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ABSTRACT

Clock transitions (CTs) in spin systems, which occur at avoided level crossings, enhance quantum coherence lifetimes T2 because the
transition becomes immune to the decohering effects of magnetic field fluctuations to first order. We present the first electron-spin resonance
characterization of CTs in certain defect-rich silica glasses, noting coherence times up to 16 ls at the CTs. We find CT behavior at zero mag-
netic field in borosilicate and aluminosilicate glasses, but not in a variety of silica glasses lacking boron or aluminum. Annealing reduces or
eliminates the zero-field signal. Since boron and aluminum have the same valence and are acceptors when substituted for silicon, we suggest
the observed CT behavior could be generated by a spin-1 boron vacancy center within the borosilicate glass, and similarly, an aluminum
vacancy center in the aluminosilicate glass.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0239469

Quantum information science relies on qubits—two-level systems
with energy levels that can be superposed for an amount of time useful
for quantum operations to be implemented. In recent years, an explo-
sion of interest in quantum information science has yielded proof-of-
concept experiments and more, indicating an attractive future for
quantum technologies. Commonly studied qubit technologies include
superconducting circuits based on Josephson junctions,1 trapped ion
qubits,2 defect-in-material spin qubits,3 nuclear spin qubits,4 molecular
nanomagnets,5–7 and hybrid architectures containing more than one
type of qubit.8–11 Because many of these systems can be manipulated
and read out using spin resonance-type techniques, electronic spin
states represent viable qubit platforms for quantum information proc-
essing using electron-spin resonance (ESR).12–15 Some of these ESR-
addressable systems have been shown to have phase memory times
long enough to be useful for quantum gate operations and for storage
of quantum information.

Clock transitions (CTs) in spin systems can further enhance
quantum coherence by protecting the qubit from the environmental
spin bath16–20 and can be used for both single-qubit and multi-qubit
gates.21 A CT occurs at an avoided level crossing where rBx ¼ 0; the
level transition frequency x is therefore immune to the decohering
effects of small magnetic field fluctuations to first order. Here, we

present a study of previously undiscovered zero-field CTs in certain
types of defect-rich structural silica glasses. In these CTs, we find
coherence times over 15 ls, a value that makes these systems attractive
as potential qubits or as quantum memory platforms for holographic
information storage.22,23 Furthermore, the zero-field nature of these
CTs permits convenient coupling to superconducting qubit systems
and therefore integration into a hybrid quantum architecture.24 While
the underlying physics of these CTs is not yet definitively determined,
we present evidence to support the hypothesis that the CTs arise from
spin-1 boron vacancy or aluminum vacancy centers within the silica
matrix. Engineering of these silica glasses by compositional and pro-
duction control could further enhance coherence at their CTs.

Silica glass is the glass form of quartz, made of SiO2 in an amor-
phous solid. The magnetic properties of defects in quartz and other
forms of silica have been studied over the years for a number of differ-
ent purposes, including thermal,25 optical,26 and magnetic27,28 proper-
ties, and generation of spin-1/2 E0 centers via implantation and
irradiation.29–31 Spin systems in quartz after irradiation, however, tend
to be spin-1/2 systems with a Zeeman-like Hamiltonian and g � 2.
Furthermore, many borosilicate glasses and quartzes have iron (Fe3þ)
impurities, which are interstitial defects with an electronic S¼ 5/2 and
g � 4:3. Silica glasses have previously been shown to have vacancies,
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as well, including charged oxygen vacancies.32,33 Still other glasses,
including several of the glasses examined for the current study, have
been examined for zero-field increase in polarization echoes, which
were not used to quantify spin coherence.34,35 The potential of these
systems for use as spin qubits has not yet been examined. One attrac-
tive feature of silica for quantum coherence is that of the stable iso-
topes of silicon and oxygen, only 29Si (4.685% natural abundance) and
17O (0.0373%) have nuclear spin, so the glass matrix intrinsically has
very low nuclear magnetic noise.

Although the energy-level structure of the CT spin system in sil-
ica is not yet fully characterized, we provide a heuristic model of an
avoided crossing at zero field. Generation of an avoided crossing at
zero field requires a system with integer spin due to Kramers’s theo-
rem; here, we employ a model of a spin-1 system with Hamiltonian
given by

H ¼ �DS2z þ EðS2x � S2yÞ þ gslBB � S: (1)

The first and second terms represent longitudinal and transverse ani-
sotropies, respectively, and the third term is the Zeeman interaction
with the magnetic field. In the Ŝz basis, the energy eigenstates at zero
field are

jþi ¼ ðj1i þ j� 1iÞ= ffiffiffi

2
p

;

j�i ¼ ðj1i � j� 1iÞ= ffiffiffi

2
p

;

j0i
(2)

with energies �Dþ E;�D� E, and 0, respectively. When D � E, the
avoided crossing between the jþi and j�i states becomes an effective
two-level system. The energy splitting of the avoided crossing is therefore
2E, and ESR radiation applied such that �hx ¼ 2E addresses the CT.

Figure 1(a) shows the energy-level diagram calculated from the
eigenstates of Eq. (1) with D¼ 21GHz and E¼ 2.25GHz and assum-
ing~B k ẑ . The states drawn in red and blue approach the jþi and j�i
states as the field is tuned to zero; these states constitute the two levels
addressed in ESR experiments. Our measurements do not provide suf-
ficient information to determine the magnitude or sign of D (Fig. S8
and related discussion in the supplementary material). In our

experiments, we observe a substantial range of ESR frequencies that
give rise to CT behavior at zero field, from �3.5 to 5.5GHz. Within
this range, the signal amplitude and spin dynamics at the CT is largely
unchanged. This indicates significant inhomogeneity in the transverse
anisotropy such that at any given ESR frequency only a small suben-
semble of the total spins in the sample is addressed (Fig. S5). We there-
fore include a Gaussian distribution in E, centered on E¼ 2.25GHz
with a FWHM of 1.0GHz, into our heuristic model. Figure 1(b) [cor-
responding to the dashed black box in (a)] shows the avoided crossing
generated by this distribution. The intensity of the color for both states
corresponds to the density of spins at each E value in the distribution.
The black arrows indicate the range of frequencies over which the CT
is observed to be strongest. The large inhomogeneous broadening we
observe may arise from a single defect that is highly susceptible to the
structural strains intrinsic to the amorphous matrix. Alternatively,
numerous defect centers, each with its own CT frequency, may con-
tribute to the ensemble, but would all need to have similar spin relaxa-
tion dynamics.

To perform ESR experiments, all samples were mounted into a
loop-gap resonator (LGR)36,37 made of OFHC copper and held in place
with a small quantity of vacuum grease (the vacuum grease gives no
ESR signal and causes no observable change in the Q). Measurements
were done using a home-built ESR probe with in situ frequency and
coupling tunability38 within a Quantum Design Physical Property
Measurement System (PPMS) with a base temperature of 1.8K.
Typically, our resonators have a high quality factor (Q � 2000 at low
temperature); for pulse ESR experiments, a small quantity of Eccosorb-
brand microwave absorber was placed near the resonator to reduce the
Q and shorten ringdown. For all experiments reported herein, the LGR
was mounted into the probe such that the microwave~B1 field of the res-
onator was parallel to the DC field~B0. The spectrometer was built from
commercially available microwave circuit components; microwave
pulses were generated via the programmable Tabor SE5082 Arbitrary
Waveform Generator (AWG) and echoes were measured via a homo-
dyne technique and digitized using an oscilloscope. To remove back-
ground signals, we employed a four-step phase-cycling process.

Table I provides chemical compositions for glass samples exam-
ined in this study. Duran is a brand name for borosilicate glass 3.3
(DIN ISO 3585); aluminosilicate 0812 is manufactured by Schott;

FIG. 1. Level diagrams of a spin-1 system. (a) An energy-level diagram of a spin-1
system. Green represents the j0i state, while red and blue, the two lowest-lying
states, form an avoided crossing. The level diagram was calculated using Eq. (1)
with D¼ 21 GHz and E¼ 2.25 GHz. (b) The inhomogeneously broadened avoided
crossing near zero field, corresponding to the region within the dashed box in (a).
This inhomogeneous broadening was calculated with a Gaussian distribution in E
with a FWHM of 1.0 GHz. Inhomogeneous broadening in E provides a mechanism
of generating a broadband CT, matching the behavior observed in this study. The
arrows represent the edges of the frequency range over which we measure the CT.

TABLE I. Composition of each glass sample studied, as percentage by mass. All
data were sourced from commercially available descriptions of the material from the
supplier. The asterisk (�) for Duran indicates that Schott provides the measure of 4%
by mass for the combination Na2O þ K2O. We note that we could not source precise
compositional information for one other borosilicate glass sample with an observed
CT; this sample is termed “borosilicate” in this manuscript. Composition data for sam-
ples that did not exhibit zero-field ESR signal are given in Table S1.

Duran Aluminosilicate 0812 Vycor 7913 AGC40

SiO2 (%) 81 60 96 95
B2O3 (%) 13 4.5 3 5
Al2O3 (%) 2 14 0 Trace
Na2O (%) 4� <0.02 Trace Trace
K2O (%) 4� 0 0 0
CaO (%) 0 10 0 0
BaO (%) 0 9 0 0
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Vycor 7913 was manufactured by Corning; and AGC40 is manufac-
tured by Advanced Glass and Ceramics to mimic the physical proper-
ties of Vycor 7913. Both Vycor 7913 and AGC40 are porous
borosilicate glass. One sample, that we simply call “borosilicate” glass,
was sourced from McMaster-Carr, which is a distributor, not a manu-
facturer. The provenance and detailed chemical characterization of
that sample are not established.

Figure 2(a) shows the results of studying Duran glass (13% B2O3-
in-SiO2), red, a “borosilicate” glass sample, black, and a sample of 0812
aluminosilicate glass, blue, using pulsed ESR in an echo-detected field
sweep (EDFS) experiment. A standard Hahn echo sequence was used.
All three samples show a clearly defined zero-field peak, although the
aluminosilicate’s peak is wider with a cusp at zero field while the
Duran’s and borosilicate’s peaks are more rounded. While the data for

each sample shown in Fig. 2(a) were taken at a different microwave
frequency, we have not noted any appreciable difference in sample
behavior within a wide range of frequencies—see discussion of
Fig. 1(b). Figure S4 shows examples of the CT being addressed across
the range �3:5–� 5:1 GHz; each CT demonstrates qualitatively simi-
lar behavior throughout. A Vycor 7913 sample also showed a zero-
field-peaked ESR signal, albeit much weaker than that found in other
glass samples that showed CTs (Fig. S3).

To further characterize these signals, we study the coherence of
these transitions by examining the dependence of the echo area on the
delay time s between the p=2 and p pulses. An example of this depen-
dence is shown in Fig. S1(a). Figure 2(b) shows the decoherence rate
(1=T2) measured in Duran glass at multiple temperatures and two
fields (0Oe in red and 28Oe in black). The stark reduction of decoher-
ence rate as the field is tuned to the zero-field peak confirms the CT
effect. At the CT, notably, the decoherence rate exhibits a plateau
below approximately 4K. We note that phonon-driven dephasing
should be temperature dependent; the underlying mechanism for the
observed temperature-independent dephasing is unknown and is the
subject of active investigation. We can rule out that the plateau is
caused by radiative heating from the pulses since the echo amplitude
does not have a similar plateau below 4K [Fig. S8(b)].

Figure 3(a) shows T2 for aluminosilicate (blue), Duran (red), and
borosilicate (black) glasses. In each sample, T2 is longest (up to�4 ls)
at zero field, and falls off rapidly as the field is tuned away from zero.
This observation is the hallmark of the CT effect: To first order, spins
in the system are protected from the decohering effects of dipolar
interactions and can therefore retain their phase coherence for longer.
We have also observed Rabi oscillations at the CT in our samples
(Fig. S2). By applying the Carr–Purcell–Meiboom–Gill (CPMG) pulse
sequence, wherein repeated application of p pulses refocuses the spins
via the sequence ðp=2Þx � ðs� py � s� echoÞN (for N integer; in
this study N¼ 20), coherence can be further enhanced. The decay of
the echo area as a function of total evolution time provides a measure
of this enhanced T2. Figure 3(b) shows that each sample exhibits
enhanced coherence with the CPMG pulse sequence [when com-
pared with the Hahn results of (a)]. An example of a CPMG trace
is shown in Fig. S1(b). While all three samples show a clear CPMG
enhancement of T2, the effect is material dependent. Both borosili-
cate samples show similar T2 from the Hahn experiment (a), but
the Duran shows a much smaller CPMG enhancement in (b). The
aluminosilicate shows the largest enhancement, with coherence
times measured by CPMG exceeding 15 ls. We note that the alu-
minosilicate sample also shows a series of small side peaks, seen
most clearly in Fig. 3(b) between 10 and 20Oe—perhaps arising
from hyperfine coupling to the 27Al nuclear spin—but these were
not investigated in detail in this study (however, we do observe
ESEEM from 11B in a borosilicate sample—see Fig. S7).

Figure 3(c) shows the ratio (T2;CPMG=T2;Hahn) of coherence times
measured in Figs. 3(a) and 3(b) for all three glass samples as a function
of magnetic field. Each sample behaves differently: though both boro-
silicate (black) and Duran (red) show that CPMG is less effective at
enhancing coherence at the CT than when the field is tuned away,
Duran shows that CPMG only improves coherence by a factor of 1.5
at the CT. One interpretation is that as this ratio approaches unity
at the CT, CPMG becomes partially redundant as a decoherence noise
filter since the CT already filters low-frequency magnetic noise

FIG. 2. Evidence of a Clock Transition in Glass Samples. (a) Echo response with a
standard Hahn echo sequence near zero field of aluminosilicate glass (measured at
5036 MHz, delay time s ¼ 1000 ns, blue), Duran glass (3975 MHz, s ¼ 800 ns,
red), and borosilicate glass (5117MHz, s ¼ 1000 ns, black). Measurements were
taken at 1.8 K and at frequencies within the range of the inhomogeneously broad-
ened CT (Fig. 1). (b) Decoherence rate measured with the Hahn echo sequence by
varying s at different temperatures at 0 Oe (red) and 28 Oe (black) in Duran glass
at 3969MHz.
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(Figure S9 shows the noise spectrum at and 30Oe away from the CT
determined from CPMG data on a Duran glass sample). This suggests
that the primary source of decoherence in this material is low-
frequency magnetic noise. Aluminosilicate (blue) shows no such rela-
tionship—no clear trend in the ratio of coherence times can be seen as
the field is tuned through the CT.

One commonality among many of the samples exhibiting the CT
effect is the presence of both SiO2 and boron as a substitutional defect.
Thus, we examined multiple borosilicate glasses with differing boron
concentrations. Figure 4 shows a comparison of 5% B2O3 in SiO2 (in
blue, AGC40) and Duran glass [also shown in Fig. 2(a) in red], over-
laid. At zero field, the echo area is substantially reduced in the dilute
sample, suggesting that the spin system producing the CT has been

reduced. The ratio of signal sizes is not 13:5, as one might initially
expect. Part of this may be due to small changes in experimental condi-
tions that change absolute signal size between experimental runs.
Nevertheless, there are clearly other differences between the two sam-
ples with the peak for AGC40 being wider and having a much flatter
top than for Duran. One confounding factor is the porosity of AGC40,
which makes direct comparison challenging. We observe shorter
coherence at the CT in AGC40 (Fig. S6), which may be related to the
porosity of the glass.

We also examined the behavior of each sample after annealing.
Details of the annealing process for each annealed sample are provided
in Table S2. AGC40, Vycor 7913, and aluminosilicate glass showed no
detectable echo after annealing. Figure 5(a) shows a markedly reduced
echo signal after annealing for the borosilicate; the echo signal at zero
field is reduced by nearly 80%. This suggests that annealing the glass
reduces the number of the spin centers generating the CT. Figure 5(b)
shows a remarkable T2 value of �16 ls at the CT as measured with
CPMG, a 32% increase over the non-annealed sample. While annealing
substantially reduced the CT signal for nearly all of our samples, one
notable exception was the Duran sample, which showed no significant
change. This distinction will be the subject of further investigation.

Our results demonstrate substantial coherence times in several
glass samples, with T2 enhanced at the zero-field CT. ESR response for
our CT signal also appears to depend on boron concentration (e.g.,
Fig. 4). In addition, annealing reduces the response while simulta-
neously enhancing coherence. While annealing may have many effects
on the properties of the glass, one well-known consequence of the
annealing process is the removal of vacancies. Silica glasses and quartz
are known to contain numerous vacancies, notably oxygen vacan-
cies.32,39 Our observations then suggest that vacancies potentially play
a role in the spin system that is responsible for the CT. One hypothesis,
then, for the microscopic source of the CT in the borosilicate glasses is
a spin-1 boron vacancy (BV) center, and, for aluminosilicate glass, a
spin-1 aluminum vacancy (AlV) center. Boron and aluminum, both in
Group 13 of the periodic table, are electron acceptors when substitut-
ing for silicon. They therefore introduce a localized hole with spin-1/2
when doped into the glass. We hypothesize that when coupled to a

FIG. 3. Coherence near zero field. (a) Increase in coherence time, as measured via a Hahn echo sequence, near zero field. Aluminosilicate (blue), Duran (red), and borosilicate
(black) glasses all show a peak at zero field. When paired with the data in Fig. 2(a), these data have the hallmarks of a zero-field CT: enhanced echo signal and coherence. (b)
T2 measured via the CPMG pulse sequence, with 20 p-pulses, for the same three samples (with delay s ¼ 1000 ns for aluminosilicate and borosilicate, and s ¼ 800 ns for
Duran). (c) The ratio of T2 measured by CPMG to T2 measured by Hahn echo, for all three glass samples. Measurements occurred at 1.8 K, with ESR frequencies of
5036 MHz (aluminosilicate), 4028 MHz (Duran), and 5117MHz (borosilicate).

FIG. 4. Comparison of EDFS at the CT with different concentrations of boron. Echo
area, from a standard Hahn sequence with delay s ¼ 1000 ns, as a function of
magnetic field near the CT for two samples of borosilicate glass, showing different
intensity of the peak at the CT. In red, the CT for Duran glass is shown (measured
at 1.8 K and 3975MHz); in blue, the CT for the AGC40 glass (1.8 K and 3773MHz)
shows much smaller echo signal at zero field.
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neighboring charged oxygen vacancy that also has a spin-1/2, such
defects can form a spin-1 system capable of producing a zero-field CT.

CTs in glass defects offer ample avenues for future exploration. In
other quantum systems, chemical engineering has enabled alteration
of the zero-field splitting40 and enhanced spin coherence.41 Through
further materials study and engineering, these glasses may be exploited
to further improve coherence. Furthermore, color centers have previ-
ously been observed in silica glasses in a number of contexts.42–44 One
tantalizing, but perhaps remote, possibility is that the spin system
underpinning the CT may behave as an ESR-addressable color center
in silica glass, a feature with obvious applications in quantum sensing,
analogous to the well-known NV� center in diamond, or more specifi-
cally the negatively charged BV center in diamond.45,46

See the supplementary material for Rabi oscillation measure-
ments, examples of coherence time measurements, an example of a
spectral hole-burning experiment, broadband CT characterization, a
study of temperature dependence of the CT, discussion of the CPMG
noise spectrum of Duran glass at and away from the CT, and details
about the annealing processes.
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