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T dependent in the range j.-4 K because of the
smallness of the width &, defined below Eq. (3).
However, the observed increase in 1/7 by about
a factor 2 in going from I to 4 K can be under-
stood by taking into account the T dependence of
the reaction cross section which was assumed to
be constant in deriving (9). The nea. rest neighbor
(nn) position can be reached along six times as
many channels via a next nn position (nnn) as via.
a collinear path. Therefore consider only the
formation of a nn pair via a nnn position. When
the split rotational levels of a nnn ortho pair are
compared with those of a nn pair, one finds that
all the levels of the nnn pair match within a range
of order &, some level of the nn pair, except for
the lowest level from which, therefore, no reso-
nant transitions are possible. Assuming a Boltz-
mann distribution over the levels of the nnn

pairs, we obtain the result that the probability
of the last jump, and hence 1/&, is about a factor
2 smaller at 1 K than at 4 K, in qualitative agree-
ment with experiment.

We have also done the calculations for para-
deuterium impurities in solid orthodeuterium and
find that the jump probability is about 7&10 '
times that in hydrogen, the main differ ence being
the smaller nuclear magnetic dipole moment.
Hence at c = 1/o we expect a reaction time con-
stant of about 300 h, corresponding to a reduction
in the single para, signal of about 15% in 50 h.
Preliminary measurements' have not revealed
any diffusion but the duration of the observation
is not reported and more extensive measure-
ments are clearly of. interest. Finally, we men-

tion that for HD impurities in H, no conversion
is possible. On the other hand, the interchange
of an HD molecule (which has J =0) with a, para,
H, molecule is not inhibited by the quadrupolar
coupling and, in spite of the heavier mass of the
HD, may lead to a finite quantum diffusion. The
observation of this effect is, of course, much
more difficult, since the HD impurities do not
have any pronounced tendency to form pairs.
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The vibrational spectrum for an H ion on an F site in CaF~ is that of a perturbed
spherical harmonic oscillator. The ~n =1 frequencies lie between 928 and 977 cm '.
Tunable CO2 lasers have enabled us to study saturation of the single fundamental (0- 1)
and stepwise excitation to each of the three n =2 levels. A decay-time value Tj, based on
a crude measurement of the saturation parameter W, accounts for the residual linewidth
at low temperatures. We discuss "additivity" of stepwise frequencies and polarization
"scrambling. "

Elliott et al. ' were able to observe in infrared
absorption the first four allowed (I',) levels of
the local-mode system CaF, :H . These included
a first-, a second-, and two third-harmonic com-

ponents. Prom the four frequencies, they in-
ferred the coefficients of the four leading terms
in an expansion of the potential V(x, y, z) describ-
ing displacements of the H ion from the cell cen-
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ter,

p=gr +Bxyz+C, (x +y +z )

+ C,(y'x'+ z'x'+x'y') + ~ ~ ~ .
The levels of other than I', symmetry were then
located by calculation from this potential. The
transitions studied in various investigations" '
are detailed in Fig. 1; there is uniformly good
agreement on frequencies. Fortunately for our
pruposes, the various An =1 resonance are well
separated.

In the present work we use two CO, lasers tun-
able over many lines in the 900- to 1100-cm ' re-
gion. Each uses a diffraction grating for one of
the reflectors. Generally similar, they both em-
ploy pulsed discharges of -350- p, sec duration.
One (hereafter referred to as QS) is Q switched

by spinning the grating like a flywheel; it gener-
ates pulses of up to 20 kW power and of -400-nsec
duration, on 80 lines. ' The other (NQS) generates
10- to 30-W pulses of a duration correlated with
the discharge, and on 130 lines. ' The insert to
Fig. 1 shows the coverage which our discrete
laser lines afford upon the fundamental, v„(oth-
er resonances are wider). Because &uo, is near
the CO, band center 00 1-10 0, these lines are
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FIG. 1. Spectrum at -20 K, adapted from Ref. 1.

Transitions studied in succeeding investigations are as
follows: (i) Ref. 1, infrared absorption, lines a, c, g,
f; (ii) Ref. 2, IR, uniaxial stress, lines a, b, c, d;
(iii) Ref. 3, Raman scattering, lines a, b, c; (iv) pres-
ent work, lines a, b, c, d. Inset: observed relative
transmission on 10 0 lines R (2), A (4), A (6), A (8), and
8 {10), at -90'K.

relatively weak; QS gives -5 kW. Two BaF, lens-
es placed as Dewar windows focus the beam(s)
on the sample and recollimate beyond it. When
the two beams are used together, they are ad-
justed to illuminate a common spot, but from
distinct cones of solid angle.

The discharge is most readily pulsed at a high
rate, such as 360 sec '. But we employ synchro-
nous intracavity choppers to reduce the time-
average thermal load on the gratings and at the
CaF, crystal. Some degree of short-term local
heating of the material exposed to the QS pulse
is unavoidable, however. No appreciable changes
of the spectrum occur unless the temperature T
rises above -100'K (Ref. 1, Figs. 6, 4, 3). Little
conduction occurs during the pulse. Taking a
CaF, volume corresponding to a stationmy, ' sin-
gle-mode, diffraction-limited spot and one ab-
sorption length, we find that T should approach
room temperature. Our data do not support any
such large rise of T. But there are indications
(see below) of a thermally induced increase of
absorption in the wings of Mpy asymmetrically,
corresponding to at most T =120'K, for a short
depth.

Despite any such ambiguity, there was a clear
expectation that flux densities available with the
focused QS beam should suffice to saturate the
centers for some depth into the crystal, even Bt
290 K; and this has proved to be the case. This
in turn permits a search for stepwise excitation,
n =1 to n =2. Transient effects such as nutation
could not be expected. Even in the limit of low
temperature, there is a "residual linewidth"' '
of -O. V cm ', which suggests a maximal coher-
ence time of -7 psec (at -80'K we have -1.0 cm ',
-5 psec). The rise and fall times of our QS puls-
es are much longer, so that our observations
must belong to the steady-state limit. Actually,
any contributions of inhomogeneity and of instru-
mental breadth to the measured width should be
subtracted. But lines of this defect are believed
to be homogeneous for any T. A temperature-in-
dependent spontaneous decay process fixes the
residual width and a maximal coherence time
(see Ref. 7 and below).

Figure 2(a) shows, as a simple demonstration
of saturation, temporal narrowing of the trans-
mitted pulse relative to the incident pulse (QS
beam only). Figure 2(b) displays graphs con-
structed from points on Fig. 2(a), to investigate
whether the transmitted intensity is (i) solely a.
function of the instantaneous incident intensity,
corresponding to saturation (such effects will be

649



Vor.UME 26, NUMszR 11 PHYSI CAL RKVI jEW LKTTKRS 15 MARCH 1971

I I

950 5cm '

50 —~——~ —rr ———0-0
20—

40—
50— 956,2 crn~
20~

0

O

0 .I .2 .5 4 .5 .6 7 .8 .9 I.O

FIG. 2. (a) Above: oscilloscope traces showing nar-
rowing of transmitted A (6) pulse relative to incident
pulse, at -80'K. (b) Below: plots of I«, vs I~ con-
structed from the rising and from the falling portions
of the pulses above.

referred to as "fast"), or (ii) dependent upon the
history —presumably upon the integral over pre-
vious intensities; this might be taken as a ther-
mal effect ("slow" ). Both sorts of effects are
clearly present; but saturation is the dominant
one except for late portions of the pulse, where
the slow effect obviously dominates.

Figure 3 also demonstrates saturation; but
here we plot the fractional transmitted intensity,
using only peaks from pulses of varied heights
(by attenuation). Undoped CaF, samples of the
same thickness show constant transmission,
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FIG. 8. I«, /Ih vsIh. Filled symbols are data for
90'K, where 0)=965. 1 cm, width=1. 2 cm . Open

symbols are data at -290'K, where ~0& =957.8 cm
width=8. 7 cm . Given laser frequencies for triangles
are near the respective peaks; those for circles are in
the wings.

-90 Q. The curves plotted are fits by a simple
theory including, in addition to saturable absorp-
tion by H ions, a small unsaturable component
due to the lattice,

(1/I)(dI/dx) = —n „-n,/(1 + WI),

where the quantities are defined by context. The
integral in closed form is

WI;„=[(nL+nH)/nL]((I/I;, )
" '"iHpex[-( n/ Ln)( nt+n) H]

—xlj

(lb)

(-,'n)Il&u„/T, = dI/dx = n H/W. - (2a.)

Here n is the volume density of defects, and T,
is the vibrational lifetime. Using o = n „/n, we

We cite parameter values for the curve in Fig.
3 pertaining to the peak of the line at -90'K (la,rg-
er heating effects are expected at -290'K): nq
=2.8 cm ', nH=175 cm ', and WI;„(max) =0.36.
Our estimate of I;,(max) is very rough because
the spot diameter d is poorly known. Taking d
= 80 p, m and 3 kW available at the sample, we
find I;„(max) =6x10' W cm ', W=6x10 " cm2

erg ' sec.
In the limit of high intensity, O'I»1, we can

write two expressions for the power per unit vol-
ume absorbed by defects:

find

T, = a@a)Q,W/v, (2b)

which is independent of n. Fain' has given the
first equation of (2a) on the basis of a rather gen-
eral model of a homogeneous resonance with T,
and T, treated explicitly; T, drops out.

For cr we use a value vp„q=8. 2&10 "cm' in-
ferred from Jv(2~c) 'd~ =1.56xl0 "cm; the
latter result is based on data of Shamu, Hart-
mann, and Yasaitis. ' Here there enter a deter-
mination of n by neutron scattering„a. spectro-
graphic study of n„, and use of the relation 0
-=n„/n. Then Eq. (2b) gives T, =7 psec. '0

The quantitative uncertainties are lmge, but
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FIG. 4. Inset above: oscilloscope traces showing
"fast" and "slow" effects. Below: plots vs NQS fre-
quency. Full curves show the fast effect; dashed
curves show the slow effect.

the implied decay width (homogeneous, obviously)
checks well with the residual width and with the
assertion by Hayes et al. ' that the residual width
is due to decay. They also state that the "temper-
ature-dependent ~ ~ width" is due to "phonons
scattered ~ ~ without change in the vibrational
state" (but with randomization of phase; evident-
ly also of polarization —see below).

In Fig. 4 we depict, for NQS beams of various
frequencies, the changes of transmitted intensity
caused by a pulse from QS. The most prominent
effect is stepwise absorption, n = 1 to n = 2; this
is a fast effect, faithful to the temporal shape of
the QS pulse. There is a, slow component of ab-
sorption (persisting for a few microseconds) for
frequencies in the wing of the fundamental, asym-
metric to the low-frequency side. We tentatively
attribute this to simple changes of line shape with
rising temperature, so that a NQS frequency in
the wing encounters additional absorption.

Each of the three n =2 levels of Elliott et al. '
was indeed observed in stepwise absorption, at
the energy determined in the prior work. That
is, the frequencies add (dpi'+(dy2 ct)p2 in each
case. This is perhaps less trivial than it seems.
There might occur relaxation of the vicinal lat-
tice ions after excitation of the H to n =1, with
a consequent change of w» for the newly defined
"vertical" transitions. The point is that we have
a very good case of a local excitation seeably cou-
pled to lattice phonons. From Ref. 1 we have
quite distinct "no-phonon" lines (dominant), "one-
phonon" lines (weak), and "multiphonon" lines
(not observed). Our n =1 to n =2 lines, as well
as the fundamental, are no-phonon lines, cha, rae-
teristic of a system incapable of relaxation.

Our naive expectation was that, with our Brew-
ster-window lasers, we could confirm polariza-
tion selection rules in stepwise excitation. Sup-
pose that we drive spy with E„radiation from
QS, and then with NQS study the n = 2, 1, fre-
quency for stepwise excitation. This n =2 mode
is largely like xy; one should find a null effect
if E„ is used again for NQS. Briefly, E„E„

3 only; E„E,- C', only. Experimental ly
one finds each line in each polarization. There
seems to be "scrambling" of the three n =1,
components before the second absorption. Attri-
buting this to phonons, we attempted "freeze-
out" with liquid helium, but the scrambling re-
mains. The test is probably spoiled by the QS-
pulse heating effect.

We have made rather sensitive tests for effects
of the choice of QS frequency used to drive the
fundamental upon the apparent positions of the
second-step resonances. Any inhomogeneous
component of the line shape could produce such
an effect. Two NQS frequencies, one on each
wing of a second-step resonance, are compared
for the intensity of absorption-first QS on one
wing of the fundamental, and then on the other.
No such shift is discernable. With the frequency
of QS well removed from ~„, we sought NQS ab-
sorption as the sum of the two laser frequencies
passed through an Q)p2 this also gives a null re-
sult.
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We have generated magnetization in antiferromagnetic MnF& by selectively pumping the
lowest 6A&—~T

&
sublattice excitons (or exciton-magnon band) with a pulsed, tunable dye

laser. Intersublattice relaxation processes were studied by observing the creation and
decay of specific excitations, as induction signals. The exciton relaxation time decreas-
es with increasing temperature and pumping power. We interpret this as intersublattice
relaxation assisted by thermally excited magnons.

We have generated magnetization in antiferro-
magnetic Mnp, by selectively creating sublattice
excitons and magnons with a pulsed, tunable dye
laser. The magnetization changes, and those due
to subsequent relaxation processes, were ob-
seIved Rs induction slgnRls. This enables us to
measure, in the time domain, very small inter-
sublattice couplings (-10 ' cm '), of the type
leading to Davydov splitting. The technique prom-
ises to be useful for studying the dynamics of
specific excitations which are resonantly created
by pumping with tunable lasers.

The magnetic moment of a two-sublattice anti-
ferromagnet which is excited to one of its exciton
(or magnon) levels I ~ s ls

M(t) = [ .(t)- .(t)](I.IP.II.&, (1)

where n~(t) and ns(t) are the numbers of excitons
on sublattices A and B, respectively, at time t,
and p is the magnetic dipole operator. The pos-
sibility of having n„(t) w ns(t) depends on two main
factors: (i) A scheme (in this case optical pump-
ing) can be devised to populate one sublattice
preferentially. This requires that any magnetic
domains have substantially the same orientation.
(ii) The transfer of excitation (TOE) between sub-
lattices must be slower than, or comparRble to,
the observation time. Experiments on rnagnetiza-
tion induced by optical pumping have been report-
ed for paramagnetic systems. '' The physical
mechanisms operating in these cases are quite
different from those responsible for what we ob-

serve in antiferromagnetic Mnp, .
In the present work we resonantly excite the

lowest magnetic dipole (I",', I",') exciton (El) in
Mnr, at 18 418 cm ' or the associated electric
dipole exciton-magnon band at 18 476 cm '.
These arise from the 'A, —7', transition of the
Mn" ions. ' Selective pumping of the excitons is
made possible by applying [110]stress which lifts
the sublattice degeneracy. The laser is then
tuned to excite a particular sublattice exciton' I „
or I'~, where

and M~I I,&
= II, '&+ Ii, '&.

Stress measurements by Dietz' showed that any
Davydov splitting of (I,', I'~') is much less than
the linewidth (0.5 cm '). Mes.surements of the
thermalization of the intrinsic emission from F.1

show that when the sublattices are out of reso-
nance by 5 cm ' the TOE rate between sublattices
is less than 10' sec ' below O'K. Thus for a, sin-
gle-domain crystal the conditions (i) and (ii) can
be satisfied.

The situation is somewhat more complicated in
the case of exciton-magnon pumping. Under [110]
stress the exciton-magnon ba, nd splits into com-
ponents excited by EII [110]and EII[lI0], corre-
sponding to an exciton on sublattice A and R mag-
non on sublattice & and vice ve~sa. This selec-
tion rule is a, consequence of the short range of
the interion exchange coupling" so that the inter-
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