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Calculated phonon band structure and density of states and interpretation of the Raman
spectrum in rocksalt ScN
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The first-principles linear-response method is used to calculate the phonons in rocksalt ScN in the local-
density approximation. The calculated density of phonon states is compared with Raman spectra in the litera-
ture, which are interpreted as disorder-induced first-order Raman spectra and provide information mostly on

zone-boundary Raman modes.
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I. INTRODUCTION

As one of the simplest transition-metal nitrides, ScN is
quite interesting. After this material was thought to be a
semimetal for a long time,! it was finally concluded to be a
semiconductor with an indirect gap of about 1 eV and small-
est direct gap of about 2 eV.>”7 It was recently found to be a
potentially interesting magnetic semiconductor host by add-
ing Mn as dopant.®? Its crystal growth in thin-film form was
improved considerably in recent years.*!%-12 It was also pre-
dicted that alloys or superlattices with IIla column elements
Ga, Al, or In might have interesting properties involving a
hexagonal form of ScN.!3~!15 Yet, several properties of this
material are only poorly known. Here we study the vibra-
tional properties. While calculated phonon band structures
were reported previously for the hypothetical hexagonal
form,'* we are only aware of one previous study of the
phonons in rocksalt ScN.!® That paper does not discuss the
comparison with the Raman spectra in any detail and further-
more uses a different pseudopotential from the one used
here, which leads to significant differences.

In the rocksalt structure, first-order Raman scattering is
forbidden by symmetry. Yet, a Raman spectrum was ob-
served and reported by Travaglini et al.' and by Gu et al.'* It
was interpreted as a disorder-induced first-order Raman
spectrum representing the density of phonon states. In infra-
red absorption, one expects to see the TO and LO modes at
the zone center because these are optically allowed, but the
presence of free carriers complicates this picture. Travaglini
et al.' extracted wrg to be 45 meV or 362 cm™!' from an
analysis of the infrared reflectivity, which exhibits a plasmon
LO-phonon-coupled mode because of the large free-carrier
concentration in their samples.

Here, we present phonon band structures and density of
states (DOS) and compare carefully with the Raman data by
Travaglini et al.' We find that the latter shows not a pure but
weighted density of states, with a larger intensity for the
LO(L) modes. Several features can be accounted for with
Van Hove singularities at the zone boundary. The emphasis
of the LO(L) modes is explained in terms of their dominant
role in the breathing-induced motions around the cation
which exhibit the strongest electron-phonon coupling.

II. METHODS

The calculations of the phonons are performed using the
linear-response approach in the local-density approximation
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(LDA) combined with a pseudopotential plane-wave basis
set band-structure method as implemented in the open source
ABINIT code.!”"'” A small core pseudopotential in which the
3s and 3p electrons are not pseudized but treated as valence
electrons is used.?’ The same hard pseudopotentials were
also used by Ranjan et al.'* in their study of hexagonal ScN
and they found the structural properties obtained with it to be
in good agreement with those obtained from ultrasoft
pseudopotentials. The Brillouin-zone integrations are carried
out with a 6 X6 X 6 mesh and a plane-wave cutoff of 80 Ry
is used. We use the experimental lattice constant of 4.50 A
which is close to our calculated equilibrium lattice constant
of 448 A.

III. RESULTS

Our results for some of the phonons at symmetry points
are given in Table I. Our value of 365 cm™ for wyo(I) is in
excellent agreement with the value of 362 cm™' extracted
from the infrared reflectivity by Travaglini et al.! taking into
account the coupling to free carriers. In contrast, Duman et
al.'® obtained a significantly lower value 270 cm™' for the
TO(T') mode and 601 cm™" for the LO(I') mode as a result

TABLE 1. Phonon frequencies in cm™! for ScN.

Mode w;(q)
TO(IN) 365
LO(I") 632
TA(L) 234
LA(L) 464
TO(L) 460
LO(L) 657
TA(X) 267
LA(X) 354
TO(X) 415
LO(X) 569
TA(W) 321
LA(W) 329
TO(W) 518
LO(W) 543
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FIG. 1. (Color online) Phonon band structure and density of
states in ScN.

of their use of a different pseudopotential treating 3s and 3p
electrons as core rather than band. They state in their paper
that these are in reasonable agreement with experimental Ra-
man data but were compared to Travaglini’s result which is
obtained from the infrared rather than the Raman data. As
clearly stated by Travaglini et al.! the Raman data they mea-
sured corresponds to a weighted density of states instead of
phonons at the I point. We discuss this more fully below.
Meanwhile, our value for the LO mode at I is substantially
lower than the value of 155 meV or 1250 cm™ obtained by
Travaglini et al.! as the zero in the phonon part of the dielec-
tric constant extracted from their actual data by a model for
the coupling to free carriers and also including interband
transitions. The latter was in part based on a LDA band struc-
ture which underestimates the gap significantly and led them
to the assumption that ScN is a semimetal. It is now known
that ScN is in fact a semiconductor. So, in retrospect, we
must conclude that the value for the LO mode given by
Travaglini et al.! is not very reliable. It seems excessively
high compared to the LO(L) phonon mode.

The phonon dispersion along lines connecting high-
symmetry points of the Brillouin zone and the corresponding
DOS are shown in Fig. 1.

The Raman spectrum of ScN was interpreted by Trava-
glini et al.! as a disordered-induced first-order Raman spec-
trum. The origin of the disorder is not entirely clear. It may at
least in part arise from the presence of nitrogen vacancies.
They labeled peaks at 44, 51.9, and 84 meV corresponding to
355, 419, and 677 cm™! respectively. However, one can ac-
tually discern more detailed structure in their spectra, which
for convenience is here reproduced in Fig. 2 and juxtaposed
with our calculated DOS. A summary of the major features
comparing theory and experiment is given in Table II.

The first two peaks are quite weak in the experiment and
riding on the shoulder of the elastic peak. In the phonon band
structure, one can see that the TA bands are flat near L and X,
which are M- and M,-type saddle-point Van Hove singulari-
ties, straddling the peak in the DOS. The next peak is sig-
nificantly stronger and corresponds to the LA branch which
is quite flat along X-W and X-K and gives rise to the peak in
the DOS starting at about 350 cm™'. This is also just below
the minimum of the TO branch at I', but the latter is not
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FIG. 2. (Color online) Raman spectrum of ScN by Travaglini et
al. (Ref. 1) compared to calculated density of states. Peaks corre-
sponding to Van Hove singularities are labeled.

expected to show up particularly strongly if there is no con-
servation of crystal momentum. The peak at 419 cm™! is the
strongest one in the range 300—550 cm™' and corresponds
well in frequency with the TO(X) although the latter does not
show up very strongly in the DOS. The TO(X) is related to
an M, saddle point with relatively flat dispersion along X-I".
The main peak in the DOS occurs slightly above the TO(L)
frequency, which almost equals the LA(L). This peak is only
a relatively weak shoulder in the experiment at about
468 cm™'. Two more weak peaks show in this region before
we reach a minimum. We tentatively assign them to the
TO(W) and LO(W) modes at W. After the minimum, the
Raman spectrum shows an onset at 589 c¢cm™! followed by
the strongest experimental Raman peak with a maximum at
677 cm™!. The latter clearly corresponds to the LO(L)
M,-type singularity. We tentatively assign the 589 cm™' on-
set to LO(X). We note that the LO-TO splitting is somewhat
underestimated by the calculation, which may in part be be-
cause of the LDA, which underestimates band gaps; hence
overestimates screening and hence underestimates Born ef-
fective charges, proportional to the LO-TO splitting. Our cal-

TABLE II. Comparison of experimental Raman spectral peak
positions of ScN with calculated phonon frequencies (in cm™).

Expt. Calc. Assignment
242 234 TA(L)
298 267 TA(X)
355 354 LA(X)
365 TO(I)
419 415 TO(X)
468 460 TO(L)
464 LA(L)
508 516 TO(W)
540 545 LO(W)
589 569 LO(X)
677 657 LO(L)
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culated Born effective charge is 4.04. We also obtain the
high-frequency and static dielectric constants from the
ABINIT calculations to be 12.16 and 38.25. This closely obeys
the Lyddane-Sachs-Teller relation,

2
|:wLO(F)i| =ﬂ’ (1)

wTO(F) €y

which is no surprise as this is built into the calculations.
Reliable experimental values on the dielectric constant are
difficult to obtain in view of the high carrier concentration
usually found in ScN.! The previous computational study by
Duman et al.'® used the generalized gradient approximation
(GGA) instead of LDA. As is well known, GGA tends to
overestimate lattice constants slightly while LDA tends to
underestimate them and, correspondingly, one may expect a
trend of slightly overestimating optical modes in LDA and
underestimating them in GGA. The difference amounts usu-
ally to a few percent and thus using GGA would not quali-
tatively change any of our conclusions. In fact, here we used
the experimental lattice constant and obtained excellent
agreement for the TO mode at I". The more important com-
putational difference with Duman et al.’s work'® is their use
of a softer and less accurate pseudopotential.

Although the Raman spectrum clearly shows features cor-
responding to q # 0, it is not quite proportional to the DOS.
It is remarkable that in the experimental Raman spectrum,
the main LO peak is stronger than the main TO peak,
whereas the opposite is true in the DOS. Also, the DOS
appears to peak near the frequency of the TO(L) mode
whereas the TO peak of the Raman spectrum has its maxi-
mum near the TO(X) frequency. Gu et al.'?> found a similarly
shaped Raman spectrum in the TO region with a maximum
at 425 cm™! but a much weaker LO peak. The slight shift of
the TO peak may be indicative of strain in their thin film
compared to the bulk samples of Travaglini et al.' The rela-
tive intensity of LO and TO peaks apparently depends sen-
sitively on crystalline quality. Both used 514 nm excitation,
which corresponds to 2.4 eV and in ScN is just above the
main direct absorption edge.

It is interesting that the LO(L) lines are also strongly
weighted in the spin-disorder-induced Raman spectra of
EuS.?"?2 In that case, it was pointed out that these modes are
the ones that contribute most strongly to the fully symmetric
I’} symmetry displacement of ions around the cation, i.e., to
a breathing mode around the cation. These have the strongest
electron-phonon coupling. In fact, they show that the Raman
intensity under these conditions is given by
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where w;(q) is the frequencies of mode j at wave vector q,
n[(w;(q) ,T]is the boson occupation factor at temperature T,
e,(j,q) is the normalized anion displacement in direction «
for this mode, and r, is the nearest-neighbor distance. The
last factor was shown by them to be strongly weighted for
the LO(L) modes. In fact, it maximizes at L and is zero for I'.
This strong breathing mode electron-phonon coupling in the
Eu chalcogenide case is related to the fact that the above
band gap absorption corresponds to an f—d transition,
which thus changes the Eu’* to an Eu* ion, with a corre-
sponding strong change in ionic radius. This may be ex-
pected to induce breathing-type vibrations around the cation.
In the present case, no f states are present, so this explana-
tion does not carry over directly. However, any transition
from valence band to conduction band corresponds to a tran-
sition from bonding to more antibonding (Sc 3d to N 2p)
combinations of orbitals. This also affects the local bond
length and similarly can be expected to couple most strongly
to breathing-type vibrations. This may thus also here account
for the strong weighting of the LO(L) modes.

2)

IV. CONCLUSIONS

In conclusion, we presented calculated phonon spectra of
rocksalt ScN and found them to be in good agreement with
Raman spectra and infrared data. The detailed interpretation
of the Raman spectrum as a disorder-induced first-order
spectrum gives useful information on several zone-boundary
modes.

Note added in proof. Recently, we became aware of a
related paper’® which gives similar Raman results for ScN
and ab initio calculations of phonons along I'-X in fair
agreement with ours.
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