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Abstract

DFT calculations of the Li substitutional defect in diamond based on the B3LYP
functional and a 64-atom supercell indicate that (i) the quartet (S,=3/2) state is
lower in energy than the doublet (S,=1/2) state by 0.07 eV (810 K) for fully
relaxed static structures and by 0.09 eV (1045 K) with the inclusion of zero-point
vibrations, (ii) the effective charges at the Li and four neighbouring C sites is
similar in the two spin states, but there are substantial differences in the
corresponding spin distributions, and (iii) there are unprecedented differences in
the Raman spectra of the two spin states, in terms of both frequency distributions
and intensities, that can most reasonably be attributed to strong spin-phonon
coupling, in view of the very similar charge distributions in the two states. These
differences are an order of magnitude greater than those reported previously for
any bulk transition metal or rare-earth compound. The basis sets and functional
used in these calculations predict many of the relevant constants (ao, Ci1, C44) Of
diamond mostly to within 1% of the experimental values, most notably the TO(X)
Raman frequency and the phonon density of states. Comparisons with the
calculated Raman spectra of the quintet (S,=2) and singlet (S,=0) spin states of the
neutral vacancy defect, which have similar spin distributions at the four
neighbouring C atoms (C,) to the vacancy site as those at the corresponding C,
sites in the quartet and singlet states of the Li defect, show that the differences in
the two Raman spectra of the latter defect are closely related to those in the former.

Introduction

The properties of impurity defects in diamond have been investigated for many
years, leading to a wide range of applications from high temperature thermistors!
to synchrotron beam monitors,? and, most recently quantum dots,®* with many of
these reliant on the result of previous theoretical and computational studies .>%7
8910 This Edge reports new, and quite unexpected properties that are predicted for



one such impurity, namely, Li, and are related to the unprecedent coupling of its
unpaired spin and the local and collective lattice vibrations. While there are
previous accounts of some aspects of the electronic structure of Li-doped
diamond,!1121314 there are no reports of the vibrational properties, including the
specific new features we report here.

Spin-lattice interactions such as magnetostriction and spin-lattice relaxation, are
well known in spectroscopy, with numerous recent reports of spin-phonon
coupling in the Raman spectra of several systems.!>1617:1819.20 Eoyr characteristic
features of these accounts are that (i) they frequently involve spin states with
differences (spin gap) of the order of meV (10 K), and hence are effective at low
temperature, (ii) the differences in the spectra are small, typically a few cm 2, (iii)
they refer to periodic magnetism, at least within Individual domains, where
collective effects are important, and (iv) they appear to be confined to systems
containing transition metal or rare-earth components. More recently, Webster et
al.?! reported the calculated Raman spectra of 2-dimensional ferromagnetic (FM)
and antiferromagnetic (AFM) Crls, where difference in energy between the two
spin states was found to be 150 - 160 K with shifts in frequency of up to 10 cm?,
although the spectral profiles are much the same. However, it is not clear as to
whether these differences are intrinsic to Crls, or the result of the reduced
dimensionality. This Edge reports predicted strong spin-phonon coupling in a
radically new system containing no transition metal or rare-earth element. It is Li-
doped diamond, for which (i) the gap in energy between the two possible spin
states is ~800 K, which is at least an order of magnitude greater than the majority
of previous reports, (ii) the profiles of the Raman spectra of the two spin states are
radically different, with shifts in both the frequencies and intensities that are,
again, an order of magnitude greater than previous reports and (iii) the interactions
are local, rather than periodic, and hence have no cooperative component. They
derive from all-electron calculations based the B3LYP approximation to DFT,
based on Gaussian orbitals and formulated within a periodic supercell approach to
local lattice defects, as implemented in the CRYSTAL17 programme.?2

Computational Methods

For the most part, our calculations utilize the B3LYP global hybrid functional,?®%*
as implemented in the CRYSTAL program.?® Pople’s standard 6-21G% all-
electron basis sets of Gaussian type functions were adopted for carbon, re-
optimizing the exponent of the outermost sp orbitals (0.23 Bohr2) in bulk
diamond. For the lithium dopant the triple-C basis set Li_pob TZVP
(https://www.crystal.unito.it/Basis_Sets/lithium.html)?" was used in order to obtain
an accurate description of the Li-C interaction. Truncation of the Coulomb and
exchange infinite lattice series was controlled by five thresholds, T; , which were
setto 7 (T1-Ts), 9 (T4) and 30 (Ts). The convergence threshold on the energy for
the self-consistent-field (SCF) procedure was set to 10 °°E, for structural
optimizations and to 10°!'! E, for vibrational frequency calculations. The DFT
exchange-correlation contribution and its gradient were evaluated by numerical
integration over the unit cell volume. The generation of the integration grid points
was based on an atomic partition method, originally proposed by Becke,? in which
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the radial and angular points are obtained from a Gauss-Legendre quadrature and
the Lebedev two-dimensional distributions respectively. The choice of a suitable
grid is crucial both for numerical accuracy and cost consideration. In this study a
pruned grid with 75 radial and 974 angular points was used. Reciprocal space
sampling was based on a regular Pack-Monkhorst? sub-lattice grid centred at the I’
point (i.e. at the centre of the first Brillouin zone), leading to 4 sample points,
along each of the reciprocal lattice vectors. This corresponds to 13 k-points in the
irreducible part of the Brillouin zone after point symmetry has been taken into
account.

A Supplementary Material Section contains some of the technical details
concerning the calculation of the vibrational spectra.

Results and Discussion

Here 64-atom supercells have been used, which previous reports have shown to be
suitable for the calculation of vibrational spectra of defective systems, providing
convergent data compared with supercells of 128, 216, 512 and 1000 atoms.3%:31:32
An essential prelude to defect calculations is a check on the accuracy with which
the computational methodology, here the basis sets and choice of functional,
describes the relevant features of the (perfect) host lattice.

Table |
Calculated properties of the diamond lattice based on the present C basis set and B3LYP
functional. ap (A) is the lattice parameter, c11 and cs4 (10'? dyn cm) are elastic constants, ¢ is the
high frequency dielectric constant and vro (I') (cm ) is the Raman vibrational mode at the
centre of the first Brillouin zone (T" point).

Property | Calculated | Observed
o 3.603 (1%) | 3.567 [*]
C1 10.68 (1%) | 10.79 [*Y
Ca4 5.76 (0.3%) | 5.78 [*Y]
g 5.43 (5%) 5.7[%]

vio () | 1317 (1%) | 1332 [*]

As Table | indicates, the predicted lattice constant, ap, 11 and c44 elastic constants
and most significantly, the Raman frequency, vro(x), are mostly to within 1% of the
experimental values, while Figure 1 shows that the calculated phonon density of
states (DOS) is in excellent agreement with that obtained from inelastic X-Ray
scattering,®” so that it is reasonable to expect comparable accuracy for predictions
for the defective lattice.

In principle there are two modes of Li solution in diamond, interstitial, where there
are two high symmetry sites, tetrahedral and hexagonal, and substitutional, for
which there are three possible spin states. This letter is concerned solely with
substitutional Li, which is predicted to be the more stable of the two modes by
over 1 eV. The three spin states of the substitutional mode arise from the combined
spins of Li and the four unpaired spins on the neighbouring C atoms, leading states
with S, = 5/2, 3/2 and 1/2. The sextet is found to be unstable, leaving the quartet



(3/2) and doublet (1/2) as the two possible ground states of the system. Since Li
substitution in diamond can also be viewed as a Li interstitial at a vacancy site, it
might be insightful to compare some of the properties of the substitutional Li
defect with those of the diamond vacancy.
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Figure 1
Comparison of the calculated phonon densities of states with the IXR scattering data reported by
Bosak et al®’

Table Il
Predicted energies (eV/cell) and thermodynamic functions (T = 298.15 K, P = 0.10132500 MPa)
of (CesLi)ar2 and (Cesli)12, where Ey and EL are the unrelaxed and relaxed lattice energies, Er,
the relaxation energy, Eo, the zero-point energy, Et, the thermal contribution to the vibrational

energy and S the entropy.

Energy (CesLi)ar (CesLi)iz | A(312-1/2)
= -65432.5584 | -65432.2180 | -0.3403
EL -65436.3754 | -65436.3087 | -0.0667
E, -3.8170 -4.0907 +0.2737
Eo 11.2982 11.3034 -0.0052
Er 0.3497 0.3410 0.0087
S (meV/(cell.K)) 1.5962 1.5229 +0.0733
Er+PV-TS -0.1259 -0.1129 -0.0130
E +EotET+PV-TS | -65425.2031 | -65425.1182 | -0.0849

Starting with the relative stabilities, Table 11 lists the calculated energies of fully
relaxed (structural and dynamic) 64 atom supercells of the two spin states, referred
to as (Cesli)sr and (Cesli)irz, Where lattice relaxation energies, E,, of 3.82 eV and
4.09 eV respectively are close to 70% of the optical gap of 5.7 eV. The calculated
difference in energy between the two states varies from 0.34 eV (3950 K) for the



unrelaxed lattices and 0.07 eV (810 K) for the relaxed structures, to 0.09 eV (1045
K) for the difference in free energy, including vibrational contributions. Thus, the
difference in the zero-point vibration contributions increases the stability of the 3/2
state by 0.02 eV (235 K). Details of the corresponding fully relaxed lattice
structures of (Cesli)s2 and (CesLi)1 are given in Table I11.

Table 111
Comparison of the Li-Cn and Li-Cnn (nearest and next nearest neighbour) bond lengths (A) in
the fully relaxed structures of (CesLi)s2 and (CesLi)12 , where & are the percentage differences
from those in the perfect lattice. The number of neighbours at a given distance are in
parentheses. There are four first neighbours and twelve second neighbours. Their distances from
the reference atom are the same in perfect diamond and split into subsets after relaxation.

Bond C (CesLi)a d312 (Cesli)12 d1/2
lengths
(Li-C(@) | 1560 | 1.790(1) | 0.230(14%) | 1.7323(1) | 0.1723(11%)
1.792(3) | 0.232(14%) | 1.8139(2) | 0.1723(11%)
1.8141(1) | 0.2541(15%)
2571(3) | 0.024(1%) | 2464(3) | 0.083(3%)
(Li-Cw)(12) | 2547 | 2574(6) | 0.027(1%) | 2.569(6) | 0.022(1%)
2578(3) | 0.031(1%) | 2.7033(3) | 0.1563(6%)

This shows that the changes in the two lattices in the immediate vicinity of the Li
substituent are close, if not identical, with increases of 14% in the two non-
equivalent Li-C, distances in (Cgsli)s2, as opposed to increases of 11% and 15%
in the corresponding distances in (Cgsli)i. The changes in Li-Cy,, the next
neighbour separations, are an order of magnitude smaller, at ~1%, so that, overall,
the structures of the two defective lattices are very similar.

Table IV
Band gaps, atomic net charges, g (Je|), and magnetic moments (atomic spin densities), s (|e]), as
obtained from a Mulliken partition of charge and spin densities, at Li, Cn and Cnn sites in
(CesLi)s2 and (CesLi)i2. The number of neighbours at the same distance is indicated in
parentheses. X4 C,, and Z12 Cpn are the sum of the charges over the four first or twelve second
neighbours, respectively, of the quantities in the column indicated. a and B superscripts indicate the
spin. The A columns give the differences between the two spin states.

(CesLi)ar (CesLi)12 A

unrelaxed Relaxed unrelaxed relaxed unrelaxed relaxed
Eg 5.53¢ 1.48° 5.26% 1.41° 0.74¢, 0.43° 1.63%, 1.55P -4.79¢%, -1.05° -3.63¢, -0.14°
Sites q S q S q S q S Q S q S
Li 0.35 0.30¢ 0.28 0.25¢ 0.34 0.10¢ 0.27 0.07¢ 0.01 | 0.20* | 0.01 | 0.18"
Cn -0.09(4) | 0.56%4) | -0.07(1) | 0.62%(1) | -0.10(2) | 0.32%(2) | -0.09(1) | 0.79%(1) - - - -

0.07(3) | 0.62%3) | -0.07(2) | 0.69%2) | -0.05(2) | 0.55%(2)
-0.05(1) | 0.55%(1)
%4Co -0.36 2.24° 0.28 2.46° 0.35 0.74° 0.24 086" | -0.01 | 1.50° | -0.04 | 1.60°

212Cmn 0.04 0.16P -0.08 0.47° 0.03 0.01° -0.05 0.00” 0.01 | 0.60* | 0.03 | 0.23"

Turning now to the electronic structures, and, in particular, to the charge and spin
distributions, Table IV lists these for both the unrelaxed and relaxed structures of
the two spin states, from which a number of important points emerge. The first is
that in both the unrelaxed and relaxed structures, the (Mulliken) charges at the Li,
Cn and C,, sites are all very close in (CgsLi)s and (Cesli)iz, with differences of
0.02 (|e]), or less. It follows from this that the electrostatic contributions to the



lattice potential in the two spin states are similar. By virtue of the difference in
overall spin between the two states, AS=1, the magnitudes of the spins at
individual lattice sites (again evaluated through a Mulliken partition of the total
spin) in the two states might reasonably be expected to differ, by roughly a factor
of three. However, as Table IV shows clearly this is not the case in a number of
respects. In (Cgsli)s the spins are all aligned, with 8% of the total spin at Li, 82%
at C,, and 10% at C,, and subsequent neighbours in the relaxed structure, with a
similar, though not exact, distribution in the unrelaxed lattice. In (CessLi)1/2, On the
other hand, while the distribution of total spin is broadly the same, with 7% of the
total spin at Li, 86% at C,, and 7% at C,, and subsequent neighbours in the relaxed
structure, the C, sites contain both o and B spins. Again, in the unrelaxed lattice,
the broad distribution of total spin is similar, but with a re-arrangement of o and 3
spins at the C, sites. These can be compared with the charge and spin distributions
at the vacancy sites where there is minimal (< -0.05 |e|) density at V, and re-
distributions of charge from the C, to the Cy, sites, leaving the former with charges
of +0.12 |e|, +0.17 |e| and +0.19 |e| spins of 0 (2x0.71% 2x0.71P), 1.89 |e| (3x0.77¢,
0.42P) and 2.00 |e| in the singlet, triplet and quintet states respectively.
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Figure 2.
Calculated Raman spectra of the singlet, (Ce3V)o, triplet, (Cs3V)1, and quintet, (Ce3V)s, states of
the vacancy (off set). The 1318 cm ™ (vro(x)) diamond line is shown in red.

Of less direct importance in the present context, though still of interest with regard
to the electrical properties of Li: diamond, Table IV reveals that in the unrelaxed
lattice, the doublet state state is a stronger acceptor than the quartet by roughly a
factor of 2; and that while lattice relaxation has little effect on the latter, it roughly
doubles the gap of the doublet state, so that the two states have acceptor states



which differ in energy by less than 0.3 eV. Again, these differ from the vacancy
gaps, where there are relatively minor differences between the two spin states,
although the acceptor levels in (Ce3V)o and (Cesli)s are similar at ~1.5 eV, which
might be a source of confusion.

Turning now to the central results of this Edge, since the host lattice has a single
Raman absorption, namely, the first order scattering of triply degenerate TO(X)
phonons of t,; symmetry at 1332 cm™ (the present calculations predict a value of
1318 cm? (-1% from experiment)), all absorptions at other frequencies must
involve either V or Li, or both, to a greater or lesser extent. Starting with the
vacancy spectra, Figure 2 shows that the calculated Raman spectra of the three
spin states of the diamond vacancy all retain the host TO(X) line, albeit blue-
shifted by 20 cm™ (1.5%). However, elsewhere in the spectra there are two
important differences between the singlet and triplet spectra, on the one hand, and
the quintet. The first is that the former contains a moderately strong absorption in
the region of 400 cm™, whereas the quintet spectrum is essentially null here; the
second is that the region, 600 cm * to 1100 cm -1, which contains the collective
modes, is substantially richer and stronger in the singlet and triplet spectra than the
quintet. It is evident that even for the vacancy, which might be considered as a
precursor for Li substitutional defects, strong spin-phonon coupling occurs, with a
clear distinction between the quintet state, with an all parallel {aooa} spin
arrangement of the C, atoms, and the singlet and triplet states, where the C, atoms
possess both o and B spins. Now, the spin arrangements, but clearly not the
densities, in the vacancy quintet and singlet states are similar to those in the quartet
and doublet states in the Li defect, so that all strong peaks in the Raman not seen in
the vacancy spectra, can, unequivocally, be attributed to vibrational modes
involving the Li atom. Figure 3 compares the predicted Raman spectra of (CgsLi)1/2
and (CgsLi)s2 supercells with those of (Ce3V)o and (Cs3V),, from which two general
points emerge. The first is that the presence of the Li atom completely destroys the
vibrational mode in the host which gives rise to the 1318 cm™ line, whereas it is
retained in the vacancy spectra; and second, that there are clear and evident
differences between the spectra of the two Li spin states across the entire spectral
range, principally the regions 190 cm™ to 420 cm™, and 800 cm™ to 1200 cm 2.
Starting with the first of these two regions, the lowest intense peaks in the spin 3/2
state occur at 186 cm™ and 194 cm, where the first is of A; symmetry and the
second of E symmetry, while the spin 1/2 peaks occur at 219 cm™ and 220 cm™,
and are of A’ and B"” symmetry respectively. In both cases, the corresponding
vacancy states are Raman null in this region. What is of particular interest here is
that the two E modes of the quadruplet state have counterparts in the doublet state
in this region of the spectrum, whereas the A is apparently red shifted to 418 cm™?,
which is close (4%) to the 437 cm ! mode in the vacancy singlet state.
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Figure 3
Comparison of the Raman spectra of (CesLi)12 and (Cesli)srz with (CesV)oand (Ce3V)2. The
1318 cm * (vrox)) diamond line is shown in red.

The different symmetries, (A/E) and (A'/ B”), reflect the different spin
distributions in the immediate vicinity of the defect site in (CesLi)s;z and (Cesli)is.
Now, computer animations based on normal mode analyses indicate that the A;
186 cm™* mode and doubly-degenerate E mode at 194 cm™ in the spin 3/2 spectrum
involve (local) symmetric and asymmetric Li-C stretch vibrations respectively,
where the symmetry (and asymmetry) is determined by the motion of the three C
atoms vicinal to Li with respect to the Cs-axis along the Li-C direction. Similarly,
the B” modes at 219 cm™ and 220 cm™ and the A’ mode at 418 cm ! in the spin
1/2 spectrum involve similar symmetric and asymmetric Li-C stretches. Thus, a
change in the total spin of the Li defect in diamond from 3/2 to 1/2, red shifts the
194 cm™ mode by ~26 cm™ (13%), while the 186 cm™ mode exhibits an apparent
shift of 222 cm™ (126%) to 418 cm™,

Above ~600 cm?, the vibrational modes are essentially collective, for both spin
states, but with clear differences between them in two major respects. In the spin-
3/2 spectrum, modes with intensities of ~ 1/3', or more, of that of the local high
frequency peaks at ~200 cm 1, occur in a region of ~250 cm™, between 970 cm*
and 1220 cmt, while the intensity of the strongest peak at 1076 cm™ is 1/3 greater
than that of the local modes; in the spin-1/2 spectrum, on the other hand, there are
several modes across ~500 cm® with intensities comparable to the 220 cm
modes, and none with the intensity of the local mode at 418 cm™. A possible
explanation for this difference is that the rich spectrum of the vacancy singlet state
in the region above 600 cm™ plays a major role in determining the Li spin-1/2
spectrum, such that aside from the modes at 837 cm™, 906 cm™ and 942 cm, the
remaining modes are essentially perturbations of the vacancy modes. This does not
occur in the case of the Li spin-3/2 spectrum, for, as the lower panel of Figure 3



shows, the vacancy quintet spectrum is extremely sparse in this region, and hence,
of little effect on that of the corresponding Li defect. What computer animations
indicate is that for both spin states, these modes all involve Li-C stretches (on-
bond), of exactly the same type found for the lower frequency modes, but coupled
to the collective motion to a greater or lesser degree. Thus, within the entire
spectral ranges of both spin states, all (Raman) peaks correspond to Li vibrations
of the type indicated as (a) in Figure 4, but no off-bond vibrations of the type
shown in (b).
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Figure 4.

Raman vibrational modes involving Li. (a) on-(Li-C)-axial stretching; (b) off-(Li-C) axial
bending.

It is clear that there are manifold differences, both in frequency and intensity,
between the two spin states, which can most reasonably be attributed to strong
spin-phonon interactions, for the lattice relaxations in the vicinity of the Li atom
are similar in the two spin states, as shown in Table Il, while the atomic charges on
Li and C, also very similar, as shown in Table IlI.

Conclusions

In summary, the magnitudes of the frequency shifts and differences in intensity
reported here are an order of magnitude greater than those reported previously for
transition metal and rare-earth systems,*>2° | with the notable exception of a very
recent paper by Webster et al?* on the differences in the calculated Raman spectra
of the FM and AFM states of 2-dimensional Crlz. The proximity of the charges on
the four nn C atoms and their lattice relaxations, in the two spin states of the Li
substitutional defect, are convincing indicators that the differences in the Raman
spectra are the result of strong spin-phonon coupling. Given the relatively modest



difference in energy between the two spins states (1045 K), both spectra should be
accessible experimentally.

As a final point, we comment on the stability of the present results to a change of
hybrid functional, as pure DFT, like LDA and PBE, would annihilate most, if not
all, the differences between the two spin states, which are the focus of this study.
In the Supplementary Material the effects of varying the exact exchange
percentage on the total energy and on the IR spectrum are documented. As
expected, there are quantitative differences when changing from B3LYP to PBEO.
Nevertheless, the qualitative results that are, in our opinion, the crucial points of
this study, remain unaltered, and all the above conclusions valid.
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