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Ultrafine splittings are found in the optical absorption spectra of boron-doped diamond measured
with high resolution. An analytical model of an exciton complex is developed, which permits
assigning all absorption lines and sizing the interactions among the constituent charges and crystal
field. We conclude that the entry of split-off holes in the acceptor-bound exciton fine structure
yields two triplets separated by a spin-orbit splitting of 14.3 meV. Our findings thereby resolve a
long-standing controversy [Sauer et al. Phys. Rev. Lett. 84, 4172 (2000), Cardona et al. Phys.
Rev. Lett. 86, 3923 (2001), Sauer et al. Phys. Rev. Lett. 86, 3924 (2001)], revealing the underlying
physics common in diverse semiconductors, including diamond.

Spin-orbit interaction arises from the relativistic effect
of the spin angular momentum on valence electron or-
bitals, and its strength ∆ varies with the atomic number,
z, as ∆ ∝ z4. It is the basis for spintronics [1, 2] and var-
ious exotic concepts in solids and ultracold atoms, e.g.,
topological supersolids and quartet superfluids under ar-
tificial gauge fields [3, 4]. Combined with spin exchange
interaction, it determines the energy structures of optical
centers, formed around defects in a crystal lattice, and
excitons, which are Coulomb-bound pairs of an electron
and a hole. These energy structures critically impact the
quantum emission yields [5–7] and spin readout fidelity
of quantum sensors [8] formed of organic and inorganic
crystals.

In analogy with the deuteron theory in nuclear physics
[9, 10], the energy structures of excitons in semiconduc-
tors have been thoroughly investigated in terms of hole-
hole spin exchange interaction on top of crystal-field in-
teraction for more than 50 years [11–15]. However, the
spin-orbit effect on excitons is not observed in classical
semiconductors, such as silicon, germanium, and gallium
arsenide, which have narrow bandgaps with cubic crystal
structures. This is because the excessively large spin-
orbit coupling of heavy atoms expels the split-off hole
band, arising from the spin-orbit interaction, out of the
excitonic fine structure of the smaller splitting. Contrast-
ingly, the split-off hole band for excitons in wide-bandgap
wurtzite-type semiconductors has been extensively con-
sidered [16–18]. Therefore, a large gap remains in the
understanding between the two groups of semiconductors
at the opposite extrema on the energy scale.

In this study, we investigated the fine structures of
acceptor-bound excitons in diamond by considering the
split-off characteristics of holes. We established a unified
model of exciton complexes in semiconductors including
silicon based on current industrial relevance and emerg-
ing materials for next-generation technologies where exci-
tons dominate at room temperature. We used diamond, a
key elemental semiconductor for low-consumption power

(a) Acceptor-bound exciton

Γ7

(b) Silicon: Boron

Γ8

(c) Diamond: Boron

Impurity

 potential

h+ h+

h+

Γ8

h+

h+

e-

h+

FIG. 1. (a) Four-body diagram of an acceptor-bound exciton,
(b) conventional model describing an acceptor-bound exciton,
considering only Γ8 acceptor holes, and (c) our model intro-
ducing the split-off holes of Γ7 symmetry.

devices and quantum technologies [8], to fill this gap,
which has become important with the emergence of ex-
citronics in two-dimensional materials [19, 20] and ex-
citon Rydberg physics [21, 22]. Counterintuitively, the
small spin-orbit coupling of light carbon atoms is ideal
for exploring the role of split-off holes on excitons [23, 24],
whose responses are far from the indirect bandgap of di-
amond at 5.5 eV [25, 26].

Here we deal with a dopant site occupied by one
exciton — an impurity-bound exciton. Theoretically,
impurity-bound excitons are understood based on spin
coupling of two particles of the same charge and an op-
positely charged particle localized around the impurity
potential [Fig. 1(a)]. When the impurity is an acceptor
(e.g., boron in silicon), the model approximates the four-
body bound state by considering the coupled states of the
two holes in the top acceptor level [Fig. 1(b)]. The two
holes reside in antisymmetric spin states with two differ-
ent total angular momenta (J), reflecting their fermionic
character. One of the J states further splits into two
manifolds in the crystal field (exhibiting a symmetry
lower than spherical), yielding a triplet bound-exciton
structure in cubic semiconductors [11]. Experimentally,
the triplet structure was decisively established for exci-
tons bound to acceptors in silicon [12]. This crystal-field
scheme based on two-hole states is the standard model
for bound excitons in semiconductors [13–15].
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Although diamond possesses cubic structure similar
to silicon, the cathodoluminescence spectrum of boron-
doped diamond exhibited a double quadruplet instead of
a triplet [27, 28]. This observation, made 20 years ago,
has excluded diamond from the common understanding
of semiconductor physics, resulting in the strong ongoing
debate [28–30]. The experimental challenges lie in the ab-
sence of absorption measurements on the bound exciton
in diamond until recently, owing to the lack of appro-
priately doped samples [31]. Here, we report extra fine
splittings found by improved spectral resolution, which
support our crystal-field scheme including the split-off
hole [red circles in Fig. 1(c)]. This closes the debate
by demonstrating a unified description of the spin-orbit
interaction in exciton complexes in semiconductors, as
explained below.

Referring to the original crystal-field scheme [12], we
used group theory to treat the energy levels in boron-
doped diamond. The top valence band of diamond
comprises two levels separated by approximately 6 meV
through spin-orbit interaction [32]. After doping boron
atoms at substitutional sites with carbon atoms, the sym-
metry is lowered to cubic without inversion [33]. Doping
induces the formation of acceptor levels at approximately
360 meV above these valence bands. Reflecting the va-
lence band splitting, the weakly bound hole of the accep-
tor splits into two levels with a reduced separation of 2
meV [∆a in Fig. 2(a)], as measured by electronic Raman
spectroscopy [34] and confirmed later in this study. These
acceptor levels are designated Γ8 and Γ7 using the irre-
ducible representations of the tetrahedral point group,
Td. The level ordering is reversed in Fig. 2 compared to
the usual energy diagram for electronic bands to repre-
sent the hole energy. The Γ7 level is referred to as the
split-off acceptor.

The electron of the acceptor-bound exciton resides in
the conduction band, whereas two holes are located either
at the Γ8 or Γ7 acceptor level. Therefore, the two-hole
states of Γ8⊗Γ8, Γ7⊗Γ8, and Γ7⊗Γ7 symmetries can arise
from low to high energies [Fig. 2(b)], where the symbol ⊗
denotes the direct product of two irreducible representa-
tions. The splitting of the two-hole states by symmetry-
breaking interactions is derived by treating the two holes
quantum mechanically. We let ĵ1 and ĵ2 be the angular
momentum operators for the holes; j1, j2 = 3/2 (or 1/2)
correspond to the Γ8 (or Γ7, split-off) acceptor levels.

Similarly, Ĵ = ĵ1 + ĵ2 is the total angular momentum
operator of the two-hole state. The coupling of ĵ1 and ĵ2
yields J = (3), 2, (1), 0 as derived from Γ8 ⊗ Γ8, J = 2, 1
from Γ7 ⊗Γ8, and J = (1), 0 from Γ7 ⊗ Γ7. The levels in
parentheses are states of two identical fermions sharing
the same angular momentum state, which are forbidden
by Pauli’s exclusion principle and therefore omitted in
Fig. 2(c). The two-hole states range from low to high
energies according to Hund’s rule in atomic theory [35].
There are two J = 2 states, and each splits into a doublet

Γ8⊗Γ8

Γ7 ⊗Γ8

Γ7⊗Γ7

3Γ5

2Γ3

3Γ4

1Γ1

(a)

#1

#2

#4

#6

#5

#3

(c) (d)(b)

Γ7

Acceptor-
bound exciton

a

J=0

J=1

J=2

J=2

J=0

Γ8

1Γ1

3Γ5

2Γ3

FIG. 2. (a) Schematic of absorption transitions from accep-
tor (Γ8, Γ7) to acceptor-bound exciton states. (b) Two-hole
states extended for split-off (Γ7) holes, including (c) hole-hole
exchange interaction and (d) crystal-field splitting. ∆a and
∆ denote the spin-orbit splitting in the acceptor and bound
exciton states, respectively. The split levels are shown not to
scale and grouped in (d) by the triplet system, rather than
energy ordering (#1−#6) in the measured spectra.

denoted by 3Γ5 and 2Γ3 under the Td symmetry of the
crystal field [Fig. 2(d)]. Here, the superscripts represent
the dimension of the irreducible representations, that is,
the degeneracy of the states. These level degeneracies
were provisionally considered to indicate the absorption
intensities in our level assignments in Table I.

To summarize the theory at this stage, we expect seven
levels for acceptor-bound excitons. The fine structure in
diamond is fundamentally more intricate than that in
silicon, in which only a triplet from Γ8 ⊗ Γ8 two-hole
states is expected [black lines in Fig. 2(d)]. Another
triplet (Γ7 ⊗ Γ8) and singlet (Γ7 ⊗ Γ7) are our first pre-
dictions, including the split-off acceptor, as indicated by
the solid and dashed red lines. To compare with exper-
iments probing absorption transitions, as shown in Fig.
2(a), we indexed the levels by numbers #1−#6 from low
to high energies in the measured spectra.

Our strategy of measuring absorption is complemen-
tary to luminescence, and allows the direct estimation of
relative oscillator strengths from the absorption intensi-
ties [12] without thermal broadening. The sample and
equipment details can be found in Refs. [31, 36]. We
additionally implemented a higher-resolution monochro-
mator to achieve the best spectral resolution of 0.14 meV
corresponding to a 6-fold improvement over our previous
report [31]. Further details, including the elimination of
interference fringes, chromatic aberration, and the back-
ground irrelevant to the bound excitons, are provided in
Sec. I of the Supplemental Material [37].

The representative absorption spectra of boron-doped
diamond at 6 − 160 K are presented in Fig. 3(a). The
high-temperature spectrum resembles those reported for
cathodoluminescence [28]. Figure 3(b) shows the tem-
perature (T ) variation of the full width at half maximum
(FWHM) of the highest energy peak (after deconvoluted
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FIG. 3. (a) Absorption spectra of bound excitons in boron-
doped diamond between 6 − 160 K. The dashed lines repre-
sent transitions from the upper acceptor level. (b) Tempera-
ture dependence of the Lorentzian width (FWHM) of line #6
[shaded in (a)]. (c) Temperature shift of line #6. The solid
lines in (b) and (c) represent fit functions (see text).

from the spectral resolution of detection) and a linear fit
with 8.1 µeV/K. Figure 3(c) shows the energy shift δ of

the same peak and a fit using δ(T ) = −
aθ

exp (θ/T )− 1
[26], where a = 11.0 µeV/K and θ = 307 K. As indicated
by the dashed lines in Fig. 3(a), some of the peaks dimin-
ish with decreasing temperatures. We attribute them to
the absorption transitions from the upper (Γ7) acceptor
level, which confirms that ∆a = 2 meV (details in Sec.
II of the Supplemental Material [37]).
A higher-resolution spectrum obtained at 2 K is

shown in Fig. 4(a), where the line numbers are indi-
cated at the bottom. At least five lines (#1′′,#4′,#4,
#5′,#5) are additionally resolved from only four lines
(#1,#2,#3,#6) in our previous report [31]. We fit the
spectrum with the sum of Voigt functions, that is, the
sum of Lorentzian functions

αfit(E) =
∑

i

Ai

π

2wi

4(E − Ei)2 + w2
i

, (1)

convoluted with a Gaussian function representing the
spectral resolution of the detection system. After care-
fully examining the residual of the fit, the lines #1′, #2′,
and #3′ were included to represent the weak components
at the tails of #1, #2, and #3. Therefore, i denotes 1′,
1, 1′′, 2′, 2, 3, 3′, 4′, 4, 5′, 5, and 6. Ai, wi, and Ei

denote the areal intensity, FWHM, and position of the
peak, respectively. The best-fit functions for each peak
are shown by thin lines. A comparison of the sum (dotted
red line) with the data (thick black line) shows excellent
agreement. The obtained fitting parameters are listed in
Table I.
We attempted to assign the observed peaks to the re-
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FIG. 4. (a) Higher-resolution absorption spectrum at 2 K
(thick black line) fitted with the sum (dotted red line) of
eleven Voigt functions, #1′−#6 (thin lines). The labels near
the respective peaks represent the symmetry of the two-hole
states. The brackets and horizontal bars at the top indicate
two sets of triplets and the approximate size of the splittings,
respectively. (b) Comparison of the experimental and theo-
retical absorption strengths. Orange bars with dots indicate
the areal intensities of #1, #2, and #4 superposed on top
of #1′, #2′, and #4′, respectively. Thinner bars indicate
intensities of primed peaks. The theory (gray bars) includes
the electron-hole exchange effect for lines #1′−#2 and valley-
orbit splitting for #5′ and #5 (details in Sec. III of Supple-
mental Material [37]).

spective bound-exciton levels by equating the intensities
(Ãi, obtained by normalizing Ai to a value of three for
line #6) with the level degeneracies (g). The results are
summarized in Table I, which yields fair (but incomplete)
agreement between Ãi and g. A more complete model is
presented in Sec. III in the Supplemental Material [37]
by introducing subsidiary interactions, such as electron-
hole exchange. Although only numerical solutions were
considered previously [13], we found that the total inter-
action Hamiltonian has analytical solutions. We derived
the eigenvalues E∗

i
and relative oscillator strength Ã∗

i
of

the dipole transitions using the atomic theory [35]. The
theoretical strengths of lines #1 and #2 were found to de-
viate from g, depending on the ratio of the electron-hole
exchange to crystal-field interaction parameters. This en-
abled the precise sizing of interaction parameters by fit-
ting the measured spectrum to the analytically expressed
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TABLE I. Results of the fitting of the spectrum in Fig. 4(a) to Eq. (1), compared with theory. Ei: peak energy, ∆Ei:

separation from E1, wi: Lorentzian width (FWHM deconvoluted from the spectral resolution), Ai: areal intensity, Ãi: areal
intensity relative to line #6 taken as three, g: level degeneracy, S: irreducible representation of the two-hole states, J : total
angular momentum, T: irreducible representations of the constituent hole states. Ã∗

i
: relative oscillator strengths calculated

using the interaction parameters extracted in Sec. III of the Supplemental Material [37].

Line Experiment Theory

# Ei [eV] ∆Ei [meV] wi [meV] Ai [meV(cm)−1] Ãi g S J T Ã∗

i

6 5.3715 15.3 0.54 0.567 3 3 Γ4 1 Γ7 ⊗ Γ8 3
5 5.3700 13.8 0.59 0.132 0.70

1 Γ1 0 Γ8 ⊗ Γ8

0.67
5′ 5.3693 13.1 0.31 0.070 0.37 0.33
4 5.3682 12.0 0.70 0.336 1.78

2 Γ3 2 Γ7 ⊗ Γ8 } 2
4′ 5.3679 11.7 0.03 0.024 0.13
3 5.3674 11.2 0.36 0.562 2.98

3 Γ5 2 Γ7 ⊗ Γ8 } 3
3′ 5.3662 10.0 0.82 0.051 0.27
2 5.3598 3.6 0.48 0.152 0.80

2 Γ3 2 Γ8 ⊗ Γ8 } 1.50
2′ 5.3586 2.4 2.58 0.100 0.53
1′′ 5.3570 0.8 0.24 0.091 0.48

3 Γ5 2 Γ8 ⊗ Γ8

0.33
1 5.3562 0 0.21 0.430 2.28

} 3.17
1′ 5.3550 −1.2 2.58 0.219 1.16

αfit(E) using E∗

i
and Ã∗

i
thus derived. The best-fit in-

teraction parameters given in Table SIV of the Supple-
mental Material [37] yielded the theoretical strengths Ã∗

i

(including those for some primed peaks) in Table I. The
remarkable agreement with the experimental intensities
Ãi is presented in Fig. 4(b). This confirms the validity
of our level assignments refined with the electron-hole
exchange effect.

We observed that the fine structure follows the crystal-
field scheme under the hole-hole exchange interaction [see
horizontal bars in Fig. 4(a)]. The detailed attributions
are as follows: Lines #1, #2, and #5 constitute the Γ8⊗
Γ8 triplet. Lines #3, #4, and #6 constitute the Γ7 ⊗ Γ8

(split-off) triplet, which was observed for the first time
in cubic semiconductors. The transitions to the Γ7 ⊗ Γ7

singlet were not observed despite the high sensitivity of
our setup (see Fig. S3 in the Supplemental Material [37]).
Lines #2 (#4) and #5 (#6) lift from the ground state of
the triplet mainly by the crystal-field splitting of 3.3 (0.9)
meV and hole-hole exchange splitting of 12.3 (3.8) meV,
respectively, whose effects have never been quantitatively
discussed for diamond. The interdigitation of the two
triplets, compared with Hund’s rule, is explained by the
large hole-hole exchange splitting in the Γ8 ⊗ Γ8 triplet.

The minor splitting of lines #1−#5 is considered the
effects of coupling with the electron. We attribute the
splitting of lines #1−#1′′ to the electron-hole exchange
interaction [13, 44] and other splittings to weak valley-
orbit coupling as seen in boron-doped silicon [45, 46].

In luminescence studies [28, 30], the insufficient spec-
tral resolution owing to instrumental and thermal broad-
ening (typically 1 meV) led to a confusing interpreta-
tion attributing the separation between lines #1 and
#3 to the electron-hole exchange splitting of two iden-
tical internal structures. Our high-resolution absorp-

tion data excluded this possibility, and we further sep-
arated the size and primary origin of the internal split-
ting: |E2 − E1| = 3.6 meV by the crystal-field effect in
the Γ8 ⊗ Γ8 triplet whereas |E6 − E3| = 4.1 meV by the
hole-hole exchange in the Γ7 ⊗ Γ8 triplet. The separa-
tion between the two triplets approximately provides the
spin-orbit splitting. The refined value after removing the
crystal-field and exchange energies by the least-squares
fit was ∆ = 14.3 ± 0.1 meV. This is the first accurate
determination of the spin-orbit interaction parameter for
acceptor-bound excitons in semiconductors. Consistently
with the theoretical suggestions [47], this finding demon-
strates that the spin-orbit splitting for the exciton com-
plex in diamond is remarkably enhanced compared to
that for the acceptor hole (∆a = 2 meV).

We further examined previously reported observations
[12–16, 45, 48–57] using our unified model and directly
compared the extracted splitting of narrow- and wide-
bandgap materials (Table SV, Supplemental Material
[37]). This provides the following general trends: i) hole-
hole exchange interactions dominate in cubic semicon-
ductors, ii) the J = 2 state forms the ground state of
excitons bound to shallow acceptors, and iii) diamond
is an extreme case of large energy splitting among cubic
semiconductors. The split-off hole appears owing to the
high localization energy, which occurs similarly in wide-
bandgap semiconductors of hexagonal structures. This
confluent view including split-off hole bands addresses
the gap in modeling exciton complexes in semiconduc-
tors.

In summary, we applied an analytical model developed
for the interacting charges that form exciton complexes
to the ultrafine splittings observed in the absorption spec-
tra of boron-doped diamond. We explained the acceptor-
bound exciton fine structure in diamond by two interdig-
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itated triplets, thereby resolving a long-standing debate.
The experimental confirmation of the lift of level degen-
eracies under external fields is an interesting future work.
Highlighting the shared underlying physics among semi-
conductors, our findings may deepen understanding of
the spin-orbit effects and symmetry breaking in systems
such as nontrivial few-body bound states [4, 20]. Our
new knowledge of the fundamental properties of doped
diamond also provides insights for future technologies be-
yond silicon, where excitons govern the optical properties
at room temperature.

This work is partially supported by JSPS KAKENHI
Grants JP17H02910 and JP21K03420, and PICS (Grant
No. 200835) from Centre National de la Recherche Sci-
entifique, France.
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I. EXPERIMENTAL DETAILS

A. High-resolution absorption spectroscopy

We used a single-crystal diamond grown by plasma-
assisted chemical vapor deposition as the sample, whose
boron concentration was 1.8 × 1018 atoms/cm3 [1]. The
sample was cooled in a closed-cycle helium-gas cryostat
down to 6 K or in a helium immersion cryostat at 2 K.
Ultraviolet light from a deuterium lamp was transmitted
through the sample and dispersed by a high-resolution
monochromator (Jobin Yvon, THR1500) of a long focal
length (1500 mm) equipped with a diffraction grating of
2400 grooves/mm. The signal was detected at a UV-
enhanced charge-coupled-device (CCD) silicon camera of
a small pixel size (13.5 µm) mounted at the exit port of
the monochromator.

The indirect band gap of diamond is approximately
5.50 eV, which corresponds to a wavelength of 226 nm
in the deep ultraviolet (UV) region. Achieving an energy
resolution higher than 1 meV is a challenge in such a
short wavelength extreme, as the same wavelength dif-
ference gives a larger energy difference at a shorter wave-
length. For example, 1 nm difference corresponds to ∼20
meV at 250 nm while ∼5 meV at 500 nm. Therefore,
the center wavelength was set at twice the target wave-
length corresponding to second-order diffraction for mea-
surements at 2 K. Our setting leads to roughly 24× im-
provement of the reciprocal linear dispersion per pixel,
compared to a standard high-resolution setup with, e.g.,
750 mm focal length, 1200 grooves/mm grating, 27 µm
pixel size, and first-order diffraction. To remove the vis-
ible component entering the second-order diffraction of
the deep UV light, we loosely monochromatized the inci-
dent light from the deuterium lamp by using two dichroic
mirrors (reflection for 248±30 nm), a harmonic separa-
tor (reflection from 205 to 240 nm), and a Pellin Broca
prism. The spectral dispersion was 1.5 pm (0.035 meV)
between two adjacent pixels of the camera.

The monochromator was fully covered by 30 mm-thick
thermal insulation for temperature stabilization. With
this passive stabilization, a slight shift of the center wave-
length owing to the refractive index change of the air in-
duced by the small temperature shift was observed in a

∗ naka@scphys.kyoto-u.ac.jp

reference experiment using a neon lamp. We analyzed the
position of line #1 in the transmission spectra of each ex-
posure of typically 450 sec. The shift was corrected when
we take the average of the spectra accumulated multiple
times. The total exposure time was 19 hours for the spec-
trum shown in Fig. 4(a) of the main text. The spectral
resolution of 0.14 meV was achieved for measurements at
2 K at 15 µm-entrance slit width, as determined as the
full width at half the maximum (FWHM) of the mercury
line at 230.2768 nm in vacuum wavelength. This corre-
sponds to a 6-fold improvement over our previous work
[2] with 0.84 meV spectral resolution, and enabled resolv-
ing of 11 lines in the observed spectra. The Lorentzian
width, wi in Table I of the main text, has different val-
ues depending on the peaks, implying that some of them
have further unresolved splitting. For higher temperature
data, the monochromator was set at the first-diffraction
mode and the spectral resolution at 50 µm slit width was
0.34 meV (FWHM). Note the difference of the spectral
dispersion and resolution, which is sometimes overlooked
in literature.

B. Baseline subtraction

The extrinsic absorption due to the no-phonon tran-
sition of the bound exciton in diamond is very weak.
Therefore, usually neglected subtle effects, such as in-
terference fringes and chromatic aberration, should be
carefully treated. An absorption spectrum is obtained
based on the transmission of light through a sample (i.e.,
signal), relative to the reference spectrum of incoming
light. To increase the light intensity passing through the
aperture in the sample holder, we focused the incident
beam using an achromat lens. In the deep UV region,
however, a slight chromatic aberration is unavoidable,
which causes insubstantial differences in the spectra of
incoming light through different apertures for the signal
and reference.
Meanwhile, the interference fringes appear due to the

difference in the coherency of signal and reference lights.
Under the 6−160 K measurement condition, the fringe
interval was only twice the spectral resolution of the de-
tection system, and removal of the fringes by Fourier fil-
tering or by sinusoidal fits to the baseline (as done for
2 K) was not possible. To compensate for decoherence
occurring through the boron-doped sample of thickness
ℓ = 0.251 mm, using an intrinsic diamond of thickness
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li = 0.532 mm as a reference instead of vacuum was found
to be effective [see Fig. S1(a)].
Therefore, we take the ratio of the transmittance

through the boron-doped and intrinsic samples, Tsig(E)
and Tref(E), measured as a function of the photon energy
E. Ideally, the ratio T (E) = Tsig(E)/Tref(E) should be
unity at a photon energy sufficiently below the band gap
of diamond, where no absorption is expected. Therefore,
we normalize T (E) by the value T0 = T (E = 5.30 eV).
Including the multiple reflections and absorption in the
samples, T (E)/T0 is expressed as a quadratic equation of
exp(−αℓ−αiℓ) [3], where α(E) and αi(E) are absorption
coefficients of extrinsic and intrinsic origins, respectively,
and the E-dependency is omitted in the notation. Based
on the solution of the quadratic equation, we derived the
relation

α+ αi ≃ −1

ℓ
ln

(
C(E) exp(−αili)

1−R2 exp (−2αili)

T (E)

T0

)
,

where R = 0.21 is the reflectivity, assumed to be the same
constant for doped and intrinsic samples, and C(E) is an
unknown function to account for the spectral difference
in the signal and reference, caused by aberration.

The above relation means that the coefficient of extrin-
sic absorption due to the bound exciton can be expressed
as

α(E) ≃ −1

ℓ
ln
T (E)

T0
−B(E),

where the effects of aberration and intrinsic absorption
are included in the baseline,

B(E) =
1

ℓ
ln

C(E) exp(−αili)

1−R2 exp (−2αili)
+ αi.
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FIG. S1. (a) Schematic of measurement principle for trans-
mission through boron-doped and intrinsic diamond samples.
(b) Spectrum of −(1/ℓ)ln [T (E)/T0] at 6 K (solid line) and
the baseline B(E) (dashed line).

We approximate the baseline by a polynomial function:
B(E) = a + bE + cE2, considering that it depends only
weakly on E in the transparent region of the free-exciton
absorption spectrum [4]. An example of the baseline to
a spectrum, obtained by a fit excluding the peaks, is
shown in Fig. S1(b). Note that both ℓ−1lnT0 and B(E)
are found to be minuscule (< 0.3 cm−1), and thereby
omitted in the expression in the main text for simplicity.

II. TEMPERATURE DEPENDENCE

As explained in the main text, absorption peaks at
temperatures higher than 10 K consist of two compo-
nents: transitions from the lower Γ8 acceptor level and
those from the upper Γ7 acceptor level [2]. Here, we
analyze the spectra obtained at various temperatures to
provide an understanding consistent with the previously
reported acceptor splitting, ∆a = 2 meV [5].
We assume that each component contains lines #1−#6

as given by Eq. (1) in the main text (but omitting lines
#1′, #2′, and #3′ of small peak heights). All peaks
at 2 K are considered transitions from the Γ8 acceptor
level and directly reflect the fine structure of the bound
exciton states. Provided that oscillator strengths are in-
dependent of the detailed shape of the wavefunctions,
an absorption strength is expected to be proportional to
the initial population in the respective acceptor levels.
Therefore, we take a weighted sum of the two compo-
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FIG. S2. (a) Absorption spectra of boron-doped diamond
from 6 to 160 K. Measured spectra (black lines) are com-
pared with the sum (dotted green lines), calculated for the
transitions from the Γ8 (blue lines) and Γ7 (red lines) accep-
tor levels. Spectral broadening by the detection system was
included in the calculation.
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nents for the spectral function:

αall(E, T ) = f(T ′)αfit(E + δ) ∗ L(E, T )

+ [1− f(T ′)]αfit(E + δ −∆a) ∗ L(E, T ),

where f(T ′) = gl {gl + gu exp [−∆a/(kBT
′)]}−1

repre-
sents the fraction of initial distribution at the lower (Γ8)
acceptor level following the Boltzmann statistics. T ′ is
the carrier temperature, which is found to be higher by 4
K than the base temperature T of the cryostat. gl/gu = 2
denotes the degeneracy ratio of the lower to upper ac-
ceptor levels separated by ∆a. δ is the temperature-
dependent energy shift, as shown in Fig. 3(c) of the
main text. ∗L(E, T ) means to perform convolution by a
Lorentzian function to include the homogeneous broad-
ening owing to phonon scattering. This was effectively
done by increasing the Lorentzian width by the amount
extracted from line #6 [Fig. 3(b) of the main text].
We calculated αall(E, T ) at respective temperatures

and further convoluted them with a Gaussian function
representing the broadening by the detection system.
The results are shown by the dotted green lines in Fig.
S2, which indicate excellent agreement with the experi-
mental data (black lines). The red and blue lines indicate
components originated from the lower (Γ8) and upper
(Γ7) acceptor levels, respectively. The Γ7 component at
∼ 5.354 eV is the transition from the Γ7 acceptor to the
bound exciton derived from the Γ8 ⊗ Γ8 two-hole states,
which is considered to be forbidden if the flip of the hole
spin is not allowed. Similar hole relaxation had been dis-
cussed in Ref. [6] and clarification of the mechanism is
left for future study.

The high-temperature spectra resemble the double
quadruplet reported for cathodoluminescence [7], as they
consist of major four lines (#1, #2, #3, #6) and their
Γ7 counterparts.

III. THEORY FOR THE BOUND-EXCITON
MODEL

Here, we present our more complete model including
the spin-orbit, hole-hole exchange, crystal-field potential,
and electron-hole exchange interactions on the bound ex-
citon. It should be noted that not only the energy posi-
tions of the absorption lines but also the intensities may
depend on the interaction strengths. This enables sizing
the electron-hole interaction strength with an accuracy
never reached so far for diamond. It is also notewor-
thy that bound-exciton structure in diamond had never
been analyzed under the crystal-field scheme and thus we
provide the values of crystal-field and hole-hole exchange
splittings for the first time.

In the following, we show that the interaction Hamil-
tonian for the crystal-field potential plus electron-hole
exchange can be block diagonalized and the secular equa-
tion has analytical solutions. After deriving the analyt-
ical forms of energies and oscillator strengths, we deter-
mine the size of each interaction parameter based on

a fitting to simultaneously reproduce the experimental
line positions and absorption intensities. We set ℏ = 1
throughout the section.

A. Energy positions

The spin-orbit interaction Hamiltonian for electron
bands is expressed as

Hso =
2∆

3
L̂ · ŝ, (S1)

where ∆ is the interaction parameter defining the cou-
pling strength, and L̂ and ŝ are orbital and spin angular
momentum operator, respectively. This interaction on a
hole with L = 1 and s = 1/2 yields an energy shift of

∆/3 for the |L̂ + ŝ| = j = 3/2 band and −2∆/3 for the

|L̂ + ŝ| = j = 1/2 (split-off) band, respectively. When
considering the hole energy instead of electron energy,
one obtains an energy shift of −2∆/3 for the Γ8 ⊗ Γ8

two-hole states, ∆/3 for the Γ7⊗Γ8 two-hole states, and
4∆/3 for the Γ7 ⊗ Γ7 two-hole states.
The split-off holes can be safely neglected only when

the localization energy of excitons is small compared to
the spin-orbit interaction. In such a case (like silicon), the
contributions are dominated by the stronger transitions
by free excitons or band-to-band involving the light- and
heavy-hole bands.
We denote the spherical hole-hole exchange interaction

Hamiltonian [8] by

Hhh = Ξĵ1 · ĵ2 = Ξ(Ĵ2 − ĵ21 − ĵ22)/2, (S2)

where Ξ is the interaction parameter, j1, j2 = 3/2 or

1/2, and Ĵ = ĵ1 + ĵ2. Hereafter, we use subscripts of
0, 1, and 2 to distinguish between the different two-hole
states. Then, Hhh yields energy shifts of −3Ξ0/4 and
−15Ξ0/4 for the J = 2 and J = 0 states of the Γ8 ⊗ Γ8

triplet, +3Ξ1/4 and −5Ξ1/4 for the J = 2 and J = 1
states of the Γ7 ⊗ Γ8 triplet, and −3Ξ2/4 for the J = 0
state of the Γ7 ⊗ Γ7 singlet, respectively.
The interaction Hamiltonian by crystal-field potential

of strength ξ on the J = 2 states takes the matrix form

Hcf = ξ


|−2⟩ |−1⟩ |0⟩ |+1⟩ |+2⟩
1/4 0 0 0 5/4
0 −1 0 0 0
0 0 3/2 0 0
0 0 0 −1 0
5/4 0 0 0 1/4

, (S3)

for Jz = −2,−1, 0,+1,+2 bases in this order. This form
of potential is known for an electron in a d-orbital [9], and
commonly used for the analysis of bound excitons in III-V
compounds [10]. The eigenvalues of Hcf are −ξ and 3ξ/2.
Note that the same energy shifts can be derived from a
different theoretical approach, i.e., by the cubic correc-

tion term
∑

i=x,y,z

(
ĵ31iĵ2i + ĵ1iĵ

3
2i

)
in the hole-hole ex-

change Hamiltonian with the method of invariants. This
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approach is more commonly used for bound excitons in
silicon [11] and for free excitons [12], and indicates that
no splitting arises in the J = 1 and J = 0 states by the
crystal-field interaction.

The electron-hole exchange interaction Hamiltonian in
spherical approximation (neglecting the cubic corrections
[11]) is expressed as

Heh = γĴ · ŝ = γ
[(

Ĵ+ŝ− + Ĵ−ŝ+

)
/2 + Ĵz ŝz

]
, (S4)

where γ is the interaction parameter, Ĵ and ŝ are an-
gular momentum operators of the two-hole and elec-
tron states, respectively, and Ĵ± = Ĵx ± iĴy and ŝ± =
ŝx ± iŝy are ladder operators. By using the rela-

tion Ĵ± |J, Jz⟩ =
√
J(J + 1)− Jz(Jz ± 1) |J, Jz ± 1⟩ and

ŝ± |s, sz⟩ =
√

s(s+ 1)− sz(sz ± 1) |s, sz ± 1⟩ , we obtain
the Hamiltonian of the form

Heh = γ



|−2; ↓⟩ |−1; ↓⟩ |0; ↓⟩ |+1; ↓⟩ |+2; ↓⟩ |−2; ↑⟩ |−1; ↑⟩ |0; ↑⟩ |+1; ↑⟩ |+2; ↑⟩
1

1/2 1

0
√
6/2

−1/2
√
6/2

−1 1
1 −1√

6/2 −1/2√
6/2 0

1 1/2
1


, (S5)

where bases are denoted as |Jz; sz⟩ = |J, Jz⟩ |s, sz⟩ above
the matrix and s = 1/2. sz =↑ or ↓ mean sz = 1/2 or
−1/2, respectively.
The bases for the matrix in Eq. (S5) are three-particle

states consisting of two holes and one electron. The ma-
trix in Eq. (S3) can be similarly extended for the three-
particle states by combining electron spins. The sum of
these two Hamiltonians can be block diagonalized as fol-
lows:



|−2; ↓⟩ |+2; ↓⟩ |+1; ↑⟩ |0; ↓⟩ |−1; ↑⟩
ξ
4 + γ 5ξ

4
5ξ
4

ξ
4 − γ γ
γ −ξ + γ

2
3ξ
2

√
6γ
2√

6γ
2 −ξ − γ

2

. . .


,

(S6)

where the omitted lower part for the bases in Kramers
degeneracy has the same matrix elements as the upper
part. The eigenvalues are obtained as

EA = ED = (ξ − γ + 5
√
ξ2 + 2γξ/5 + γ2)/4, (S7)

EB = −ξ + γ, (S8)

EC = EE = (ξ − γ − 5
√

ξ2 + 2γξ/5 + γ2)/4. (S9)

For reference, we highlight here the limit case where γ ≪
ξ. Eqs. (S7) and (S9) then reduce to EA = ED ≃ 3ξ/2
and EC = EE ≃ −ξ−γ/2. The calculated energy shifts,
the sum of which yields approximate energy positions of

TABLE SI. Energy shifts by respective interactions at the
limit of small electron-hole exchange interaction (γ ≪ ξ).
Correspondence to the exact expressions in Eqs. (S7)−(S9)
is indicated in the rightest column.

Line # Hso Hhh Hcf Heh H ′
cf+eh

Γ7 ⊗ Γ7 +4∆/3 −3Ξ2/4 0 0
6b +∆/3 −5Ξ1/4 0 +γ2/2
6a +∆/3 −5Ξ1/4 0 −γ2
5 −2∆/3 −15Ξ0/4 0 0
4 +∆/3 +3Ξ1/4 +3ξ1/2 0 EA, ED

3b +∆/3 +3Ξ1/4 −ξ1 +γ1 EB

3a +∆/3 +3Ξ1/4 −ξ1 −γ1/2 EC, EE

2 −2∆/3 −3Ξ0/4 +3ξ0/2 0 EA, ED

1′′ −2∆/3 −3Ξ0/4 −ξ0 +γ0 EB

1 −2∆/3 −3Ξ0/4 −ξ0 −γ0/2 EC, EE

lines #1 to #6 and the Γ7⊗Γ7 singlet, are summarized in
Table SI. The low- and high-energy components of lines
#3 and #6 are denoted by subscripts a and b, respec-
tively. Correspondence to the exact expressions in Eqs.
(S7)－ (S9) is indicated in the rightest column.

B. Oscillator strengths

To grasp the effect of state mixing by the electron-hole
exchange interaction (γ) on the oscillator strengths, we
remove ξ in the off-diagonal elements by transforming
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Eq. (S6) to

H ′
cf+eh =



|ϕ′
A⟩ |ϕ′

B⟩ |ϕ′
C⟩ |ϕ′

D⟩ |ϕ′
E⟩

3ξ
2 0 −

√
6γ
2

0 −ξ + γ 0

−
√
6γ
2 0 −ξ − γ

2
3ξ
2

√
6γ
2√

6γ
2 −ξ − γ

2

. . .


.

(S10)

The bases |ϕ′
A⟩, |ϕ′

B⟩, |ϕ′
C⟩, |ϕ′

D⟩, and |ϕ′
E⟩ of this Hamil-

tonian are given in Table SII(a). The exact bases after
diagonalization are |ϕA⟩, |ϕB⟩, |ϕC⟩, |ϕD⟩, and |ϕE⟩ in
Table SII(b), where the coefficients are expressed using

ρk = (EA−3ξk/2)/
√
3γk

2/2 + (EA − 3ξk/2)2 with k = 0
for Γ8 ⊗ Γ8 states and k = 1 for Γ7 ⊗ Γ8 states.

For each state, we calculated the relative oscillator
strengths by the method explained in Ref. [13]. Namely,
we applied the dipole operators in the second quantiza-
tion to the three-particle states by expressing them as a
linear combination of two-hole states times an electron
state by using tables in Ref. [14]. We further decom-
posed the two-hole states into a pair of hole states using
the Clebsch-Gordan coefficients. The hole states in Refs.
[13, 14] are actually given in the ”missing electron” pic-
ture or in atomic notation. For the transformation from
a missing electron to a hole scheme, we changed the sign
of the hole wavefunctions (withm = −3/2 and 1/2) when
calculating the dipole operators [15, 16]. For transitions
to the Γ8 ⊗ Γ8 hole states, we obtained the following

TABLE SII. (a) Bases for Hamiltonian, Eq. (S10). (b) Bases
after diagonalizing Eq. (S10), with ρ(=ρk) given in the text.

(a) Bases at the limit of γ → 0

|ϕ′
A⟩=

√
1
2
|+2; ↓⟩+

√
1
2
|−2; ↓⟩

|ϕ′
B⟩=

√
1
6
|+2; ↓⟩ −

√
1
6
|−2; ↓⟩+

√
2
3
|+1; ↑⟩

|ϕ′
C⟩=

√
1
3
|+2; ↓⟩ −

√
1
3
|−2; ↓⟩ −

√
1
3
|+1; ↑⟩

|ϕ′
D⟩=|0; ↓⟩

|ϕ′
E⟩=|−1; ↑⟩

(b) Exact bases under finite γ and ξ

|ϕA⟩ = −
√

1− ρ2 |ϕ′
A⟩+ ρ |ϕ′

C⟩
|ϕB⟩ = |ϕ′

B⟩
|ϕC⟩ = ρ |ϕ′

A⟩+
√

1− ρ2 |ϕ′
C⟩

|ϕD⟩ = +
√

1− ρ2 |ϕ′
D⟩+ ρ |ϕ′

E⟩
|ϕE⟩ = −ρ |ϕ′

D⟩+
√

1− ρ2 |ϕ′
E⟩

dipole operator:

µ = µ0

[
x̂+ iŷ√

2

(
−h 3

2
e− 1

2
+

√
1

3
h 1

2
e 1

2

)

+
x̂− iŷ√

2

(
−h− 3

2
e 1

2
+

√
1

3
h− 1

2
e− 1

2

)

+

√
2

3
ẑ
(
−h− 1

2
e 1

2
+ h 1

2
e− 1

2

)
+H.c.

]
, (S11)

where µ0 is a constant, hm (m = ±3/2,±1/2) and el (l =
±1/2) are annihilation operators of a hole and electron,
respectively, x̂, ŷ, and ẑ are unit vectors along the crystal
axes, and H.c. denotes Hermitian conjugate. Similarly,
we derived the dipole operator for transitions from a hole
in the Γ8 state to the Γ7 ⊗ Γ8 two-hole states as

µ = µ0

[
x̂+ iŷ√

3

(
h 1

2
e 1

2

)
− x̂− iŷ√

3

(
h− 1

2
e− 1

2

)
−
√

1

3
ẑ
(
h− 1

2
e 1

2
+ h 1

2
e− 1

2

)
+H.c.

]
. (S12)

The calculations of the squared dipole matrix elements
lead to exact expressions for the oscillator strengths of
lines #1 and #1′, #2 and #2′, #3a and #3′, and #4
and #4′, that are

A1 +A1′ =
8

3
+

8√
6
ρ0
√
1− ρ02 −

2

3
ρ0

2, (S13)

A2 +A2′ = 2− 8√
6
ρ0
√
1− ρ02 +

2

3
ρ0

2, (S14)

A3a+A3′ =
5

3
− 4√

6
ρ1
√
1− ρ12 +

1

3
ρ1

2, (S15)

A4 +A4′ = 2 +
4√
6
ρ1
√
1− ρ12 −

1

3
ρ1

2, (S16)

TABLE SIII. Oscillator strengths, i.e., relative absorption in-
tensities under a weak or strong electron-hole exchange inter-
action (γ → 0 or ξ → 0). Correspondence to the analytical
expressions is indicated in the second column. The right-
est column indicates theoretical intensities (Ã∗

i in Table I of
the main text) obtained by substituting the best-fit values of
interaction parameters for boron-doped diamond to the ana-
lytical expressions.

Line# Intensity Intensity Intensity Intensity
Analytical Calc. γ → 0 Calc. ξ → 0 Fit (ρ1 = 0,

(ρ0, ρ1 → 0) (ρ0, ρ1 → 2√
10
) ρ0 = 0.16)

6b − 5/3 5/3 } 3
6a − 4/3 4/3
5, 5′ − 1 1 1
4, 4′ A4 +A4′ 2 8/3 2
3b − 4/3 4/3 } 3
3a, 3

′ A3a+A3′ 5/3 1
2, 2′ A2 +A2′ 2 2/3 1.50
1′′ − 1/3 1/3 0.33
1, 1′ A1 +A1′ 8/3 4 3.17
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respectively. The intensities depend on ρ0 or ρ1, thereby
on the ratio of the electron-hole exchange to crystal-field
interaction parameters. Intensities of other lines are not
affected by the size of the interaction parameters. At the
limit of γk → 0 or ξk → 0, ρk approaches 0 or 2/

√
10,

respectively. The calculated oscillator strengths at these
limits are listed in Table SIII. The variations of inten-
sities for lines #1−#2′ are understood as the effect of
state mixing by the electron-hole exchange interaction.

The valley-orbit interaction may split the J = 0 state
of Γ1 symmetry with single degeneracy into three sub
levels, whose effect was not included in the simplified
level scheme shown in Fig. 2 of the main text. The
theoretical ratio of their strengths is 1:2 (2Γ3:

3Γ5⊕1Γ1 =
2 : 4), which is close to the experimental result of lines
#5′ and #5.

C. Determination of interaction parameters

We evaluated the strengths of respective interactions
by fitting the spectrum in Fig. 4(a) to Eq. (1) of the main
text, where Ei and Ai were expressed as analytical forms
containing interaction parameters ∆,Ξ0, ξ0, γ0,Ξ1, ξ1, γ1,
and γ2. We used expressions in Eqs. (S7)−(S9) and
(S13)−(S16) for lines #1−#4 and those in Tables SI
and SIII for other lines. Valley-orbit shifts of arbitrary
strengths were assumed for lines #1′, #2′, #3′, #4′, and
#5′. We set γ1 = γ2 = 0 because no exchange splitting
was observed in lines #3 and #6, and fixed wi at the val-
ues given in Table I of the main text. The best-fit values
of the interaction parameters are summarized in Table
SIV. All interaction parameters were found to be smaller
in the Γ7 ⊗ Γ8 triplet than in the Γ8 ⊗ Γ8 triplet. The
oscillator strengths were then calculated (using ρ0 = 0.16
and ρ1 = 0) as listed in the rightest column of Table SIII.
The same values are plotted in Fig. 4(b) of the main text,
which shows excellent agreement with observations.

The spin-orbit splitting was obtained by the fit to be
∆ = 14.3 ± 0.1 meV. Regarding the hole-hole exchange
interaction, the large amplitude of Ξ0 indeed provides the
nesting of lines #5′ and #5 into the Γ7 ⊗ Γ8 triplet. We
found that the amplitude of the interaction parameter for
the Γ7⊗Γ8 states, |Ξ1|, is about half that for the Γ8⊗Γ8

TABLE SIV. Interaction parameters for the acceptor-bound
exciton in diamond, determined by the fit to experimental
data at 2 K.

Interaction Two-hole state Best-fit value [meV]

Spin-orbit ∆ = 14.3

Hole-hole exchange
Γ8 ⊗ Γ8 Ξ0 = −4.1
Γ7 ⊗ Γ8 Ξ1 = −1.9

Crystal-field potential
Γ8 ⊗ Γ8 ξ0 = 1.3
Γ7 ⊗ Γ8 ξ1 = 0.3

Electron-hole exchange
Γ8 ⊗ Γ8 γ0 = 0.5
Γ7 ⊗ Γ8 γ1 = γ2 = 0
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FIG. S3. Absorption spectra of boron-doped diamond ob-
tained at different temperatures indicating the absence of
transition to Γ7 ⊗ Γ7 singlet. The n = 2 components cor-
respond to excited quasiexciton states of the bound exciton
[17].

states, |Ξ0|. Applying this tendency, |Ξ2| for the Γ7 ⊗Γ7

states is expected to be smaller than |Ξ1|. Setting the
limits |Ξ2| < |Ξ1| and Ξ2 < 0 on Ξ2 predicts the position
of the Γ7⊗Γ7 singlet in the range from 25.1 to 26.5 meV
(= 2∆−3Ξ2/4+3Ξ0/4+ξ0+γ0/2−∆a) higher than that
of line #1. The subtraction of ∆a = 2 meV is to take the
transition from the Γ7 acceptor, which does not require
relaxation of the hole spin. This transition is expected
to be weak due to the single level degeneracy (g = 1) of
the final state and thermal broadening when the initial
state is populated. As shown in Fig. S3, this transition
was not observed in the experimental spectra.

Finally, we revisit past studies on the fine structure of
bound excitons in semiconductors to provide a general
view. Table SV compares the interaction strengths ex-
tracted for acceptor-bound excitons in semiconductors of
different crystal structures. Here, we chose to list values
of energy splitting rather than interaction parameters, to
avoid possible confusion due to different notations of the
latter depending on the authors. Note that the energy
splittings may contain some additional factors to the in-
teraction parameters in Table SIV. The case of the hole-
hole exchange interaction is not straightforward; The cu-
bic term of the hole-hole exchange interaction (with the
strength denoted by C2

hh [11] and called crystal-field po-
tential elsewhere denoted by ξ) contains energy offsets,
which have spherical symmetry. Adding this contribution
to the spherical part of the hole-hole exchange interac-
tion leads to the relation, Ξ = C1

hh+
41
10C

2
hh. In Table SV,

the energy splittings in parentheses were derived based
on the C1

hh and C2
hh values reported in Ref. [11]. For

silicon and GaAs, we also analyzed the data presented
in literature [13, 18] and obtained the energy splittings
given without parentheses.

These conversions facilitate a direct comparison of re-
spective interaction strengths in group-IV elemental and
III-V or II-VI compound semiconductors. There is a
trend that the splitting becomes large with increasing lo-
calization energy Eloc of the exciton on an acceptor (the
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TABLE SV. Comparison of energy splittings in acceptor-bound excitons by the interactions considered in our model. Values
determined by the present work in diamond are shown in bold font. The spin-orbit splitting is ∆ = 14.3 meV in boron-doped
diamond (C:B). Bandgap Eg, acceptor Bohr radius aB , localization energy Eloc of the exciton at the acceptor, and the two-hole
angular momentum J of the ground state (GS) are also listed. For wurtzite cases, (A) and (B) denote A- and B-valence bands,
respectively.

Material Bandgap Radius Loc. energy Hole-hole exchange Crystal-field potential Electron-hole exch. GS
(two-hole state) Eg [eV] aB [nm] Eloc [meV] 3Ξ0 (3C1

hh + 123
10

C2
hh) [meV] 5

2
ξ (−3C2

hh) [meV] 3
2
γ [meV] J

Diamond

C:B (Γ8 ⊗ Γ8) 5.50a 0.52b 49d 3Ξ0 =−12.3 3.3 0.7 2
C:B (Γ7 ⊗ Γ8) 2Ξ1 = −3.8 0.9 0 2

Si:acceptor

1.12a

2.55c − 0.3f −
Si:B 4.2± 0.2e (−0.001)† (−0.081)§ −0.056# 2
Si:Al 5.2± 0.2e 1.2⋆ (1.0)† 0.23⋆ (0.30)§ − 0
Si:Ga 6.0± 0.2e 1.6⋆ (1.3)† 0.38⋆ (0.45)§ − 0
Si:In 14.0± 0.2e 4.5⋆ (4.4)† 3.3⋆ (3.09)§ − 0

Zinc blende

CdTe:Li, Na 1.475a 2.72c 7.0, 7.1f not observedf −0.28$ −0.015$ 2

InP:Zn 1.344a 4.12c 3.6g −0.34‡,g −0.23f,g w/o noticeableg 2

GaAs:Zn 1.424a 5.08c 2.5h −0.55⋄ −0.17⋄, −0.18f,g,m | 3
2
γ| < 0.033⋄ 2

Wurtzite

CdS:Li,V-Al (A) 2.482a − 18.09i Ξ0 = 3.4± 0.2l ξ0 = 0.2± 0.1l γ0 = −0.4± 0.1l 0
CdS:Li,V-Al (B) 2.496a − 20.90, 19.35i − − −
GaN:Mg (A) 3.44a − 11.5j − − −
AlN:Mg (A) 6.13a − 23.2k − − −

a Room temperature values from Ref. [19] b Ref. [20] c Ref. [21] d Ref. [22] e Ref. [23] f Ref. [10] g Ref. [24]
h Ref. [25] i Ref. [26] j Ref. [27] k For the crystal-field split-off hole, Ref. [28] l Ref. [8] m Ref. [29]
⋆ Estimated by analyzing the spectra in Ref. [18].
† Calculated from C1

hh and C2
hh given in Ref. [11].

‡ The splitting is denoted as γ in Ref. [24].
⋄ Estimated by analyzing the spectra in Ref. [13], where acceptor species are unspecified.
§ Calculated from C2

hh given in Ref. [11].
$ ξ = −0.11 and γ = −0.01 are given in Ref. [10].
# γ = −0.037 is given in Ref. [11].

spin-orbit splitting is not discussed as only available for
diamond). This is consistent with the linear dependency
[30] of the hole-hole exchange splitting on the acceptor
ionization energy Eio, and thus on the localization energy
of the exciton on the acceptor Eloc ∼ 0.12Eio [22]. The
negative values of Ξ are common among diamond and
the excitons bound to shallow acceptors in CdTe:Li [10],
CdTe:Na [10], InP:Zn [24], and GaAs [29]. The ground
states are thus derived from the J = 2 two-hole states
rather than from the J = 0 states as reported for exci-
tons bound to deep acceptors in Si:Al, Si:Ga, Si:In [18].
The crystal-field splitting is known to scale with the in-
verse effective Bohr radius (1/aB ∝

√
Eloc [21]) for InP,

GaAs, Si:Al, Si:Ga [24]. The 0.52 nm radius for boron-
doped diamond [20] predicts 5

2ξ = 1.6 meV, in between

the observations of 5
2ξ0 =3.3 meV and 5

2ξ1 = 0.9 meV.

The electron-hole exchange splitting found for the Γ8⊗Γ8

two-hole states in diamond is large compared to those re-
ported for compound semiconductors.
To conclude, the high localization energy of excitons

in diamond is the fundamental physical reason why the
energy splittings in the bound-exciton fine structure are
largest among those reported in semiconductors. This
unique property of diamond enabled our definite level
assignment and the first determination of the spin-orbit
splitting for acceptor-bound excitons in semiconductors.
Diamond is the only cubic semiconductor clearly fulfill-
ing the condition of Eloc > ∆. This leads to the appear-
ance of the split-off hole band in the bound-exciton fine
structure, similarly to the case of wide-bandgap semicon-
ductors of hexagonal structures.
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