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A rather simple method of determining the lifetimes of the excited states of exchange-cou-
pled ion pairs in ruby is described. The technique utilizes a chopped pump light and phase-
sensitive detection. It has permitted a great increase in the resolution of optical transitions,
and in particular, it allows for a virtual elimination of the vibronic sidebands of the 8 lines,
in order that the true pair spectrum may stand out clearly. Furthermore, transitions originat-
ing from different excited levels may be definitely distinguished, thus aiding in the identifica-
tion of particul. ar transitions with a given pair type. The chronospectroscopic method is of po-
tential value in the studies of energy-transfer mechanisms between single ions and pairs. It
has also provided evidence for a fourth-neighbor absorption band at 6050 A.

I. INTRODUCTION

With the completion of the theoretical work on
transition-metal ions by Sugano and Tanabe, ' the
main features of the optical spectrum of ruby
(A1303:Cr") have been understood. In particular,
the two strong sharp-l. ine transitions at 6934 and
6919 A, the R, and Rz lines, are known to originate
in fluorescence on a trigonal-field-split ~E level
and terminate on the ground-state A2 level.

In addition to these lines, however, there is a
rather large number of transitions beginning at
6852 A and extending several hundred angstroms
toward longer wavelengths for which the crystal
field calculations of Sugano and Tanabe were not
able to account. Measurements of the intensities
of some of these lines as a function of chromium
concentration in the Alz03 host lattice indicated that
these lines were due to neighboring pairs of Cr"
ions, whose energy levels were shifted from those
of the single ions as a result of exchange interac-
tions. ~ Subsequent investigations have confirmed
this hypothesis.

II. IDENTIFICATION OF PAIR TRANSITIONS

The ground-state interaction of a pair may be
described by the Hamiltonian

x'=sf, f, +j(s, f,)',
where lSql = lSzl =~ is the total spin of a single
Cr ' ion. ' This Hamiltonian gives a splitting of the
ground state of a pair into four separate levels.
Temperature-dependence measurements4" of

pair transitions yielded values of J and j and tenta-
tive assignments of the transitions tospecific pairs.

Before the exchange interaction could be fully
understood, more positive identification of indi-
vidual transitions with distinct pair types was re-
quired. Initial work was undertaken by Kaplyan-
skii and Przhevuskii' and later and more completely
by Mollenauer and Schawlow. In these experi-
ments a static stress was applied in various direc-
tions to a sample, thereby lowering the symmetry
of the lattice. Transitions of given pair types split
in characteristic mays permitting their identifica-
tion. In this way the N, line at 7041 A was asso-
ciated with third-neighbor pairs together with the
7058- and 7029-A lines. The Nz line at 7009 A
together with lines at 7013 and 7002 A were shown
to be associated with fourth-neighbor pairs.

Nevertheless, many transitions are observable
which have not as yet been identified as to pair
type.

III. CHRONOSPECTROSCOPIC METHOD

Imbusch once suggested that another way of iden-
tifying transitions according to pair type mould be
to measure the lifetimes of the excited levels. '
We have been able to do this conveniently using
ordinary phase-detection techniques. " If the ruby
were optically pumped with a light source which is
chopped at a frequency &, the fluorescent transi-
tions would be modulated in intensity at the chop-
ping frequency, and there would be a phase differ-
ence between the pump light and the transition
which would be determined by the lifetime of the
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excited level. This phase difference could be read
directly from the lock-in-detector phase-shift con-
trol by setting the phase control to null out the
signal from the transition. An additional advan-
tage of this method is that the phase control may
be set to null out any signal of a given time con-
stant; in particular, the vibronic sidebands of the
R lines which appear in the region from about
7000 to 7300 A, and since they originate on the ~E
level as do the R lines themselves, the vibronics
will have an identical time constant. By nulling
out the R, line, which at helium temperatures is
the only strong R transition, one also nulls out the
vibronic sidebands.

IV. APPARATUS

Figure 1 shows the experimental apparatus. All
but the strong 5461-A line from a 200-W mercury
arc 1.amp is filtered out using a combination of
5461-A interference filter and a blue-green-glass
Corning filter. This light is then chopped and used
to pump a ruby sample approximately 1 mm thick
having a concentration of about 0. 5-wt% CreOe in
A1~03. This concentration assured a sufficient
number of chromium pairs for strong pair transi-
tions, yet the sample was still thin enough at this
concentration to make reabsorption of fluorescent

light from the pairs negligible. The pump light
was filtered out with a sharp-cut red Corning filter
and the fluorescence analyzed with a 1-m Jarrel-
Ash grating spectrometer and detected with an
EMI 9558Q photomultiplier tube.

Central to the entire apparatus is a Princeton
Applied Research model No. HRS lock-in detector
operated in its internal reference mode; that is,
the reference oscillator is internal to the lock in.
The phase control allows a 360' continuous phase
shift and may be read to approximately 1 . This
turned out to be not nearly fine enough, so an ex-
ternal fine adjust phase control was added. This
control consists merely of a helipot in series with
a capacitor. A signal at 50 Hz can be shifted in
phase by any amount up to about 10 . From the
fine phase adjust the oscillator signal enters a
20-W power amplifier which is used to drive a
synchronous motor nomina1. ly rated for 30 revolu-
tion per second using 60-Hz current. With a two-
bladed chopper, pump-light modulation from 30 to
100 Hz could be attained.

If two transitions occur from levels with nearly
equal lifetimes, say v and v'+ 4r, it is not hard to
show that the maximum resolution is obtainable
when (err —45'. Since the lifetimes of the R and
N lines are known' to be from 1 to 10 msec, the
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FIG. 2. Equivalent circuit for chronospectroscopic
measurements on isolated chromium ions. Ni represents
excitation of pair states NC and i' the intensity of the
fluorescence.

experiments were performed at modulation fre-
quencies of both 45. 6 and 72 Hz.

FIG. 3. Equivalent circuit for an ion pair excited by
energy transfer from N„"near" and N& "far" single ions.
Rt& and R«represent energy transfer from far and near
single ions to the nC pair states. ni& represents possible
pumping of intrinsic pair bands.

V. ELECTRICAL ANALOG

A simple ac circuit analog is helpful in under-
standing the experiment. I.et us consider for the
moment only the isolated Cr3' ions. Each excited
state of the ion may be represented by a capacitor
of arbitrary value C. A resistor of value R in
parallel with C represents the transition to the
ground state if the conductance 1/R is taken to be
proportional to the matrix element of the transition
and R =a/C, where r is the lifetime of the excited
state. If we are pumping N chromium ions there
will be N of the excited states for a total capaci-
tance of NC. Similarly there will be N transitions
to ground for a total resistance of R/N. Hence
our equivalent circuit for any excited state is
shown in Fig. 2.

Here i=ioe~"' represents the optical pump in-
tensity of one ion, where u is againthe chopping fre-
quency and the current through the resistor

decay signals from the 7009- and 7041-A lines,
Imbusch noted a double-decay phenomenon con-
sisting of an initial rapid decay (l. 1 msec for the
case of the 7009-A line) followed by a slower (10-
msec) decay. He attributed this mode of decay to
very rapid energy transfer from the single ions
near the pair and much slower transfer from those
ions more distant.

We may account for such effects in our electrical
analog by adding separate RC networks for single
ions which are "near" and "far" from the pair;
i.e. , those ions which transfer energy to the pair
essentially instantaneously and those whose trans-
fer times are significantly longer than the intrinsic

represents the total fluorescent intensity of the
transition. The phase shift p is trivial to calculate:

tang= ~RC= ~r .

JIAJ ~i
6900 7000 7 IOO 7200 7300 7400 7500 7600

When N becomes sufficiently large so that a sig-
nificant number of pairs are formed, the picture
becomes much more complex due to energy trans-
fer betweenthe single ions andthe pairs. Imbusch'~
has done some rather comprehensive experiments
on this phenomenon, and his work has been very
useful as a guide in our experiments. Imbusch's
results could be explained on the assumption that
the excited levels of the pairs are populated ex-
clusively through energy transfer from the single
ions. Furthermore, in measuring the fluorescence-

6900 7000 7 l 00 7200 7300 7400 7500 7600
Wavelength (Angstroms)

FIG. 4. Ruby pair line and vibronic spectrum at 45. 7
Hz and 4. 2 K. Top, lock-in phase set to maximize R~
line; bottom, phase set to null R~ line and associated vi-
bronics.
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lifetime of the pair. Figure 3 shows the resulting
circuit where n is the number of pairs of a given
type; N„is th'e number of single ions which are
near pairs of that type, and R,„represents trans-
fer from those ions to the pairs. The far ions are
represented similarly. We expect R,

„

to be much
smaller than R/N„such that the near ions do not
fluoresce in the R& line significantly, but transfer
their energy to the pairs. The initial decay time
will be determined principally by the values of

N„,n, x, and R.,„.The dashed line labeled n&~rep-
resents a current input corresponding to any in-
trinsic. pumping of pair bands. If we assume that
transfer is immediate so that R,„=0 and that there
is no intrinsic pumping, the initial decay time is
simple to calculate in terms of the remaining paI-
rameters
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FIG. 5. Ruby-vibronic spectrum at 72 Hz and 77.4'K
indicating that vibronics above 7450 A are not associated
with the R& line. Phase angles are given relative to an
arbitrary zero.

n (r/R) (N„/n)+1
'

This circuit is fully analogous to ruby-pair-line
fluorescence, and the resulting phase shifts are in
qualitative agreement with Imbusch's observations
and with ours. Even though the many unknown pa-
rameters make exact calculation of phase changes
impossible, the fact that the phase difference varies
monotonically with x, R,„,and R«permits us to
gain much information from the experiments.

VI. VIBRONICS AND PAIR SPECTRUM

An important advantage of the chronospectro-
scopic technique is illustrated in Fig. 4. The top
graph shows the ruby spectrum from 6900 to 7600
A with the phase set to maximize the R, line. The
broad vibronics of this line are rather strong from
7000 to 7300 A. The bottom figure shows the same
spectrum at the same gain but with the phase set
to null out the R, line, and its associated vibronic
sidebands. Because the lifetimes of the pair levels
are much shorter, the pair lines remain rather
strong, as is seen.

Not all of the vibronics visible in this region of
the ruby spectrum could be eliminated in this
manner, however. Figure 5 shows the spectrum
for values of lock-in phase incremented in steps
of 5'. For the relative phase set to 0' it is seen
that the R-line vibronics extend to about 7500 A.
The 7452-A line already points in a positive direc-
tion indicating a very short time constant, while
the 7540-A line is almost completely nulled for
Q =O'. For P = 5' and 10', there appear at wave-
lengths longer than 7452-A vibronics whose time
constant is much shorter than that of the R line and
its vibronics. The lifetime of these long-wave-
length vibronics seems to be close to that of the
7452-A line itself, and to be shorter than that of
any other pair line. For /=15 all the pair lines
have turned positive and finally the R lines, with
the longest lifetimes, have turned over by $=20'.

The 7452-A line is known to originate from sec-
ond-neighbor pairs. If these pairs were very
strongly coupled to the lattice, one would expect
most of the energy of the excited level to appear
in the sidbands with great attenuation of the no-
phonon line. Since nonradiative decays are typi-
cally very much faster than radiative ones, the as-
sumption that most of the second-neighbor excited-
state energy appears associated with vibronic tran-
sitions would also account for the very short life-
time of that level.

VII. RESULTS OF INCREASED RESOLUTION

The chronospectroscopic experiments permitted
an unexpected increase in the resolving power of
our apparatus. They not only enabled us to un-
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structure in the excited state itself; most likely
through the perturbing crystal-strain field which
is responsible for the broadening of the lines.
Figure 7 shows the null-point crossings of the
7009- and V041-A lines.

Figure 8 shows a more detailed set of curves of
the null-point crossing of the 7009-A line. In com-
paring Figs. 7 and 8 the difference in the rate of
crossover as a function of phase is rather striking.
At these temperatures in fluorescence the V009-A
line is about five times as intense as the 7041-A
line. Thus it would be expected that the crossover
rate at the null point dI/dP would be five times as
large for the 7009-A line as for the 7041-A line.
In fact the crossover rate is about 15 times as
great.

Suppose two sinusoidal signals of amplitudes A
and B are received at the input of the lock-in de-
tector. If .these signals are exactly in phase, the

input signal may be expressed as

r= (A+ B)sin8, (6)

I= [2(A+ B)/v]cosy .
Thus I=O at P=s v and

(6)

—2(A+ B)dI
(7)

dQ I p

If, however, the two signals A and B are sepa-
rated in phase by a small angle + so that the input
signal is

F= Asin8 + Bein(8 —o.'),
one finds that Eq. (6) becomes

(6)

where 8= t.
lf Q is the phase-angle setting of the lock-in,

for unity gain the integrated dc output will be sim-
ply

I= (2A/v) cos8+ (2B/v)cos (Q —n) (9)

and I= 0 for Q =+zw+ QB/(A+ B) . For this value of

= 0, 8

= 0.5

4
& 0 ~ 0

I

7000
I

T 0 I 0
W o vol ~ noth (Any ltrome)

FIG. 8. Null-point
crossover of 7009-A line
at 45. 6 Hz and 4.2'K.
Phase angle is relative to
an arbitrary zero.

dI 2 I ~B———iA cos +B cos i, (10)
nA

d sp m& A+B A+Bj '

which is clearly less, in absolute value, than the
value given by Eq. (7).

Thus we may relate the discrepancy between the
crossover rates of 7009- and 7041-A lines to un-
resolved structure of the excited state of the 7041-
A line. One can think of a level as consisting of
an electronic state perturbed by the crystal-strain
field, such that the resulting level is broadened.
A transition from the upper part of the excited-
state envelope to the upper part of the ground state
may give the same wavelength photon as a transi-
tion between the two centers of the broadened lev-
els, but these two transitions may have different
time constants. Suppose at a single wavelength, a
continuum of signals with amplitude A(n) and
phase 8 —n is detected. Clearly A(n) will be some
positive-continuous function of & and will be zero
for values of a very different from the null-point
phase angle. It is found that the crossover rate
will be given approximately by

dI 2i"
A(o.')coso. do. , (ll)

dQ ~p W.

where (- up, o.p) is the interval over which A(o') is
nonzero. This equation is just a simple general-
ization of Eq. (9). The magnitude of the crossover
rate is clearly less than the value

—(2/v) f'P A(e) dn

for the case where all signals have the same phase.
Thus, we see that transitions between broad levels
or levels having much structure may have a sig-
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nificantly slower crossover rate than sharp-l. ine
transitions.

This experiment was repeated with the slits of
the spectrometer closed down from 100 to 50 p, m.
There was no discernible difference in the cross-
over rate of the 7041-A line indicating that the re-
sult was in fact due to structure in the excited
state rather than to the finite dispersion (-8 A/mme
of the spectrometer.

VIII. RESULTS OF NULL-POINT MEASUREMENTS

Measurements of the amplitudes of the observ-
able pair lines as a function of lock-in phase were
plotted for values of P near the null points. Graphs
of these amplitudes permitted rather accurate de-
terminations of the null-point phase angles. The
results are listed in Table I, where the absolute
phase lag of the fluorescent signal with respect to
the pump light is given. Column three shows the
pair assignment based on the results of the null-

point measurements. The results are also dis-
played in Fig. 9.

Since the pair levels are populated almost ex-
clusively through energy transfer, the rate of en-

ergy transfer to each pair type will determine the
phase lag of fluorescent radiation, assuming that
the decay to the ground state is much faster than
the transfer rate. In that case all transitions of
a given pair type will have essentially the same
null-point phase. As Fig. 9 shows, this assump-
tion seems to be justified in that the null-point
phase angles seem to fall into rather well-defined
groups. As is seen, the 9-line transitions, arising
from single ions, both have phases of about 63'.
There is a rather large group all lying within a
degree or so of 57' and this group includes the
7009-A line which is known to originate from the
fourth-neighbor pair. Thus, it seems reasonable
to associate all of these lines with fourth neighbors.
Similarly, the group around 54' which includes

65~ I I 1 r t I I t I I I t I r

04

$ingle ions

60-

O
O

4th neighbors

55-
th

0)

50
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45-

0
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FIG. 9. Null points of ruby-pair
lines taken at 72 Hz and 77.4'K.
Horizontal dashed lines indicate as-
signments for single ions and third-
and fourth-neighbor pairs. Phase
angles are given relative to the pump-
light phase.
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TABLE I. Absolute phase lag of the fluorescent signal
with respect to the pump light for various pair transitions.

IX. TEMFKRATURE DEPENDENCE OF ENERGY
TRANSFER PROCESS

6865. 6
6919.8
6927.4
6930.2
6933.8

6937.6

6944. 5
6947.1
6954.1
6955.2
6962. 2
6969.6
6976.2
6977.8
6979.2
6987.5
6989.4
6995.0
7001.8
7008. 8
7012.7
7029.5
7040.6
7058. 2
7452
7540

qb (deg)

38.7+ 2.0
62.7+ 0.5
56.8 +0.9
57.6 + 1.3
63.0 + 0.4
60.0 + 0.6

56.9 + 0.5
56.8 + 0.5
54.1 + 1.0
53.4+ 0.6
57.3 + 0.4
57.0 + 0.6
54. 9 + 1.1
56.3 + 0.2
56.5+ 0.4
57.3 + 0.4
56.9+ 0,3
57.0 a 0.3
57.4+ 0.3
57.1 + 0.3
55.9 + 1.1
53.4 + 1.1
53.4+ 0.3
52.6 + 1,0
36.3 + 1.0
41.7+ 1.0

Neighbor

2nd
R
4th
4th
R

more distant
than 4th

4th
4th
3rd
3rd
4th
4th
3rd
4th
4th
4th
4th
4th
4th
4th
4th
3rd
3rd
3rd
2nd
1st

Imbusch' noted a decrease in the intensities of
the N lines relative to the B, l.ine as the tempera-
ture is lowered below 50 'K. To account for this
decrease he postul. ated that the transfer process
from the higher energy ~E level, the 22( E) level,
was more efficient than from the lower EPE) level.
Decreasing the temperature with the consequent
depopulation of 2A would thus lead to an over-a1. 1

decrease in the efficiency of the transfer process.
It is not hard to calculate the effects of this

mechanism on the null-point phase of the R, line.
Figure 10 shows the relevant energy levels and
transition probabilities, Transfer to all pairs is
symbolized by the single generic pair level. If
we define

W1 = W1g+ W1P ~

where w«and w» are the probabilities per unit
time for transitions from the E( E) level. to ground
and to all, pairs, respectively, and if we further
define

wa = wag+ wap (is)
for similar transitions from the 2X( E) level, the
rate equations become

81 = —W1Pl1 —A%1+ We ALP ~

hlkT

the 7041-A line may be associated with third neigh-
bors.

Figure 9 also shows the null-point phases of
several other transitions. Of these, the 6937.6-A
liv.e, having a null-point phase of 60', is likely to
be due to a more distant neighbor than fourth,
Near the bottom of thefigure are three morepoints.
The 7540-A line is thought to come from a first-
neighbor pair, and the 7452-A line from a second-
neighbor pair. ~ The 6865. 6-A line is also thought
to originate on a second-neighbor pair, ' but it is
so weak in fluorescence that our pease measure-
ments were inconclusive in establishing its pair
association. However, our data are certainly not
inconsistent with a second-neighbor assignment
for this line.

Kisliuk et al. ' have devised an energy-level
scheme by fitting the lines observed by Jacobs'3
and by measuring the temperature dependences of
a number of the transitions. They were able to
associate most of the transitions with specific
pairs and to assign ground-state spin quantum num-
bers as well. Our results are in complete agree-
ment with theirs. This gives us some confidence
not only that the energy-level scheme devised by
Kisliuk et al. is correct, but that the chronospec-
troscopic technique is useful as a direct method
for classifying transitions by pair type.

2A (~K)
N a ~ tece~

2
FIG. 10. Energy-level scheme for transitions from 2E

levels to ground-state 442 and all pair levels symbolized
b3t the level labeled "pair". Populations of the E levels
are given by n1 and n2, and transition probabilities per
unit time by the gg's.

W181+ ZOPli —We Sg s (»)
where w is the probability of a transition fz om E
to 2A and w~ ~~ is the probability for the reverse
transition. We expect w, and wa to be on the order
of the inverse lifetimes of the ~E levels or about
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250 sec '. The relaxation time between the 2A. and
E levels has been shown to be given by'4

3 8~10-9 ~/xr (16)

so that u is on the order of 10 at these tempera-
tures. The approximation that se» zv, and so~ yields
a rather simple form for the lifetime of the E level

I
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T ('K)

FIG. 11. Temperature dependence of null-point phases
of 8&, 7009- and 7041-A lines taken at 45.6 Hz. Tem-
peratures were measured with a GaAs diode. Phase angle
is given relative to the pump light. Dashed line is theo-
retical. curve for go& =-230 cm and m&

= 353 cm ~ in Im-
busch's model.

25QQQ cm-', termed the Uand Y bands, respec-
tively, and a number of sharp-line transitions near
21000 cm ', the I3 lines.

In the past little attention has been given to the
possible effects of the presence of a near-neighbor
chromium ion on these levels. One would assume
that an exchange interaction would shift these levels
somewhat, just as happens for the 'Az and E levels,
but not radically alter them. It is thus somewhat
surprising that Imbusch saw no intrinsic pumping
of ion-pair bands in his energy transfer experi-
ments.

With a few minor changes in our experimental
setup we were able to find a number of levels as-
sociated with fourth-neighbor pairs. The spec-
trometer was set to 7009 A to continually monitor
the Nz line, the strongest pair line in fluorescence.
The pump light was then swept downward in wave-
length from 6200 to 4200 A, an interval covering
the U band, 8 lines, and part of the Y band. Since
the lifetimes of the excited pair states are very
much shorter than those of the single-ion 3E levels,
intrinsic pumping of any fourth-neighbor pair bands
ought to be evident in a corresponding decrease in
the null-point phase.

Figure 12 shows the apparatus. A 4
-m Jarrel-

Ash grating monochrometer was used to sweep the
pump-light wavelength. The bandwidth of the pump
light was about 50 A, admittedly rather large, but
any smaller bandwidth than this would have reduced

] + 8-4/)t! T
7 =

Zg + Ml g 6/ 0T
3

Figure 11 shows the experimentally measured
values of the null-point phases of the A„7009-and
7041-A lines as a function of temperature. The
solid lines indicate the best-fit graphs of the points.
The dashed line is the theoretical curve of / = tan '
~r where r is given by Etl. (17). Values of to, and

zoz were taken to be 230 and 353 sec ', respectively,
to fit the points at 10 and 50 K.

Above 35 'K these values give a very good cor-
respondence of theory with experiment. However,
at low temperature, there should be no significant

/

change in 7' until se~e ' becomes a significant
fraction of u&, for 4 = 29 cm-' this would occur for
T&15'K or so, In fact there was a definite de-
crease in v in the range from 5 to 10 'K as is in-
dicated on the graph. Possibly the energy transfer
interaction itself is temperature dependent. "

Lock-In

High Voltoge

Supply

Out

1 m Spectrometer

Set to 70098

uby

uor tz

Tube
~ 8lue-Green Filter

1I4 m

Monochrometer

I ) I I

P. M Corning 2-64
Tube

X. INTRINSIC PUMPING OF FOURTH NEIGHBORS

In addition to the B lines, the single chromium
ion in ruby has a number of other transitions
bearing on these experiments, There are broad
absorption bands centered at about 18 000 and

75% Hg
Arc Lomp

FIG. 12. Apparatus used in selective excitation of 7009-A
line.
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FIG. 13. Results of selec-
tive excitation of 7009-A line
at 45.6 Hz and 77.4 K. Arrows
indicate possible excited levels
of fourth-neighbor pair. Phase
is given relative to an arbitrary
zero.
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the pump intensity to too low a level.
Several precautions were taken to eliminate

spurious effects which might arise. A xenon arc
lamp was used as a pump source because, unlike
a mercury lamp, the visible spectrum of a xenon
arc is relatively smooth over the range of interest.
In addition, a second photomultiplier tube, identical
to the first, was used to monitor the pump-light
intensity. The signal from the pump monitor photo-
tube passed through a negative feedback circuit to
control the voltage, and thus the gain of the first
tube. This was done to compensate for changes in

the pump-light intensity.
The results are shown in Fig. 13. The diagram

at the top shows the signal from the 8& line for com-
parison. The limits of the U and F bands are in-
dicated. The bottom three curves show the spec-
trum for different values of the phase. The arrow
near 6050 A on the bottom diagram indicates a
feature with a significantly shorter time constant
than the U and F bands. This feature is most
probably an intrinsic band or energy level of the

fourth-neighbor pair shifted downward in energy
from the single-ion U band by exchange. The
three arrows at 4850, 4770, and 4850 A al.so in-
dicate features with shorter time constants than
the background. These may arise from the F band
from fourth-neighbor exchange interactions.

This experiment was severely limited by a small
pump-light intensity and low resolution due to large
pump bandwidth. Both of these disadvantages could
be overcome with the use of a tunable-dye laser,
a device which is unfortunately, unavailabl. e to us
in this laboratory. Using this technique and with
adequate pump light and resolution, much of the
energy-level shceme, possibly even including those
levels arising from the single-ion ~E levels, could
in principle be constructed for each pair type.
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Phonon dispersion relations have been measured by coherent neutron scattering in solid para-hydrogen and
ortho-deuterium. The phonon energies are found to be nearly equal in the two solids, the highest energy in
each case lying close to 10 meV. The pressure and temperature dependence of the phonon energies have
been measured in ortho-deuterium and the lattice change determined by neutron diffraction. When a pres-
sure of 275 bar is applied, the phonon energies are increased by about 10%, and heating the crystal to near
the melting point decreases them by about 7%. The densities of states, the specific heats, and the Debye
temperatures have been deduced and found to be in agreement with the published experimental results. The
Debye temperatures are 118 K for hydrogen and 114 K for deuterium. For hydrogen the Debye-Wailer
factor has been measured by incoherent neutron scattering and it corresponds to a mean-square displace-
ment of the hydrogen molecules of 0.48 A2.

I. INTRODUCTION

Solid H2 and Da belong to the class of quantum
solids (He, Ha, D2) for which the kinetic energy of
the zero-point motion of the particles is comparable
with the potential energy, and the amplitudes of vi-
brations at 0 K are not small compared with the
separation of neighboring particles.

The standard methods of lattice dynamics are not
applicable to quantum solids, but new methods have
been developed and theoretical predictions of the
dynamical properties have been publ. ished. ' Most
of the theoretical and experimental work in this
fie1d has been concentrated on solid He. 2 However,
solid H2 and D2 are suitable substances for studying
the quantum effects because they have a large dif-
ference in isotopic mass while their intermolecular
potentials are nearly identical, and in addition, they
are good materials for neutron scattering experi-
ments.

The forces between the particl. es in the quantum
solids are of the van der %aals type and the pair
potentia1. s, which are of the Lennard- Jones form,
have parameters which are fairly well known from

the properties of the gas phases. Owing to the
large zero-point motion and the hard-core repulsion
in the pair potential at small separations, the crys-
tals are expanded and the distance between the
neighboring particles is considerably larger than
the distance corresponding to the minimum in the
pair potential. Furthermore, short-range correla-
tions in the motion of the particles must be intro-
duced to prevent overlap of the single-particle
wave functions in the hard-core region of the pair
potential.

To account for the short-range correlations in the
ground-state wave function Nosanow3 introduced a
Jastrow factor

f(g) &-cv(R & /2

where v(R) is the gas-phase pair potential and C is
a variational parameter. In calcul. ating the dy-
namical properties, the short-range correlations
are taken into account by replacing v(R) by an ef-
fective potential,

A2
W(R) =f '(R) (U(B) ——v ' inf(B)

2M


