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The effects of host isotope mass on the hyperfine interaction of group-V donors in silicon are
revealed by pulsed electron nuclear double resonance (ENDOR) spectroscopy of isotopically engi-
neered Si single crystals. Each of the hyperfine-split 31P, 75As, 121Sb, 123Sb, and 209Bi ENDOR lines
splits further into multiple components, whose relative intensities accurately match the statistical
likelihood of the nine possible average Si masses in the four nearest-neighbor sites due to random
occupation by the three stable isotopes 28Si, 29Si, and 30Si. Further investigation with 31P donors
shows that the resolved ENDOR components shift linearly with the bulk-averaged Si mass.

PACS numbers: 71.55.Cn, 76.70.Dx ,31.30.Gs, 03.67.Lx

With the rapid advancement in studies of phosphorus
donor electron spins (S=1/2) and nuclear spins (I=1/2
of 31P) as potential qubits in silicon-based quantum infor-
mation processing,1–4 the isotope engineering of host sil-
icon has become very important. Elimination of the host
29Si nuclear magnetic moments by nuclear-spin-free 28Si
isotopic enrichment led to spectral narrowing of phospho-
rus donor electron spin resonance (ESR) lines5–7 and the
coherence time extension of phosphorus electron spins5,8

and nuclear spins.9–11 The effects of host silicon isotopes
(28Si, 29Si, 30Si) are well known in a variety of impurity
electric dipole transitions in silicon.12–16 While the host
isotope “magnetic” effects, e.g., super-hyperfine interac-
tion of donor electron spins in silicon with surrounding
29Si nuclear spins have been investigated extensively by
electron-nuclear double resonance (ENDOR),17,18 previ-
ous reports on the host isotope “mass” effects on impurity
magnetic resonance in silicon are rather limited.19–22

The present paper reveals the effects of host Si isotope
mass composition on the group-V donor hyperfine inter-
action by ENDOR.23 We show that the Si isotope mass
composition modifies the donor ENDOR spectra in two
ways: (i) splitting of the ENDOR line up to nine com-
ponents due to a variation of the Si isotope mass at the
four nearest neighbor (NN) lattice sites to each donor,
and (ii) frequency shifts of such multi-component EN-
DOR lines between isotopically engineered silicon due to
change in the bulk-averaged mass. Such mass-induced
splittings and shifts in ENDOR frequencies have signif-
icant implications for quantum information processing
when the donor nuclear spins are employed as qubits. If
a well-defined resonance frequency is needed across the
spin ensemble, one should employ monoisotopic 28Si or
30Si crystals but not the magnetic 29Si to avoid decoher-
ence. On the other hand, a mixture of 28Si and 30Si may
provide a frequency-wise addressability to multiple donor

nuclear spins placed in different Si mass surroundings.

Table I lists the host isotope composition f and the
bulk-averaged isotope mass Mbulk of the phosphorus-
doped single-crystal Si samples used in the ENDOR ex-
periments. The samples D, H, and I were Czochralski-
grown while the rest were float-zone grown, using the
methods described in Ref. 24 and Ref. 25, respectively.
The phosphorus donor concentrations were maintained at
around 1×1015 cm−3. Three other isotopically natural
Si crystals (natSi) doped with arsenic (75As), antimony
(121Sb and 123Sb), and bismuth (209Bi)26 were studied
as well. Pulsed ENDOR experiments were performed us-
ing Bruker Elexsys580 spectrometer at X band (9.7 GHz)
equipped with a helium-flow cryostat. We used a Davies
ENDOR pulse sequence modified with an additional RF
pulse (tidy pulse) at the end of the sequence to promote

TABLE I. Isotopically engineered Si:P single crystals used in
this study. Sample D is naturally abundant silicon (natSi).
fm (m = 28, 29, 30) is the fractions of the stable isotopes
mSi determined by secondary ion mass spectroscopy (SIMS).
Mbulk was determined by these fm’s with the individual iso-
tope mass Mm listed in Ref. 37.

Sample f28 (%) f29 (%) f30 (%) Mbulk (u)
A 99.991 0.005 0.004 27.977
B 99.920 0.075 0.005 27.978
Ca 98.08 1.18 0.74 28.003
Da 92.23 4.67 3.10 28.086
Ea 87.19 10.28 2.53 28.130
Fa 50.27 47.87 1.86 28.492
G 57.23 3.58 39.19 28.795
Ha 0.56 99.23 0.21 28.973
I 0.08 0.19 99.73 29.970

a Used in Ref. 5.
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a nuclear spin thermalization.27,28 For each sample, the
lengths of RF pulses were adjusted to be long enough
to avoid instrumental broadening of the detected EN-
DOR lines. Temperatures in the range 4.8 – 8 K were
used for 31P, 4.2 K for 75As, 6 K for 121Sb and 123Sb,
and 15 K for 209Bi donors. In the case of 31P donors
the ENDOR lineshape was observed to be temperature-
invariant below 8 K. For temperatures below 5 K (when
electron spin T1 relaxation was longer than 10 s), a light
emitting diode (LED, 1050 nm) was flashed for 20 ms
after each electron-spin echo measurement to accelerate
thermalization of electron spins. The tidy RF pulse in
this case was applied in the middle of the LED flash.
The static magnetic field B0 was applied along the 〈001〉
crystal axis. Other crystal orientations (〈110〉 and 〈111〉)
were also examined to confirm no orientation dependence
in the ENDOR lineshapes.
All the group-V donors in Si have an electron spin

of S = 1/2 coupled to the non-zero nuclear spin I of
the donor nucleus: I = 1/2 for 31P, 3/2 for 75As, 5/2
for 121Sb, 7/2 for 123Sb, and 9/2 for 209Bi. The spin
Hamiltonian with B0 along the z axis is described by
H = geµB B0Sz − gnµN B0Iz + hAS ·I, consisting of the
electron and nuclear Zeeman interactions as well as the
Fermi contact hyperfine interaction between the electron
and nuclear spins with a parameter A, which we give
in frequency units. Solving this spin Hamiltonian to
the first order of A predicts the ENDOR frequencies at
ν = |AmS − gnµN B0/h| where mS is the electron spin
projection. While the hyperfine parameter A for each
donor in natSi is well known, e.g., A = 117.5 MHz for
31P,17 the present work reveals a significant dependence
of A on the host Si isotope composition.
Figures 1 and 2 show a variation of the 31P ENDOR

spectra for the nine isotopically different Si crystals.
From these spectra we immediately find the following
host isotope effects: (i) The ENDOR line of isotopically
mixed samples splits into multiple components labeled
L = 0, 1, · · · , 8. (ii) Each component L shifts upwards
with increasing Mbulk. The spectra for each sample are
identical between (a) mS = +1/2 and (b) −1/2 in Fig.
1, indicating that the observations (i) and (ii) are not
due to changes in the electron and nuclear g-factors. We
also exclude the “magnetic” host isotope effect due to
29Si nuclear spins since, as seen in Fig. 2(d), sample
G that has the largest mass-disorder with non-magnetic
28Si and 30Si with a relatively small amount of magnetic
29Si shows the largest degree of splitting spanning L = 0
to 8. Indeed, as we will show below, the following equa-
tion including the mass effects only is found to describe
the experimentally observed host isotope effects on the
donor dependent hyperfine parameter:

AD = AD
28 + αD

NN (MNN −M28) + αD
bulk(Mbulk −M28),

(1)

whereAD
28 is the hyperfine parameter for a specified donor

D (31P, 75As, 121Sb, 123Sb, or 209Bi) in a monoisotopic
28Si crystal. The second term, which is proportional to

65.10 65.15 65.20

EN
D

O
R

 in
te

ns
ity

0

0

 

L = 0

8

4

0
12

0
123

4

0
12

52.25 52.30 52.35

0

0

L = 0

8

4

0
12

0
123

4

0
12

 

 B 

 Sample A 

E
N

D
O

R
 in

te
ns

ity

RF frequency (MHz)

 C 

 D 

 E 

 F 

 H 

 I 

(b)(a)

FIG. 1. (color online). 31P ENDOR spectra of the (a) mS =
+1/2 and (b) mS = −1/2 states for eight samples at the
high-field (the nuclear spin projection mI = −1/2) ESR line.
Mbulk increases from top to bottom. A spectrum of G is
shown independently in Fig. 2 (d) since it is too broad to
fit in here and shifted slightly from others due to a small
difference in the microwave excitation frequency employed in
that particular measurement. Peaks are labeled with integers
L = 0 to 8 based on the change in the average mass of the
four NN Si isotopes, MNN, as described later in the text.
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FIG. 2. (color online). Fitting of the ENDOR spectra for
samples (a) D, (b) E, (c) F, and (d) G. The open squares
(black) are experimental data. The solid and dashed curves
(red) are fitting results of the full spectra and individual com-
ponents (L = 0 to 8), respectively. The relative intensities of
the components are determined solely by the statistical prob-
ability of MNN. The lineshape is optimized as common to all
the components: asymmetric Gaussian for (d) and asymmet-
ric Lorentzians for the rest.38

the difference of the average mass MNN of the four NN
Si isotopes from the 28Si isotope mass M28, describes the
ENDOR line splitting [observation (i)] with an experi-
mentally obtained αD

NN independent of Mbulk. The third
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term represents the contribution of the “bulk” effect [ob-
servation (ii)]. This is proportional to the mass difference
of Mbulk from M28 and describes the ENDOR frequency
shift with an experimentally obtained αD

bulk independent
of MNN.

Let us begin our analysis from the NN mass effect.
The labeling L in Figs. 1 and 2 is given as follows.
Taking into account that there are four NN sites to
each donor and that the mass differences between the
three stable Si isotopes are equal to 1.00 u, MNN can
take only nine different values between M28 and M30

in an increment of 0.25 u, which correspond to the re-
solved lines labeled with integers L between 0 and 8,
i.e., L = (MNN −M28) / (0.25 u). The statistical distri-
bution of the three kinds of Si isotopes in the NN sites
is determined by the isotopic fractions (f28, f29, f30) in
each sample as given in Table I. Then, the relative EN-
DOR intensity of each L line in each sample can be esti-
mated as the sum of the distribution probabilities of the
NN Si isotopic configurations having the corresponding
MNN. Figure 2 shows the fitting results based on the
calculated trinomial distributions using a single splitting
parameter αP

NN for each sample with a common opti-
mized lineshape for all the components. The calculated
distributions of MNN reproduce the experimentally mea-
sured relative intensities very well. The line splitting is
found to be ∆νEN = −21(2) kHz per ∆L = 1 in all sam-
ples, leading to αP

NN = 4(∆A/∆L) = −170(6) kHz/u, or
αP
NN/A = −1.45(5)×10−3 u−1. Note that the binding en-

ergies of the S+ and Se+ donors have also negative linear
dependences on MNN.

29,30

Similar ENDOR splitting patterns are observed for
the other group-V donors in natSi as shown in Figs.
3(a)–3(d), demonstrating that the NN Si isotope mass
effect on A is universal. A linear dependence of the
fractional change in A on the donor isotope mass, i.e.,
(∆AD/AD)/∆MNN, is found as shown in Fig. 3(e). The
value for 209Bi agrees with the observation by Fourier
transform ESR at a magnetic-field clock transition.31

A question remains why it is possible to describe L = 0
– 8 splitting by the average mass MNN without consider-
ing the configuration of the isotopes within the four NN
sites. For example the L = 4 peak with MNN = 29.0 u in-
cludes the contributions from the four NN sites occupied
by 29Si4,

28Si1
29Si2

30Si1, and
28Si2

30Si2. Such differences
in the combination are not resolved for any L within our
experimental condition. Although it may be the case
that specific NN symmetries and/or vibrational modes29

play important roles, further investigation is needed to
resolve this issue.

Let us now discuss the bulk-averaged mass effect on
A, i.e., the third term in Eq. (1). Figure 4 plots A for
all resolved 31P ENDOR components L in all nine 31P
doped samples as a function of Mbulk. Here, A for each
sample has been determined by summing the ENDOR
peak frequencies in Figs. 1(a) and 1(b) for each L. The
L = 0 data are fitted by a linear function of Mbulk (solid
line) with a slope of αP

bulk = +116(8) kHz/u. The dashed
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FIG. 3. (color online). The ENDOR spectra of (a) 75As, (b)
121Sb, (c) 123Sb, and (d) 209Bi donors in natSi. The open
squares (black) are experimental data. The solid and dashed
curves (red) are fitting results as employed in Fig. 2 with
an optimized lineshape for all the components: asymmetric
Lorentzian for (a), and asymmetric Gaussians for the other
spectra. Each spectrum corresponds to the NMR transition
of mI = (−1/2 → +1/2), (−5/2 → −3/2), (−7/2 → −5/2),
and (−7/2 → −5/2), respectively. The same labeling scheme
L as in Fig. 2 is used to identify the peaks. (e) The fractional
change of the hyperfine parameter with respect to MNN (open
squares) plotted as a function of the donor isotope mass along
with a linear fit (dashed line) with a slope of 3× 10−6 u−2.

lines for other L’s are drawn as described in the caption
of Fig. 4, showing the same slope as L = 0 with an
equidistant vertical offset between the adjacent lines.

It is rather surprising that the present experimental
results can be modeled by the linear shifts due to MNN

and Mbulk separately. While the physical origin of these
linearity and separability is unclear, the net mass effect
including both the NN and bulk mass effects can be di-
rectly seen by focusing on the nearly monoisotopic Si:P
samples enriched by 28Si, 29Si, and 30Si. Data from the
three samples are highlighted by enlarged open symbols
in Fig. 4. Only one ENDOR component corresponding
to L = 0, 4, and 8 appears in the samples A, H, and
I, respectively, since all four NN sites in these samples
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FIG. 4. (color online). The hyperfine parameter AP for 31P
as a function of Mbulk. The solid line is a linear fitting of
L = 0 yielding the slope +116(8) kHz/u and AP

28 = 117.505
MHz. Keeping the same slope, fitting with the vertical offset
as a parameter is performed for each of L = 1, 2, 3, 4, 6, 8
(dashed lines). The dotted line for L = 5 (7) is drawn as the
midway parallel line between L = 4 and 6 (6 and 8). The
dot-dashed line is a linear fitting [−54(3) kHz/u] to the three
monoisotopic samples (A, H, and I), which are highlighted by
enlarged open symbols.

are occupied predominantly by 28Si, 29Si, and 30Si, re-
spectively. Because MNN ≈ Mbulk, the second and third
terms in Eq. (1) are merged into αP

net(Mbulk − M28),
whose slope αD

net = −54(3) kHz/u is represented by the
dot-dashed line in Fig. 4. As expected, this value is con-
sistent with the sum of the separately obtained slopes,
i.e., αP

NN + αP
bulk = −54(14) kHz/u. In contrast, the net

mass shifts in binding energy are positive for the P and
S+ donors.16,30

Because the Fermi contact hyperfine parameter A
is proportional to the electron density at the nucleus,
by using the ground state envelope function Φ(r) ∝

a∗B
−3/2 exp (−r/a∗B) with the effective Bohr radius a∗B de-

fined by the static dielectric constant ǫ0 and the electron
effective mass m∗,32 it behaves as

A ∝ |Φ(0)|2 ∝ a∗B
−3 ∝ ǫ0

−3 m∗+3. (2)

From this relationship we estimate ∂lnA/∂Mbulk to be
(−3δǫ0/ǫ0 + 3δm∗/m∗) /δMbulk, where δ refers to the
change in the values of the respective parameters between
28Si and 30Si. Using δǫ0/ǫ0 = 6.5× 10−4 and δm∗/m∗ =
−1.1 × 10−4 with δMbulk = −2.0 u taken from Ref. 15,
we arrive at (∂A/∂Mbulk)/A = 1.1× 10−3 u−1. Here us-
ing A = 15.3 MHz as derived from the effective mass
approximation (EMA)33,34 leads to ∂A/∂Mbulk = +18

kHz/u, which differs from the experimentally obtained
slopes αP

net = −54 kHz/u and αP
bulk = +116 kHz/u.

On the other hand, using the experimental value A =
117.5MHz leads to ∂A/∂Mbulk = (∂lnA/∂Mbulk)A =
+130 kHz/u, which interestingly agrees with the exper-
imentally obtained αP

bulk = +116 kHz/u. Our prelimi-
nary analysis of 209Bi ENDOR with an isotopically en-
riched 28Si sample (data not shown) and natSi sample
[Fig. 3(d)] leads to a value αBi

bulk/A
Bi = 1.24× 10−3 u−1,

which is comparable to the experimental result for 31P,
αP
bulk/A

P = 0.99 × 10−3 u−1. Thus, when the NN mass
MNN is fixed, the experimental αD

bulk/A
D seems inde-

pendent of the donor species and takes a value similar
to (∂A/∂Mbulk)/A = 1.1 × 10−3 u−1 expected from Eq.
(2). However, we do not have complete theoretical jus-
tification to employ the experimentally found A in the
above analysis. Rigorous evaluation of our experimen-
tal findings requires further theoretical research involving
advanced methods.35,36

In conclusion, we have revealed the host isotope mass
effects on the hyperfine interaction of group-V donors
from the variation in the ENDOR spectra of various iso-
topically engineered Si crystals. The relative intensities
of the split ENDOR components for all group-V donors
are explained by a negative linear dependence of the hy-
perfine parameter A on average Si isotope mass MNN at
four nearest-neighbor sites to the donor. The donor iso-
tope mass dependence of the fractional change in A by
MNN has been determined. An identical positive linear
shift of all split components with the bulk-averaged mass
Mbulk has been identified for 31P. The net Si isotope
mass effect on A observed directly from the isotopically
enriched Si:P samples exhibits a negative linear depen-
dence on the Si isotope mass.
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