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The intersublattice relaxation rate is measured as a function of the temperature for the excitons
arising from the %4, — *Ty(I) transition in MnF2. It is found that this rate is dominated by
scattering with thermal magnons at temperatures above 10 K. The matrix element governing the

magnon-induced intersublattice coupling is determined to be 0.086 + 0.006 cm
rate at lower temperatures amounts to (0.75 £ 0.15) x 10° s

~1. The relaxation

~! and is consistent with exchange

coupling perturbed by the spin-orbit interaction. The low-temperature rate is found to increase by
the addition of Zn?* impurities up to concentrations of order 1 at. %.

I. INTRODUCTION

The spectroscopy of excitons and their associated
magnon sidebands in antiferromagnetic insulators such
as MnF; have been intensively investigated and are well
understood.’™ The subject of exciton dynamics, how-
ever, is less well developed. This paper is concerned
with the dynamics of the E1 excitons, which belong to
the 4; — *Ty(I) transition in MnF,. These excitons
have a very flat band with a dispersion of about 0.01
cm™!, which is much smaller than their inhomogeneous
linewidth of 0.5 cm™!.5 Although an exciton with such a
small dispersion is essentially localized on a single ion, it
has been shown that these excitons are to a fair degree
characterized by a well-defined wave vector.®

One of the parameters determining the motion of the
excitons is their intersublattice transition rate. This rate
was first measured in MnF. by Holzrichter, Macfarlane,
and Schawlow,” who used a technique based on the detec-
tion of magnetization changes with the help of a pickup
coil. Pumping excitons selectively on one sublattice, they
found the intersublattice relaxation rate to amount to
about 7 x 10° s~! at a temperature of 2 K. Upon raising
the temperature, they furthermore found that this rate
increases to roughly 3 x 106 s~ at 15 K. This result was
quite naturally ascribed to the scattering of excitons by
thermal magnons, though the increase they found lagged
markedly behind that of the magnon density.

This paper is devoted to experiments in which we have
applied the coil-detection technique to the study of ex-
citon dynamics in MnF;. The experiments were per-
formed both in nominally pure MnF3 and in MnF5 crys-
tals doped with Zn?* ions. Using an experimental setup
able to resolve relaxation times in the range between 1 ns
and 1 ps, and carrying through a precise deconvolution
for the coil response and the laser pulse, we have deter-
mined the exciton intersublattice relaxation rate up to
temperatures of about 35 K. This extended temperature
range permitted us to verify quantitatively the expression
for the temperature dependence of the exciton relaxation
derived by Ueda and Tanabe® as a part of a theoretical
study of the influence of the exciton-magnon interaction
on exciton motion.
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II. EXPERIMENTS

We create exciton-magnon pairs on neighboring Mn2+
ions by optical excitation into either the o; or the o2
exciton-magnon sideband. This process results mainly
in excitons and magnons with large wave vectors, and
moreover it is sublattice selective: By proper adjustment
of the polarization of the incident light, excitons are cre-
ated on one sublattice, and magnons on the opposite one.
The resultant nonequilibrium populations of free exci-
tons and magnons subsequently relax to their equilib-
rium distributions by way of intersublattice transitions.
The magnetic moments of the excitons and magnons are
virtually equal, but of opposite sign. The excitation pro-
cess thus does not lead to a noticeable change of the
total magnetic moment. However, the [001] component
of the magnetization, M, changes as a result of the in-
tersublattice transitions, since the exciton and magnon
populations relax on quite different time scales.”® These
magnetization changes are measured with a pickup coil
wound around the sample.

If the magnons and excitons relax with characteristic
times 7, and 7., we have

M(t) o [exp(—t/Tm) — exp(—t/7e)] (1)

Here, we have neglected any delay associated with the
dissociation of the exciton-magnon pairs created by the
optical pumping. Assuming that the response of the coil
circuitry to magnetization changes is monoexponential
with a characteristic time 7., and that the profile of the
laser pulse is specified by ¢(t), we can describe the voltage
induced in the coil by

e o L (s
0 0 xp(t —t'), (2)

which, upon carrying out the integration over t”, leads
to

Vo) o [ ar (SRAELT) 2 B /)

Te — Tm

_exp(—t'/1.) — exp(—t'/7e)
Te — Te

) pE—t). (3)
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FIG. 1. Typical examples of coil signals as measured at
several temperatures between 4.2 and 32 K following optical
excitation into o;. The dotted lines represent fits of Eq. (3)
to the data.

If 7. and ¢(t) are known, values of 7. and 7,,, can thus be
extracted from the measured V' (¢) by means of numerical
deconvolution.

The optical excitation is performed with an excimer-
pumped dye laser. This laser generates light pulses in
the spectral region around 18400 cm™?, typically with a
duration of 10 ns, a peak power of 100 kW, and a spec-
tral width of 0.3 cm™!. The light beam is linearly po-
larized in an adj: - able direction. It propagates through
the sample alon .he ¢ axis and is focused to a waist of
about 0.5 mm. Th~ . .mples are single crystals of MnF,,
both pure and doped with Zn?* up to concentrations of
2.0 at.%. They were grown using the Bridgeman tech-
nique. Their dimensions are about 2 x 2 x 6 mm3, with
the longest edges along the c axis, i.e., the preferential
axis of the magnetization. The magnetization change
along [001] induces a voltage of the order of 1 mV in an
eight-turn coil wound around the long axis of the crys-
tal. This voltage pulse is recorded with a fast transient
digitizer, and subsequently averaged over typically 1024
traces. The time constant of the coil circuitry was inde-
pendently measured to be 4.0 + 0.4 ns. A fast photodi-
ode has been used to record the shape of the laser pulse
for each measurement. The minimum resolvable time is
about 1 ns, the maximum time around 1 us.

Some typical examples of coil signals, measured at tem-
peratures between 4.2 and 32 K, are shown as the solid
lines in Fig. 1. The small dips observable in the signals
at about 16 and 33 ns after the initial rise result from
reflections due to residual impedance mismatch in the
coil circuitry. The signal at 4.2 K results essentially from
magnon relaxation, with a negligible contribution from
exciton relaxation. With increasing temperature, the ex-
citon relaxation manifests itself in the coil signal by an
increasingly prominent voltage reversal. The dotted lines
in Fig. 1 represent least-squares adjustments of Eq. (3)
to the data. We see that Eq. (3) provides a faithful rep-
resentation of the experimental data.

III. RESULTS AND DISCUSSION

In Fig. 2 are shown the measured relaxation rates of
the magnetization for excitons created in the decay of
the o, sideband in a nominally pure crystal and in MnF,
crystals doped with 0.5 and 2.0 at.% Zn?*. The data
cover about three decades, corresponding to relaxation
times from 1 ps down to 2 ns. The decay rates for ex-
citons generated by way of the o, sideband, not shown
here, have the same temperature dependence within the
experimental errors. This is not surprising, as these ex-
citons presumably decay to the E1 level in a time much
shorter than the decay time of the magnetization, while
conserving their magnetic moment. In an additional ex-
periment, it was found that an external magnetic field
along the c axis of the crystal, with a magnitude up to
1 T, has no measurable effect on the decay rates.

It is seen that the exciton relaxation rates are strongly
temperature dependent. At temperatures above 8 K,
they increase approximately according to a power law
of the temperature with an exponent of 3. To explain
this power-law dependence, we follow the suggestion”
that the magnetization decays as a result of transitions
from one sublattice to the other, and that the rate in-
creases with the temperature due to a scattering by ther-
mal magnons. In an antiferromagnet such as MnFs,
the spins have antiparallel orientations on the two sub-
lattices. At temperatures so low that no magnons are
exited over the magnon energy gap (€gap/kp = 12.54
K), excitation transfer is only possible between ions lo-
cated on the same sublattice. Intersublattice transitions
then are spin forbidden. In the presence of magnons, on
the other hand, exciton intersublattice transitions are al-
lowed, which involve the interchange of an exciton and
a magnon on opposite sublattices. An additional argu-
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FIG. 2. Exciton magnetization decay rates as function of
the temperature for pure MnF; (0), and for MnF2 doped
with 0.5 and 2.0 at. % Zn?*1 (O and ¢, respectively). Optical
excitation is into o;. The date point at 2 K is taken from
Holzrichter, Macfarlane, and Schawlow (Ref. 7). The solid
line is a theoretical fit of Eq. (16) to the data for pure MnFs.
Also shown are the magnon magnetization decay rates for
pure MnF,.
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ment that this is the relevant process here is the absence
of a magnetic-field dependence. Because the g factors of
the excitons and the magnons are nearly equal, such a
scattering would stay elastic up to high external fields.
We proceed with a short account of the relevant theo-
retical results, following Ueda and Tanabe.® As a starting
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point for the derivation we take the Hamiltonian for the
exciton-magnon interaction, expressed in terms of the
usual local-spin-deviation creation operators a;. and b;',
and the exciton creation operators Al and B;r , Where

j and ! denote sites on the up and down sublattices,
respectively.>%8 That is,

Hem =— 3 20518 [ej,(AtA ala; + BfBbib) + ¢i1(ALA; + B B)(alb] + a;b)) + pji(AlA;b]b, + B}B,aj.aj)]

27737173
7l
+ 3" {La(alBa;bf + Bl asbal) + Ly [BlA;(ala] + bb) + Al By(aja; +bfeD)] } - (4)
7l

The coefficients in Eq. (4) are defined by

! N\ 1/2 U
4l S il
y — Y% p— — ]_ iy — —_ 1
Pit Jit ( s) ’ pit JjiS ’

Jii 1 9—9)usHa

W=7 27Ta8 (5)
L., - Kt o K
I it 2828 — 1)/

where the primed quantities refer to the excited state,

§=2,8= 3, Jj1 and J}, are exchange constants, H is

the staggered anisotropy field, Kj; is the matrix element
of the intersublattice excitation transfer, and Z = 8 is
the coordination. We henceforth drop the subscripts in
Jjt, Jj;, and Kj; in Eq. (5), as it is assumed that they are
nonvanishing only for neighboring ion pairs jI on opposite
sublattices.

The first summation in Eq. (4) represents the magnon-
induced modifications of the exciton energy. This part
of the exciton-magnon interaction is essentially equiv-
alent to the Hamiltonian describing the scattering of
spin waves by impurity ions.!® The second summation
describes exciton intersublattice transitions, and this is
the term of interest here. To derive an expression for
the exciton intersublattice transition rate from the above
Hamiltonian, use is made of the density-matrix formal-
ism, treating the exciton-magnon interaction as a per-
turbation up to second order. The magnon system is
assumed to be in thermal equilibrium. In this way one
arrives at two terms providing for the exciton damping.
The quantity

To = Z(2J8)2(Ze*+™M) + ¢2y® + p2y1) (6)

is a measure of the homogeneous broadening of the exci-
ton energy induced by magnon scattering, and

Ty = Z(2L"*4® + L24®) (7)

is the magnon-assisted intersublattice transition rate we
set out to calculate. The parameters ~+ to 4 are
correlation functions between spin-deviation operators.®

=

Following standard linear spin-wave theory, we may

write the free-magnon dispersion relation pertaining to
MnF, as

e = 2Z|J|S[(1 + ene)® — 2]V? (8)

with
oo = (gunHa/221J|8) — (472/27) sin? (kac) ,  (9)
Yic = cos(3kga) cos(3kya) cos(k.c) . (10)

Here, J = —1.22 cm™! and gupHs = 0.76 cm™!. The
second term in the definition of o contains the contri-
bution to the magnon energy of the ferromagnetic ex-
change interaction. with the two nearest neighbors along
the ¢ axis, with strength J; = 0.22 cm™!. We have ne-
glected the contribution of this term to the Hamiltonian
in Eq. (4), but account is taken of its effect on the disper-
sion relation and the density of states of the magnons.

The correlation parameters v(!) and v(® can be ex-
pressed in terms of the magnon occupation number per
branch ny as

27
7(1) — m Z Z 6(€k — ek:)nk(nk: + 1)
k k'
X (cosh2 6x cosh? 0y + sinh? 0y sinh? Ox') ,

(11)

2w
~G®) = N7 Z Z O(ex — exr)mac(nuer + 1)
k K

x 4 cosh? 0y sinh? Oy ,

where 6y follows from tanh26y = y /(1 + ax). If we
neglect correlations between sites, then v(4) = ~(1) and
v = ~3) We now introduce the magnon density of
states per sublattice

1
ple) = zk:a(e —ex) (12)
and the weighted density

pe(€) = % Z 6(e — €x) cosh 26y . (13)
k
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The correlation parameters v(1) and v(® can then be
written

S g /0°° n(e)[n(e) + 1][p2() + p(€)] de ,
(14)

1 =2 [ a0 + 120 - (0] de

where n(e) = [exp(e/kpT) — 1]~ is the Bose function.
The expression for the magnon-induced intersublattice
rate I'y now becomes

I, = K? (§7(3’ + %7‘1)) : (15)

The temperature dependence of I'; is contained in ~(1)
and v®). In an antiferromagnet with a negligible
anisotropy (ax =~ 0), p(e) would be proportional to €2 at
low energies, and at low temperatures this would lead to a
T3 dependence of v(1) and v(®, and thus of 'y and I';. In
the case of MnF '3, however, the anisotropy-associated gap
in the magnon density of states for energies below 12.5 K
leads to a modification of this temperature dependence.!!

With the purpose of making a comparison of the mea-
sured decay rates with the theory presented above, we
have calculated the densities p(€) and p.(€) for the case
of MnF,, and subsequently performed the integrations in
Egs. (14) for a range of temperatures between 2 and 40 K.
The calculations were done numerically. The resulting
¥ and v® were substituted in Eq. (15) to obtain I';.
The magnetization decay rate equals twice this intersub-
lattice rate, augmented by an additional temperature-
independent background rate 'y, due to processes that
are not magnon induced. We have compared the result-
ing decay rate

I'= 2]:‘1(:2—') + Fba(:k (16)

with the magnetization decay rates which we measured
in pure MnF2. A least-squares adjustment of Eq. (16)
to our data yielded K = 0.086 & 0.006 cm~! for the ma-
trix element of the intersublattice transfer, and I'pacx =
(0.75 £ 0.15) x 10% s~1. The corresponding decay rates
are shown in Fig. 2 as the solid curve. The background
rate is in good agreement with the value from Ref. 7 at
2 K. It is obvious from Fig. 2 that the model excellently
describes the data.

A likely candidate for an explanation of the back-
ground rate is the spin-orbit coupling. Intersublattice
transfer cannot be induced by the exchange interac-
tion alone as the spins have antiparallel orientations on
the two sublattices, but will become possible through a
second-order perturbation of the relevant wave functions
by the spin-orbit coupling. The intersublattice rate as-
sociated with this perturbation will be smaller than the
intrasublattice coupling (~ 10° s™!) by a factor of the
order (\/Ey)?, where A ~ 260 cm~! is the spin-orbit
coupling constant and Ey ~ 18400 cm™! is the exciton

energy. This indeed leads to an intersublattice rate of
the right order of magnitude.

It appears from Fig. 2 that the residual magnetiza-
tion decay rate at low temperatures is dependent on the
impurity concentration in the crystal. It increases to
3 x 10% s71 in a crystal containing 2.0 at. % Zn2* impu-
rities. We interpret these rates as resulting from transi-
tions in which trapped excitons transfer to a trap on the
opposite sublattice, which is associated with the same
impurity site. It is well-known®12:13 that, because of the
very long lifetime of the E1 exciton, all created excitons
eventually become trapped on Mn2* ions that are per-
turbed by neighboring impurity ions. Typical trapping
rates in a nominally pure crystal are significantly lower
than the measured exciton intersublattice rates. Conse-
quently, our experiment in pure MnF';, reflects the dy-
namics of free excitons. The addition of Zn?t impurities
results in a highly increased exciton trapping rate. We
expect that the trapping rate in a crystal doped with
2.0 at. % Zn2* will dominate the intersublattice transi-
tion rate, and that all excitons will be trapped within
the time scale of the experiment. As a result, our ex-
periment probes the behavior of trapped excitons. The
crystal with 0.5 at. % Zn%* represents an intermediate
case. The behavior of the excitons at higher tempera-
tures, i.e., above 10 K, appears to be the same in the
impure crystals as in the pure crystal. This result is not
unexpected: At these temperatures thermal activation
by magnons or phonons will cause trapped excitons to
scatter back to the free-exciton level, thereby decreasing
the effectiveness of the trap.

IV. CONCLUSIONS

We have shown that the technique of the detection of
magnetization changes with a pickup coil allows us to
follow exciton intersublattice relaxation rates in MnF,
over almost three orders of magnitude as they increase
with the temperature. This temperature dependence is
adequately described by a scattering process in which the
exciton exchanges sublattices with a thermal magnon.
The residual rate at low temperatures presumably is due
to a perturbation of the interion exchange interaction by
the spin-orbit coupling. In crystals with high impurity
concentrations we find an increase in this residual rate.
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