4 MULTIPHONON VIBRONIC TRANSITION. ..

well fitted by the imperfect-lattice G,‘-‘:’(w) re-

sponse function with only small percen?age changes
in the lattice force constants. The multiphonon
region can be constructed with successive cou-
pling to the GE‘(w) response function. This could
easily be understood if there were an E, Jahn-
Teller distortion in the excited state. However,
there is another coupling mechanism which could
explain this coupling and it has not been possible
to conclusively establish the presence of such a
Jahn-Teller distortion.

The crude point-charge calculation of one-phonon

2667

coupling which was used successfully for previous
transitions of impurities in MgO has been used
without success—placing some doubt on the validity
of such a model.

ACKNOWLEDGMENTS

I would like to acknowledge the advice and encour-
agement of Dr. R, W. H. Stevenson, and Professor
C. McCombie and Dr. M. J. Sangster for the use
of their computer calculation of Green’s functions,
Thanks also to my colleagues for many useful dis-

cussions.

TResearch conducted at University of Aberdeen sup-
ported by the Science Research Council and at UCLA sup-
ported by U, S. Army Research Office; Durham, N.C.

*Now at Queen Mary College, London, England.

IN. B. Manson, preceding paper, Phys. Rev. B 4,
2645 (1971).

%3, E. Ralph and M. G. Townsend, J., Phys. C 3, 8
(1970).

3J. E. Ralph and M. G. Townsend, J. Chem. Phys. 48,
149 (1968).

%A, D. Liehrand C. J. Ballhausen, Am. J. Phys. (N.Y.)

6, 134 (1959). .

H. A. Jahn and E. Teller, Proc. Phys. Soc. (London)
Al61, 220 (1937).

M. D. Sturge suggested for similar transition in
MgO: Ni%* in Ref. 7, p. 184.

M. D. Sturge, in Solid State Physics, edited by F.
Seitz and D. Turnbull (Academic, New York, 1967), Vol.
20, p. 91.

8M. J. L. Sangster and C. W. McCombie, J. Phys.

C 3, 1498 (1970).

PHYSICAL REVIEW B

VOLUME 4, NUMBER 8

15 OCTOBER 1971
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The optical properties of the M(Cy;,) center in MgF, are analyzed in terms of an effective
one-phonon density of states, using a combination of convolution integration and moment
analysis. A satisfactory fit to the experimental absorption spectrum at T=0 is obtained for
this intermediate coupling case, including particularly the sharp structure seen in the one-

phonon region.

Good agreement between theory and experiment is also found for the no-

phonon line and broad-band parameters in absorption as functions of temperature. A calcu-
lated luminescence spectrum, derived from that for absorption by using a simple model to
estimate the quadratic coupling, compares well with the observed emission band at T=0.

I. INTRODUCTION

A practical procedure for calculating the optical
absorption and emission spectra of impurities in
insulators was described in a recent paper by
Mostoller, Ganguly, and Wood! (referred to here-
after as MGW). The computational approach was
based on the well-known theory of optical pro-
cesses associated with such impurities. It pro-
vided for (i) an iterative scheme for finding an ef-
fective one-phonon density of states; (ii) the con-
volution of this one-phonon spectrum to find the
contributions of the n-phonon processes in those
regions where vibronic structure occurs; - (iii)
the use of moment analysis for higher zn-phonon
processes which do not contribute discernible

structure; (iv) the retention of the lowest-order
effects of quadratic coupling on the temperature
dependence of the zero-phonon line’s half-width
and peak position; (v) a simple transformation
between phonon operators in the ground and excited
electronic states of the impurity which breaks the
mirror symmetry between the absorption and
emission spectra characteristic of the linear cou-
pling approximation. As an illustrative example,
the absorption spectrum of the N; center in NaCl
was chosen because it exhibits a great deal of
phonon structure. However, little is known about
either its emission spectrum (if it exists) or the
temperature dependence of its zero-phonon line,

so that some aspects of the computational approach
could not be tested.
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In this paper the results of a combined experi-
mental and theoretical study of one of the M centers
in MgF, are presented. %3 An M center consists
of two F centers (an electron in a negative-ion
vacancy) immediately adjacent to each other in the
lattice. In the rutile structure of MgF, there are
four different M-center configurations, each with
its own symmetry which can be determined from
studies of the anisotropic absorption of the ob-
served bands. One of these configurations has Cy,
symmetry, and absorption and emission bands
peaking at about 3. 35 and 2. 96 eV, respectively.
The zero-phonon line associated with the electronic
transition producing the bands is visible, and other
vibronic structure is readily observed in absorp-
tion. With care, remnants of this structure can
also be detected in emission. Thus, for a number
of reasons, this is an interesting defect on which
to test the theory. However, it does have the
drawback that absorption and emission bands due
to other centers are known to occur in the same
spectral region, and the extraction of such under-
lying bands is difficult to carry out entirely un-
ambiguously.

Although considerable experimental data about
this center have already been published, * more
extensive and refined data were collected in order
to provide a better basis for comparison with the-
oretical results. The experimental procedure is
described briefly in Sec. II, and the most important
equations employed in the theoretical analysis are
listed in Sec. III. The calculated results and their
comparison with experiment are presented in Sec.
IV. A brief discussion of the relationship between
the one-configurational-coordinate model and the
more general approach employed here is given in
Sec. V.

II. EXPERIMENTAL PROCEDURE

As in previously reported work,® single-crystal
ingots of MgF, were cut into samples 0.5-1. 0 mm
thick, oriented so that their optical faces were
parallel to the ¢ axis. The crystals were irradiated
with 2. 0-MeV electrons and bleached with 254-nm
light at room temperature to produce and enhance
the M(C,,) bands. Optical absorption and emission
measurements were made with the samples mounted
in a cryostat, with temperatures measured by a
Pt-resistance thermometer.

In absorption, the no-phonon line and the struc-
ture in the one-phonon region were measured with
a Jarrell-Ash monochromator, having a linear
dispersion of 8 A/mm and slit widths of 5-50 p,
in conjunction with a cooled 9558 multiplier photo-
tube. This detection system was calibrated with
a standard quartz-iodine lamp. For optical densi-
ties greater than unity, which for the crystals
studied meant for photon frequencies more than
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about 0. 035 eV above the no-phonon line, the Jar-
rell-Ash system was less accurate than the Cary
14R double-beam spectrophotometer previously
used for the entire absorption band. Therefore,
data were taken on both systems and normalized
at the first one-phonon peak, which is broad enough
to make instrumental broadening by the Cary 14R
unimportant, With the normalization process in-
cluded, the absorption measurements were repro-
ducible to within the order of 10% or less.
Luminescence was excited by a mercury lamp
mounted to a 3-m Bausch and Lomb monochromat-
or, and the spectrum was measured with the Jar-
rell-Ash system. The vibronic structure is weaker
in intensity and thus experimental uncertainties
are considerably larger in emission than in absorp-
tion for this center. We will therefore focus some-
what more on absorption than emission in what
follows. All experimental data will be shown later
when comparisons with the calculations are made.

III. THEORETICAL MODEL AND CALCULATIONAL
PROCEDURES

Since the theoretical approach has been described
in detail in MGW, only a brief summary of the nec-
essary equations and calculational procedures will
be given here. Optical absorption and emission
due to transitions between the ground electronic
state a and a nondegenerate excited state p of an
interacting defect-lattice system are treated within
the framework of the adiabatic and Condon approxi-
mations, under the assumption that the phonons are
in internal thermal equilibrium. The cross sec-
tion for photon absorption o,,(w), and the spon-
taneous emission probability W,,(w), can then be
written as

oa,,(w)=Km] Mg, |2wG(ab; w) 1)
and
Wba(w) =Kem l Mab |2 w3G(ba; w) ’ (2)

where w is the photon frequency, M,, is the elec-
tronic dipole moment matrix element, and K,
and K., are essentially constants which involve the
effective field ratio and the index of refraction.

The spectral function for absorption, G(ab; w),
is defined by

Glab; w)= [~ dte*** Glab; 1)

- f-: dietet <eiﬂat/he-ll!bt/7ﬁ )a , (3)

where H, and H, are the ground- and excited-state
phonon Hamiltonians, and ( ), denotes the average
over the ground-state phonon ensemble. For ab-
sorption, it is convenient to write H, and ¥, inx the
forms



|

H,=E,+ ) iwy(a} ap+3) (4a)
13

and

Hy=Hy+ Fiwy,+ 2 (v a0+ v} a})
P

+3 2 Uy (ag+a)) (ap +al ). (4b)
Py

Here a} and a, are creation and destruction oper-
ators for phonons of mode %k, while v, and v,, are
linear and quadratic coupling coefficients for ab-
sorption. 7Zw,, is a static energy difference which
would reduce to the purely electronic transition
energy in the absence of electron-phonon coupling.
For emission, when the initial state is the elec-
tronic excited state, a and b should be interchanged
in Eqs. (4a)and (4b), and w,, @, @}, W, v, and
vy replaced by Q,, A,, A}, Q,, V,, and V., with
the latter quantities related to the former by a lin-
ear transformation of the phonon operators. We
neglect the mode-mixing terms in Eq. (4b) in order
to actually perform the transformation. That is,
we take vy, =V, =0 for k#k’ to find the following
relationships between absorption and emission
parameters:

=790 Ve= /7025 Via=0m/72 » (5)
with
Vo= [1+2(vg/Tiwy) IV2 . (6)

The absorption function G(ab; w) is found by
substituting Egs. (4a) and (4b) in Egs. (3), perform-
ing the average, and integrating over time. Fur-
ther simplifications are then made to obtain results
which essentially depend only on the phonon fre-
quencies w, and individual mode Huang-Rhys fac-
tors S,

Sp=| v, |2/(h'w,z)2 . 7

The no-phonon contribution to G(ab; w) is separated
out, only the lowest-order quadratic coupling terms
which give rise to the temperature dependence of
its peak position and half-width are retained, and

a slight generalization of the approximation v,

= QU,v, is used. The no-phonon line then is a
Lorentzian whose peak frequency w, and half-width
Ty are given by

Tiwo(T) = iwy =23 Fiw, S,
3

+ (al/ZﬁwD)§) (7w,)? S, [2n(w,) +1 ]
(8)

and

BT(T) = iTo(0) = m(as/Bwp)? 25 [(Hwy)? S, ]

kR

VIBRONIC STRUCTURE AND OPTICAL PROPERTIES...

2669

x[( Piwk.)z Spr ] n(wy) [n(w,) +1] 6(w, —Tiwye ) «
(9)

Here o, and a, are adjustable parameters, wp is
an arbitrary frequency introduced for scaling pur-
poses, and n(w,) = [exp(fiw,) -1]7 .

We define the broad-band spectrum Ggz(ab; w) as
the total spectrum minus the zero-phonon contribu-
tion. Except insofar as quadratic coupling is im-
plicitly included in the linear coupling coefficients
[cf. Egs. (5) and (6)], Gy(ab; w) is calculated in
the linear coupling approximation. At 7'=0°K,
we find that

Gplab; w)=Z}16,,(ab ;W) (10)
n=
with the n-phonon spectrum given by

G,lab; w)=eS f_: dt expli(w — wo)t] [g1(D)]/n! ,

(11)
where

g1(t)=22S, et (12)
kR

Substituting Eqs. (12) into Eq. (11), we can write
the n-phonon contribution to the total spectrum as
an n-fold convolution of the one-phonon spectrum,
Gylab; w), where, with S=3},,

Gy(ab; w)=2me™5238,6[(w - wg) —w, ] . (13)
*

Moment analysis is used to determine the higher
n-phonon spectra at T=0, direct evaluation of con-
volution integrals being required only for those
lower values of » for which structure is present in
Gp(ab; w). Moment analysis is also used to find
the temperature dependence of the broad-band half-
width.

The starting point for the application of the theory
is a preliminary estimate of the one-phonon spec-
trum. This initial estimate need not be particularly
accurate, since the iterative procedure described
in MGW provides a straightforward way to obtain
a refined one-phonon spectrum which yields satis-
factory agreement with experiment. In the present
work, as in MGW, G,(ab; w) is represented by a
series of many evenly spaced 6-function spikes,

Gy(ab; w)=2me5 23S, 6((w — wy) —k4) . (14)
k

A width and shape could be given to these spikes,
but there seems to be little point in doing so since
the computer programs are capable of handling a
very large number of spikes. Our curves for
Gplab; w) rigorously satisfy the sum rule

[ dwGlab; w)/ [ dwGylab; w)
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FIG. 1. The one-phonon spectrum for absorption,
Gylab; w). The spectrum shown has 51 peaks, with
A=0,0013 eV and S=,S, =6. 257, which fixes the
ordinate scale of the plot..

=(S"/n! )e's/(l —eS ). (15)

Before going on to discuss our results for the
M(Cg,) center in MgF,, we would like to note sev-
eral points. First, to obtain equations appropriate
for the calculation of the broad-band spectrum in
emission rather than absorption, we need only
change the sign of the photon frequency relative to
the no-phonon peak position and replace w, and
S, by Q,and 8,, where, from Egs. (5) and (7),

8= su/Yl . (16)

Also, we would like to emphasize the utility of
moment analysis and the insensitivity of the itera-
tive procedure to its starting point. Our starting
one-phonon spectrum for the M(Cs,,) absorption
spectrum was one obtained by moment analysis;

it contained no structure, but it was constructed
to yield approximately correct values for the

broad-band peak position and half-width. The first
iteration introduced considerable structure, and
succeeding steps led to the result shown in Fig. 1.

IV. THEORETICAL RESULTS AND COMPARISON WITH
EXPERIMENT

Figure 1 shows the one-phonon spectrum ob-
tained by the iterative procedure for the 3. 35-eV
M(Cy;) absorption band in MgF,. It contains 51
peaks, with an interpeak spacing A=0.0013 eV and
a total Huang-Rhys factor S=6.257. The calcula-
ted n-phonon and total broad-band spectra are
plotted in Fig., 2. It can be seen here how struc-
ture washes out as more convolutions are per-
formed; moment analysis gives satisfactory re-
sults for G,(ab; w)for n>6. The figure also il-
lustrates that it is not just the one-phonon spectrum
which contributes structure to the curve, since
some of the humps in the total results from two-
and three-phonon processes.

Figure 3 compares the calculated broad-band
spectrum at 7= 0 with the corresponding “skewed
Gaussian” curve produced by moment analysis.
The two differ in the low-frequency region where
structure appears, and they diverge at the highest
frequencies plotted, because the “exact” calculated
curve omits the n-phonon contributions from
n=13 on up. The half-widths, however, agree to
within less than 3%, and the peak positions to with-
in one spacing A or less than 1%.

Figure 4 compares the calculated and experi-
mental broad-band absorption spectra at 7=0
over the entire frequency range of the band.. On
the scale of the figure, agreement is particularly
good in the initial region of sharp structure and
in the upper-frequency half of the spectrum, and
is within experimental uncertainty over the entire
range. Although it is within experimental error,
the discrepancy between the two curves to the left
of the broad-band peak may reflect the presence

0.8 (—

0.6 |-

CONVOLUTION MOMENT ANALYSIS

0.4

Gplabjw) AND Gglabiw)

0.2

o 0.05 0.10 0.5 .20 0.25 0.30
w=wg (eV)

— FIG. 2. The calculated broad-
band spectrum for absorption and its
n-phonon components at 7=0.

G,lab; w) was found by convoluting
the one-phonon spectrum for =1-5
and by moment analysis for n=6-12.
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FIG. 3. The calculated total
broad-band curve in Fig. 2 com-
pared with the corresponding skew-
ed Gaussian curve obtained by mo-~
ment analysis.
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0.30

of another, relatively weak, absorption band or
bands in this region. The normalization procedure
used to fit the data taken on the Jarrell-Ash mono-
chromator to those taken on the Cary 14R instru-
ment may also be responsible for some of the dis-
crepancy. Weak structure has been reported®
above the frequency range of the Jarrell-Ash spec-
trophotometer, but because of the relatively poor
resolution possible, no attempt was made to in-
clude this in the composite experimental plot.
However, two rather pronounced humps do appear
above 0. 040 and 0. 050 eV in the calculated spec-
trum, which is about where these humps are seen
experimentally,

Figure 5 compares the calculated and experi-
mental spectra in the region of best experimental
resolution, including also the one-phonon contri-
bution to the theoretical envelope. Table I lists
calculated and experimental values for the absorp-
tion strengths at the peaks and valleys seen in Fig.

0.35 0.40 0.45

5, and for the broad-band peak frequency and half-
width at 7=0. The calculated curve tracks the
experimental spectrum from above, with point-

by -point comparison showing agreement to within
10-15%; in terms of the height at the broad-band
maximum, the differences are only of the order
of 1-2% or less in magnitude. The process by
which the one-phonon spectrum is determined is
well illustrated in Fig. 5 by the dip occurring at
0.026 eV. A substantial two-phonon peak appears
at about this frequency because of the strong one-
phonon peak at 0. 013 eV, so in order to obtain the
slight dip observed in the total spectrum at 0. 026
eV, a rather deep valley is required in the one-
phonon spectrum.

For the M(C;,) center, emission data could not
be obtained with the same accuracy as for absorp-
tion and hence our comparison of theory and ex-
periment cannot be as detailed as it was for absorp-
tion. For this reason, we use a very simple model

=
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FIG. 5. Calculated and experimental results for
Gglab; w) at T =0 in the frequency range of best experi-
mental resolution. The one-phonon contribution to the
theoretical curve is also shown.

for the quadratic coupling and attempt only to fit
the broad-band peak position and half-width in
emission at T=0. Keeping only the diagonal qua-
dratic coupling as described in Sec. III, we make
the further approximation that

Vpp=€hwy , (17)

where ¢ is a constant. From Egs. (5) and (16),
the phonon frequencies and Huang-Rhys factors
for emission are then related to those in absorp-
tion by

Qu=vYoWe, Sp=5/70, (18)
with
yo=(1+2¢)"/2, (19)

Figure 6 shows the calculated broad-band ab-
sorption and emission functions Gg(ab; w) and
Gp(ba; w) obtained with the value y,= 0. 922, which
yields a total Huang-Rhys factor of 11,047 in emis-
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TABLE I. MgF, M-center absorption at T=0: broad-
band peak position and half-width, and values for
Gglab; w) at the three peaks and valleys observed in the
frequency range of best resolution.

Calc Expt Discrepancy (%)
Wmax— o, €V 0.151 0.143 6
Aw, eV 0.174 0.186 6
1st peak 0.151 0.133 14
1st valley 0.032 0.028 14
2nd peak 0.139 0.127 9
2nd valley 0.116 0.104 11
3rd peak 0.134 0.123 9
3rd valley  0.130 0.118 10
sion. Compared with that for absorption, the

emission spectrum is noticeably broader and
peaked further from the no-phonon line, and struc-
ture is suppressed by the higher Huang-Rhys factor
so that it is just barely visible. The calculated
broad-band peak position in emission (referred

to the no-phonon line) is — 0. 251 eV and the half-
width 0. 210 eV, which compare well with the ex-
perimental values of — 0,238 and 0, 216 eV, re-
spectively. The lowest two, essentially one-pho-
non, peaks in emission fall at w — wy=—0.012 eV
and w - wy=—0. 023 eV, while the experimental
values are — 0,013 and - 0. 026 eV. Given the ex-
treme simplicity of the theoretical approach and
the experimental uncertainties, this is quite good
agreement.

Figure 7 compares calculated and experimental
results for the broad-band half-width as a function
of temperature in absorption [wGj(ab; w)] and
emission [w3Gp(ba; w)]. In order to minimize the
possible effects of other bands, the function plotted
is Aw(T) - Aw(0). For absorption, the agreement
is good. For emission, however, the experimental
points rise more rapidly with increasing tempera-
ture than the calculated curve. To the extent that
this discrepancy cannot be accounted for by experi-

FIG, 6. Calculated absorption and
— emission at T'=0.
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FIG. 7. Broad-band half-width in emission and
absorption as a function of temperature.

mental uncertainty or the possibility of other tem-
perature-dependent emission bands in the same
frequency region, it suggests that we have not
weighted the low-frequency part of the one-phonon
spectrum for emission enough with our simple
model for the diagonal quadratic coupling.

-0.2 \ [)

PEAK POSITION \

| I !
© o o
[ed] [ »

wO(T)—wO(O) (meV)

|
o

o
~
\

o
[0)}
T~

0.5 /

0.4 —— HALF WIDTH

0.3
)

I‘O(T)—FO(O) (meV)

0.2 /
{ ]

o4
o |,
[ el d
0 20 40 60 80
T (°K)

FIG. 8. The no-phonon-line peak position and half-
width as functions of temperature. The open and closed
circles are experimental points taken in two different
runs on the same crystal. The parameters used to ob-
tain the calculated curves are ay=0.174, a,=3.43, and

wp =T @Se/ TpSp=0.0272 eV.
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FIG. 9. A comparison of Gy(ab; w) with the perfect
lattice function pg(w)/w.

Figure 8 shows the temperature dependence of
the no-phonon line peak position wy and half-width
T, in absorption. As can be seen, the experimental
scatter is large, and it may be recalled that the
theoretical treatment of the no-phonon line is more
involved than that of the broad-band spectrum.

For these reasons, the no-phonon line was not
used for fitting purposes. The one-phonon spec-
trum shown in Fig. 1 was obtained without refer-
ence to no-phonon-line data, and the calculated
curves in Fig. 8 were found simply by substituting
that spectrum into Egs. (8) and (9) and varying

ay and @y, making the additional assumption that
the temperature dependence of w,, in Eq. (8) is
negligible. The results are in adequate agreement
with experiment.

Finally, Fig. 9 compares the one-phonon spec-
trum for absorption G,(ab; w) with the perfect lat-
tice density of states function py(w)/w. The latter
was calculated* by the linear interpolation method

of Gilat and Raubenheimer,’ using an axially sym-
metric rigid-ion model for the lattice dynamics
with force constants taken from Katiyar.® There
is rather little experimental data available on the
phonon dispersion curves of MgF,, and the axially
symmetric rigid-ion model is probably inadequate
to fit all branches of the spectrum, so we might
expect the calculation to give only the gross fea-
tures of po(w)/w correctly. In fact, the two curves
in Fig. 9 span the same frequency range, and the
four major peaks in G(ab; w) correspond rather
well to structure seen in py(w)/w.

V. DISCUSSION

We have obtained generally good agreement with
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TABLE II. Various one-configurational-coordinate
fits to experimental broad-band data. All frequencies
are in eV, with the peak frequencies given relative to
the no-phonon line. Experimental values are marked
with asterisks.

Egs. (20), Egs. (20), Egs. (21),

Absorp- (21) (22) (22)

tion
wg 0.0437 0.0351% 0.03512
S, 3.28 4.07 5.06
Wmax (0) 0.143* 0.143* 0.178
Aw(0) 0.186" 0.167 0.186*
Emission
We 0.0354 0. 02232 0.0223%
S, 6.73 10. 67 16. 92
Wmax (0) -0.238% —0.,238* ~0.377
Aw(0) 0.216* 0.172 0.216%

2Reference 3.

the experimental results for the optical spectra of
the M(C,;) center in MgF;, by using the approach
outlined in Sec. II. An essential input for our
iterative calculation of the effective one-phonon
density of states was the sharp vibronic structure
which is well resolved in absorption. Since this
structure occurs in the tails of Gaussian-like
broad-band curves of the kind often treated by a
one-configurational-coordinate model, it is instruc-
tive to look at the results of this simpler treat-
ment. The obvious disadvantage of the one-con-
figurational-coordinate model here is that it cannot
reproduce the vibronic structure, and that it can
only provide a limited amount of information about
the average electron-phonon coupling. However,
we will also find that in the present case it does
not give a very good fit to gross broad-band prop-
erties, at least in its simplest form, and that it
therefore yields only rough estimates of average
phonon frequencies and Huang-Rhys factors.

As shown in MGW, the standard one-configura-
tional-coordinate equations may be derived from
the more general results by reducing the number
of phonon modes to one and assuming that non-
Gaussian corrections to the broad-band peak posi-
tion and half-width are negligible. Denoting the
single-mode frequency and Huang-Rhys factor for
absorption by w, and S,, we find that the broad-band
peak position (referred to the no-phonon line) and

half-width at 7= 0 in absorption are
Wmax(0) = w,S, (20)

and
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Aw(0)= (81n2)"/% w,SL/2 (21)

while the variation of the half-width with tempera-
ture is given by

AW(T)/Bw(0) = [coth( Brw,) /2 . (22)

Emission parameters w, and S, are defined in the
same way. Equations (20)-(22) provide three equa-
tions for two unknowns, and thus overdetermine

w, and S, (or w, and S,). For the M(C,,) center in
MgF,, Table II shows that the w,, S, and w,, S,
assignments from different pairs of equations are
quite different. The frequencies differ by 24 and
59% in absorption and emission, respectively,
while the Huang-Rhys factors have ranges of 54
and 152%. An alternative statement of the same
point is that if w,, S, or w,, S, are found from any
pair of equations, the third yields results which

do not agree well with experiment. This is also
shown in Table II. The total Huang-Rhys factor
can also be estimated from the ratio of the inte-
grated intensity of the no-phonon line to the total
intensity [cf. Eq. (15)]. The values obtained in
this way by Facey and Sibley® were S,=4.7 and
S.=8.0. Unfortunately, although the relative in-
tensity of the no-phonon line does fix the Huang-
Rhys factor in principle, it is usually quite difficult
to make anything but a rough estimate from experi-
ment.

Thus, we see that in the present example a
simple one-configurational-coordinate model pro-
vides only broad limits for a few average param-
eters without yielding any vibronic structure,

This is not surprising, and should not obscure the
usefulness of rough one-configurational-coordinate
estimates of the parameters needed for the more
general approach we have used. Simple configura-
tional-coordinate models can be viewed as a kind
of shorthand for moment analysis and their utility
in applications to color centers is well known. In
their study of the F center in KCl, for example,
Klick, Patterson, and Knox' used a semiclassical
model which included quadratic coupling and found
that they could obtain a good fit to the absorption
spectrum. However, the limitations of this model
show up in this case also, since the emission spec-
trum could not be predicted with the absorption
parameters,
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Neutron double-differential cross sections of four polycrystalline samples of ZrH, with hydro-
gen-to-zirconium ratios (x) of 0.54, 1.03, 1.56, and 2.00 have been measured with high-energy
resolution by downscattering of neutrons from initial energies of 171.5 and 244.8meV. Clear
evidence of structure in the one-phonon optical peak of ZrH, is observed for the first time.

This structure consists of two maxima located at energy transfers of 137 and 143 meV and a
shoulder located at 154meV. Similar structure is indicated for the other hydride samples but
it becomes less well defined as the hydrogen-to-zirconium ratio decreases. The observed
structure is compared with predictions of a central-force model calculation by Slaggie, which
includes the effects of interactions between hydrogen atoms. The widths of the hydrogen vibra-
tion peaks are found to depend upon the zirconium-to-hydrogen ratio as well as upon the mo-

mentum transferred in the scattering process.

I. INTRODUCTION

One reason zirconium hydride has attracted in-
terest during the past few years is because the
hydrogen atoms appear to behave somewhat as in-
dependent Einstein oscillators in the zirconium
lattice. Neutron-scattering experiments!~® and
heat-capactiy measurements®:? lend support to this
simple model; both give consistent results indicat-
ing a vibration-level spacing of about 140 meV.
Significant differences between experiment and the
Einstein model do exist, however, and they have
stimulated further efforts to understand the zirco-
nium-hydrogen system in more detail. For one
thing, the widths of the optical peaks obtained by
neutron-scattering experiments indicate a much
broader frequency distribution than that predicted
by this theoretical single-frequency model, even
with Doppler broadening and contributions from
low-energy acoustic modes taken into account, &°

At least two models—the Gaussian-plus-Debye
(GD) model®-! and the central-force (CF) model'?—
have been used to account for the width of the first
optical peak in ZrH,. The GD phenomenological
model uses a combination of an optical level with

a Gaussian distribution of frequencies plus a Debye
spectrum. The CF model extends the Einstein
model by taking into account the longer-range
forces, the H-H interactions in particular, in ex-
plaining the broad optical peak. An interesting
feature of the CF model is its prediction of structure
in the optical peak.

The various published zirconium-hydride neutron
double-differential cross-section results!=® are
generally consistent with an optical-peak location
and width corresponding to the first vibration level
of 140 meV and ~26 meV, respectively. However,
none of these data reported in the literature reveal
detailed shape or structure in the optical peaks.
Although previous measurements have shown that
the peak shape, particularly the width, does not
change significantly with hydrogen concentra-
tion, #'7:10:11:18:14 5ne might expect that any finer
structural characteristics of the scattering peaks
will differ noticeably for different H/Zr ratios.

In the present work we report high-resolution
neutron-downscattering measurements of polycrys-
talline zirconium hydride, carried out at two dif-
ferent incident energies (171.5 and 244. 8 meV) and
four different hydrogen concentrations (ZrH, s, ,



