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The ortho-para transition of interstitial H2 in Si has been observed in a recent Raman study �M. Hiller et al.,
Phys. Rev. Lett. 98, 055504 �2007�; 99, 209901 �2007��. In order to address issues that are difficult to study
by Raman spectroscopy, we have performed IR-absorption experiments to further investigate this ortho-para
transition. We find that when a Si sample containing H2 that has been equilibrated at room temperature is
subsequently held at 77 K, the 3618.4 cm−1 IR line assigned to ortho-H2 is reduced in intensity with a single
exponential time constant of 229 h as the system relaxes to the para-H2 state. The previous Raman data had
been analyzed by a model in which the ortho-para transition is caused by an interaction with the nuclear
magnetic moment of 29Si �4.7% abundant� that is present in natural Si. However, in order for every H2

molecule to interact with a 29Si, at least six shells of Si neighbors must be considered. Because of the strong
dependence of the transition rate on the 29Si-H2 distance, the kinetics of such a transition should be highly
nonexponential. Thus, our IR data are not consistent with this mechanism. We have also investigated the
para-ortho transition of interstitial D2 and have found decay rates similar to those for the ortho-para transition
of H2. We have considered two possible mechanisms for this transition: H2 or D2 tunneling, which would allow
the molecule to sample tetrahedral sites adjacent to 29Si, and spin-rotation coupling that can act while the
molecule is dynamically off-center. Consideration of a possible tunneling rate by theory and the similarity of
the H2 and D2 results seem to rule out the tunneling mechanism but not the spin-rotation mechanism. These
results clearly show that the mechanism of the ortho-para transition for H2 and D2 in Si remains an experi-
mental and a theoretical challenge.

DOI: 10.1103/PhysRevB.80.125207 PACS number�s�: 61.72.Bb, 63.20.Pw, 78.30.Am

I. INTRODUCTION

The H2 molecule was suggested to be an important defect
in semiconductors in the early 1980s.1,2 Nonetheless, it was
more than a dozen years before H2 was observed directly by
vibrational spectroscopy.3–5 The H2 stretching line for mo-
lecular H2 in GaAs was discovered by Raman spectroscopy
and was found to be split into two components 8 cm−1

apart.3 These lines were assigned to ortho- and para-H2. This
interpretation led to the conclusion that H2 in GaAs is rotat-
ing freely. However, the path to understanding H2 in Si was
not so direct.6,7 A vibrational line for H2 in Si at
3618.4 cm−1 was found but an ortho-para splitting was not
detected initially.4,5,8 It required several years of study6,7,9–11

before the experimental properties of H2 in Si could be rec-
onciled with the prediction of theory that molecular H2 in Si
is located within the tetrahedral interstitial site �Fig. 1�a��
and is a nearly free rotator whose center of mass is also in
motion.8,10,12–15

The H2 molecule has ortho and para states with the
nuclear spins of the two protons aligned either parallel
�ortho� or antiparallel �para�.16,17 Because the total molecular
wave function of H2 must be antisymmetric upon exchange
of the two identical protons, ortho-H2 has rotational states
with odd values of the rotational quantum number J, whereas
para-H2 has rotational states with even J. The lowest energy
state of para-H2 has rotational quantum number J=0 and the
lowest energy state of ortho-H2 has rotational quantum num-
ber J=1. In most practical circumstances, these behave as
two distinct molecular species, each with its own rotational
spectrum. However, if one waits a sufficiently long time at
low temperature, H2 can relax to its lower energy para state.

This transition rate can be remarkably slow because the
nuclear spin of the proton interacts only weakly with its en-
vironment.

The observation by Raman spectroscopy of the ortho-para
transition of interstitial H2 in Si has been reported
recently.18,19 Raman scattering may be used to probe the
stretching mode of a free H2 molecule because, while an
electric-dipole transition is forbidden for a homonuclear di-
atomic molecule, Raman spectroscopy is subject to different
selection rules.17 For interstitial H2 in Si, a Raman line at
3618 cm−1 �10 K� was discovered and assigned to the H2
stretching mode.4 An ortho-para splitting was not seen in
these early experiments because laser heating problems
caused para-H2 to be promoted to its rotational excited states,
which apparently broadened and weakened the H2 stretching,
Raman line.20 Once this confusing issue was resolved, both
the ortho and para states could be studied by Raman spec-
troscopy.

Surprisingly, infrared �IR�-absorption experiments found
that the stretching mode for H2 in Si is weakly IR allowed
and gives rise to a single sharp line at 3618.4 cm−1 �Ref. 5�.

FIG. 1. �Color online� �a� Interstitial H2 in Si. �b� The O-H2

complex in Si.
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In this case, the para line is not observed because of selection
rules for transitions of the H2 molecule in the tetrahedral
crystal field.6,9,10 Figure 2�a� is an energy-level diagram
showing the rotational-vibrational levels of H2 in Si and the
3618.4 cm−1 transition. In tetrahedral symmetry, the J=0 ro-
tational state of para-H2 becomes A1 and the J=1 rotational
state of ortho-H2 becomes T2. A purely vibrational transition
with the molecule in its J=0 rotational state is an A1→A1
transition and is electric-dipole forbidden in tetrahedral sym-
metry. A vibrational transition with the molecule in its J=1
rotational state is a T2→T2 transition and is allowed by sym-
metry. Therefore, the line at 3618.4 cm−1 has been assigned
to a T2→T2 transition of ortho-H2, and para-H2 cannot be
seen by IR-absorption spectroscopy. These assignments have
been confirmed in detail by the splitting of the rotational
states under uniaxial stress.21,22

When a Si sample containing H2 molecules is stored at
elevated temperature �room temperature is sufficient�, the ra-
tio of the populations of ortho- and para-H2 is 3 to 1 because
of the degeneracies of the nuclear-spin states, a fact that has
been verified by Raman measurements.18–20 When a sample
was stored at 77 K for a long time, the relative intensity of
the para line was found to increase as ortho-H2 made a tran-
sition to the lower energy para-H2 state. The time scale for
the ortho-para transition at 77 K was found to be of order
200 h.18,19

These observations of the ortho-para transition of H2 in Si
have been interpreted in terms of the following transition
probability for a catalytically induced collision process de-
rived by Wigner23

W =
2�a

2�P
2 Jm

3�2d6Mv2 . �1�

Here, �a is the magnetic moment of the paramagnetic spe-
cies inducing the transition at distance d from the H2 mol-
ecule and �P is the magnetic moment of the proton. Jm, M,
and v are the moment of inertia, mass, and thermal velocity
of H2. It was suggested that the 29Si isotope �4.7% abun-
dant�, with its unpaired nuclear spin, causes the ortho-para
transition.18,19 If a near-lying 29Si nucleus is responsible for
the transition, then several shells of Si neighbors must be

involved for every H2 molecule to interact with a 29Si. Hiller
et al.18,19 constructed a model for the ortho-para transition of
interstitial H2 in which a sum of exponential functions with
different time constants was used to fit the observed kinetics
at 77 K. That is, the d−6 dependence in Eq. �1� means that H2
molecules with near-lying 29Si nuclei in different neighbor
shells will show very different transition rates in this model.

Conclusions about the mechanism for the ortho-para tran-
sition depend strongly on the accuracy of the measurements
of the ortho-para ratio, and such experiments are especially
difficult by Raman spectroscopy because laser heating prob-
lems are an important source of error in the measurement of
the ortho/para ratio.20 In the present work, we have measured
the ortho-para transition for interstitial H2 in Si with in-
creased accuracy by IR spectroscopy so that the behavior of
the transition rate can be tested to shed light on the transition
mechanism. We have also refined the data analysis and have
investigated alternative mechanisms for the ortho-para tran-
sition.

Because IR-absorption experiments that probe the ortho-
para transition of H2 in Si see only the ortho state,6,9,10 the
population change in the para state must be inferred. We
have addressed this problem by investigating the O-H2 defect
in Si �Fig. 1�b��.20,24–27 The frequency of the oxygen mode of
the O-H2 complex near 1075 cm−1 depends slightly on
whether its H2 neighbor is ortho-H2 or para-H2 �Ref. 27�,
giving two components that have made it possible for us to
probe changes in both the ortho and para populations. In
addition to probing the ortho-para transition, these experi-
ments test the assignment of the O-H2 defect’s oxygen
modes. The O-H2 defect also has H2 stretching modes20,24,27

that were studied previously by Raman spectroscopy to re-
veal the ortho-para transition.19,28 The H2 stretching mode at
3731.1 cm−1 of O-ortho-H2 in Si has been investigated in
the present work by IR absorption to complement results for
the defect’s oxygen mode. Finally, we have also studied the
ortho-para transition for D2 in Si to obtain further clues about
the ortho-para transition mechanism.

II. EXPERIMENT

For our experiments on the interstitial H2 and D2 mol-
ecules, lightly doped Si samples grown by the floating-zone
method were used. Sample dimensions were typically 6�6
�15 mm3 with the optical viewing direction being along the
long axis of the sample. H or D was introduced by annealing
the samples for 1 h at 1250 °C in sealed quartz ampoules
that contained 0.7 atm of H2 or D2 gas. The anneals were
terminated by a rapid quench in water to room temperature.
Samples that were selected for our experiments typically had
a concentration of H2 or D2 molecules near 5�1015 cm−3

�Ref. 29�. For experiments on the O-H2 complex, lightly
doped, Czochralski-grown Si samples �typical oxygen con-
centration �O��1018 cm−3� were used. To form O-H2 com-
plexes, samples were hydrogenated as above and then an-
nealed for longer than 1 week at room temperature.24–27

Following the long anneal at room temperature, approxi-
mately 60% of the H2 molecules had become bound to inter-
stitial oxygen to form O-H2 complexes.
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FIG. 2. �a� Energy levels of interstitial H2 and D2 in Si. �b�
Energy levels of HD in Si.
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IR-absorption spectra were measured with a Bomem
DA3.16 Fourier-transform spectrometer equipped with a
KBr beamsplitter and InSb and HgCdTe detectors. Interfer-
ence filters were used to narrow the spectral range that was
examined in order to increase the signal-to-noise ratio of our
absorption measurements.

For many of our experiments, samples were transferred
rapidly from a liquid N2 storage container to an optical cry-
ostat for absorption measurements at 4 K and then back
again into liquid N2. To perform the transfer, a sample was
removed from liquid N2 and warmed to room temperature by
immersion in water. The sample at room temperature was
then inserted into a top-loading cryostat that had been pre-
cooled to less than 80 K. The sample was then cooled to 4 K
for measurement. After IR measurements were made at 4 K,
the sample was then quickly transferred back to the liquid N2
storage container. An Oxford CF 1204 cryostat with He con-
tact gas was used for this procedure. Temperature was mea-
sured with a RhFe resistance sensor mounted on the heat
exchanger of the cryostat. With practice, the transfer of the
sample from liquid N2 into the cold optical cryostat could be
performed in less than 10 min, which is much shorter than
the time scale for the ortho-para transition at room tempera-
ture found previously by Raman spectroscopy18,19 or in the
present work.

III. EXPERIMENTAL RESULTS

A. H2

To investigate the ortho-para transition at 77 K, a Si
sample which contained H2 molecules throughout the Si bulk
was prepared initially by storage for a long time
��2 weeks� at room temperature to achieve thermal equilib-
rium. �Results for the ortho-para transition reported in Refs.
18 and 19 were used initially to determine appropriate time
scales for preparing samples at room temperature and at 77
K.� This sample was then placed in liquid N2 so that the
ortho-para transition at 77 K could be probed. The inset to
Fig. 3 shows the IR-absorption line at 3618.4 cm−1 due to
ortho-H2 for the times at 77 K that are indicated. The
3618.4 cm−1 line was found to decrease in intensity as the
annealing time at 77 K was increased. The open squares in
Fig. 3 show the peak absorbance of the 3618.4 cm−1 line as
a function of the time the sample was held at 77 K. For each
data point in these experiments, the sample was removed
from liquid N2 and warmed quickly to room temperature so
that it could then be transferred to a precooled optical cry-
ostat for an IR measurement at 4 K as was described in Sec.
II.

To investigate the ortho-para transition at room tempera-
ture, a Si sample containing H2 molecules was stored in liq-
uid N2 for 2 months to produce a thermal equilibrium distri-
bution of ortho- and para-H2 at 77 K. This sample was then
annealed at room temperature and the intensity of the
3618.4 cm−1 line was measured as a function of the anneal-
ing time. The inset in Fig. 4 shows the IR line at
3618.4 cm−1 for the annealing times at room temperature
that are indicated. The open squares in Fig. 4 show the peak
absorbance of the 3618.4 cm−1 line as a function of the time

the sample prepared at 77 K was subsequently held at room
temperature.

B. O-H2

Spectra for the oxygen mode of the O-H2 complex in Si
are shown in Fig. 5. There are two near-lying lines because
the frequency of the O mode of the complex depends on

FIG. 3. �Color online� The peak absorbance of the 3618.4 cm−1

line due to H2 in Si as a function of time held at 77 K. The
sample was initially equilibrated at room temperature. A
typical error bar estimated from the noise in the baseline of
the IR spectrum is shown for the data point at highest frequency.
The data are fit by the relationship �1.59�0.01��10−2

+ �7.0�0.02��10−3 exp�−t / �229�14� h�. The inset shows the
3618.4 cm−1 line for the times at 77 K that are indicated.

FIG. 4. �Color online� The peak absorbance of the 3618.4 cm−1

line due to H2 in Si as a function of time held at room temperature.
The sample was initially equilibrated at 77 K. The height of a curve
symbol is typical of the uncertainty in the measured absorbance.
The data are fit by the relationship �2.44�0.01��10−2

− �6.9�0.14��10−3 exp�−t / �8.1�0.5� h�. The inset shows the
3618.4 cm−1 line for the times annealed at room temperature that
are indicated.
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whether ortho-H2 or para-H2 is trapped nearby.27 To investi-
gate the ortho-para transition for H2 in the O-H2 complex, a
Si sample containing O-H2 complexes was held at room tem-
perature for a long time ��2 weeks� to achieve thermal
equilibrium. This sample was then placed in liquid N2 so the
ortho-para transition at 77 K could be examined. In this case,
both the O band and the H2 stretching line of the complex at
3731.1 cm−1 were examined.

Figure 5�a� shows the O band for the sample equilibrated
at room temperature and Fig. 5�b� shows the O band after the
sample was held at 77 K for 756 h. As the “annealing” time
at 77 K is increased, the component due to O-ortho-H2 is
seen to decrease in intensity while the component due to
O-para-H2 is seen to increase in intensity. To analyze the IR
spectra, the O-band’s line shape was fit with the sum of two
Lorentzian components �see Fig. 5�. Spectra measured over
the entire range of annealing times could be fit well with the
sum of two Lorentzian line shapes with center frequencies
1075.1 and 1076.2 cm−1 and with full widths at half maxi-
mum of 0.70 and 0.82 cm−1, respectively. From these fits,
the areas of the O-ortho-H2 line at 1075.1 cm−1 �Io�t�� and
the O-para-H2 line at 1076.2 cm−1 �Ip�t�� were determined.
Figure 6 shows plots of the total area of the O band, Io�t�
+ Ip�t�, and the difference of the areas of the ortho and para
components, Io�t�− Ip�t�, as a function of the time at 77 K.
Similar to the experiments performed to probe the ortho-para
transition at 77 K for isolated interstitial H2, the Si sample
containing O-H2 complexes was transferred from liquid N2
to a precooled optical cryostat for IR measurements at 4 K
by warming quickly to room temperature to effect the trans-
fer.

The H2 stretching lines at 3731.1 and 3788.9 cm−1 have
been assigned to the O-ortho-H2 complex.27 Here, we focus
on the stronger of these lines at 3731.1 cm−1. Spectra of the
3731.1 cm−1 line were measured in the same experiment in
which the data shown in Fig. 6 for the O band of the O-H2
complex were measured. The inset to Fig. 7 shows the
3731.1 cm−1 line for the times at 77 K that are indicated.
The open circles in Fig. 7 show the peak absorbance of the
3731.1 cm−1 line as a function of the time the sample was
held at 77 K.

To investigate the ortho-para transition of the O-H2 com-
plex at room temperature, a Si sample containing O-H2 cen-

ters was stored in liquid N2 for 2 months to produce a ther-
mal equilibrium distribution of O-ortho-H2 and O-para-H2 at
77 K. This sample was then annealed at room temperature
and the intensity of the 3731.1 cm−1 line was measured as a
function of the annealing time. Figure 8 shows the peak ab-
sorbance of the 3731.1 cm−1 line as a function of the time
the sample initially equilibrated at 77 K was subsequently
held at room temperature.

The intensity of the 3618.4 cm−1 line due to interstitial
H2 was also examined in oxygen-rich Si grown by the Czo-
chralski method. Results for the ortho-para transition moni-
tored at 77 K and at room temperature were found to be

FIG. 5. �Color online� IR-absorption spectra �4.2 K� of the oxy-
gen mode of the O-H2 complex in Si. �a� Sample equilibrated ini-
tially at room temperature and �b� held subsequently at 77 K for 756
h. The line shapes are fit by the sum of two Lorentzian functions.

FIG. 6. Io�t� and Ip�t� are the areas of the oxygen modes of
O-ortho-H2 and O-para-H2, respectively. Io�t�+ Ip�t� is shown by
solid circles and Io�t�− Ip�t� is shown by open circles as a function
of time the sample was held at 77 K. The sample was
equilibrated initially at room temperature. The data points
shown by the solid circles are fit by the constant �8.06�0.08�
�10−2 cm−1. The data points shown by the open circles are
fit by the relationship �2.04�0.08��10−2 cm−1+ �2.00�0.13�
�10−2cm−1 exp�−t / �238�43� h�.

FIG. 7. �Color online� The peak absorbance of the 3731.1 cm−1

line due to the H2 stretching mode of the O-ortho-H2 complex in Si
as a function of time held at 77 K. The sample was initially equili-
brated at room temperature. A fit to the data is shown with the
exponential time constant �238 h� determined from data for the
oxygen mode. The inset shows the 3731.1 cm−1 line for the times
annealed at 77 K that are indicated.
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similar to those shown in Figs. 3 and 4 for H2 in a Si sample
grown by the floating-zone method.

IV. EQUILIBRIUM ORTHO/PARA RATIO AT ROOM
TEMPERATURE AND AT 77 K

A. H2

In the present paper, no�t� is taken to be the concentration
of the ortho species and np�t� is taken to be the concentration
of the para species at time t. Concentrations at thermal equi-
librium at temperature T are denoted no

T�K� and np
T�K�. If a

sample is held at a given temperature for a time sufficient for
thermal equilibrium to be established, the ortho/para ratio for
an H2 molecule is given by,16

no
T�K�

np
T�K� =

3 �
J=odd

�2J + 1�exp�− E�J�/kT�

�
J=even

�2J + 1�exp�− E�J�/kT�
. �2�

The factor of 3 accounts for the degeneracies of the nuclear-
spin states and �2J+1� is the degeneracy of a rotational state.
The rotational energy levels are given by

E�J� = �2J�J + 1�/�2�R2� , �3�

where R is the interatomic separation and � is the reduced
mass of the molecule.

The rotational energies for interstitial H2 in Si have not
been measured directly but can be determined from the rota-
tional levels observed for interstitial HD that are shown in
Fig. 2�b�.22 The spacing between the J=0 and J=1 levels
was found to be 74 cm−1 �Ref. 9� and the spacing between
the J=1 and J=2 levels was found to be 160 cm−1 �Ref. 22�.
These results are consistent with an interatomic separation of
R=0.788 Å �i.e., with a theoretically predicted extension of
0.04 Å from the free molecule value14� and a corresponding
rotational constant for HD of �2 / �2�R2�=40.3 cm−1. From
the dependence of the rotational constant on the reduced

mass, the value �2 / �2�R2�=54 cm−1 for interstitial H2 is
obtained. Equation �2� gives an equilibrium ortho/para ratio
for interstitial H2 of 3.0 at room temperature and of 1.18 at
77 K.

The changes in the intensity of the 3618.4 cm−1 line
shown in Figs. 3 and 4 are attributed to the ortho-para tran-
sition of the interstitial H2 molecule. When a sample pre-
pared with an equilibrium distribution of ortho- and para-H2
at room temperature is subsequently held at 77 K, the
ortho-H2 line decreases in intensity to eventually produce the
equilibrium distribution of ortho- and para-H2 characteristic
of 77 K. When a sample prepared by storage for a long time
at 77 K is subsequently annealed at room temperature, the
ortho-H2 line grows in intensity to eventually produce the
equilibrium distribution of ortho- and para-H2 characteristic
of room temperature.

While only the intensity of the line due to ortho-H2 can be
observed directly in IR-absorption experiments to monitor
changes in the ortho population,9 changes in the population
of para-H2 can be inferred if reasonable assumptions are
made. First, the ortho/para ratio at elevated temperature is
taken to be no

295 /np
295=3. Second, the change in the ortho

population is assumed to be equal to the negative of the
change in the para population, that is, �no�t�−no�0��=
−�np�t�−np�0��. With these assumptions, the para concentra-
tion can be determined from the ortho concentration with the
relationship np�t�=4 /3no

295−no�t� and the ortho/para ratio
can be determined with the relationship,

no�t�
np�t�

= �4/3
no

295

no�t�
− 1�−1

. �4�

The kinetics for the change in the ortho/para ratio at 77 K for
the sample initially equilibrated at room temperature �Fig. 3�
could be fit well by a single exponential function. For this
experiment, no

295 /no
77 is equal to the ratio of the intensity of

the 3618.4 cm−1 line at t=0 �characteristic of room tempera-
ture� to the intensity at t=� �characteristic of 77 K�. From
the parameters of the fit shown in Fig. 3, no

295 /no
77 is deter-

mined, and from Eq. �4�, the ortho/para ratio at 77 K is found
to be no

77 /np
77=1.08�0.05 �Ref. 30�.

A similar analysis can be performed for the data shown in
Fig. 4. For this experiment, no

295 /no
77 is equal to the ratio of

the intensity of the 3618.4 cm−1 line at t=� �characteristic
of room temperature� to the intensity at t=0 �characteristic of
77 K�. From the parameters of the fit shown in Fig. 4 and
from Eq. �4�, the ortho/para ratio at 77 K is found to be
no

77 /np
77=1.16�0.05.

The ortho/para ratios characteristic of 77 K found from
the data in Figs. 3 and 4 are equal, within error, and are
consistent with 100% of the interstitial H2 molecules achiev-
ing the equilibrium ortho/para ratio calculated from Eq. �2�
with the rotational energy for H2 determined from spectro-
scopic results for HD and theory. These results are also con-
sistent with the ortho/para ratio at 77 K determined previ-
ously by Raman spectroscopy18 of 1.22�0.26.

B. O-H2

The spectrum of the oxygen mode of the O-H2 complex
reveals both the ortho- and para-H2 components. These IR

FIG. 8. The peak absorbance of the 3731.1 cm−1 line due to the
H2 stretching mode of the O-ortho-H2 complex in Si as a function
of time held at room temperature. The sample was initially equili-
brated at 77 K. The data points shown by solid circles for
O-H2 are fit by the relationship �2.86�0.02��10−3− �4.3�0.2�
�10−4 exp�−t / �4.5�0.5� h�.
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data permit the ortho/para ratio to be determined without the
assumptions that were necessary to analyze the data for the
3618.4 cm−1 line of ortho-H2.

The changes in the intensities of the 1075.1 and
1076.2 cm−1 components of the oxygen mode shown in Fig.
5 are attributed to the ortho-para transition of the interstitial
H2 molecule in the O-H2 complex. When a sample prepared
with an equilibrium distribution of ortho- and para-H2 at
room temperature is subsequently held at 77 K, the
O-ortho-H2 component at 1075.1 cm−1 decreases in intensity
while the O-para-H2 component at 1076.2 cm−1 increases in
intensity as an equilibrium distribution of ortho- and para-H2
in the complex characteristic of 77 K is eventually produced.
At the same time, the H2 stretching line at 3731.1 cm−1 as-
signed to the O-ortho-H2 complex decreases in intensity
�Fig. 7�. These intensity changes provide a strong confirma-
tion of the assignment27 of the oxygen-mode components at
1075.1 and 1076.2 cm−1 to the O-ortho-H2 and O-para-H2
complexes, respectively. Furthermore, the assignment of the
3731.1 cm−1 line to the H2 stretching mode of the
O-ortho-H2 complex27 is similarly confirmed.

The ortho/para ratio can be determined from the param-
eters for the fit to the data shown in Fig. 6 from the relation-
ship,

no�t�
np�t�

=
�Io�t� + Ip�t�� + �Io�t� − Ip�t��
�Io�t� + Ip�t�� − �Io�t� − Ip�t��

. �5�

The ortho/para ratio at room temperature is found to be
no

295 /np
295=3.0�0.3. This result is consistent with the as-

sumption made above that the ortho/para ratio for the inter-
stitial H2 molecule is 3 at room temperature. The ortho/para
ratio at 77 K is found to be no

77 /np
77=1.68�0.07 �Ref. 30�.

Previous measurements of the ortho-para ratio for the
O-H2 complex made by Raman spectroscopy have substan-
tial error bars.28 Nonetheless, the ortho-para ratios deter-
mined at 77 K and at room temperature by Raman spectros-
copy are consistent, within error, with the results we have
obtained by IR spectroscopy.

The rotational levels of the H2 molecule in the O-H2 com-
plex are split by the field of the nearby O atom.27,28,31 The
splitting of the J=1 level in the first excited vibrational state
has been observed to be 58 cm−1.27 If we assume that the
splitting of the J=1 level in the ground vibrational state is
similar, then the first excited rotational level of O-H2 is esti-
mated to be �50 cm−1 above the ground rotational state.
Therefore, the ortho/para ratio at 77 K should be larger for
the O-H2 complex than for interstitial H2, consistent with
experiment. However, the splittings of the other rotational
states of O-H2 have not been determined experimentally.20,27

Therefore, we do not attempt to calculate an equilibrium
ortho/para ratio from a relationship like Eq. �2�.

V. KINETICS OF THE ORTHO-PARA TRANSITION

The intensity changes for interstitial ortho- and para-H2 in
Si when the temperature of a sample is changed between
room temperature and 77 K are consistent with all of the
interstitial H2 molecules obtaining their thermal equilibrium
distribution if sufficient time is allowed for equilibrium to be

established. The time scales for the ortho-para transition that
we have found at room temperature and at 77 K are in agree-
ment with those found in recent Raman experiments.18,28

However, the interpretation of the data for the kinetics of the
ortho-para transition strongly affects the model for the tran-
sition mechanism and the ortho-para transition rate that is
inferred.

What is the mechanism for the ortho-para transition of H2
in Si? In previous Raman experiments performed by Hiller et
al.,18 the transition rate was found not to depend on the con-
centration of dopants in the Si sample. Interstitial H2 in Si
grown by the floating-zone method with a low oxygen con-
tent and in Si grown by the Czochralski method with �O�
�1018 cm−3 also show similar transition rates.18,28 These re-
sults suggest that oxygen and dopant impurities do not play a
role in the ortho-para transition. Hiller et al.18,19 proposed a
mechanism for the ortho-para transition of interstitial H2 in
which the interaction with the nuclear magnetic moment of
29Si atoms �4.7% natural abundance� in the shells of Si
neighbors surrounding the interstitial molecule causes the
transition.

Experiments reported in the present paper also find simi-
lar transition rates for H2 in Si with high and low oxygen
concentrations, supporting the conclusion that the oxygen
impurities do not affect the ortho-para transition rate. Fur-
thermore, samples for Raman studies18 were hydrogenated
with an H2 plasma and have a high local H2 concentration,
near �H2��1020 cm−3, in a thin layer at the sample surface.
Samples for our IR experiments have interstitial H2 distrib-
uted throughout the Si bulk with a concentration near �H2�
�5�1015 cm−3. Because Raman and IR experiments find
similar transition rates, the interaction between interstitial H2
molecules is unlikely to play a role in the ortho-para transi-
tion mechanism that has been observed.

In the remainder of this section, we consider whether the
mechanism suggested by Hiller et al.18,19 in which the ortho-
para transition of interstitial H2 is caused by the interaction
with the nuclear magnetic moment of its 29Si neighbors is
consistent with the kinetics for the transition that have been
observed.

A. Kinetics for the ortho-para transition described
by a single time constant

The time evolution of the ortho- and para-H2 populations
is determined by the following rate equations when the tran-
sition mechanism involves a single time constant19

dno�t�
dt

= − kno�t� + k�np�t� , �6a�

dnp�t�
dt

= kno�t� − k�np�t� . �6b�

In thermal equilibrium, dno�t� /dt=0, so that k�

= �no
T�K� /np

T�K��k, where the ortho/para ratio in thermal equi-
librium at temperature T is given by Eq. �2�. The following
are the solutions to Eqs. �6a� and �6b�,
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no�t� − no
T�K� = �no�0� − no

T�K��exp − �t/�� , �7a�

np�t� − np
T�K� = �np�0� − np

T�K��exp�− t/�� , �7b�

where �−1= �k+k��.
We have found that our data for the time evolution of the

ortho- and para-H2 populations can be fit well by single ex-
ponential functions with the parameters given in the captions
to Figs. 3, 4, 6, and 8. The time constant for the ortho-para
transition of interstitial H2 at 77 K is 229�14 h. The time
constant at room temperature is 8.1�0.5 h. The time con-
stants for the ortho-para transition of the H2 molecule in the
O-H2 complex at 77 K and at room temperature are very
similar to those seen for isolated interstitial H2.

B. 29Si in shells of Si neighbors surrounding interstitial H2

Hiller et al.18,19 have proposed that the ortho-para transi-
tion of interstitial H2 in Si is caused by its interaction with
the nuclear magnetic moment of a near-lying 29Si atom
�4.7% natural abundance� and that it follows the theory of
catalytically induced transitions derived by Wigner23 �Eq.
�1��. It has been determined experimentally that all intersti-
tial H2 molecules can undergo an ortho-para transition to
achieve thermal equilibrium. For all H2 molecules to interact
with a 29Si, six or more shells of Si neighbors must be con-
sidered. The numbers of atoms in the shells of Si atoms that
surround a tetrahedral interstitial site are given in Table I
along with their distance d. If 29Si neighbors are indeed the
cause of the ortho-para transition, the kinetics of the transi-
tion should reflect the summation of exponential functions
with different transition rates �Table I� that arise from H2
molecules with 29Si atoms in different neighbor shells. We
have seen that the kinetics of the ortho-para transition can be
fit well with a single exponential function. Can these experi-
mental data also be fit satisfactorily by a model in which the
different rates associated with H2 molecules with different
29Si neighbor environments are considered?

Hiller et al.18,19,28 constructed a model with different ex-
ponential rates for H2 molecules with 29Si atoms in different
neighbor shells. This model was found to be consistent with
Raman data for the time dependence of the ortho-para ratio
at 77 K within the associated error bars. The IR data reported

here have a smaller uncertainty and provide a more stringent
test of models for the transition kinetics.

In the spirit of the work of Hiller et al.,18,19 we have
constructed a model for the kinetics of the ortho-para transi-
tion of interstitial H2 �77 K� that includes 29Si atoms distrib-
uted among six shells of Si neighbors.32 Six shells include 66
Si atoms and the probability that these six shells contain one
or more 29Si atoms is 1− �1−0.047�66=95.8%. To fit the de-
cay kinetics of the ortho population, no�t�−no

T�K�, we sum the
contributions from H2 molecules with 29Si atoms in different
neighbor shells.

Hiller et al.18,19 fit their results to Eq. �1�, first presented
by Wigner.23 This equation was derived for the case of gas-
eous H2 molecules interacting with paramagnetic molecules.
A “sudden approximation” was made by Wigner and an in-
teraction time interval was estimated from the velocity of the
H2 molecules and the distance of closest approach to the
paramagnetic molecule. In fact, as noted by Ilisca,33 the
Wigner mechanism predicts a distance variation as d−8; the
d−6 in Eq. �1� comes from the estimation of the interaction
time for the collision mechanism. If only 29Si adjacent to the
interstitial H2 participated in the ortho-para transition, such
an approach might be valid; it clearly is not when more
distant 29Si are included in the interaction. Hence proper
application of the Wigner mechanism in the present situation
requires a d−8 dependence.

We have carried out the fit to the data using both distance
dependences. In each case, because the transition rate is pro-
portional to d−n, a single parameter �1 can be used to de-
scribe the decay rates arising from shells with different d
�Table I�.

The binomial distribution function,

PN�n� =
N!

n ! �N − n�!
�0.047�n�1 − 0.047�N−n, �8�

gives the probability that a neighboring shell of N atoms
contains n atoms of 29Si. Furthermore, we take the rate con-
tributed by a particular shell to be proportional to the number
of 29Si atoms in that shell. If we consider the 12 Si atoms in
shell 3 as an example, its contribution to the decay kinetics is
proportional to

�
n=1

P12�n�exp�− nt/�3� . �9�

Furthermore, we note that 29Si atoms in neighbor shell j
contribute significantly to the decay rate only if there is not a
29Si atom�s� in a nearer shell. In our model, the contribution
of the H2 molecules with 29Si in shell j is weighted by the
probability that shells with smaller j do not contain any 29Si
atoms.32 Again, using shell 3 as an example, Eq. �9� is mul-
tiplied by the factor �1−0.047�10=0.618 to account for the
probability that the ten Si atoms in shells 1 and 2 should not
include a 29Si atom.

In the following discussion of the kinetics of the ortho-
para transition, we focus on the data shown in Fig. 3 be-
cause, of the different experiments reported here, these data
have the smallest error bars. Figure 9 shows both a d−6 fit
and a d−8 fit of the shell model just described to the IR data

TABLE I. Shells of Si neighbors surrounding a tetrahedral in-
terstitial site. The number of atoms in each shell and its distance d
from the interstitial site at the center are given. The lifetimes for
transitions with distance dependences of d−6 and d−8 are given in
terms of the lifetime �1 caused by a Si atom in shell 1.

Shell n d Lifetime �d−6� Lifetime �d−8�

1 4 2.350 �1 �1

2 6 2.714 2.37�1 3.13�1

3 12 4.499 49.3�1 178�1

4 8 4.700 64�1 256�1

5 12 5.914 254�1 1609�1

6 24 6.068 296�1 1976�1
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of Fig. 3 in which �1 was adjusted to minimize the mean-
square error per data point. The d−6 fit shown in Fig. 9�a�
yields a decay rate of �1=6.09 h; the associated value of �6
is 1803 h. The corresponding values for the d−8 fit shown in
Fig. 9�b� are �1=1.36 h; the associated value of �6 is 2688 h.
In these fits, the change in the ortho-para ratio is constrained
to be consistent with the equilibrium values at room tempera-
ture and at 77 K given by Eq. �2�.

To compare the quality of the fits shown in Fig. 3 �single
exponential� and in Fig. 9 �shell model�, the root-mean-
square �rms� error per data point has been determined. For
the fit shown in Fig. 3, the rms error per data point is 2.1
�10−4. This value is comparable to the error in the intensity
of the 3618.4 cm−1 line that has been estimated from the
noise in the IR spectrum, �2�10−4. The rms error per data
point for the d−6 fit shown in Fig. 9�a� is 8.5�10−4 or 4.1
times larger than the fit of no�t�−no

T�K� at 77 K with a single
exponential function; that for the d−8 fit shown in Fig. 9�b� is
slightly worse, 9.3�10−4. These results show that a single
exponential provides a substantially better fit to the kinetics
of the ortho-para transition than a model in which 29Si atoms
in different Si shells surrounding an H2 molecule located at a
specific interstitial site contribute different rates.

C. Thermally activated motion of interstitial H2

The model presented in Sec. V B. assumes that the H2
molecule is fixed at a particular interstitial site with 29Si
atoms distributed randomly in neighbor shells. We consider

the possibility of thermally activated motion of H2 between
interstitial sites under the conditions in which our experi-
ments were performed.

The diffusion constant of H2 in Si was reported to be,25,26

D = 2.6 � 10−4 cm2/s exp�− 0.78 eV/kT� . �10�

At 295 K, Eq. �10� yields an interstitial H2 diffusivity of
D295=1.2�10−17 cm2 /s. On the time scale of the ortho-para
transition at room temperature of 8 h, the 	Dt diffusion

length of interstitial H2 is 60 Ǻ, making it clear that the H2
molecule will move between many interstitial sites so that
the consideration of a static 29Si environment is not appro-
priate at room temperature. In this case, the kinetics of a
29Si-catalyzed ortho-para transition would be expected to be
fit by a single exponential function with a rate dominated by
the time the H2 molecule has a 29Si first or second neighbor.

At 77 K, the diffusivity of interstitial H2 given by Eq. �10�
is D=2.5�10−55 cm2 /s. This small diffusivity suggests that
the H2 molecule remains fixed at a particular interstitial site
on the time scale of the ortho-para transition at 77 K, i.e.,
229 h. However, we must consider how our experiments
were done. To transfer a Si sample from liquid N2 to a cold
optical cryostat, the sample was warmed briefly �10 min� to
room temperature. During this time the diffusivity of inter-
stitial H2 at room temperature predicts a 	Dt diffusion length

of 
8 Ǻ. Therefore, H2 is expected to sample several dif-
ferent interstitial sites over the course of experiments where
several measurements are made to probe the ortho-para tran-
sition at 77 K. In this case, a fit to the kinetics of a
29Si-catalyzed transition with a single exponential function
would reflect the effect of a partially averaged environment,
one with a higher probability of containing a 29Si next neigh-
bor than would be the case if the warming had not occurred.

To eliminate the effect of the thermally activated diffusion
of interstitial H2 on the ortho-para transition rate, we have
performed a series of experiments in which a Si:H2 sample,
equilibrated initially at room temperature, was held at 77 K
for the full duration of the subsequent anneal. After the time
held at 77 K, the sample was warmed to room temperature
just once so that it could be transferred to a cold optical
cryostat for a measurement of the intensity of the
3618.4 cm−1 line. This entire process, beginning with an ini-
tial equilibration at room temperature, was repeated for each
data point with different anneal times at 77 K. The data
points resulting from these experiments are shown by the
filled circles in Fig. 3. The results of these more time-
consuming experiments are in good agreement with the ki-
netics of the ortho-para transition measured in our experi-
ment in which a sample was warmed to room temperature
several times as the ortho-para transition was monitored at
77 K. Thus, thermally activated diffusion of the H2 molecule
at room temperature does not appear to explain the kinetics
observed for the 77 K ortho-para transition.

D. Alternative mechanisms for the ortho-para transition

The fit of the kinetics of the ortho-para transition at 77 K
with a single exponential function has caused us to question
the mechanism for the transition involving 29Si proposed by

FIG. 9. The peak absorbance of the 3618.4 cm−1 line due to H2

in Si as a function of time held at 77 K. The sample was initially
equilibrated at room temperature. The data are fit by a model in
which 29Si atoms in six shells of Si neighbors are taken to be
responsible for the ortho-para transition. In �a�, the distance depen-
dence of the transition rate is taken to be d−6. In �b�, the distance
dependence of the transition rate is taken to be d−8.
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Hiller et al.18,19 In the following, we discuss possible alter-
native mechanisms for the ortho-para transition that would
give a single time constant for the transition. Experiments
with isotopically controlled Si will be important to com-
pletely resolve these issues.

1. “Coherent” tunneling motion of interstitial H2

There is another way that 29Si could be involved in the
ortho-para transition. If during the time of the experiment the
hydrogen molecule could move among different interstitial
sites, it could in the process sample sites in which it has one
or more 29Si neighbors. A rough calculation suggests that in
sampling 15–20 interstitial sites the H2 would have more
than a 90% chance of having a 29Si neighbor along the way.

Is the site-to-site motion of H2 at all reasonable at 77 K?
At first sight, no: thermally activated diffusive motion �Eq.
�10�� would be many orders of magnitude too slow to ex-
plain the present data. There is another possibility, however,
that bears consideration, at least, in principle: quantum-
mechanical tunneling. There is evidence for atomic and mo-
lecular hydrogen tunneling in a number of systems, and a
considerable experimental and theoretical literature has
emerged on this topic.34–37

Theoretical investigation of this possibility involves sev-
eral steps. First we have constructed a potential-energy curve
for the tunneling process along the �111� direction using the
CRYSTAL2006 code38 with density functional theory. In the
process we find that the silicon relaxation energy is only

0.035 eV �e.g., the H2 couples only weakly to its sur-
roundings�. We then consider a motion in which the silicons
are fixed at their equilibrium positions corresponding to H2
being in the transition state, that is, halfway between inter-
stitial sites along the �111� axis. This makes some sense in
that it can be thought of as “opening a gate” for the H2 to
tunnel through,39 that is, we imagine that the H2 rattles
within its interstitial cage until the silicons near the transition
point vibrate to a location that equates the energies for H2 on
both sides of the barrier.

We then fit the computed energies to a sixth order
polynomial40 of the form

V�x� = �x2 − a2�2��ka2 − 8V0�x2 + 8V0a2�/�8a6� �11�

with three parameters: V0, the height of the potential barrier;
a, the distance from the potential minimum to the transition
point; and k=m�2, the force constant about the potential
minimum, where m is the mass of H2. This fit yields the
following values of the parameters: V0=0.964 eV, a
=1.077 Å, and k=5.077 eV /Å2. We then use this potential
in a modified Wentzel-Kramers-Brillouin �WKB� approach41

to calculate42 the coherent tunneling splitting 	 and from that
the tunneling time constant �,

	 = 2��	m�a2


�
e−S0/�eA, �12�

where

S0 = �
−a

a

	2mV�x�dx , �13�

A = �
0

a

� m�

	2mV�x�
−

1

a − x�dx , �14�

� = �/	 . �15�

This yields the results 	=3.72�10−19 eV and �=0.49 h.
If we repeat the tunneling calculation but replace V0 by

the experimental value of 0.78 eV �Refs. 25 and 26�, the
tunneling rate increases dramatically: now 	=1.61
�10−17 eV and �=0.01 h. The result is also rather insensi-
tive to the value of k; for example, if k is reduced from 5.077
to 1.0 eV /Å2, the tunneling time decreases by only about a
factor of 2.

It is important to emphasize that the tunneling system has
been treated as isolated; no interactions with phonons have
been included. There are various ways to include such effects
as, for example, by using a spin-boson approach.43 The gen-
eral effect of such coupling is to change the physics from
coherent to incoherent tunneling at some critical tempera-
ture. One widely cited result is that of Flynn and Stoneham.44

They considered incoherent tunneling and found a thermally
activated tunneling in which the thermal “activation energy”
is not the activation barrier but the energy required to bring
the initial and final states into degeneracy. �As noted above,
in our calculations this energy would be 
0.035 eV, as op-
posed to the experimental activation barrier of 0.78 eV.�
However, the tunneling matrix element in our case is so
small that any incoherent tunneling process will be many
orders of magnitude too slow to be in agreement with experi-
ment. Hence if tunneling is to occur, it must in some respect
be coherent.

We can imagine a modified “coherent” tunneling process
to take place as follows. First, the calculated tunneling rate
must be reduced by a Boltzmann factor representing the
probability of the system energy increasing by, say, 0.035 eV
at 77 K. This would reduce a tunneling rate of 100 h−1 by a
factor of 200 to 0.5 h−1. The tunneling rate would be re-
duced further by an entropy factor that would reflect the
probability that the thermal fluctuation of 0.035 eV would
yield the proper atomic configuration. If this factor was 100
the resulting time constant would be 200 h, as measured;
however, given the many degrees of freedom of the ther-
mally fluctuating system, it is likely that the entropy factor
would be much larger than this, so we conclude that such a
coherent tunneling mechanism would be unlikely.

2. Spin-rotation coupling within H2

While a number of alternative ortho-para decay mecha-
nisms have been suggested,33,45–49 nearly all involve a
nearby paramagnetic species, either electronic or nuclear. As
discussed, most of these have been ruled out as possible
perturbations in the present case. If in addition 29Si is ruled
out, we must consider H2 rotating, vibrating, and “bouncing”
within its tetrahedral cage.

“Caged” H2 has in fact been the object of considerable
recent attention in different contexts, namely, a single H2
molecule trapped within a buckyball, C60 �Refs. 49–52�, or
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within clathrate hydrates.53,54 In these cases as well, ortho-
para transitions have been studied, but generally these have
been associated with a paramagnetic perturbation and have
had relatively short decay times. Still, this work has provided
interesting insights into the general properties of confined H2
with parallels to the present case.

For an ortho-para transition to take place, the magnetic
fields at the two proton sites must be different. For a freely
rotating H2, or for H2 rotating about the center of a tetrahe-
dral interstitial site, this condition will not be achieved. How-
ever, the motion of the center of mass of H2 is quantum
mechanical, and in fact the molecule spends very little time
at the exact center; the expectation value of its displacement
has been estimated to be from 0.04 to 0.13 Å.10,15 Further-
more, the nominally neutral molecule has some net charge
associated with the electron density from the neighboring
silicons. When the molecule is off-center, the net charge on
the two atoms will be different, and because of its interaction
with the neighboring silicons the instantaneous center of ro-
tation may be displaced from the molecule’s center of mass.
These features will conspire to create different magnetic
fields on the two atoms generated by the rotating molecule
and thus allow the mixing of ortho and para states. Such a
dynamical mechanism might also explain the large observed
increase in transition rate in going from 77 K to room tem-
perature, since the dynamics of the system changes radically
between 77 K and room temperature, from being confined at
one site to hopping to adjacent sites.

While these hand-waving arguments do not yield an esti-
mate of the magnitude of the effect, they constitute an “ex-
istence theorem” to demonstrate that dynamical effects could
conspire to cause the ortho-para transition, much as dynami-
cal effects allow the nominally forbidden IR transitions to
take place. Such mechanisms may be very weak, but the
transition time is very long, so very weak mechanisms must
be considered.

VI. INTERSTITIAL D2

In the sections above, infrared-absorption spectroscopy
and theory have been used to investigate the ortho-para tran-
sition of interstitial H2 in Si and its mechanism. D2 also has
ortho and para states with different rotational spectra.16,17

However, the nuclear spin of the deuteron is 1 and, therefore,
the total molecular wave function of D2 must be symmetric.
The rotational states with odd rotational quantum numbers
are associated with para-D2 and those with even rotational
quantum numbers are associated with ortho-D2.

For the interstitial D2 molecule in Si, the D2 stretching
line at 2642.6 cm−1 has been assigned to a purely vibrational
transition with the molecule in its J=1 rotational state �a
T2→T2 transition in tetrahedral symmetry�, similar to inter-
stitial H2 �Fig. 2�a��.9,10 For interstitial D2, it is the higher-
energy para species with J=1 that is seen by IR absorption at
4.2 K, and the lower-energy ortho species with J=0 is not
seen.

A. Experimental results

In the present section we investigate the properties of the
para-ortho transition of interstitial D2 in Si. In this case, Ra-

man experiments had not been performed and would prove
difficult because the Raman lines for the para- and ortho-D2
species are not cleanly resolved20 and the changes in their
intensities would be smaller than for interstitial H2.

To investigate the para-ortho transition at 77 K, a Si
sample which contained D2 molecules throughout the Si bulk
was prepared initially by storage for a long time
��4 weeks� at room temperature to achieve thermal equilib-
rium. This sample was then placed in liquid N2 so that the
para-ortho transition at 77 K could be probed. The inset to
Fig. 10�a� shows the IR-absorption line at 2642.6 cm−1 due
to para-D2 for the times at 77 K that are indicated. The
2642.6 cm−1 line was found to decrease in intensity as the
annealing time at 77 K was increased. The open squares in
Fig. 10�a� show the peak absorbance of the 2642.6 cm−1 line
as a function of the time the sample was held at 77 K.

To investigate the para-ortho transition at room tempera-
ture, a Si sample containing D2 molecules was stored in liq-
uid N2 for 1 year to produce a thermal equilibrium distribu-
tion of para- and ortho-D2 at 77 K. This sample was then
annealed at room temperature and the intensity of the
2642.6 cm−1 line due to para-D2 was measured as a function
of the annealing time. The open squares in Fig. 10�b� show
the peak absorbance of the 2642.6 cm−1 line as a function of
the time the sample prepared at 77 K was subsequently held
at room temperature.

B. Equilibrium para-ortho ratio

If a sample containing interstitial D2 molecules is held at
a given temperature for a time sufficient for thermal equilib-
rium to be established, the para/ortho ratio for a D2 molecule
is given by16,17

FIG. 10. �Color online� �a� The peak absorbance of the
2642.6 cm−1 line due to D2 in Si as a function of time held at 77 K.
The sample was initially equilibrated at room temperature. A typical
error bar estimated from the noise in the baseline of the IR spectrum
is shown. The data are fit by the relationship �4.46�0.04��10−3

+ �4.5�0.6��10−4 exp�−t / �213�72� h�. The inset shows the
2642.6 cm−1 line for the times at 77 K that are indicated. �b� The
peak absorbance of the 2642.6 cm−1 line due to D2 in Si as a
function of time held at room temperature. The sample was initially
equilibrated at 77 K. The data are fit by the relationship
�4.92�0.05��10−3− �4.2�1.1��10−4 exp�−t / �25�20� h�.
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np
T�K�

no
T�K� =

�
J=odd

�2J + 1�exp�− E�J�/kT�

2 �
J=even

�2J + 1�exp�− E�J�/kT�
. �16�

The factor of 2 in the denominator accounts for the degen-
eracies of the nuclear-spin states of D2. The rotational ener-
gies of interstitial D2 can be determined from the energy
levels of HD shown in Fig. 2�b�. From the dependence of the
rotational constant on the reduced mass, the value
�2 / �2�R2�=27 cm−1 for interstitial D2 is obtained. Equation
�16� gives an equilibrium para/ortho ratio for interstitial D2
of 0.5 at room temperature and of 0.446 at 77 K.

The changes in the intensity of the 2642.6 cm−1 line
shown in Fig. 10 are attributed to the para-ortho transition of
the interstitial D2 molecule. When a sample prepared with an
equilibrium distribution of para- and ortho-D2 at room tem-
perature is subsequently held at 77 K �Fig. 10�a��, the
para-D2 line decreases in intensity to eventually produce the
equilibrium distribution of para- and ortho-D2 characteristic
of 77 K. When a sample prepared by storage for a long time
at 77 K is subsequently annealed at room temperature �Fig.
10�b��, the para line grows in intensity to produce an equi-
librium distribution of para- and ortho-D2 characteristic of
room temperature.

With the assumptions that the para/ortho ratio is 0.5 at
room temperature and that, upon annealing, the change in the
para concentration is equal and opposite to the change in the
ortho concentration, the following relationship between the
para/ortho ratio and the concentration of para-D2 is obtained,

np�t�
no�t�

= �3
np

295

np�t�
− 1�−1

. �17�

For the results shown in Fig. 10�a�, np
295 /np

77 is equal to the
ratio of the intensity of the 2642.6 cm−1 line at t=0 �char-
acteristic of room temperature� to the intensity at t=� �char-
acteristic of 77 K�. Similar to the situation for H2, we pre-
sume that kinetics of the para-ortho transition of interstitial
D2 can be fit with a single exponential time constant. From
the parameters of the fit shown in Fig. 10�a� and from Eq.
�17�, the para/ortho ratio at 77 K is found to be np

77 /no
77

=0.43�0.02. The data shown in Fig. 10�b� give a similar
result for np

77 /no
77. The para/ortho ratio characteristic of 77 K

found from the data in Fig. 10 is consistent with 100% of the
interstitial D2 molecules achieving the equilibrium para/ortho
ratio calculated from Eq. �16� with the rotational energy for
D2 determined from spectroscopic results for HD �Fig. 2�b��.

C. Kinetics of the para-ortho transition

The time constants for the para-ortho transition of D2 at
77 K and at room temperature are 213�72 and 25�20 h,
respectively. For the data shown in Fig. 10�a�, the sample
containing D2 was warmed quickly from 77 K to room tem-
perature to effect the transfer of the sample to a precooled
optical cryostat for each succeeding time interval at 77 K for
the sequence of measurements that is shown. The more time-
consuming experiments, similar to those performed for inter-
stitial H2 with each time interval at 77 K measured sepa-

rately, were not attempted because the large size of the
experimental error bars compared to the change in the para/
ortho ratio did not justify such experiments. Thermally acti-
vated motion of D2 during the brief intervals at room tem-
perature is possible similar to the situation for H2. However,
the possible tunneling motion of D2 is greatly suppressed
compared to H2.

The rates of the para-ortho transition of interstitial D2 in
Si at 77 K and at room temperature are found to be remark-
ably similar to the rates found for H2. The nuclear magnetic
moment of the deuteron �0.43307�10−26 J /T� is approxi-
mately one third that of the proton �1.4106�10−26 J /T�.55 A
simple application of a mechanism like that of Wigner �Eq.
�1��,23 would predict an ortho-para transition rate that is pro-
portional to the square of the nuclear magnetic moment of
the proton or deuteron so that the transition rate for D2 would
be ten times smaller than that for H2.

The surprising similarity of the ortho-para transition rates
for H2 and D2 may provide a further clue about the mecha-
nism for the transition. In particular, it effectively rules out
the coherent tunneling mechanism explored in Sec. V D 1
since that process would be exponentially quenched in going
from H2 to D2. On the other hand, while the spin-rotation
mechanism suggested in Sec. V D 2 might be isotope depen-
dent, that dependence would not be exponential as would be
the tunneling mechanism.

VII. CONCLUSIONS

The approximate time scales for the ortho-para transition
of interstitial H2 in Si at room temperature and at 77 K
observed in the present study are in good agreement
with results obtained in previous Raman-scattering
experiments.18,19,28 However, the detailed kinetic results
strongly affect the possible mechanisms for the transition.

The previous Raman experiments had been analyzed by a
mechanism originally proposed by Wigner23 in which the
ortho-para transition is caused by a catalytic interaction with
the nuclear magnetic moment of 29Si �4.7% abundant�. In
this case, at least six shells of Si neighbors had to be consid-
ered in order for every H2 molecule to be able to interact
with a 29Si nucleus. This led to a predicted nonexponential
decay rate, which was consistent with the experimental un-
certainty of the Raman data.

On the contrary, our present IR studies find that the kinet-
ics of the ortho-para transition, with a larger signal-to-noise
ratio than in the Raman data, are well described by single
exponential functions with time constants of 229 h at 77 K
and 8.1 h at room temperature. A fit of the IR data with a
single exponential function yields an rms error that is four
times smaller than that for a model involving shells of 29Si
neighbors with different transition rates. Thus, our IR results
are not consistent with the suggested mechanism for the
ortho-para transition that involves the interaction of an inter-
stitial H2 molecule with a static environment containing 29Si.
To obtain further clues about the mechanism for the transi-
tion, we have also investigated by IR spectroscopy the ortho-
para transition of interstitial D2 in Si and have found that the
corresponding transition rates for interstitial D2, 213 h at 77
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K and 25 h at room temperature, are similar to those of
interstitial H2 �but with greater experimental uncertainty�.

We have considered alternative mechanisms that would
give a single exponential time constant. These mechanisms
include a tunneling motion of interstitial H2 or D2 so that
every molecule might have a 29Si first neighbor during a
portion of the transition time and a spin-rotation coupling
within the molecule that can act while the molecule is dy-
namically off-center. Consideration of a possible tunneling
rate by theory and the similarity of the H2 and D2 results are
in opposition to the tunneling mechanism, which if occurring
for H2 would certainly be exponentially quenched for D2, but
not the spin-rotation mechanism, which might well be of
similar order in both cases.

The interstitial H2 molecule in Si is a fascinating defect
because of the important role played by quantum mechanics
in determining its microscopic properties. The ortho-para in-

teraction is very weak in contrast to the situation in many
other hosts. An explanation of the mechanism for this slow
transition remains as a challenge. Experiments for interstitial
H2 in isotopically controlled Si would help to determine the
role, if any, that 29Si might play in the ortho-para transition.
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