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Host isotope mass effects on the hyperfine interaction of group-V donors in silicon
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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 engineered Si single crystals. Each of
the hyperfine-split *'P, 7> As, !2!Sb, 12Sb, and 2*Bi 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, 2°Si, and *°Si. Further investiga-
tion with 3'P donors shows that the resolved ENDOR components shift linearly with the bulk-averaged Si mass.
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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 information
processing [1-4], the isotope engineering of host silicon
has become very important. Elimination of the host 2°Si
nuclear magnetic moments by nuclear-spin-free 28Si isotopic
enrichment led to spectral narrowing of phosphorus donor
electron-spin resonance (ESR) lines [5—7] and the coherence
time extension of phosphorus electron spins [5,8] and nuclear
spins [9-11]. The effects of host silicon isotopes (**Si,
298i, 30Si) are well known in a variety of impurity electric
dipole transitions in silicon [12-16]. While the host isotope
“magnetic” effects, e.g., superhyperfine interaction of donor
electron spins in silicon with surrounding 2°Si nuclear spins,
have been investigated extensively by electron nuclear double
resonance (ENDOR) [17,18], previous reports on the host
isotope “mass” effects on impurity magnetic resonance in
silicon are rather limited [19-22].

The present Rapid Communication reveals the effects of
host Si isotope mass composition on the group-V donor
hyperfine interaction 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 into up to nine
components due to a variation of the Si isotope mass at the
four nearest-neighbor (NN) lattice sites to each donor, and
(i1) frequency shifts of such multicomponent ENDOR lines
between isotopically engineered silicon due to a change in
the bulk-averaged mass. Such mass-induced splittings and
shifts in ENDOR frequencies have significant implications for
quantum information processing when the donor nuclear spins
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are employed as qubits. If a well-defined resonance frequency
is needed across the spin ensemble, one should employ
monoisotopic 28Si or *°Si crystals but not the magnetic >Si to
avoid decoherence. On the other hand, a mixture of 28Si and
39Si 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 My, of the phosphorus-doped
single-crystal Si samples used in the ENDOR experiments.
The samples D, H, and I were Czochralski grown while the rest
were float-zone grown, using the methods described in Refs.
[26,27], respectively. The phosphorus donor concentrations
were maintained at around 1 x 10" cm™3. Three other
isotopically natural Si crystals ("'Si) doped with arsenic
(P As), antimony ('?!'Sb and '?3Sb), and bismuth (**Bi)
[28] were studied as well. Pulsed ENDOR experiments were
performed using a Bruker Elexsys580 spectrometer at the 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
a nuclear-spin thermalization [29,30]. For each sample, the
lengths of the rf pulses were adjusted to be long enough to
avoid instrumental broadening of the detected ENDOR lines.
Temperatures in the range 4.8-8 K were used for *'P, 4.2 K
for 7 As, 6 K for 21Sb and 23Sb, and 15 K for 2°°Bi donors.
In the case of 3'P donors the ENDOR line shape was observed
to be temperature invariant below 8 K. For temperatures
below 5 K (when electron-spin 7 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 fidy rf pulse in this case
was applied in the middle of the LED flash. The static magnetic
field By was applied along the (001) crystal axis. Other crystal
orientations ({110) and (111)) were also examined to confirm
no orientation dependence in the ENDOR line shapes.

All the group-V donors in Si have an electron spin of § =
1/2 coupled to the nonzero nuclear spin / of the donor nucleus:
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TABLE I. Isotopically engineered Si:P single crystals used in
this study. Sample D is naturally abundant silicon ("'Si). f,, (m =
28,29,30) is the fractions of the stable isotopes "' Si determined by
secondary ion mass spectroscopy (SIMS). Mp,x was determined by
these f,,’s with the individual isotope mass M, listed in Ref. [25].

Sample Sas (%) J29 (%) J30 (%) Miuy (w)
A 99.991 0.005 0.004 27.977
B 99.920 0.075 0.005 27.978
C? 98.08 1.18 0.74 28.003
D? 92.23 4.67 3.10 28.086
E*? 87.19 10.28 2.53 28.130
F 50.27 47.87 1.86 28.492
G 57.23 3.58 39.19 28.795
H* 0.56 99.23 0.21 28.973
1 0.08 0.19 99.73 29.970

2Used in Ref. [5].

I = 1/2 for 3'P, 3/2 for P As, 5/2 for '2!Sb, 7/2 for '23Sb,
and 9/2 for ?®Bi. The spin Hamiltonian with By along the z
axis is described by ‘H = g.upBoS; — gnitnBol, + 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 v = |Amg — gniunBo/ h|, where mg is the electron-spin
projection. While the hyperfine parameter A for each donor
in "Si is well known, e.g., A = 117.5 MHz for 3'P [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 *'P 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 sam-
ples splits into multiple components labeled L = 0,1, ...,8.
(i1) Each component L shifts upwards with increasing Myyk.
The spectra for each sample are identical between (a) mg =
+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 °Si nuclear spins since, as seen in Fig. 2(d), sample G,
which has the largest mass disorder with nonmagnetic 8Si and
30Si with a relatively small amount of magnetic >°Si, shows
the largest degree of splitting spanning L = 0-8. Indeed, as
we will show below, the following equation including the
mass effects only is found to describe the experimentally
observed host isotope effects on the donor dependent hyperfine
parameter:

AP = AR + afin(MaN — Mag) + oy (Myyik — Mag), (1)

where A2, is the hyperfine parameter for a specified donor
D ('P, PAs, 21Sb, '23Sb, or 2”Bi) in a monoisotopic
28Gi crystal. The second term, which is proportional to the
difference of the average mass My of the four NN Si isotopes
from the 28Si isotope mass M»g, describes the ENDOR line
splitting [observation (i)] with an experimentally obtained
aﬁN independent of Myyk. The third term represents the
contribution of the “bulk” effect [observation (ii)]. This is
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FIG. 1. (Color online) 3'P ENDOR spectra of the (a) mg = +1/2
and (b) mg = —1/2 states for eight samples at the high-field (the
nuclear-spin projection m; = —1/2) ESR line. M, 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 is 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 =
0-8 based on the change in the average mass of the four NN Si
isotopes, Mnn, as described later in the text.

proportional to the mass difference of My, from M,g and
describes the ENDOR frequency shift with an experimentally
obtained o2, independent of Mxn.

Let us begin our analysis from the NN mass effect. The
labeling L in Figs. 1 and 2 is given as follows. Taking into
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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 components (L = 0-8), respectively.
The relative intensities of the components are determined solely by
the statistical probability of Mxn. The line shape is optimized as
common to all the components: asymmetric Gaussian for (d) and
asymmetric Lorentzians for the rest [38].
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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, My can take only nine different values between M»g
and M3 in an increment of 0.25 u, which correspond to the
resolved lines labeled with integers L between 0 and 8, i.e.,
L = (Mx~n — M33)/(0.25 u). The statistical distribution of the
three kinds of Si isotopes in the NN sites is determined by
the isotopic fractions ( fas, f29, f30) in each sample as given
in Table I. Then, the relative ENDOR intensity of each L
component in each sample can be estimated as the sum of the
distribution probabilities of the NN Si isotopic configurations
having the corresponding Myn. Figure 2 shows the fitting
results based on the calculated trinomial distributions using
a single splitting parameter aEN for each sample with a
common optimized line shape for all the components. The
calculated distributions of My reproduce the experimentally
measured relative intensities very well. The line splitting
is found to be Avgny = —21(2) kHz per AL =1 in all
samples, leading to aI'f,N =4(AA/AL) = —170(6) kHz/u,
or aky/A = —1.45(5) x 1073 u™!. Note that the binding
energies of the ST and Set donors also have negative linear
dependences on My [31,32].

Similar ENDOR splitting patterns are observed for the
other group-V donors in ™'Si 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., (AAP/AP)/AMyy, is found
as shown in Fig. 3(e). The value for 2*Bi agrees with the
observation by Fourier transform ESR at a magnetic-field
clock transition [24].

A question remains why it is possible to describe L =
0-8 splitting by the average mass Myy without considering
the configuration of the isotopes within the four NN sites.
For example, the L =4 component with Myn =29.0u
includes the contributions from the four NN sites occupied
by 2°Siy, 8Si;%Si,%Si;, and 8Si,%°Si,. 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 modes [31] 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
3P ENDOR components L in all nine *'P-doped samples as a
function of My,x. 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 My (solid line) with a slope of a,ﬁ’ulk = +116(8) kHz/u.
The dashed 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 Myn and My
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 directly seen by focusing
on the nearly monoisotopic Si:P samples enriched by 23Si,
298i, and °Si. 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
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FIG. 3. (Color online) The ENDOR spectra of (a) >As, (b) '2!Sb,
(c) '3Sb, and (d) 2®Bi donors in "'Si. The open squares (black) are
experimental data. The solid and dashed curves (red) are fitting results
as employed in Fig. 2 with an optimized line shape for all the compo-
nents: asymmetric Lorentzian for (a), and asymmetric Gaussians for
the other spectra. Each spectrum corresponds to the NMR transition
of m; =(-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 x 107¢ u=2.

samples A, H, and I, respectively, since all four NN sites
in these samples are occupied predominantly by 28Si, 2Si,
and °Si, respectively. Because MnN & My, the second and
third terms in Eq. (1) are merged into arlfm(Mbulk — My),
whose slope @2 = —54(3) kHz/u is represented by the
dotted-dashed line in Fig. 4. As expected, this value is
consistent with the sum of the separately obtained slopes,
ie., afy +aby = —54(14) kHz/u. In contrast, the net mass
shifts in binding energy are positive for the P and S*
donors [16,32].

Because the Fermi contact hyperfine parameter A is
proportional to the electron density at the nucleus, by using
the ground state envelope function ®(r) o aj, 372 exp(—r /ag)
with the effective Bohr radius af defined by the static
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FIG. 4. (Color online) The hyperfine parameter A for *'P as a
function of My,k. The solid line is a linear fitting of L = 0 yielding the
slope +116(8) kHz/u and A%, = 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 dotted-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.

dielectric constant €y and the electron effective mass m* [33],
it behaves as

A o | D)% o afy ™ oc €9 m* T, )

From this relationship we estimate d1ln A/dMyy, to be
(—38€9/€9 + 36m™ /m*) /S My, where & refers to the change
in the values of the respective parameters between 28Si
and 3°Si. Using d€p/eg = 6.5 X 10~* and 8m*/m* = —1.1 x
10~* with My = —2.0 u taken from Ref. [15], we ar-
rive at (A/dMpu)/A = 1.1 x 1073 u~!. Here, using A =
15.3 MHz as derived from the effective mass approxi-
mation (EMA) [34,35] leads to dA/0 My = +18 kHz/u,
which differs from the experimentally obtained slopes
ol = —54kHz/u and of , = +116 kHz/u. On the other

net —

hand, using the experimental value A = 117.5 MHz leads
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to 0A/IMpyx = (31n A/d Mpy)A = 4130 kHz/u, which in-
terestingly agrees with the experimentally obtained of , =
+116 kHz/u. Our preliminary analysis of 2*’Bi ENDOR
with an isotopically enriched ?8Si sample (data not shown)
and "Si sample [Fig. 3(d)] leads to a value ofi, /AP =
1.24 x 103 u~!, which is comparable to the experimental
result for 3!P, otlfulk/AP =0.99 x 1073 u~!l. Thus, when the
NN mass My is fixed, the experimental o, /AP seems
independent of the donor species and takes a value similar
to (0A/OMpux)/A = 1.1 x 1073 u! expected from Eq. (2).
However, we do not have complete theoretical justification to
employ the experimentally found A in the above analysis. Rig-
orous evaluation of our experimental findings requires further
theoretical research involving advanced methods [36,37].

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 isotopically
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 hyperfine parameter A
on the average Si isotope mass My at four nearest-neighbor
sites to the donor. The donor isotope mass dependence of
the fractional change in A by My has been determined. An
identical positive linear shift of all split components with the
bulk-averaged mass My, has been identified for 3Ip. The
net Si isotope mass effect on A observed directly from the
isotopically enriched Si:P samples exhibits a negative linear
dependence on the Si isotope mass.
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