structure and remain basically cubic to the lowest
temperatures. Furthermore, their magnetic properties
have been investigated by a variety of techniques and
most of the experimentally relevant coupling constants
(magnetic, magnetoelastic, magneto-optic) have been
determined experimentally. Despite this considerable
knowledge, the low-temperature regime of NSLR appears
to be somewhat puzzling and is not well understood.

RbMnF3 has been previously studied by NMR (Refs.
3—5) and two relaxation regimes were identified. The
high-temperature region (0.05&T/Tie&1; T& ——83 K),
stj.ongly dependent upon temperature but independent of
magnetic field, was also observed in KNiF3 and shown to
be describable by a two-magnon Raman process effective
in both systems. '

The ' F low-temperature relaxation process in RbMnF3
was studied in detail by Twerdochlib and Hunt, who per-
formed careful measurements of the magnetic-field depen-
dence of T& in the temperature range 0.0012 & T/
T~ &0.04 for magnetic field strengths 0. 1 &Ho &0.5 T.
Their data indicated an approximately quadratic field
dependence for most of the temperature range considered.
This rather strong magnetic field dependence at such low
field strengths was pointed out as being inconsistent with

most mechanisms involving magnons. On the basis of
these data, in'Ref. 5 was proposed a new relaxation mech-
anism not involving the transferred hyperfine interaction
between the ' F nuclear spin and the electronic spin of the
Mn + ion. Instead it was suggested that the Mn nuclei,
quantized perpendicularly to the quantization axis of the
' F spins, act as a bath and the ' F spins relax to this bath
via the ' F- Mn nuclear magnetic dipole-dipole interac-
tion.

The measurements presented here of the ' F NSLR
rates in isostructural KNiF3 would enable us to test the
validity of the relaxation model proposed in Ref. 5. They
permit concluding that the partly unexpected magnetic
field dependence of T& at low temperatures in these cubic
quasi-isotropic antiferromagnets, is a consequence of a re-
laxation mechanism mediated by the transferred hyperfine
interaction. Thus the behavior of T~ as a function of
Larmor frequency would probe the very low-frequency re-
gion of the spin-fluctuations in these magnetic systems.
Since this region of frequency and of low temperatures is
not readily accessible by other techniques, the interpreta-
tion of NSLR results in the present case may be of consid-
erable interest in the understanding of the spin dynamics
of a quasi-isotropic antiferromagnet for T« Tti.

In Sec. III we discuss the possibility that the puzzling
relaxation mechanism prevalent at low temperatures may
involve a diffusive behavior for the fluctuations in the
magnetic energy. Although the experimental data sug-
gest that such process may be responsible for the Larmor
frequency dependence of T& in KNiF3 and RbMnF3, a
full quantitative description from a microscopic point of
view is not available at the present time. The experimen-
tal results obtained in KNiF3 are presented in Sec. II.

II. Tg MEASUREMENTS IN KNiF3

Using conventional pulsed NMR, we have measured
the ' F NSLR time T& in KNiF3 for magnetic-field
strengths 0.4 &Ho & 3.0 T and temperatures in the range
4.2 & T & 30 K (Ttv 246 K). A crystal ——was aligned with
a (100) direction parallel to the external field Ho and T&

was measured separately for the two ' F resonance lines.
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FIG. 1. '
F& spin lattice relaxation rate in KNiF3 as a func-

tion of temperature for Ho~ ~(100). Fluorine Larmor frequen-
cies are (~) v= 19 MHz and ( 0 )v= 54 MHz. Notice the change
of vertical scale above the break.

The high-field line corresponds to ' F spins (Ft) whose
F-Ni internuclear vector is perpendicular to Hp, while the
low-field resonance (F~~) corresponds to a parallel orienta-
tion. of the internuclear vector. For magnetic-field
strengths Hp &0.7 T we expect domain-wall movements
to have ceased in our crystal and to encounter only two
types of domains denoted by d and dz. ' These are
domains where the sublattice magnetization is perpendic-
ular to the applied field and oriented along the x and y
axes, respectively (Ho

~
~z ). In most of the range of

magnetic-field strengths of our measurements, these two
lines are sufficiently separated to prevent cross relaxation
from taking place at rates comparable to 1/T, . It is then
possible to measure independently the spin-lattice relaxa-
tion time Tj and I'z and F11 nuclear spins in "flopped"
domains. At high magnetic field strengths Hp)2. S T
and low temperatures, T~ becomes quite long in KNiF3
( —12 min for I'q at 4.2 K) becoming somewhat difficult
to measure with accuracy.

Figure 1 shows the result of our ' Fz NSI.R rate mea-
surements in KNiF3 as a function of temperature for two
values of the applied magnetic field parallel to a (100)
crystal direction. For T & 15 K a magnetic-field depen-
dent mechanism becomes important and finally dominates
over the relaxation mechanism prevalent at higher tem-
peratures. This high-temperature regime strongly tem-
perature dependent and independent of magnetic field has
been shown to be accountable by a two-magnon Rarnan
process mediated by the transferred hyperfine interac-
tion. A very similar behavior with two clearly different
relaxation regimes is also observed in RbMnF3. For
T & 10 K to KNiF3, the NSLR rate of ' Fz spins denoted
by (I/T~ )1, can be seen from Fig. 1, to vary rather slowly
with temperature. We assume that the contribution from
the high-temperature relaxation process is negligible in
this region.

Of special interest are the experimentally determined
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FIG. 2. '
F& spin lattice relaxation rate in KNiF3 as a func-

tion of Larmor frequency for Ho~~(100) and T =4.2 K. The
solid line is a fit obtained from Eq. (7).
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FIG. 3. Larmor frequency dependence of the ' F spin lattice
relaxation in RbMnF3 at T = 1.0 K from the data of
Twerdochlib and Hunt. The solid line is a fit obtained from Eq.
(7).

ratios (1/T, )t/( I/T& )~~
as a function of temperature. We

observed very little change of this ratio from T =4.2 K to
T = Tz ——246 K, despite the six orders of magnitude vari-
ation of T, . In particular, there is no significant change.
in the ratio when one goes from the high-temperature re-
laxation regime to the field-dependent low temperature
one.

The experimentally determined values of (I/T~)J/
(I/T~)~~ vary from 2.4+0.2 to 3.4+0.3 over the whole
temperature range. This strongly suggests for both pro-
cesses, a mechanism mediated by the F-Ni hyperfine in-
teraction as discussed in Sec. III.

Figure 2 shows the result of our measurements of the
Larmor frequency dependence of (I/T& )t in KNiF3 at
T =4.2 K. For frequencies v&20 MHz we expect cross-
relaxation between ' Fz and '

F11 spins to be significant so
that the datum at v=20 MHz in Fig. 1 should only be
considered as a lower limit for (I/Tz). For comparison
Fig. 3 shows the ' F relaxation rate 1/T& at T =0.1 K in
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RbMnF3 as a function of frequency from the work of
Twerdochlib and Hunt. Instead of the quadratic fre-
quency dependence prevailing in RbMnF3 over a consider-
able temperature range, a slower, temperature-dependent
decay of (1/T& )z is observed in KNiF3.

III. DISCUSSION

Our experimental results in KNiF3 for T & 0.04T~ can-
not be accounted for by the mechanism proposed in Ref. 5
for the low-temperature relaxation of isostructural
RbMnF3. This process, based upon the magnetic dipole-
dipole interaction between the nuclear spins of the mag-
netic ions and the ' F spins, should be very ineffective in
KNiF3 where 99% of nickel nuclei do not possess nuclear
spin. Moreover, such a mechanism could not account for
the relatively large ratio (1/T& )&/(1/T, )~~-3 prevalent in
KNiF3 at all temperatures. The similarity in the behavior
of RbMnF3 and KNiF3 further suggests that a common
process may be responsible for the low-temperature re-
gime of spin-lattice relaxation in either case.

It was pointed out in Ref. 5 that standard relaxation
mechanisms involving magnons or magnons and phonons
are not able to explain the observed magnetic field depen-
dence of T& in RbMnF3. The same observation is applic-
able to the present data in KNiF3 for magnetic-field
strengths small compared to (2H~HE)' -4.5 T.

The possibility that the ' F spin-lattice relaxation

mechanism in KNiF3 and RbMnF3 may involve a dif-
fusive mode below T~ will be discussed in some detail.
As predicted by the hydrodynamic theory a diffusive
mode is also expected in an isotropic antiferromagnet
below Tz, in addition to spin waves. This mode should
manifest itself in the correlation function of conserved
quantities such as the magnetic energy and the component
of magnetization parallel to the direction of antiferromag-
netic ordering. The relaxation rate of a ' F nucleus in
KNiF3 can be expressed in terms of correlation functions
of such conserved quantities.

One can consider for example a ' F~ spin in an antifer-
rornagnetic domain where the direction ordering is along
the y axis (d» domain) with the external magnetic field
applied along the z axis. Since the correlation function
for components of spin transverse to the direction of anti-
ferromagnetic ordering is dominated by magnons, we keep
in the relaxation Hamiltonian A „only those terms
which contain longitudinal components of spin:

A „=AiiIy(S» +S» ) .

Here Sz and S~ refer to magnetic-ion spin operators on
both sublattices. Each ' Fz nuclear spin I in a dz domain
is assumed to be coupled through the component A~~ of
the hyperfine tensor, to two magnetic ions at sites separat-
ed by a crystal unit-cell distance a. The expression for
1/T& can be obtained from the theory of Moriya" and
expressed in the form

1/T, =(A~~/fi)' f cos(cot)[([5S»"(t);5S»"j)+([5S» (t);5S» ) )]dt . (2)

The curly brackets in Eq. (2) denote anticommutators
while the angular brackets are thermal averages and
5S=S—(S). The time dependence of 5S(t) is assumed to
be governed by a Heisenberg exchange Hamiltonian and
co/2n. =v denotes the Larmor frequency of the fluorine
nuclear spins.

In Eq. (1) it is assumed that for a ' Fz spin in a d»
domain, the F-Ni internuclear vector is parallel to the
sublattice magnetization. If instead of a d~ domain we
would have considered a ' Fz spin in a d~ domain, the re-
sult for (1/T& )z would differ from Eq. (2) only in the sub-
stitution of A~~ by Az. However for a '

F~~ spin, the relax-
ation rate ( 1/T ~ )

~ ~

would be given by Eq. (2) with the sub-
stitution of A~~ by A&, regardless of belonging to a d„or
d„domain. This occurs because for a '

F~~ spin, the F-Ni
internuclear vector is always perpendicular to the sublat-
tice magnetization in both types of Aopped domains.

From Eq. (2) one can then derive an expression for the
ratio (1/T~)z/(1/T&)~~. The relaxation rate of ' F~ spins
should depend upon the populations of ' F spins in d
and d& domains. If they are approximately equal and a
spin temperature is established, all ' Fz spins are expected
to relax at a common rate given by (I/T~)z~ —,'(A~~

+Aq ). On the other hand, the relaxation rate of '
F~

~

spins should be independent of the relative populations in

d„and dz domains. If the '
F~~ resonance line does not

overlap appreciably with that of ' Fz spins, one expects
(1/T~ )~~ A~. Using the numerical values'

A~~ ——50.5X10 cm ' and Aj ——25.6&10 cm ' for
KNiF3, we obtain a ratio (1/T& )z/(1/T& )~~= —,[1+(A~~/Az) ]=2.45 in reasonable agreement with
the experimental results of Sec. II. For RbMnF3 this ratio
is expected to be close to unity.

From Eq. (2) one can derive a more useful expression
introducing spatial Fourier transforms

(3)

and operators for the longitudinal components of magnet-
ization 5M„&, and staggered magnetization 5X„&

5M»q —— g 5S»q,
a=A, +

(4)
5X»q — g e 5S»q with ez ——+1, e~= —1 .

a=A, B

The summations in Eq. (3) are over all magnetic-ion sites
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of a given sublattice and X denotes the total number of
magnetic unit cells.

Using Eqs. (3) and (4) together with a spherical approx-

imation over a Brillouin zone of radius

q,„=(3/4')' 2'/a, Eq. (2) can be written in the fol-

lowing form:

g

1/T& ——(A /Q) f C (q~)[q +(q/a)sin(qa)]dq+ f C„„(qco)[q (—q/a)sin(qa)]dq
0

q max

(5a)

where

C„„(qco)= 2 f cos(cot)(I6N&q(t);5N& &I )dt,

component, one can write the following expression' ' for
the correlation function C„„(qco)for q «qn n„

(5b)
C (qco) = —,

' f cos(cot)( IBM&q(t);5M& & I )dt .

The form of the longitudinal correlation functions
C ~ (qco) and C„„(qco) in an isotropic antiferromagnetm m„n n

has been investigated in great detail by several au-
thors. ' ' In the limit q «q „ the hydrodynamic
theory predicts that C (qco) should have a diffuse
behavior below T&. This prediction has been verified ex-
perimentally by neutron scattering experiments' in
RbMnF3. On the other hand, the staggered magnetization
is not a conserved quantity in an isotropic antiferromag-
net but is coupled to the magnetic energy, which is con-
served. As a consequence it has been suggested by Halpe-
rin and Hohenberg that the correlation function
C«(qco) should be the sum of two components, one a
diffusive component, proportional to the correlation func-
tion for fluctuations in the magnetic energy and a second
component representing the fast fluctuations of the non-
conserved magnitude of the order parameter. This second
component is expected to have a very broad spectrum and
should not cause any frequency dependence in 1/T&. It
will be assumed to be negligible and ignored in the follow-
ing discussion. If one neglects the frequency-independent

21~ T ()+
BT co +(DTq )

(6)

where g and N~ are, respectively, magnetic-heat capacity
and equilibrium staggered magnetization per unit volume,
n is the number of magnetic ions per unit volume, and DT
is a diffusion coefficient for thermal conduction within
the magnetic system. The coefficient (1/g)(dN~/dT)
can be calculated from spin-wave theory and compared
with the corresponding coefficient of nC (qco) propor-m m

tional to the parallel magnetic susceptibility X~~. It is
found that at low temperatures T «T&, the integral in
Eq. (5a) containing the correlation function C«(qco)n n

makes the dominant contribution. From these arguments
one can conclude that the relevant correlation function in
Eqs. (5) appears to be that corresponding to magnetic en-

ergy fluctuations C«(qco) given in Eq. (6). This. enables
one to write the following expression for the relaxation
rate of a ' Fz spin in a d~ domain

2
22k T BN„1/T, =(3/2q'. „)(A„h%)' f(3T

DTq
[q —(q /a )sin(qa )]dq .

2+(D q2)2
(7)

We have introduced in the upper limit of the integral in
Eq. (7) a cutoff wave vector q, (T)«q, „. Although this
admittedly crude expedient is being adopted mainly for
heuristic reasons it is not inconsistent with the ideas pro-
posed by Michel and Schwabl. ' ' These authors suggest-
ed that the diffusive behavior in C„ is only expected for
Cgq &co;. C~ is a temperature-dependent second magnon
velocity and co; is a relaxation frequency for scattering of
thermally excited magnons, either by impurities at low
temperatures or by umklapp processes at higher tempera-
tures. For larger wave vectors the height of the central
peak is expected to shift to the wings giving rise, under
special window conditions, to a propagating mode (second

magnon). For ferromagnetic linear chains some of these
ideas have been recently confirmed by molecular dynam-
ics calculations. '

Although it is not possible from our NMR data to test
the validity of the second magnon concept in the system
studied, we will nevertheless adopt a cutoff wave vector
q, (T) in Eq. (7) and treat it as an adjustable parameter.
For moderately pure, defect-free crystals one would then
expect' a very small cutoff q, «q „.

The mechanism we are discussing can only explain the
experimental results of Sec. II if in the temperature range
of interest Drq (co for q &q, (T). This implies that the
diffusive central peak in the correlation function for mag-
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netic energy fluctuations must become extremely narrow
in KNiF3 and RbMnF3, otherwise no significant Larmor
frequency dependence could be obtained from Eq. (7). Al-
though no reliable estimate of the diffusion coefficient DT
or its temperature dependence appears to be available
presently, the possibility of such a narrow peak in
C«(qco) is strongly suggested by recent experimental re-
sults in KNiF3. Light scattering in the temperature range
150 K & T & T~ and wave numbers q -0.22 X 10 (m /a),
attributed to magnetic energy fluctuations in KNiF3,
has revealed a very narrow central peak whose width was
estimated to be less than 600 MHz. At much lower tem-
peratures it appears to be plausible that this width may
reach, for q &q, (T), the range co/2n. —100 MHz charac-
teristic of the ' F Larmor frequencies of our experiments.
This could explain the observed frequency dependence of
1/T, predicted by Eq. (7) and also support the view that
the origin of the proposed ' F spin-lattice relaxation
mechanism may be found in the hydrodynamic fluctua-
tions of the magnetic energy.

From Eqs. (6) and (7) one can compute the nuclear
spin-lattice relaxation rates and compare with the experi-
mental results. The coefficients of Eq. (6) can be calculat-
ed from spin-wave theory. ' In the temperature range
(2H&Hz)' yh/kz & T« T~ one finds

2k T (BN /BT) /g=(96. 2/m' )(T/O ),
where O~=yhHzq, „a/v 2k~.

Figure 2 shows a fit of the experimental spin lattice re-
laxation rates for ' Fz spins in KNiF3 as a function of
Larmor frequency resulting from Eq. (7). Good agree-
ment .with the non-Lorentzian frequency dependence ob-
served at 4.2 K is obtained for q, /qm, „=1.69X10 and
DTq,„=2. 19X 10' sec '. For an isotropic antifer-
romagnet this value of the cutoff wave vector is consistent
with the assumption of a hydrodynamic regime implicit
in Eq. (7). As expected, q, is much smaller than q,„but
it is still larger than a minimum wave vector
qp ——(4/3m )'~ (3Hq/2H@)'~ . For q &qp the magnon
dispersion relationship deviates from a linear q depen-
dence due to the effects of anisotropy. For KNiF3,
qp/q, „-0.5 X 10; while for RbMnF3, qp/q
-0.13X 10 . Moreover, the width of the peak in C„at
the cutoff wave vector DTq, =6 2X10 sec .' is also be-
Heved to be compatible wi. th the very narrow central peak
observed by light scattering in KNiF3.

For RbMnF3 the data shown in Fig. 3 exhibit a I/v
dependence in I/T&. This is of course predicted by Eq.
(7), provided v&DTq, /2w as shown by the fit of Fig. 3
for T=1.0 K. However, from this fit to the RbMnF3

data one can only determine upper and lower limits for
the width and cutoff wave vector, respectively. The re-
sults are DTqm, „(1.3&(10' sec ' and q, /qm» &0.047
with DTq, (q, /q, „) =6.43 sec

The large difference in the value of DTq, „for KNiF3
and RbMnF3 at approximately the same value of T/e~
is somewhat intriguing. DT is expected to be proportional
to a typical relaxation frequency for quasimomentum-
conserving scattering among thermally excited magnons. '

Although this would imply a larger value of Dr for
KNiF3 because of the larger exchange field
[Hz(KNiF3)/Hz(RbMnF3) =4], the very large difference
in the values of DT obtained from the fits could probably
not be attributed solely to exchange interactions. On the
other hand, the anisotropy field is much smaller in
RbMnF3 than in KNiF3 [Hz (KNiF3) /Hz (Rb MnF3)
-56] and could make a significant difference H.owever,
the effect of anisotropy upon the thermal-diffusion coeffi-
cient of a magnetic system at very low temperatures is not
well understood and needs to be elucidated.

IV. CONCLUSIONS

~e conclude that the rather puzzling magnetic-field
dependence of the ' F spin lattice relaxation in KNiF3 at
low temperatures originates in a mechanism mediated by
the transferred hyperfine interaction. Some similarities
with the behavior of isostructural RbMnF3 suggest that
this may also be true in this system, unlike previous sug-

gestions. The theoretical prediction of a central peak in
the correlation function for hydrodynamic fluctuations in

the magnetic energy is capable of describing the observed
Larmor frequency dependence of 1/T&. The width of this
peak obtained from spin lattice relaxation data is compati-
ble with recent light scattering results in KNiF3. The fre-

quency dependence of the relaxation rate would then en-

able one to probe the very small q and small co region of
the spin fluctuations in a quasi-isotropic antiferromagnet-
ic at low temperatures. This region of frequency, wave

vector, and temperature is not readily accessible by other
techniques.
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