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Hindered rotation of an OH-Li center in MgQ: Infrared absorption experiments and theory
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The infrared absorption spectra of MgO doped with Li and either H or D contain unusually broad absorption
bands associated with O-H or O-D stretching vibrations. We have measured the infrared absorption of these
bands at low temperatures and find that they can be resolved into distinct components, particularly for the
spectrum of O-D. Density-functional-theory calculations show that in equilibrium, the H or D is displaced from
the O-Li axis, suggesting the coupling of a hindered rotational degree of freedom with the O-H or O-D
stretching mode. We develop a four-well model for this motion by which we analyze the experimental O-D

spectra and find excellent agreement with experiment.

DOI: 10.1103/PhysRevB.75.245211

I. INTRODUCTION

Several binary oxides and combinations thereof have be-
come attractive for their potential use as optoelectronic
materials.'~> Most of the attention has focused on ZnO-based
systems, in which one of the added components has been
MgO.*-8 In these systems, hydrogen impurities play an im-
portant role,’~!! often behaving as shallow donors.!'?"1

We have recently studied an OH-Li defect in ZnO,?%?!
combining IR spectroscopy and theory to establish a struc-
tural model and to study the vibrational coupling that leads
to the temperature-dependent linewidth and shift of the O-H
IR absorption. MgO doped with Li also contains OH-Li cen-
ters. In this case, there is an unusually broad O-H stretching
vibrational band?>?* with frequency 3430 cm™! at room tem-
perature. The corresponding O-D band lies at 2553 cm™'.
The room-temperature widths [full widths at half maximum
(FWHMSs)] of these bands are approximately 200 and
60 cm™!, respectively. The most common frequencies ob-
served in lithium-free hydrogen-containing crystals have a
FWHM of about 10 cm™'. The unusually large widths in Li-
doped MgO crystals and their dependence on hydrogen iso-
tope led us to investigate this system further, both experi-
mentally and theoretically. We find that these wide bands,
particularly in the case of O-D, are comprised of several
overlapping lines with characteristic temperature depen-
dences. We show that these properties are consistent with
hindered rotation of a H or D, displaced from the z axis
defined by an O and an adjacent Li, and moving in an x-y
plane.

II. EXPERIMENTAL PROCEDURE

Single crystals of MgO doped with Li were grown at Oak
Ridge National Laboratory by an arc-fusion technique.?* Li
doping was performed by mixing 5% Li,CO; powder with
high-purity MgO powder before crystal growth. The concen-
tration of Li impurities in samples prepared in this way was
determined by atomic emission spectrophotometry to be
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approximately? 0.04 at. %. The as-grown crystals are H
rich. D was introduced into a few samples of MgO:Li by
annealing for 2 h at 1200 °C in sealed quartz ampoules that
contained 0.7 atm of D, gas.”

IR absorption spectra were measured with a Bomem
DA3.16 Fourier transform spectrometer equipped with a KBr
beam splitter and an InSb detector. For measurements made
at temperatures above 15 K, samples were cooled in a
variable-temperature, cold-finger cryostat. The sample tem-
perature was measured with a chromel-Au:0.07 at. % Fe
thermocouple that was attached to the sample holder at a
position a few millimeters from the sample. For measure-
ments made at temperatures below 15 K, samples were
cooled in an Oxford CF 1204 cryostat using He contact gas.
In this case, the temperature was measured with a RhFe re-
sistance sensor mounted on the heat exchanger of the cry-
ostat.

III. EXPERIMENTAL RESULTS

The IR spectra in Fig. 1 show O-H and O-D vibrational
lines for a MgO:Li sample in its as-prepared state and for a
piece of the same sample that was annealed at 1200 °C in a
D, ambient. The primary O-H vibrational line at 3460 cm™!
has a FWHM of 41 cm™' at 3.5 K [Fig. 1(a)]. This line is
narrowed considerably from its width of 200 cm™' at room
temperature®” but remains remarkably broad for a H local
vibrational mode at low temperature. The corresponding O-D
band consists of two components at 2565 and 2578 cm™!
(3.5 K), each with a FWHM of 11.6 cm™!. Similar to the
O-H band, the O-D lines are narrower than observed in IR
spectra measured at room temperature.

The O-H spectrum in Fig. 1(a) shows a number of addi-
tional features that are weaker in intensity than the dominant
band at 3460 cm™!. There are two broad lines at 3223 and
3330 cm™! and sharper lines?® at 3618 and 3679 cm™!. The
corresponding broad O-D lines [Fig. 1(b)] are at 2418 and
2487 cm™! along with sharper lines at 2667 and 2712 cm™.
The 3679 cm™! O-H line and the corresponding 2712 cm™!
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FIG. 1. IR absorption spectra (T'=3.5 K, resolution of 1 cm™)
for a MgO crystal doped with Li during growth. The spectrum in (a)
is for an as-grown sample that contained hydrogen that was also
introduced during growth. The spectrum in (b) is for a sample that
was annealed in a D, ambient for 2 h at 1200 °C.

O-D line are not seen in every sample, indicating that these
lines arise from a defect different from those that give rise to
the other lines seen in the O-H and O-D spectra.

Figure 2(a) shows annealing data for the O-D spectrum.
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FIG. 2. (a) IR absorption spectra (T=3.5 K, resolution 1 cm™)
for a MgO:Li crystal that was annealed in a D, ambient for 2 h at
1200 °C. The sample was annealed sequentially in a He ambient at
the temperatures shown prior to measurement at low 7. (b) Differ-
ence between IR spectra measured following annealing at 600 and
300 °C. (IR spectrum for 600 °C less IR spectrum for 300 °C.)
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FIG. 3. (Color online) Spectra measured as a function of tem-
perature for the O-D IR band of the OD-Li complex in MgO. The
second derivative of the spectrum is shown at the top of each panel
(in arbitrary units) just above the measured spectrum. Fits to the
data are shown below the measured spectrum.

The strong dominant lines at 2565 and 2578 cm™' anneal
away together, consistent with both lines being associated
with the same defect. The other lines in the spectrum show a
different annealing behavior. The lines at 2418, 2487, and
2667 cm™! increase in intensity upon annealing at 600 °C
before they disappear at higher annealing temperatures. This
difference in annealing behavior is made apparent by the
result shown in Fig. 2(b), where the spectrum measured at
300 °C has been subtracted from the spectrum measured at
600 °C. These results make it clear that the lines at 2418,
2487, and 2667 cm™" are due to defects different from the
center that gives rise to the dominant lines at 2565 and
2578 cm™'. Presumably, the situation is similar for the cor-
responding O-H bands. The focus of the remainder of this
paper is on the two dominant O-D lines at 2565 and
2578 cm™! and the corresponding O-H band at 3460 cm™".
We have examined the temperature dependence of the
O-D spectrum. A selection of spectra measured at different
temperatures is shown in Fig. 3. At temperatures above
3.5 K, the O-D spectra show additional structure that is char-
acteristic of a number of closely spaced components. The
second derivative of each spectrum was evaluated to reveal
the additional line components more clearly. Each downward
peak in the second derivative spectra shown in Fig. 3 corre-
sponds to a partially resolved IR line component. The posi-
tions of the components revealed by the second derivative
were used as a starting point for a fit of each IR spectrum
with a sum of lines, each with the same Lorentzian width for
a given temperature. The results of this fitting procedure are
shown in Fig. 3. At 3.5 K, only the lines at 2565 and
2578 cm™! are seen. The relative intensity of these two com-
ponents is 2.6/ 1. As the temperature is increased (14.5 K in
Fig. 3), two additional lines at 2557 and 2545 cm™! emerge.
As the temperature is increased further (39.5 K in Fig. 3), a
third pair of lines at 2535 and 2518 cm™' is seen. The tran-
sition frequencies for the different components depend only
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TABLE 1. Experimental (20 K) and four-basis theory frequencies of the line components associated with
the O-D stretching band of the OD-Li complex in MgO (in units cm™").

(O3] w) w3 Wy w5 Wg w7
Experiment 2577.4 2565.2 2557.1 2545.0 2535.0 2518.6 NA
Theory 2571.7 2565.4 2557.9 2545.6 2543.0 2518.6 2582.2

slightly on temperature between 3.5 and 66 K, shifting by
less than 1 cm™!. Their values at 20 K are given in Table I.
As the temperature is increased, the FWHM of the
different line components increases from 11.6 cm™' at
3.5 K to 15 cm™" at 66 K. Above =66 K, it becomes diffi-
cult to accurately resolve the individual components of the
O-D band.

The broader O-H band at 3460 cm™' shows only hints of
the rich line structure seen for O-D. The O-H IR band and its
second derivative are shown in Fig. 4. In this case, the sec-
ond derivative shows a dominant peak with a poorly resolved
shoulder at higher frequency. By using the results for
MgO:Li:OD as a guide, a fit has been made to the O-H band
measured at 3.5 K with two components whose relative in-
tensities were constrained to match the relative intensities of
the two components at 2565 and 2578 cm™! seen for O-D. A
good fit to the 3460 cm™' line shape was obtained with two
Lorentzian components with positions 3458 and 3472 cm™!,
each with FWHM of 354 cm™', and relative intensities
1(3458)/1(3472)=2.6. The ratio of the frequencies of corre-
sponding O-H and O-D components is wqy/ wop=1.348,
which is consistent with H or D being bonded to a light
element such as O. While the fit to the O-H line shape is very
good, the absence of clearly resolved structure causes the
parameters of the fit to be more dependent on the constraints
of the fitting procedure than was the case for the correspond-
ing O-D line shape. The widths of the O-H line components
prevent the rich line structure seen for O-D at temperatures
higher than 3.5 K from being resolved.
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FIG. 4. (Color online) Spectrum (3.5 K) measured for the O-H
IR band of the OH-Li complex in MgO. The second derivative of
the spectrum (in arbitrary units) is shown above the measured spec-
trum. A fit to the data is shown below the measured spectrum.

IV. THEORETICAL MODEL

A. Density-functional-theory calculations

We have used CRYSTAL2003 to obtain minimum energies
and to map out potential-energy surfaces for the OH-Li de-
fect. CRYSTAL2003 is a recent version of the CRYSTAL family
of ab initio codes for electronic structure calculations.?’ It
utilizes Gaussian basis functions and provides many options,
including the choice of basis set and the choice of method
[Hartree-Fock or  density-functional theory (DFT)].
CRYSTAL2003 also allows automatic geometry optimization.

Given the many choices available for carrying out these
calculations, some care must be used in interpreting the com-
puted results. CRYSTAL has, however, been used extensively
and its results in general correspond well with those obtained
with other methods. Our approach is to combine the results
of these ab initio calculations with those of simpler models
and of experiment to provide insight into the physics of the
system.

The computations reported here were carried out with the
CRYSTAL2003 code using DFT with a gradient-corrected ap-
proximation to the exchange-correlation functional (Becke
exchange’® with 20% Hartree-Fock, Lee-Yang-Parr
correlation,?? 90% nonlocal exchange, 81% nonlocal corre-
lation; potential B3LYP). The calculations were carried out
in a periodic supercell approach with one Li substituted for
Mg and an adjacent interstitial H impurity in cubic supercells
containing 33 atoms. A computed lattice constant of 4.206 A
(which is within 0.25% of the experimental value) was used
in all calculations. A 4X4X4 k-point mesh of
Monkhorst-Pack®® type was used. The self-consistent-field
energy convergence criterion was 1077 hartree. Gaussian ba-
sis functions®! were of the type s(3)s(1)s(1)p(1) for hydro-
gen, s(6)sp(1)sp(1) for lithium, s(8)sp(5)sp(1) for oxygen,
and s(8)sp(6)sp(1) for magnesium.

After investigating several starting regions for the inter-
stitial H and allowing all atoms to relax in minimizing the
energy, we found that in the lowest-energy configuration the
H is attached to an O atom and lies in an off-bond-centered
site with respect to the O-Li axis, as shown in Fig. 5. That is,
if the O atom is initially at (0, 0, 0) and the Li is at (0,0,
-2.103) A, the equilibrium position of the H is at
(0.314,0.314,-0.855) A. Furthermore, there is little relax-
ation of most of the other atoms except for the Li, which
relaxes to (=0.130,—-0.130,-2.450) A; even the O to which
the H is attached relaxes only to (0,0,0.012) A. (A 65-atom
supercell calculation predicts identical relaxations to within
1%, as does the use of a larger basis set for Mg and O.)

It is not surprising that we find as well that the Mulliken
charges on the atoms are consistent with an ionic picture of
MgO: the Mg atoms are approximately Mg?*, most of the
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FIG. 5. (Color online) Structure of the MgO:Li:OH defect as
predicted by CRYSTAL2003 calculations.

oxygens are 0%, lithium is Li*, and OH is (OH)". It is pri-
marily the ionic repulsion between H and Li that leads to
their predicted off-axis configuration.

For this configuration and because of the symmetry of the
lattice, there will be four equivalent minima about the z
axis—that is, four potential wells within or among which the
system can move. Similar configurations will exist with re-
spect to the additional five nearest-neighbor oxygens; how-
ever, the O-H bond would have to be broken for the hydro-
gen to move to one of these, so we analyzed the motion only
for the configuration indicated here.

While the H is displaced from the z axis in a (1, 1, 0)
direction, the Li is likewise displaced in a (—1,-1,0) direc-
tion. Thus, we expect that the rotational motion of the H
about the z axis will be accompanied by the motion of the Li.
We have carried out point-by-point calculations to find the
potential-energy surface in terms of 6, the angle that O-H
makes with the z axis, and ¢, the angle in an x-y plane with
respect to the equilibrium position. We find that the force
constant for motion in the @ direction is considerably greater
than that for motion in the ¢ direction, so we include all of ¢
space but only a small region of 6 space in the fit.*> This
process yields

V(6, p) = — 3683 + 80656 + 4903.5 exp(— 4.288 )
+(12.63 + 1791 6%)sin®>(2 ), (1)

with # and ¢ in radians and V(6, ¢) in cm™!. This expression
describes four potential wells in an x-y plane, each of which
is 413 cm™! from minimum to maximum [¢=0 corresponds
to the (110) direction]. The value of 6 at equilibrium is 27.1°.
As noted above, while the exact numerical results are subject
to modification depending on choices made in the calcula-
tion, the notion that the H is substantially off the z axis and
may be subject to hindered rotation or tunneling in an x-y
plane emerges from these results and will be explored in
detail in the following section.

B. Four-basis model

The ab initio calculations suggest that in addition to the
stretching vibration of the O-H and O-D, there is a “‘channel”
around the z axis (at approximately #=30°) through which
the defect system can move, thus another degree of freedom.
If there were no ¢ dependence in this channel, the motion
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would be rotational through the channel, around the z axis.
As the four ¢-dependent wells become deeper, the motion
becomes hindered rotation, tunneling, and finally in an ex-
treme limit, libration within each deep well. The differences
in the experimental transition energies of the rich line struc-
ture of O-D (in the range of 8—20 cm™!) coupled with the
calculated depth of the four wells in the channel (413 cm™')
suggest that the motion is within the hindered-rotation—
tunneling regime of possible motions through the channel.

We develop and extend here a model similar to that used
previously for different systems.>*3> We use a small basis set
of functions and parametrize the Hamiltonian matrix for the
hindered-rotation—tunneling motion. The structure of this
treatment is independent of whether the motion involves
only H or D with Li on axis or a correlated motion of H or D
with an off-axis Li. Which choice is better will be discussed
later when numerical parameters are obtained from the fit of
the model to experiment.

The symmetry of the problem is C,,. We assume that the
four wells are deep enough so that we can represent the wave
functions by linear combinations of identical basis functions,
labeled |1), |2), |3), and |4), centered on each well, which are
at some angle 6 from the z axis. The coordinate system is
defined such that |1), |2), |3), and |4) project into the (+x),
(+y), (=x), and (-y) directions, respectively, each represent-
ing one of the computed (110) wells. We assume that these
four basis functions are normalized, but we will not assume
that their overlap is zero. A nonzero overlap arises because
the wells may not be deep enough for the basis functions to
be totally isolated from each other. The Hamiltonian matrix
in this basis must have the form

E, -t t -t
-t Ey, -t 1
i|H|j)=

e =\, E, 1

-t t' -t E,

. )

where E is the intrawell energy, — is the interwell energy of
adjacent wells in the channel, and ¢’ is the interwell energy
of opposite wells in the channel. If the system is tunneling,
the ¢ parameters will be a measure of the rate of tunneling
between the wells.

The overlap matrix in this basis has a similar form and is
given by

1 s s S

s 1 os s
(ilj) = ¢ s 1 5| 3)

s s s 1

where S and S’ are the overlap (i.e., the matrix element of the
basis functions) between adjacent basis functions and oppo-
site basis functions, respectively, in the channel. Because of
the strong potential in 6 suggested by our ab initio calcula-
tions, we expect both ¢' and S’ to be small compared to ¢ and
S, respectively.

We wish to find linear combinations of the basis functions
that will diagonalize the Hamiltonian and overlap matrices.
Using the character table for the group Cy,, we find that the
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basis  vectors decompose into the irreducible
representations36 Ay, E, and B. That is, there will be three
energy levels, two nondegenerate and one doubly degener-
ate. The four linear combinations that will produce wave
functions that transform as these irreducible representations
are

|A)) = m(m +[2)+[3)+4)),
ED) = ——— (1)~ 3)
V2(1-5) ’
ED) = ———(12) - |4)
V2(1-5") ’
1
|B) = m(“ﬂ 3)—12) - 1[4)). 4)

These functions are orthonormal, and because there are no
off-diagonal Hamiltonian matrix elements in this basis, the
energy levels are readily determined. The energy levels are
then found to be

Ey—2t+1'
E(Al)= L ,
1+25+S
Ey—t'
E(E) = ,
(E) T
Ey+2t+1'
EB 5
B =1 2s+s ©)

This hindered-rotational-tunneling-motion energy-level
structure will exist in both the n=0 and n=1 vibrational lev-
els (see Fig. 6), thus giving a “fine structure” to the vibra-
tional transition. To simplify the fit to experiment, we make
the following assumptions. (1) The potential energy con-
tained within the Hamiltonian will be shifted, since the zero
is arbitrary, such that Ey=0. (2) The wells are deep enough
so that S’ and ¢’ are negligible and thus set to zero. (3) The
overlaps S of the hindered-rotation—tunneling wave functions
are the same in both the n=0 and n=1 vibrational states.
However, we allow the parameter ¢ to depend on #n, the quan-
tum number of the vibration. The parameter for the n=1
vibrational state is labeled u, while we retain ¢ for n=0.

There are seven transitions allowed by the symmetry be-
tween the lower and upper manifolds (n=0 and n=1). For a
single defect, we can separate these transitions into two
types. First, if the light is polarized along the symmetry axis
of the channel (denoted the z axis), the dipole matrix opera-
tor will be proportional to z, which transforms as A; in Cy,,.
Thus, for z polarization the allowed transitions are

104,) — [14,),

|0E) — |1E),
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FIG. 6. Theoretical energy-level diagram using the four-basis
model, with §=0.164, t=13.2 cm™!, and u=8.17 cm™!, for O-D in
MgO:Li. The lower manifold of three levels corresponds to the n
=0 vibrational level of O-D and the upper manifold to the n=1
vibrational level of O-D. The labeling corresponds to that of Table
L

|0B) — |1B). (6)

The first number is the quantum number of the vibrational
state, while the second label denotes the hindered-rotation—
tunneling state. In molecular physics language, these would
be analogous to the Q branch.3” The second set of transitions
comes from light polarized along the x (or equivalently y)
direction. The dipole operator in this case transforms as E in
Cy4,- The allowed transitions will then be

|0A,) — |1E),
[0E) — [14,),
|0E) — [1B),

|0BY — |1E). (7)

These are analogous to the P and R branches.?’
With the assumptions stated above, the two energy-level
differences in the n=0 vibrational manifold are

2t
AE(A,; «— E)= ,
1+28

4t

T (1+28)(1-28)
and likewise for the n=1 vibrational manifold,

2u
1+2S

AEA, < E) =

)
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du

AE(A, +~ B) = m

)
Thus, there are three parameters to fit within the model with
the assumptions that have been made.

The temperature dependence of the experimental lines at
2565 and 2578 cm™! (Fig. 3) indicates that both these lines
originate from the ground state of the system. In the model
we have developed, there are two such transitions. Thus, the
difference in energy between these two transitions must be
assigned to AE(A; — E) in the upper manifold. Likewise, the
lines that emerge near 2557 and 2545 cm™! at higher tem-
perature must be consistent within the model as originating
from the first excited state in the ground-state manifold, and
the lines near 2535 and 2519 cm™! that appear at even higher
temperature must be consistent within the model as originat-
ing from the second excited state in the ground-state mani-
fold.

Using the experimental frequencies of the lines near 2565,
2578, 2545, and 2519 cm™', we can uniquely determine the
values of S, 7, and u by using Egs. (8) and one of Egs. (9).
Thus, we have

2u )
=123 cm™,
1+28
2t 4
=19.8 cm™,
1+28
4t
=59.0 cm™. (10)

(I+28)(1-29)

The latter two equations give S=0.164 and r=13.2 cm™!. Us-
ing these values in the first, we find u=8.17 cm™'. The six
known experimental lines are compared with their theoretical
counterparts in Table I. The results determined from the four-
basis model yield the energy-level diagram that is shown in
Fig. 6. The fit to experiment is remarkably good considering
the simplicity of the model and the assumptions that have
been made. In addition, the values of the three parameters are
quite reasonable. An overlap of about 16% is consistent with
assuming that the wells are deep enough that we can ap-
proximate the system by only four basis functions. There is a
seventh transition predicted near 2582 cm™' that was not
identified in the measured spectra.

This four-basis model also gives quantitative predictions
for the strengths of all seven predicted transitions. For z po-
larization, an operator that transforms as A; in C,, symmetry
(since z transforms in this fashion) can be constructed from
the four basis functions. As such,

Zop = BUDL] + [2)2] +[3)(3] + [4)(4
and likewise for x polarization,
Xop = | 1)(1] = [3)3]). (12)

Making the simplifying assumption that the hindered-
rotation-tunneling wave functions are the same in both the
n=0 and n=1 vibrational states, we find the following matrix
elements of z,, and x,,:

), (11)
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<A1|Zop|Al> = ﬁ(l +25+ S,)’
(EVz, |EV)y =(EP|z,, |EP) = B(1 - §"),
(EW|z,,|E?) =0,

(Blz,,|B)=B(1-25+5") (13)

and

o
(A x| EVy = ,—E\/l +25+8'\1-58',
\!

<Al |x0p|E(2)> =0,

(EV|x,,|B) = %\/1 —25+8'\1-§,
\‘r

(E?x,,|B) =0. (14)

The transition strengths for a single defect will be propor-
tional to the squares of these matrix elements. To eliminate a
proportionality constant, we determine the transition
strengths relative to the A;(n=0)—A(n=1) transition, i.e.,
the ratios of the squares of the above matrix elements to the
square of the A; to A expression. Also, since the experimen-
tal spectrum is composed of transitions from an ensemble of
defects oriented along the different crystal axes exposed to
unpolarized light, we must properly sum over these orienta-
tions. The propagation vector of the light is along one of the
crystal axes, labeled z. So for z, x, and y oriented channels,
the intensity ratio of z transitions (as in Fig. 6) to transitions
perpendicular to z will be 0:2, 1:1, and 1:1, respectively. The
total spectrum thus will be composed of z to (x,y) transitions
in the ratio 2:4, so that the x transition strengths above must
be multiplied by 2 relative to z.

Finally, all seven transitions are predicted in the four-basis
model to have relative strengths as a function of temperature,
with $=0.164 and S =0, of

1(2519) a\? -59.0 cm™!
=0.381| = | expl ——,
1(2565) B kT
1(2543) -59.0 cm™!
=0.256 exp| ———— |,
1(2565) kT
1(2546) a\? -19.8 cm™!
=0.753| = | exp| ——,
1(2565) B kT
1(2558) -19.8 cm™
=1.134 exp| ——— |,
1(2565) kT
1(2565) _
1(2565)
1(2578)

=0.753 = | ,
1(2565) 8

245211-6



HINDERED ROTATION OF AN OH-Li CENTER IN MgO....

Absorbance (Arbitrary Units)

2500 2525 2550 2575

Frequency (cm’™)

2600

FIG. 7. (Color online) Theoretical and experimental spectra and
second derivatives for the O-D vibrational bands of MgO:Li at 4.5,
14.5, and 39.5 K. Theoretical results are shown with solid lines and
experimental results are shown with dashed lines. In a given panel,
the two lowest plots show spectra calculated from our four-well
model, one with FWHM of 2 cm™! and the other with the experi-
mentally determined value (11.6, 12.6, and 14.5 cm™! for tempera-
tures of 3.5, 14.5, and 39.5 K, respectively). All theoretical spectra
are normalized so that the peak value near 2565 cm™! is one. The
next higher curve is the experimental spectrum, displaced upward
for comparison and rescaled so that the peak to asymptote is ap-
proximately the same as the theoretical spectrum. Theoretical and
experimental second derivatives at the top of each panel are super-
imposed and rescaled so that their minima near 2565 cm™! are
equal.

1(2582)_0381<g>2 (—19.8cm—1> 15)
12565 o\g) P\ ar )

Only one new parameter has been introduced, a/fB, which
can be determined from the experimental ratio of the inten-
sity of the 2578 cm™ line to the 2565 cm™! line. This experi-
mental ratio is 0.385. This gives the ratio® a/8=0.715.
Figure 7 shows a plot of the predicted and experimental
spectra, as well as the predicted and experimental second
derivatives of the spectra. For the theoretical spectrum, all
transitions are assumed Lorentzian shaped, with the same
FWHM. In order to clearly see all seven predicted transitions
and their temperature dependence, we plot the theoretical
spectrum with a FWHM of 2 cm™" at the lowest part of the
plot. For comparison to experiment, we use FWHM values
of 11.6, 12.0, and 14.5 cm™' for temperatures of 3.5, 14.5,
and 39.5 K, respectively. These values for the theoretical
FWHM are identical to the extracted experimental values.
The consistency with experiment is remarkable, given the
simplifications assumed for the values of the parameters, as
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FIG. 8. Plots of In[1(2557)/1(2565)] and In[1(2535)/1(2565)] vs
1/T for the components of the O-D IR band of the OD-Li complex
in MgO. The lines are the results of least-squares fits to the data and
yield the activation energies shown. Line frequencies and activation

energies have units of cm™.

well as by the small number of basis functions assumed. The
predicted intensity of the 2582 cm™ transition, not uncov-
ered in the measured spectra, is very weak and may be un-
resolved from the stronger 2578 cm™ transition. The theo-
retical second derivative of the spectrum shown in Fig. 7
does not show any hint of the presence of the 2582 cm™!
line, consistent with experiment.39

The predicted 2543 cm™!' transition frequency varies
somewhat from the experimentally observed 2535 cm™' line
frequency. However, given the simplifications of the theory
and the uncertainty in fitting the Lorentzians to the experi-
mental data, we deem this discrepancy to not be significant.
Indeed, if we relax the assumption that the overlap S is the
same in both the n=0 and n=1 vibrational states, a better fit
can be obtained. We do not see a reason to complicate our
model, because the analysis at this point strongly suggests
that the rich structure seen in the O-D system is due to a
hindered-rotation—tunneling motion.

The level scheme shown in Fig. 6 predicts a temperature
dependence for the relative intensities of the components of
the MgO:Li:OD band that can be compared with the experi-
mental intensities determined from the fits to the IR line
shapes discussed in Sec. III. We consider the intensities of
the stronger of the lines that originate from the manifold of
levels associated with the ground vibrational state. The natu-
ral logarithm of the ratio of the area of the 2557 cm™' line
that originates from the first excited state to the area of the
2565 cm™! line that originates from the ground state, i.e.,
In[1(2557)/1(2565)], is plotted vs 7! in Fig. 8. Similarly, the
area of the 2535 cm™' line that originates from the second
excited level of the ground vibrational manifold is consid-
ered, and In[1(2535)/1(2565)] vs T~ is also plotted in Fig. 8.
The slopes of the fits to these plots yield Boltzmann energies
of 15 and 62 cm™!. These values can be compared with the
values determined from the fit of our model to the experi-
mental transition energies, 19.8 and 59.0 cm™' [see Eq. (10)].
The accuracies of the Boltzmann energies are limited by the
accuracy of the measurements of the sample temperature at
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low T and the assumptions made in the fitting procedure for
the O-D line shapes, e.g., that all components have the same
width at a given temperature. The level energies, determined
from the small differences between the O-D stretching ener-
gies, are also subject to an error of a few cm™!. Therefore,
the agreement of the Boltzmann energies with the energies of
the levels of the ground-state manifold determined from the
transition energies is considered to be very good.

We finally return to the possibility that Li is involved in
the motion. First, it is expected that the H or D will remain
within the vicinity of the Li* ion to maintain a net +2 charge
in the region, as would be present if the Mg were at the
lattice site. But the H or D will also repel the Li* due to the
Coulomb interaction. This is consistent with the ab initio
calculations of Sec. IV A which indicate that the Li relaxes
away from the H or D. Thus, it is likely that if the Li is
involved in the motion, it will exhibit a motion that is corre-
lated with that of the H or D, attempting to avoid the H or D
as they rotate around the z axis. That means the symmetry
will still be Cy,,, and the four-basis model will still be appli-
cable in its current formulation.

Furthermore, another point of view may be helpful in this
case. We have expanded the analytical potential in Eq. (1)
derived from the ab initio calculations in terms of spherical
harmonics up to and including L=8. We then considered a
three-dimensional rotation subject to this potential. While we
have not analyzed the experimental data in detail using this
model, we have found that order-of-magnitude agreement
requires that the rotational constant B=#2/21 must be lower
than the value obtained if only the H or D were rotating
through the channel. That is, /, the moment of inertia, must
be larger than expected. This would be the case if the lithium
was involved in the motion. Assuming a bond length of
0.974 A for O-D, B has a value of =10 cm™ with no lithium
motion involved. Our initial calculations using the spherical
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harmonic expansion for the potential in Eq. (1) suggest that
B has a value in the range of 4—5 cm™!. Further work is
needed to more fully investigate these details of the motion.

V. CONCLUSIONS

The OD-Li complex in MgO is a spectroscopically rich
system with fascinating microscopic properties. The direct
interplay between theory and experiment has enabled us to
determine that the O-D vibrational lines associated with this
defect at 2565 and 2578 cm™! (3.5 K) and the additional
spectroscopic structure that appears at elevated temperatures
are due to the hindered-rotation—tunneling of the D atom in a
channel around the O-Li axis. A simple four-basis tunneling
model has been developed, and the agreement of the predic-
tions of this model with experiment is remarkable. However,
there are still unanswered questions. What is the origin of the
widths of the component lines, and why are these widths so
dependent on H or D isotope? These and other questions
about MgO:Li:OD and related defect systems are the subject
of ongoing work.
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