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ABSTRACT

Type II Si clathrate is a Si-based, crystalline alternative to diamond silicon with interesting optoelectronic properties. Here, a pulsed electron
paramagnetic resonance study of the spin dynamics of sodium-doped, type II NaxSi136 silicon clathrate films is reported. Focusing on the
hyperfine lines of isolated Na atoms, the temperature dependence of the electron spin dynamics is examined from 6 to 25K. The measure-
ments exhibit multi-exponential decay, indicating multiple spin relaxation rates in the system. As expected, spin relaxation time (T1)
increases rapidly with decreasing temperature, reaching �300 ls at 6.4 K. The phase memory (TM) shows less temperature dependence with
a value of �3 ls at the same temperature. The temperature dependence of T1 exhibits Arrhenius behavior in the measurement range consis-
tent with an Orbach pathway. There are strong similarities to the spin behavior of other defect donors in diamond silicon. The results provide
insights into the potential of Si clathrates for spin-based applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0230407

Silicon clathrates are open, cage-like, crystalline allotropes of Si.
These metastable semiconducting alternatives to common diamond
cubic Si (d-Si) are predicted to have potentially important optoelec-
tronic properties.1–6 Synthesis of Si clathrates, however, typically
results in the inclusion of interstitial guest atoms inside the cages.7–12

The guests, generally alkali or alkaline earth metals, contribute elec-
trons to the host lattice leading to metallic behavior. For type I Si clath-
rate, the cages tend to be completely filled, and the material is
essentially metallic.7,8 In contrast, for type II Si clathrate the guest con-
centration can vary (MxSi136, where 0< x< 24.)10 If the guest concen-
tration can be sufficiently reduced, semiconducting properties are
recovered and the guest becomes an n-type dopant.13–15

The most common route to synthesis of type II Si clathrate
involves decomposition of a NaSi precursor.10,16–18 As a result, the
properties of Na guests have been studied extensively. Using combina-
tions of processes including thermal diffusion, treatment with iodine,
and post synthesis etching, Na concentrations as low as 1018 cm�3

have been reported.4,11,19,20 This is a regime where the clathrate can be
viewed as a heavily doped semiconductor. Band structure calculations
suggest that type II Si clathrate should be direct or quasi-direct, with a
bandgap near 2.0 eV.2,21–23 Experimental studies of low Na content
clathrate have reported tunable bandgaps near 1.7 eV, absorption

coefficients hundreds of times larger than d-Si, and photoluminescence
(PL) emission near room temperature.6,19 This has led to considerable
interest in the possible photovoltaic and optoelectronic applications of
the material.

The properties of the Na donor inside the clathrate cages are also
of considerable interest. For example, the type II structure is composed
of small Si20 and large Si28 cages with the small cages emptying first
leaving only some large cages occupied at low Na concentrations.24

Using continuous wave electron paramagnetic resonance (CW-EPR)
spectra, the strength of hyperfine interactions between the donated
electron, the Na nucleus, and naturally occurring 29Si isotopes on the
cage have been used to infer that about 42% of the donor wavefunction
lies within the cage, and only about 20% extends beyond the surround-
ing cage.15,25 At the same time, the temperature dependence of the Na
hyperfine lines and of PL emission suggest a shallow donor with a
binding energy of only 10–20meV.3,19

There are some key parameters that are often used to determine a
material’s potential for storing information as a qubit. These include
the longitudinal relaxation time also known as the spin–lattice relaxa-
tion time (T1) and the phase memory (TM), which encompasses coher-
ence time (T2) or spin–spin relaxation, spectral, spin, and
instantaneous diffusion. Nitrogen-vacancy centers in diamond and
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phosphorus in d-Si (Si:P) have been at the forefront of the research for
defect-based quantum materials.26–34 However, due to limitations of
these systems other directions are being explored. For Si, this includes
other group V donors,35,36 group VI impurities,37 acceptors,38 and
defect complexes in related compounds like silicon carbide.39–41 Since
similarities between guests in Si clathrates to donors in d-Si have been
drawn, it is interesting to ask if the donor electron of guests in Si clath-
rates could have equivalent properties or alleviate limitations of other
Si defects for quantum applications.4,15 The cage-like structure of full-
erenes, which could be seen as an analog to Si clathrates has also
gained attention for application in quantum computing.42,43 While
spin relaxation dynamics have been explored in many of these systems,
no such work has been done in type II Si clathrates.35,44–48

In this work we present a temperature dependent investigation of
the field swept echo spectrum, T1, and TM times of the Na donor in
type II Si clathrate. We also compare the results to other more heavily
studied Si-based defect states and discuss the possible advantages and
disadvantages of the type II Si clathrate material and the potential for
increasing spin coherence times in this system.

The type II NaxSi136 (x � 0.009) Si clathrate film samples were
prepared by adapting a procedure from Ref. 10 and detailed further in
the supplementary material. As a first step in exploring the spin
dynamics of donors in silicon clathrates, it was necessary to determine
if an echo could be detected. It is important to note the Na concentra-
tions of these samples, while low for clathrates, are still higher than
doping levels where spin echoes of donors in d-Si have been
observed.44 Field swept echo pulsed spectra were acquired using a
Hahn echo detection sequence (p/2–s–p–s–echo) while sweeping a
magnetic field at 9.81GHz. 16ns p/2 and 32ns p pulses were used
with the delay between pulses, s, fixed at 400ns. These values were
selected to fully excite the echo while minimizing the effects of resona-
tor ringdown. They are also common pulse durations, simplifying
comparisons to other systems.45,46,49,50 A CW-EPR spectrum of the
sample was acquired at 9.45GHz and integrated to obtain the adsorp-
tion curve. The comparison between the CW and pulsed-EPR spectra
is shown in Fig. 1. The CW-EPR spectra were shifted in field to
account for the different measurement frequencies, which allows for a
direct comparison to the pulsed-EPR spectrum.

The spectra exhibit several key features that have previously been
discussed in CW-EPR studies of type II Si clathrate.3,4,15,51 Of particu-
lar interest here are four hyperfine lines at 325, 337, 352, and 365mT
associated with interactions of the electron and the four spin 3/2
nuclear states of an isolated Na guest. Other notable features include
weak superhyperfine lines surrounding and between each of the hyper-
fine lines, which have been attributed to Na pairs in neighboring cages
and interactions between the Na donor electron and spin active 29Si
residing on the clathrate cage.3,4,15,51 Additionally, there is a broad fea-
ture centered around 344mT attributed to a signal from Na clusters
with varying amounts of Na in neighboring cages.15 While this signal
is quite strong in the integrated CW-EPR spectrum, it is indistinguish-
able from background in the pulsed spectrum. There is also a promi-
nent feature consistent with dangling bonds in disordered or
amorphous silicon (a-Si) at around 349mT, seen as the tallest peak in
the integrated CW-EPR spectrum and as a shoulder in the field swept
echo spectrum.15,51

The CW-EPR spectrum of other donors in d-Si shows many of
the same features, including hyperfine lines associated with the nuclear

spin of the defect, fine structure attributed to defect pairs, and a broad
peak associated with clusters.4,15,46,52 A reduction in the size of the
broad feature relative to the hyperfine lines is also observed in field
swept echo experiments of Si:P where the authors stated part of this
feature likely arises from a homogeneous excitation, which cannot be
detected in a spin echo signal.44 In the present case, since the broad
background is formed from interacting Na clusters, we suspect the ech-
oes are decaying too fast to be observed in the field swept echo spec-
trum. Varying s from 200ns to 1.8 ls, with 200 ns being the lowest s
possible without experiencing significant ringdown from the pulse
sequence, did not result in an increase in this signal. This supports that
decay time is responsible for this observation and the echo from the
spins making up the broad feature decays faster than 200ns. This
faster decay is expected due to Na spin–spin interactions in the clus-
tered phase. The lower relative strength of the dangling bond signal in
the pulsed spectrum is attributed to saturation effects arising from the
longer relaxation times of the dangling bond signal relative to the
hyperfine lines. This is apparent in the series of spectra in Fig. S3. By
analyzing the distinct temporal dependencies of the contributions to
the EPR signal, it is possible to separate and isolate the Na hyperfine
interactions. This allows for the measurement of T1, the interaction of
the Na donor electron transferring energy to the Si lattice, and TM, the
length of time the donor electron spins can stay in phase. These relaxa-
tion times are essential for understanding the spin dynamics and rela-
tionships within the system.

To measure T1, a standard inversion recovery sequence (p–t–
p/2–s–p–s–echo) was used with 16ns p/2 and 32ns p pulses for the
detection sequence. The inversion (first p) pulse was then optimized to
produce the strongest signal and was between 28 and 34ns. The time t

FIG. 1. NaxSi136 type II clathrate film EPR spectra. Pulsed-EPR field swept echo
(blue) compared to CW-EPR (red) and integrated absorption (black) all taken at
6.4 K. The field swept echo spectrum was averaged over three scans and the CW-
EPR spectrum was averaged over ten scans.
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between the inversion pulse and detection sequence was increased
stepwise while s was kept constant at 400 ns. The net magnetization
was recorded as a function of t. Each inversion recovery experiment
was performed with the field centered around the highest field hyper-
fine line around 365mT at 9.81GHz to avoid overlap with the dan-
gling bond and broad clustered Na related features, which have
different decay rates as mentioned above.

Figure 2 shows inversion recovery results for the low Na concen-
tration sample. Measurements were taken from 6.4K (the lowest tem-
perature achieved by the equipment) up to 25K, the highest
temperature where an echo could be detected. However, above �15K,
the magnitude of the inverted echo, even with high averaging, became
difficult to detect above the noise, and fits to obtain T1 were unreliable.
The inset to Fig. 2 shows inversion recovery measurements for two
temperatures on a linear scale offset for clarity. As time increases, the
echo intensity levels off at a value of net magnetization corresponding
to when the electrons have returned to their ground state. It is clear
from Fig. 2 that as temperature decreases T1 increases as expected.
Inverting the measurements and subtracting this baseline value allows
the inversion recovery data to be plotted on the semilog plot shown in
the main part of Fig. 2. If the change in intensity resulted from a single
decay component, an exponential could be used to obtain T1. This is
not the case with the measurements being clearly nonlinear in the
semilog plot. A biexponential of the form of the equation below was
determined to describe T1 more accurately as the simplest explanation
that fit the data,

MZðtÞ ¼ M0s 1� 2e
�t
T1s

� �
þM0f 1� 2e

�t
T1f

h i
: (1)

In this expression,MZ is the net spin magnetization,M0 being the
total spin magnetization, T1 the relaxation time, with f and s denoting

fast and slow relaxation components, respectively. Two such fits are
shown by the black dashed lines in the main part of Fig. 2 and in the
inset. Non-exponential inversion recovery curves are observed in
many systems and have been attributed to inhomogeneity, anisotropy,
and native defects in combination with spectral diffusion.53–55 The
slower decaying term in the biexponential is expected to be more rep-
resentative of an isolated Na guest and places a lower bound on the
intrinsic value of T1.

56

A close inspection of the fits shows that this biexponential form
still does not completely describe the decay, which could be an indica-
tion of multiple relaxation times at work. Rather than attempt a multi-
exponential fit, the initial slope and the tail end linear region of the
measurements on the semilog plot were independently fit to exponen-
tials as shown in Fig. S5(a). Saturation recovery experiments, which
are an alternative method for obtaining T1, gave essentially the same
T1 values increasing confidence in the results, shown in Fig. S5(b).

The temperature dependence of both components is shown in an
Arrhenius plot in Fig. 3. The fast and slow relaxation rates exhibit ther-
mally activated behavior in the temperature range of the measurement
with similar activation energies. The slope of the slow rate gives an
activation energy of DE¼ 41K corresponding to 3.5meV. For similar
donor defects in d-Si, thermally activated behavior is observed in the
same temperature range and is attributed to a two-phonon Orbach
mechanism.45,54,57–59

The reported activation energies, ranging from around 125K for
P45 to 500K in Bi,49 are associated with the ground state to first excited
state excitation energy of the donor, which is determined by valley
orbit splitting.36,45,49 The activated behavior observed here is consistent
with an Orbach process, but with a smaller activation energy. This is

FIG. 2. Semilog plot of the inversion recovery measurements of NaxSi136 type II Si
clathrate. The black dashed lines represent the biexponential T1 fit. The inset
shows the linear plot of the measurements at 6.4 and 9 K. The field was centered at
the Na hyperfine line around 365mT at 9.81 GHz to measure the echo intensity for
all measurements.

FIG. 3. Arrhenius plot of the T1 times and TM times for low sodium NaxSi136 type II
Si clathrate film. The measurements were centered at 365 mT and 9.81 GHz. The
T1 times are broken into the slow decaying relaxation time in blue and fast-decaying
component in green with the inversion recovery pulse sequence shown at the bot-
tom left. TM times are shown in red with the echo decay pulse sequence at the top
left.
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potentially in line with the smaller reported donor binding energy of
Na in type II silicon clathrate (10–20meV) relative to d-Si
donors.3,15,36,60,61 However, much less is known about the band struc-
ture of type II Si clathrate, which has been reported to have a direct or
quasi-direct bandgap, which could lead to additional conduction band
degeneracies. We note that the temperature dependence of T1 did not
fit other processes such as the Raman mechanism, which would likely
require lower temperatures to test if it were active. The error bars in
the curve were calculated at 7K and discussed further in Fig. S5(a).

To measure TM, an echo decay sequence (p/2–s–p–s–echo) was
used with 16ns p/2 and 32ns p pulses. The amplitude of the echo (I)
was measured while s was incremented. The echo decay measure-
ments are shown in Fig. S6. The decays deviated less from an exponen-
tial than the inversion recovery results discussed above. The TM values
reported in Fig. 3 were taken from single exponential fits of the form I
(2s)¼ I0e

�(2s/TM) at all temperatures. Error bars were calculated at
6.4K and were less than the marker size in the figure.

TM is quite a bit faster and exhibits much less temperature depen-
dence than T1. TM in many systems including d-Si is strongly affected
by dipole–dipole and spin–spin related spectral diffusion processes
knocking spins out of phase with each other.27,62,63 Similarly it seems
likely that spectral diffusion is dominating the TM times obtained here.
In studies of isotopically purified d-28Si doped with P and Bi, TM was
comparable to and bounded by T1 following the same temperature
dependence until near 10–14K.49,64 Below this temperature TM satu-
rated. In P doped d-28Si the concentration dependence was studied with
saturation temperature higher and TM shorter, when doping was
increased from 1015 to 1016 cm�3.64 Naturally occurring Si:P shows a
similar concentration dependence in TM.

44,65 The Na doping of the
clathrate samples studied here is much higher at �1018 cm�3. The lack
of temperature dependence we observe could indicate saturation of TM
in the temperature range of this study. As an initial attempt to test this, a
comparison was made between a lower and more highly Na doped
clathrate sample (dopant density �1018 and �1020 cm�3, respectively).
The low Na sample only exhibited a very slight increase in TM.

The spin dynamics of defects in non-diamond silicon allotropes
are an exciting previously under explored property in these material
systems. Since this is the first reported study of pulsed-EPR of a guest
donor atom in a Si clathrate, it is interesting to make comparisons to
T1 and TM studies of other donors in Si, which are being heavily inves-
tigated as potential quantum materials.36,45,49,66,67 The T1 and TM

times reported here are clearly much smaller than have been reported
for highly optimized, high purity, isotopically purified d-Si with low
donor doping.49,64 At the same time, decay times drop rapidly with
doping in d-Si and there are no reports of relaxation time measure-
ments for donor concentrations in the higher range studied here. We
speculate the nature of the Na donor wavefunction may mitigate some
of the effects of high doping. The s-like ground state wavefunction of a
donor in d-Si extends over many lattice sites.48 In contrast, 80% of the
probability density of the electron bound to Na in the clathrate resides
in or on the Si cage surrounding the Na atom.15 This should lead to
less sensitivity to dopants in neighboring cages and may help explain
why we have detected spin echoes with higher doping concentrations
at levels of 1018–1019 cm�3. In addition, d-Si has an indirect bandgap
while type II Si clathrate is much more optically efficient, as discussed
above, opening up the possibility of addressing spin coupled electronic
states in the Si clathrate optically in a manner not possible in d-Si.

Of particular concern, however, are the low binding energy that has
been reported for Na in type II clathrate and the low activation energy of
the temperature dependence of T1 in the present study.3 At 15K, T1 for
donors in naturally occurring Si and for Na in type II clathrate are com-
parable, but when the temperature is reduced to near 6K, T1 for d-Si is
orders of magnitudes longer.36,45 If these values prove to be intrinsic, it
would indicate the need for extremely low temperatures to obtain a useful
TM. The multi-exponential decay curve is also of importance as the fast-
decaying component of T1 could be detrimental to spin-based applica-
tions. The same tight wavefunction that reduces sensitivity to defects on
nearby cages could increase sensitivity to defects on the surrounding cage
requiring further advancements in material quality.

These observations suggest several critical future research direc-
tions to enhance the understanding of spin relaxation dynamics in
guest-doped type II Si clathrate and to evaluate the potential for this
material for quantum applications. The first is a focus on material
quality. We note that the T1 and TM values reported here should be
viewed as lower bounds. As the synthesis of these materials continues
to be advanced and refined, decreased dopant concentrations coupled
with improved film quality should lead to improved T1 and TM, and
address the question of how close to optimized d-Si they can come and
if TM, values can be pushed closer to T1, as discussed above. This in
turn might allow the temperature where relaxation is observed to be
extended, which would be helpful in applications. In addition, studies
of alternative guests that might be more tightly bound could help
unravel the temperature dependence.

See the supplementary material for further information on the
clathrate film synthesis and characterization, additional details on the
field swept echo and relaxation measurements, and the saturation
recovery and echo decay measurements.
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