
PHYSICAL REVIEW B VOLUME 38, NUMBER 7 1 SEPTEMBER 1988

Optical generation and bottlenecking of nonzero-wave-vector magnons
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Optical generation and bottlenecking of nonzero-wave-vector magnons in MnF2 is accomplished
by mediation of the excited F9/2(1) Kramers doublet of Er'+ centers. Following pulsed optical
pumping into the upper doublet level, the generation of resonant magnons is manifest via one-
magnon relaxation to the lower level in the event the doublet splitting is made to exceed the magnon

gap with an external field. This relaxation, in parallel with the slower spin-phonon relaxation, is in
turn observed via the time evolution of the luminescence. Upon severe optical pumping, the mag-
nons become imprisoned under bottlenecking conditions by excited Er'+ maintained in the lower

F9/2 ( 1) component, which then may serve as detectors. These experiments allow one to deduce the
magnon lifetime, which indicates that spatial diffusion is a major mechanism of removal out of the
excited zone. Additionally, the Zeeman effect of the luminescence is investigated, yielding the split-
tings of the F9/2(1) and I»/2(1) doublets, and inferring that the Er'+ moments occur in eight
different orientations in conformity with the magnetic symmetry.

I. INTRODUCTION

The purpose of this paper is to demonstrate the feasi-
bility of generation and bottlenecking of magnons in or-
dered magnetic systems by optical excitation of centers. '

Optical generation is accomplished by selective optical
pumping into a suitable excited level followed by a reso-
nant emission of magnons in the nonradiative decay to a
second excited level lying as close as a distance within the
magnon band. The luminescence emanating from the
lower excited state then rejects the number of magnons
generated. In the event that the optical pumping is made
severe, i.e., the magnon generation exceeds the removal
of magnons out of the optically excited volume, a none-
quilibrium occupation of the resonant magnon modes de-
velops. Furthermore, because the centers remain optical-
ly excited as long as the luminescent lifetime, they accu-
mulate in the lower state to such a concentration that the
nonequilibrium magnons su6'er multiple reabsorption and
emission by the two-level scheme prior to decay. This
condition of dynamical equilibrium, commonly referred
to as a bottleneck, permits to determine the magnon life-
time in a time-resolved experiment provided the metasta-
ble concentration and the relevant system parameters are
known.

In real systems, optical generation of magnons by de-
cay among excited states is inevitably associated with the
production of resonant phonons via direct spin-phonon
relaxation. To discern the generation of magnons, there-
fore, it is desirable to select a magnetic system in which
the magnon dispersion exhibits a gap, i.e., a finite amount
of energy is required to excite a magnon already at k =0.
At level separations below the gap the growth of the
luminescence following pulsed optical pumping then is
entirely due to phonon production, and magnon genera-

tion is apparent from an anomalous speeding up as soon
as the level separation is made to exceed the gap, such as
with an external magnetic field.

A system eminently meeting these requirements is the
well-known antiferromagnet MnF2 (T~=67.3 K} con-
taining Er + luminescent centers to a small concentra-
tion. We will take advantage of the metastable F9i2(1)
Kramers doublet of Er +, which has well-resolved
luminescent transitions to the I»&2(1) ground-state dou-
blet. To determine the external magnetic fields needed
to raise the F9i2(1) doublet splitting above the k=0
magnon gap, we first examine in Sec. III the Zeeman
effect of the F9&2(1) doublet, and additionally measure
the Zeeman effect of the I,5&2(1}doublet. Then, in Sec.
IV, the generation of magnons resonant with the F9/2(1)
doublet appears to be manifest in the form of a sudden
acceleration of the decay within the doublet as soon as its
splitting falls within the magnon band. In fact, the decay
becomes dominated by the resonant magnons. The relax-
ation is in turn observed via the luminescence out of the
lower component of the doublet, F9&2(1), given that
the optical pumping is into the upper component,
F9i2(1)+. Next, in Sec. V, it indeed proves feasible to

increase the excited-state population to the extent that
the magnons generated attain nonequilibrium occupa-
tions.

A particular advantage of the present scheme of opti-
cal generation is that it, in principle, allows the genera-
tion and examination of monochromatic nonequilibrium
magnons throughout the entire Brillouin zone simply by
adjusting the level separation of the center. In this sense
they bear resemblance to the optical schemes employed in
the study of phonans, where, especially in the case of
Cr + in A1203, a treasure of information has been un-
covered regarding the dynamics of high-frequency pho-
nons.
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II. EXPERIMENTAL

Selective excitation of the F9/2 levels of Er + in MnFz
was accomplished with an excimer-pumped dye laser,
delivering almost linearly polarized light pulses of about
10-ns duration, 0.3-cm ' spectral width, and 100-kW
peak power. The specimen, an oriented single crystal of
MnF2. Er +, was immersed in liquid helium held at 1.5 K.
The laser beam, incident along the [001]axis, was focused
to a diameter of about 0.2 mm. External magnetic fields
of up to 6 T along [001] or [110]were used to make the
splitting of the lowest F9/2 Kramers doublet exceed the
magnon energy gap. The inhomogeneity of the field over
the sample was 0.02% at maximum. The luminescence
around 653 nrn, emitted by Er + at 1.5 K in its return to
the I,5/2 ground state, was observed at right angles to
the incoming laser beam. The Zeeman components
departing from the F9/2(1) doublet, whose intensities
reflect the populations within the doublet, were selected
with an 85-cm grating double monochromator, calibrated
with reference to spectral lamps, and having a spectral
resolution of 0.004 nm. The light passing the monochro-
mator was detected with a photomultiplier followed by
standard photon counting apparatus. The temporal evo-
lutions of the luminescent intensity following each laser
pulse were stored in a transient recorder with a minimum
sampling time of 20 ns, and subsequently transcribed to a
multichannel analyzer for accumulation and further
analysis.

For the purpose of the determination of the Zeeman
splittings, the precise positions of the relevant com-
ponents of the F9/z(1)- I,s/2(1) transition were deter-
mined for each field applied under optical pumping with
a cw argon ion laser operating at 514 nm into the broad
absorption band associated with the T, state of the
Mn + ions. From T, the energy is eSciently released to
Er + centers acting as traps, resulting in a population of
their F9/z levels.

The single crystal of MnF2. Er + used was grown by
use of a Czochralski-pulling technique under a N2 atmo-
sphere and addition of some NH4F HF as scavenger.
The concentration of Er + amounts to 0.01 at. % accord-
ing to atomic absorption spectroscopy. The specimen cut
from the boule has the form of a rectangular paral-
lelepiped with dimensions 2.4X2.0X12.4 mm . The
faces, polished down to 0.1 pm roughness, are perpendic-
ular to [110], [110],and [001], with the longest dimen-
sion parallel to [001].

III ZEEMAN EFFECT OF F9/2( 1 ) I]5/2( 1 )

The Krarners degeneracy of the Er + doublets is, at 1.5
K, already lifted in the absence of an external field by ex-
change and dipolar fields originating from neighboring
Mn + ions. This is reflected in the appearance of four
clearly resolved lines in the F9/2(1)- I,5/2(l) lumines-
cence spectra when pumping into the Mn + broadbands
as well as in the excitation spectra obtained upon moni-
toring a F9/2(1) component. Representative examples of
such spectra are shown in Fig. 1. The insets to Fig. 1

provide, over a wider range of wavelengths but with re-
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FIG. 1. Spectra of the F9/2(1)- I»/2(1) transition at 1.5 K in
zero external field: (a) luminescence spectrum upon excitation
at 514 nm; (b) excitation spectrum while monitoring the
luminescence of F9/2(1) . Insets show the complete lumines-
cence of F9/2(1) to I»/2, and in excitation the complete F9/2
multiplet.

duced resolution, the luminescence of F9/p(1} to the
complete I,s/2 multiplet, and, in excitation, the com-
plete F9/2 multiplet. Unambiguous identification of the
various lines associated with the F9/2(1)- I»/2(1) transi-
tion may be established from the relative intensities in the
excitation spectra, which distinguish between the two
I,~/2(1) states, combined with the temporal develop-

ments of the luminescence spectra following pulsed selec-
tive excitation, which distinguish between the two
F9/'i( 1 ) states. This identification is mandatory to assign

the zero-field splittings of the F9/2(1) and Ii5/2(1) dou-
blets, which are found to amount to 1.39+0.03 and
2.71+0.03 cm ', respectively. Additional weak lines,
which become more pronounced the higher the doping of
the samples, occur at the long-wavelength side of the
luminescence spectrum, but are absent from the excita-
tion spectra. This is indicative of these lines to originate
from other centers, presumably dimers of Er +. It is not-
ed that dimer formation at low concentrations has been
observed in other systems.

The internal fields the Er + experience along [001] are
staggered with the sublattices. In an external magnetic
field along [001], therefore, the Er + ions residing on the
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two sublattices become nonequivalent. The net field is in-
creased for Er + on one sublattice, but decreased for
Er + on the other sublattice. Already in external fields as
low as 0.3 T, each of the four luminescent lines of Fig.
1(a) appears in duplicate, as shown in Fig. 2(a). The fact
that the two four-line sets are univocally associated with
Er + on the up or down sublattice is best proved by selec-
tive excitation, which favors either set depending on the
transition chosen for the excitation [Figs. 2(b) and 2(c)].
The complete absence of one set upon excitation of the
other further indicates excitation transfer between Er +

on different sublattices not to take place within, say, five
times the radiative lifetime, or 1 ms. The Zeeman split-
ting 6 of the F9/2(1) doublet derived from the line sepa-
rations is presented in the upper panel of Fig. 3. The
F9/2 ( 1 ) splitting of Er + on one sublattice, which we will

henceforth refer to as the up sublattice, exhibits a nearly
linear increase with the field. The splitting for down-
sublattice Er +, on the other hand, first decreases to a
minimum, amounting to 0.90+0.02 cm ', at a field of
0.88+0.03 T. Also derived from line separations such as
in Fig. 2 is the Zeeman splitting of the I»/2(1) ground-
state doublet. The results, given in the lower frame of
Fig. 3, are seen to behave quite similarly. Here, b, for the
down sublattice reaches a minimum of 0.3320.07 cm
at 0.52+0.03 T.

The very occurrence of a finite minimum provides evi-
dence for the internal field to contain a perpendicular
component, i.e., from the magnetic point of view the
Er + centers are, as opposed to the Mn +, not located on
sites of tetragonal symmetry. This is further established
by similar experiments conducted in fields directed along
the [110]and [100] axes, not presented in detail here. In
these cases, each line of the Zeeman-split pattern of Fig.
1(a) is observed to quadruple, whereas all Er + would
have been equivalent in the case of tetragonal symmetry.
For arbitrary directions of the field, each line is seen to
split in up to eight lines. These findings are not reconcil-
able with the earlier suggestion that the charge compen-
sation associated with the substitution of Er + for Mn +

would be of delocalized nature. Instead, the results are
indicative of the formation of a single kind of center,
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FIG. 2. Luminescence spectra of the F9/2(1)- I»/2(1) transi-
tion in a magnetic field of 0.3 T along [001]: (a) excitation of
Er + on both sublattices at 514 nm: (b) selective excitation of
F9/2(1)+ of Er + on the up sublattice; (c) same, but down sub-

lattice.

FIG. 3. Energy splittings of the F9/2(1) and I»/2(1) dou-
blets in fields along [001]. Solid lines represent fits of Eq. (1).
Dashed curves are as the solid curves, but with the quadratic
Zeeman effect set to zero. The F9/2(1) splittings intersect the
k =0 down-magnon branch.
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breaking the local symmetry in the sense that the Er +

magnetic moments point in eight distinct directions in
compliance with the rutile structure. We note in this
connection that the magnetic environment of the Mn +

rotates over m/2 about the [001] axis when going from
one sublattice to the other. This imposes an arrangement
of the four up and four down sublattice Er + moments as
depicted schematically in Fig. 4. Indeed, a detailed in-
spection of the experimental results in external fields
canted from [001] show the Er3+ on the two sublattices
to experience different transverse fields along [110). Be-
cause of the dense packing of the rutile structure, intersti-
tial F ions are unlikely. The assert&on of a replacement
of a neighboring F ion by residual 0, on the other
hand, would explain the results. Furthermore, a conse-
quence of the local symmetry breaking is that the princi-
pal axes of the g tensors of F9/2(1) and I»/2(1) are not
directed along the crystal axes.

A quantitative description of the observed F9/2(1) and

I»/2(1) splittings with field may be gained from a spin
Hamiltonian of the form

%=ps g g~pJ~(H+H; )p
a,p

+ps g G p sJ Jp(H+H;)r(H+H;)s,
a,p, y, 5

appropriate to a manifold of constant J. Here, H is the
external field, H, =Hd; +[2(gz —I)/gz]H, „ is the inter-

nal field composed of dipolar and exchange parts, g p is

the g tensor, and 6 py& is a fourth-rank tensor necessary
to account for the quadratic Zeeman effect observed at
higher fields. The indices a, P, y, and 5 run over x, y,
and z. For both doublets we adopt an effective J=—,'.
The energy splittings as derived from Eq. (1) at a fixed

direction of H have the analytical form of the square root
of a quartic polynomial in H, with the sign of H depen-
dent on the sublattice. Least-squares adjustments of

(oo~I

&=1M+ g p~&(H+H;) (H+H, )&
a,p

(2)

where p,&
——g g rg &, as well as the internal fields H,

have been extracted. The results are summarized in
Table I both for the F9/2(1) and I»/2(1) doublets.

IVi GENERATION OF RESONANT MAGNONS

As already pointed out, the method of observing a gen-
eration of magnons following excitation of the upper dou-
blet state F9/2(1)+ is to see the decay to F9/2(1) ac-
celerate when the doublet splitting surpasses the magnon
energy gap. The latter is known to spread over about
0.07 cm because of dipolar interactions. Also given in
the upper panel of Fig. 3 are the lowest k =0 energies of
the two magnon branches as they develop in external
fields along [001]according to the relation

0——ek o(H=O)kgpsH . (3)

Here e„o(H =0)=gpss(2HEH„+H„)', in which
g=2, and HE and H„are fields representing the ex-
change and anisotropy, respectively. Near 0 K we have
go~HE ——48.8 cm ', gp~H~ =0.78 cm ', and
ek 0(H =0)=8.71+0.04 cm '. ' From a comparison

these expressions have been achieved to the measured
field-dependent splittings of the excited doublet as well as
those of the ground doublet. The field directions con-
sidered are [001], [100],and [110],and, to a lesser extent,
[111]and [111].In all cases Eq. (1) turned out to provide
an adequate description of the splittings up to the highest
fields considered. As an example, the fits for H along
[001] are represented in Fig. 3 as the solid lines. To
demonstrate the size of the second-order Zeeman effect,
also inserted in Fig. 3, as the dashed lines, are the depen-
dencies recalculated from Eq. (1) with the part quadratic
in the field set to zero. At 5 T, these parts are thus seen
to contribute by about 0.1 cm ' for F9/2(1), and 1.5
cm ' for Iis/z(1). In general, the quadratic Zeeman
effect is stronger in the case of the ground state, and
reaches a maximum for H parallel to [001],but even then
it is negligible below 2 T. Finally, with a detailed analysis
of the fitted results for the various directions of the field,
the coefticients p p of the leading part of the energy split-
ting,

TABLE I. Splitting coefficients p & and internal fields H ' of
Er + in excited and ground doublets with reference to the crys-
talline axes.

F9/2( 1 )

f&&oj

FIG. 4. Schematic representation of the eight directions the
Er + moments assume in MnF2.

Pxx

Pzz

Pxy

Pxz

Pyz
H,-'"' (ri
H, y' (T~
H-'" (T)

34.9+0.2
22.83+0.19
6.54+0.12

8.8+0.6
0+10
0+10

0.4+0.2
0.2+0.1

0.8+0.2

43.9+0.2
31.0+0.2

123.6+0.3
0.0+0.6
50+15
40+15
0.8+0.2
0.8+0.2
0.0+0.2
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of Eqs. (2) and (3), the F9/2(1) doublet separation and

the magnon energy gap are found to intersect at a field of
3.58+0.05 T for Er + on the up sublattice, and at
4.56+0.05 T for Er + on the down sublattice. Note that
only down magnons are to be generated in fields parallel
to [001].

To measure the decay rates, the luminescence arising
from F9/2(1} has been followed as a function of time.

As is exemplified in Fig. 5, the luminescence exhibits at
short times the increase associated with the relaxation,
but ultixnately decays with the return of the excited popu-
lations back to F&5/2. A detailed analysis of the data
indeed bears this out, with the exception of the regime
close to intersection as well as beyond this point in the
case of high pumping powers, the luminescent intensity
I (t} is faithfully described by a single-exponential rise in

parallel with a long-time decay. That is,

I(t)=I(0)[1—exp( t /T, tr—)]exp( t lr—a ), (4)

where T,ff is an effective relaxation time connecting the

F9/2(1) states, and wa is the time against decay out of
the F9/2(1) doublet, either directly by luminescence or
by multiphonon processes involving I9/p located about
2800 cm ' below F9/z(1), as intermediary. " The fits

yield ~a ——235+10 {Ms in zero field, weakly diminishing
with the field to 195+10ps at 3.5 T.

In Fig. 6 the results for T,tr of both up- and down-

sublattice Er + are presented as a function of a magnetic
field parallel to [001]. The time T,s is seen to stay nearly

level at first, and then to decrease gradually until a sud-

den drop is observed. This drop which covers over an or-
der of magnitude within a field increment of 0.2 T only,
occurs around 3.6020.03 T for up-sublattice Er + and

4.6060.05 T for down-sublattice Er +, the very points at
which the F9/z(1) level separation crosses the tnagnon

gap. For the up-sublattice Er + this is shown to better
advantage in the inset of Fig. 6.

To expose the breakaway at the intersection points
more clearly, we consider the field dependence of the re-
laxation of Er + by phonons in somewhat greater detail.
At temperatures so low that thermal Raman and Orbach
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FIG. 6. Relaxation time within F9/2(1) of Er + on the up
(open circles) and down (solid circles) sublattices vs a field along
[001]. Solid lines represent a fit based on Eq. (5) to the data
below intersection with the down-magnon branch. In the inset,
the regime of significant non-single-exponentiality is indicated
for up-sublattice Er +, where data points refer to the phonon
part of the decay.

processes are frozen out, the phonon-associated relaxa-
tion within F9/2(1) is governed by direct processes, i.e.,
the energy emitted by the spin system is taken up by a
resonant phonon, or vice versa. For Kramers doublets,
direct spin-phonon relaxation is only operative through
admixture of other levels by the magnetic field breaking
the Kramers symmetry. In paramagnetic systems this re-
sults in a fifth-power dependence of the direct spontane-
ous relaxation rate T&

' on the field, ' ' as opposed to a
third-power dependence for nonconjugated levels. ' The
present case is somewhat more complicated in that the
admixing is additionally induced by the internal field,
leading to

T) ' ——Ch g A~II(H+H;) (H+H;)II
a,P

(5)
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FIG. 5. Development with time of the luminescent intensity

from F9/2(1) following pulsed optical population of F9/p(1)+
at 1.5 K and zero magnetic field.

where k
&

is a second-rank tensor containing the admix-
ing. Further, the low-field plateau is observed to be
weakly dependent on the laser intensity, presumably be-
cause of Raman and Orbach processes invoked by high-
frequency nonthermal phonons generated in the nonradi-
ative decay out of F9/p(1). The rate T,fr' actually ob-
served, therefore, is made up of (1+2po)/T&, with po the
thermal occupation number of the resonant phonon
modes, in parallel with a residual field-independent rate.
Note that p0 reaches a value of about 0.6 at the minimum
splitting and 1.5 K. Simultaneous adjustments of T,ff
pertaining to the two sublattices have been accomplished
to all data below the intersection points. Here, use has
been made of the 6's deduced in Sec. III. The results of
the fitting are represented by the solid lines in Fig. 6. The
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minor deviations at low fields are presumably caused by
the coincidence of the optical transitions of Er + on the
two sublattices, increasing the effective concentration of
excited Er +, and thus the number of phonons generated
in the optical pumping. The important point advanced
by these fits, however, is that beyond the intersections the
Teff data distinctly deviate from the phonon-only T,&-,

unambiguously confirming generation of magnons by de-
cay of Er3+ within Fs/2(1) to take place.

It has already been discussed that in fields along [110],
four inequivalent classes of Er + sites arise. The F9/2(1)
Zeeman splitting of the Er + having the highest-energy
F9/2 ( 1 ) - I» /i ( 1 ) transition is followed as a function

of field in Fig. 7. The splitting factor in this direction is
so high as to make the crossing of the F9/i(1) splitting
with the magnon branches feasible despite the fact that
magnon energies do not come down with the field. In a
field perpendicular to the [001]easy axis, the lowest k =0
magnon energies in fact become

sk =o= I sk =o(H =0)+ gg @AH [1+(1+Hg /HE )]I '

(6)

Equation (6) has been derived from the classical equations
of motion of the two sublattices magnetizations, ' and is
correct up to order H . The lowest intersection point is
predicted by Eq. (6) to occur at a splitting of 8.7 cm
The reduction of the relaxation time within F9/2(1) in a
field along [110],presented in Fig. 8 as a function of the
doublet separation, is observed to behave in a way essen-
tially equal to the course in fields along [001]. The
straight line in Fig. 8 represents the fifth-power depen-
dence on 6 to which the phonon part of T,z' approaches
at fields substantially above H, [cf. Eq. (5)]. The relaxa-
tion rate, however, increases sharply beyond a doublet
separation of 8.920.1 cm ', the point at which within
the uncertainties 5 matches ck 0 in perpendicular fields.

To conclude this section, we consider in more detail
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the relaxation among the F9/2(1) levels in fields close to
the intersection. Time evolutions of the luminescent in-
tensities just below, precisely at, and just above the inter-
section are presented in Fig. 9 for fields parallel to [001].
Both in the regime of relaxation by phonons only and the
regime of relaxation predominantly by magnons, the in-
crease of the F9/2(1) luminescence is single exponen-
tial. In the vicinity of the intersection, however, the in-
crease turns out to contain fast as well as slow com-
ponents. The reach of the deviations from single ex-
ponentiality is about 0.05 T at either side of the intersec-
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highest-energy F9/2{1) - I»/2(1) transition in a field along
[110]. Solid curve is the fit of Eq. (1). Also inserted is the field

dependence of the k =0 magnon energies according to Eq. (7).

FIG. 9. Evolution with time of the F9/2{1) luminescent in-

tensity following excitation into F9/g(1)+ just below (3.46 T),
precisely at (3.58 T},and just above (3.67 T) intersection for the
up-sublattice Er3+. The field is aligned along [001].
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FIG. 10. Fraction of the fast decay among the F9/p(1) levels
for up-sublattice Er'+ vs a field along [001]. Solid line

represents an adjustment under the assumption of a Gaussian
profile.
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tion, as is indicated in the inset of Fig. 6. It is reasonable
to conjecture that the F9/2(1) doublet separation is inho-

mogeneously broadened. The fast components thus origi-
nate from those excited Er + whose separations already
match a magnon energy, whereas the slow components
arise from excited Er + relaxing by phonons only. The
fraction of the intensity rise associated with the fast com-
ponents, as derived from data such as those in Fig. 9, is
given in Fig. 10 as a function of the field. Here, for sim-

plicity, the rise is represented by a sum of a fast and a
slow exponential on the grounds that the relaxation by
magnons is so much faster than relaxation by phonons.
The gradual taking over by the fast components on
traversing the inhomogeneous broadening then appears
to be quantifiable with the function

—,'I 1+erftgptt(H H„„«,)l(21n—2)' I ]I,
which describes a shifting of weights under the assump-
tion of a Gaussian profile. The full width at half max-
imum I has been adjusted to the data of Fig. 10, to yield
I =0.19+0.04 cm '. A minor part of I may arise from
the dipolar spread of the magnon dispersion.
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among the F9/2(1) levels once the F9/2(1)+ population
N+ has, to some degree, fallen below the F9/2(1) pop-
ulation N . In the regime where N+ still exceeds N
on the other hand, bottlenecking leads to an acceleration
of the decay because of stimulated emission. A represen-
tative example of the increase of the F9/2(1) lumines-
cent intensity upon severe optical pumping is given in
Fig. 11. Here, the field is along [110]and above the inter-
section. As opposed to the low-intensity case (cf. upper
trace of Fig. 9), the acceleration turns into a slowing
down around N+ =N . It is noted that the depopula-
tion of F9/2(1)+, as measured via its luminescence, is
found to be precisely complementary to the rise of
F9/2 ( 1 ) ~ This point is of relevance in that it evidences

predominance of the processes within F9/2(1). It is fur-
ther noted that the phonons are not yet bottlenecked at
the laser powers used. This has been verified from the ab-
sence of any N' dependence of T,ff in fields below the in-
tersection point.

The decays have been quantitatively analyzed in terms
of phenomenological rate equations governing the popu-
lations N+ and N of the F9/2(1) levels as well as the
occupation number m of the resonant magnon modes.
These equations may be written as

dN+ (1+m )N+ mN—
dt T)m

The optically excited two-level scheme utilized above
for the generation of monochromatic magnons further is
capable of detecting magnons through capture by Er + in
the F9/z(1) state. Here, we focus on the detection of
magnons generated in the decay following optical excita-
tion under bottlenecking conditions. Magnons then raise
Er + back to F9/2(1)+ because a magnon is, on the aver-

age, reabsorbed by an excited Er + prior to their decay
by thermalization or, for that matter, escape out of the
excited zone. The degree of bottlenecking depends, of
course, on N', the concentration of excited Er +. Note
that the metastable Er + remain in F9/2(1) for a time
t„, 3 orders of magnitude longer than it takes to decay
spontaneously from F9/2(1)+.

A means to observe the occurrence of a bottleneck is to
examine the associated slowing down of the relaxation

LLI

0
I I I

1 2 3
(~s)

FIG. 11. Evolution with time of the F9/2(1) luminescent
intensity in a field of 3.67 T along [110]for the highest N at-
tained (N*=SX10"cm '). The increase of the F9/2(1) pop-
ulation markedly slows down, indicative of bottlenecking of
magnons. Solid line represents a numerical solution of Eqs. (7).
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in which T& and T& denote the spontaneous direct
spin-magnon and spin-phonon relaxation times, D(co) b,co

is the number of magnon modes resonant with the spin
transition having a width hco in the angular frequency co,

is the average time of removal of the magnons, and

mo and po are the thermal occupation numbers. Note
that at the intersection mo and po are of order 10 at 1.5
K. Feeding by optical pumping is restricted to the upper
level through the function P(t), where f o"P(t)dt =N' is

the total number of Er + centers excited by the laser
pulse. Radiative decay is included for completeness, its
effects being entirely negligible on the time scales of in-
terest here. In the event of high pumping, the major
terms in Eq. (7) are those involvin'g multiple emission and
reabsorption of magnons by the Er +. At first, the decay
of F9/2(1)+ to F9/2(1) becomes accelerated through
stimulated emission of magnons, growing with m until
emission and reabsorption balance, i.e., ( 1+m )N+
=mN . From there on, the decay slows down as a re-
sult of the bottlenecking.

Equations (7) have been solved numerically over the
full range of N under bottlenecking conditions. Subse-
quently, adjustments to coincidence with the observed
temporal evolutions of N have been achieved. An ex-
ample of these adjustments, for the highest bottlenecking
attained, is given as the solid line in Fig. 11. When the
majority of the excited Er + are relaxed to Fs/2(1), the
decay becomes virtually single exponential with an
effective relaxation time

T,» [( I+2m )——o/( I+a ) T& +( I+2po )/T&» ] (8)

where the degree of bottlenecking is appropriately ex-
pressed by the bottlenecking factor

o =N'r /D(co)hcuT,

i.e., the ratio of the rate with which magnons of a partic-
ular mode are scattered off the Er + spin system,
N'/D(co)bcoT, , over the damping rate r '. In the case
of vanishing N' (o «1), the decay of N+ following the
exciting pulse is, according to Eqs. (7},strictly single ex-
ponential over its full span, with a time constant still
given by Eq. (8).

Effective relaxation times pertaining to the final por-
tions of the decays such as in Fig. 11 are presented in Fig.
12 as a function of N for co=9.5+0.1 cm ', correspond-
ing to k's about 5% out into the zone. Here, the N'
scale is taken proportional to the luminescent intensity,
while its absolute calibration has been extracted, to an ac-
curacy of 20%%uo, from separate experiments on the absorp-
tion of the laser light by the crystal. As is apparent from
Eq. (8), the combination of quantities provided by T,ff

after removal of the phonon part is (1+cr)T& . Upon
substituting T, =0.8+0.2 ps, obtained from extrapola-
tion of the relaxation times below the intersection point
[cf. Fig. 8], T,» at the maximum N'=(5 1)X 10' cm
thus yields (1+o }T, =1.4+0.3 ps. The time T, is

best estimated from extrapolation to very low laser
powers, where, as has already been noted, the decays are
single exponential over the entire range of N . The
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FIG. 12. Dependence of T,z on N beyond N+ =N
Curves represent calculated dependences of T,» based on Eqs.
(8) and (9) on the assumption of a constant magnon lifetime ~
(solid curve) or a ~ proportional to N (dashed curve).

quantity T,» recalculated from Eqs. (8} and (9) with, for
the moment, constancy of w is inserted in Fig. 12 as the
solid curve, to find a satisfactory reproduction of the
course of the experimental T,z versus N'. The spin-
magnon relaxation time is found to amount to
T, =30+15 ns, so that o =45 at the maximum N'. The
agreement also establishes the adequacy of the simple
model underlying Eqs. (7) for the present purpose.

The results for T, and cr just arrived at from the N'
dependence of T,» allow, by the use of Eq. (9},an estima-
tion of a quantity of primary interest, the magnon life-
time w . In the quadratic approximation of the magnon
dispersion, the density of magnon states is, per branch,

D(co) =(4N/m )[co(a) coo)'/ /cox]—, (10)

in which coo corresponds to the energy gap at the inter-
section point, co is the angular frequency of the resonant
magnons, co@——2p~Hz, and N is the number magnetic
unit cells per cm . Using coo ——8.9+0.1 cm ' and
m=9.5%0.1 cm ', we find D(co)=7.4X10 cm s. We
further set the width of the spin transition b,co equal to I
as obtained from the behavior of the decay in the passage
through the intersection (Sec. IU}, yielding bco=3.6
X 10'c s '. Insertion of these values in Eq. (9) then leads
to v =0.7 ps at the maximum N'.

To interpret this result, we note that the time after
which a magnon emitted by an excited Er + is interrupt-
ed by reabsorption by another excited Er + equals

T;„,=D(cu)hcoT, /N' At the maxi. mum N', therefore,

T;„,=16 ns. This corresponds to a mean free distance of
A = U T;„,=11 pm, given that the group velocity in the
Debye approximation,

io2/ C1/3& [1—(& /&)2]t/2

amounts to 700 ms ' at the relevant wave vector. In or-
der to distinguish between magnon decay by escape out
of the excited zone and decay by processes intrinsic to the
magnon system itself, we compare the mean distance
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covered by a magnon prior to its removal by spatial
diffusion, Acr', with the typical distance to the surface
of the excited zone, an estimate of which is the radius R
of the laser beam. We have Acr' =75 pm at the max-
imum N*, while R = 100 pm. It thus appears that escape
out of the zone is significant, and that, by the same argu-
ment, the ~ found constitutes a lower limit for intrinsic
decay mechanisms.

It should finally be pointed out that spatial diffusion
implies that ~ is dependent on N', contrary to the as-
sumptions made in calculating the solid curve in Fig. 12.
In the case of predominance of spatial diffusion, r is
proportional to N', and o thus varies with (N') .' The
development of T,ff with increasing N' inclusive of the
phonon part would then follow the dashed curve in Fig.
12, which has been drawn for T, =40+15 ns and o =50
at the maximum N'. The real situation is likely to be
somewhere intermediate between the two extreme cases
worked out. This does however not detract from the con-
clusion that the magnon decay is inherently weak, with

's of order 1 ps. This result is reconcilable with experi-
ments conducted closer to the zone center. Antiferro-
magnetic resonance and parallel pumping' in MnF2
have yielded decay times of order 10 ps at 2 K, despite
the fact that these techniques probe elastic scattering as
well.

VI. CONCLUDING REMARKS

We have demonstrated that optically excited centers
may act as energy-selective magnon generators. In the
antiferromagnet MnF2, magnons have in this way been
produced in the direct decay within the F9/2(1) Kramers
doublet of Er + to the extent that magnon occupations
substantially above thermal equilibrium have been at-
tained. We have further examined the Zeeman effect of
the F9/2(1) l]5 Q(/1) transition, to find the doublet sep-
arations and the magnetic orientations.

The scheme of optical generation, in principle, makes
the entire Brillouin zone amenable to examination. In
the present case, wave vectors have been selected in a
range extending many times farther than what has been
achieved with resonance techniques, like parallel pump-
ing. The upper bound of k could be increased further in
fields higher than the ones used here, notably fields trans-
verse to the easy axis. More important, however, the op-
tical scheme is straightforwardly adaptable to other mag-
netic systems, including ferromagnets, and other centers
provided the magnon-phonon interaction is not too large.
Coverage of the entire Brillouin zone, permitting a
comprehensive study of magnon damping as a function of
wave vector, would come within reach in systems having
a more narrow spin-wave band. A salient feature of a
two-level optically excited system further is that con-

versely, when maintained in its lower state, it has the
prospect of serving as a frequency-selective detector for
magnons supplied by an external source. The detection is
most sensitive under the conditions of bottlenecking,
such as reached in the present system. The magnon oc-
cupation number then is directly reflected in the ratio of
the luminescent intensities emitted by the doublet. For
the relaxation by phonons not to interfere, however, the
magnon bottlenecking factor should not exceed a few
times Tiz/Ti, which in the present case is of order 50.
In regards to the frequency resolution, it is determined by
the inhomogeneous width of the transition, but smaller
bandwidths are likely to be achievable means of a hole
burning and fluorescence line narrowing.

A feature making the optical schemes particularly
valuable for investigations of magnon dynamics is that
the concentration of the scattering centers and the
geometry of their volume of confinement may, in a single
experiment and under otherwise identical conditions, be
varied over a wide range via the intensity and diameter of
the laser beam. This permits to discriminate between the
removal of nonequilibrium magnons by, on the one hand,
intrinsic decay processes and, on the other hand, ballistic
escape and spatial diffusion to the nonpumped regions of
the specimen. The bottleneck experiments conducted
here indicate that imprisoned magnons in MnFz escape
spatially from the excited zone to a significant degree
when the group velocity allows them to do so.

Finally, it is of interest to consider the conditions un-
der which intrinsic magnon decay is measured rather
than ballistic or diffusive escape. This requires, as al-
ready noted, that Ao' &&R. Upon writing out the N'
and R dependencies explicitly, this condition may alter-
natively by written vsD(co)bcoTi r &&N R .' Ac-
cordingly, measurement of the intrinsic ~ becomes feasi-
ble upon suSciently increasing the diameter of the excit-
ed zone, but not merely by expanding the laser beam at
constant power, which would correspond to constant
N'R . Increase of the laser power at constant R is
another option as long as 0. does not grow too far above
T, /T, . It is also clear that the condition is the easier
met the higher the temperature because ~ for intrinsic
decay would diminish.
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