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Electronic structure of ScN
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The optical reflectivity has been measured over more than four decades of photon energy on

chemically well-defined single crystals of Scw, in addition to the electrical conductivity and the Hall
effect. From a Kramers-Kronig analysis the dielectric functions have been derived. A plasmon-
phonon coupling (plasmaron) has been observed in the far-infrared region which could be decom-

posed and the phonon part of which compared with a Raman measurement of the phonon density of
states. The interpretation of the optical results in a two-band model together with other data con-
firms recent theoretical estimates of the electron and hole masses and of the charge-carrier density
in this compound, which we find is a compensated semimetal.

INTRODUCTION

The study of the electronic structure of the rare-earth-
metal pnictides has again become a field of active in-
terest. ' On the theoretical side, the coexistence of local-
ized 4f and extended band states makes a description of
their excitation spectra by conventional ab initio methods
unreliable, and to avoid these problems, band-structure
calculations are often performed for the pnictides with
end members of the lanthanide series, i.e., La and Lu, or
Sc and Y pnictides, which have empty or completely oc-
cupied 4f shells.

The experimental situation is rather complex since in
general it is still not known whether the rare-earth-metal
pnictides are metals or semiconductors. However, up un-
til now no rare-earth-metal pnictide has been shown to ex-
hibit semiconducting behavior with respect to electric
properties to our knowledge. Most of the pnictides have
never been prepared as single crystals and only very few
of them have been characterized by chemical analysis for
their stoichiometry. In most of the investigated cases the
concentration of the free carriers is a few percent of the
cation concentration and thus of the same order of magni-
tude as the measured or expected off-stoichiometry. It
therefore comes as no surprise that the literature is full of
contradictory statements as to the semiconducting, sem-
imetallic, or metalhc nature of the rare-earth-metal pnic-
tides.

All the rare-earth-metal pnictides (and chalcogenides)
crystallize in the fcc rocksalt structure and thus symmetry
considerations tell us that the anion p valence bands have
their maximum at the I point of the Brillouin zone. In
this close-packed crystal structure the ligand field on the
catloI1 5d orbltals Is so large tl1at the bo'ttoII1 of the co11-
duction band will be formed by 5dtzg-derived and not by
the 6s-derived states. The 5d band has its minimum at
the X point of the Brillouin zone. The question arises
whether there is a gap between the p and the d band, re-
sulting in an indirect-gap semiconductor, or whether there
is an indirect overlap between the p and the d band, re-
sulting in a semimetal.

To deride this point experimentally it is of utmost im-

portance to have controlled (not only stated)
stoichiometric, noncontaminated single crystals available.
To our knowledge these conditions have been obtained
only twice for Gdp (Ref. 7) and GdN (Ref. 8) on which
materials a multitude of measurements have been per-
formed. Both compounds are semimetals with intrinsic
carrier concentration of 7% and 6% per Gd ion, respec-
tively.

Generally it can be said that the ionicity of the pnic-
tides decreases from the nitride to the bismuthide and the
increasing covalency shifts the anion p valence bands to
higher energies, favoring p-d overlap. Thus, of all com-
pounds, the most likely to show semiconducting behavior
are the nitrides.

In all rare-earth-metal pnictides, with the exception of
the anomalous Ce compounds, the rare-earth-metal ions
are in a trivalent state, as verified, e.g. , by magnetic and
neutron scattering experiments. As in the rare earth met-
als, the 4f states are between 2 and 10 eV below EF (Ref.
9) and thus below the center of gravity of the p bands. As
seen by second-order perturbation theory, the p-f interac-
tion in this case will shift the p bands upwards, increasing
the p doverlap. T-hus within the nitrides the compounds
without occupied 4f states, i.e., ScN, YN, and LaN have
the highest chance to become semiconducting. We have
chosen for our investigation ScN because many contra-
dicting band-structure calculations and experi-
ments' ' are available. The electronic structure ca1cula-
tions have recently been refined' resulting in a semimetal.

The ftrst one to investigate the nitrides systematically
was Sclar. ' He made optical and electrical resistivity
measurements and found in the case of ScN metallic resis-
tivity on pressed-powder samples but postulated on the
basis of optical transmission on evaporated films a semi-
conducting gap of 2.6 eV. He estimated in these samples
a metal excess of about 10%. Busch et aI."used an opti-
cal powder re-emission technique for rare-earth-metal ni-
trides and observed for ScN an absorption minimum at
1.8 eV for a material having a nitrogen content of only
80% according to chemical analysis. Harbeke et al. '

made optical refiectivity measurements between 1 and 12
pm on vapor-deposited epitaxial layers of ScN on AlzO&.
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An absorption minimum for the best samples can be es-
timated at about. 0.3 eV. They assume the material to be a
semiconductor which had a measured carrier concentra-
tion of 1.5X 10 cm, supposedly due to residual imper-
fections. Schlegel' made reflectivity measurements be-
tween 30 meV and 12 eV, for the first time on single crys-
tals of ScN still having a metal excess of 5%. The carrier
concentration was estimated to be 7& 10 cm and the
material was taken to be a semimetal. The absorption
minimum was observed at 1.4 eV. It is thus clear that the
position of the absorption minimum strongly depends on
the stoichiometry and perfection of the material, being
determined on the low-energy side by free-carrier absorp-
tion and on the high-energy side by interband transitions.

Several band-structure calculations are available for
ScN, starting with that of Schwarz et al. in which the
potential was taken as a superposition of Hartree-Fock-
Slater potentials for the neutral atoms, resulting in an in-
sulator with an indirect gap of 3.38 eV. In their self-
consistent calculation, again with the full Slater exchange,
Weinberger et a/. found the gap reduced to less than 0.1

eV. In a later attempt by the same workers the Xo, po-
tential was used for exchange and correlation, with
Schwarz's' atomic a values in the respective muffi-tin
spheres, and o;= —, in the interstitial region. The result
was a zero-gap material. The most recent investigation is
that of Monnier et al. ' Starting from a fully self-
consistent linearized augmented plane wave (I.APW) cal-
culation, with the von Barth —Hedin exchange-correlation
potential, these authors included electron-hole correlation
effects, which led from an initial value of 0.08 eV for the
band overlap to a final value of 0.21 eV.

In order to clarify the situation experimentally we have
thus gone through considerable effort to grow new and
well-defined single crystals of ScN and to make optical re-
flectivity measurements over the largest available wave-
length range. The results are then compared with the
most recent electronic structure calculation. '

boiled for many hours in a mixture of HNOq and H2S4
to get dissolved. The final composition of the crystals
used for optical measurements was Sco 503NQ 49'7 or
ScNO 99. The crystals had a green color and their lattice
constant was 4.502 A. Even after 24 h of x-ray irradia-
tion only the rocksalt fcc phase could be detected.
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SAMPLE PREPARATION

Details of the experimental procedure have been
described elsewhere. ' ' The handling of the metal and
compound has been performed in argon glove boxes get-
tered by hot cerium turnings, having a residual oxygen
concentration less than 3 ppm. Turnings of 99.99%o Sc
metal have been reacted with nitrogen in an open
molybdenum crucible for 12 h at 2000'C. The resulting
blue-grey material has been ground and then recrystallized
for four days in electron-beam-welded, closed tungsten
crucibles at a temperature of 2060'C and a temperature
gradient between top and bottom of 10 C. This polycrys-
talline material was then transferred into another tungsten
crucible and heated for five days to 2180'C with a tem-
perature gradient of 25'C between top and bottom. At
the bottom of the crucible, large single crystals of size (5
mm)' had grown.

The single crystals have been analyzed by a micro-
Kjeldahl method for their nitrogen content. The crystals
were extremely stable in air m, d moist atmosphere. In or-
der to test for the metal content the crystals had to be
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FIG. 1. (a) Near perpendicular reflectivity of ScN at 300 K.
(b) High-energy region of the reflectivity of ScN. (c} Low-
energy region of the reflectivity of ScN. Also shown is the cal-
culated refiectivity from the self-consistent fit of the dielectric
functions.
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EXPERIMENTAL RESULTS

The optical refleetivity of ScN has been measured in a
photon energy range from 12 eV down to 1 meV at rooin
temperature using three spectrometers. In the uv and
vacuum-uv ranges cleaved crystals have been used; in the
infrared and far-infrared ranges polished surfaces had a
higher reflectivity. In the far-infrared part of the spec-
trum we have employed a Fourier spectrometer with tri-
glycene sulfate detectors down to 25 cm ' and a liquid-
helium-cooled germanium bolometer from 100 to 8 cm
The whole spectrum is shown in Fig. 1(a), whereas in
Figs. 1(b) and l(c) the uv and far-infrared parts of the re-
fiectivity, respectively, are shown in an expanded scale.

We also have measured the electrical resistivity by a
conventional four-probe method and the Hall effect em-

ploying the van der Pauw technique. At room tempera-
ture od, has been found to be 2.2)&10' sec ' with a me-

tallic temperature coefficient and the negative Hall effect
implied a carrier concentration of N, ff =5.9&& 10 cm
(Ref. 18) using an effective one-band model for the inter-
pretation (but see discussion). The carrier concentration
of our single crystals of ScN is thus close to the lowest
one ever described. '

In order to get direct information on the phonon prop-
erties of ScN we measured also Raman spectra at ambient
temperature with 5145-A laser excitations. For reasons of
comparison we investigated the neighboring-element com-
pound TiN and also TiC because in this series, without
greatly changing the masses of the ions, one can follow
the screening effects of the charge carriers on the phonon
modes. In these NaC1 structures the first-order Raman
effect is symmetry forbidden. Nevertheless the existence
of defects relaxes the q-selection rule and the Raman ef-
fect measures a weighted one-phonon density of states
(Fig. 2).

DISCUSSION

A Kramers-Kronig transformation of the reflectivity
spectrum of Fig. 1(a) has been performed in order to ob-
tain the optical constants (e=ei —iez, o =sr, i—ai) T. he
frequency range of the measured reflectivity spectrum has
been extrapolated to zero frequency by means of the
Hagens-Rubens relation

8 (co) = 1 (2—co/ircrd, )'i

using the measured static value of the electric conductivi-
ty ~« —.2XlO" sec-'. " For energies larger t an l2eV
and up to 18 eV the reflectivity has been assumed to drop
off as co, and for still higher energies as co . The
dielectric functions obtained are plotted for the high-
energy range in Fig. 3 and for the low-energy range in
Fig. 4. The real part (absorptive) of the optical conduc-
tivity is shown for the high-energy region in Fig. 5 and
for the low-energy part in Fig. 6. The dielectric functions
Ei, E2, 'and o i exhibit an interesting anomaly in the far-
infrared region at about 45 meV (Figs. 4 and 6).

The analysis of the spectra is complicated by the fact
that, besides the intraband absorption due to free carriers
(Drude}, TO phonons and high-energy interband transi-
tions (~e», }, low-energy transitions of the holes between
the different valence bands can take place. ' ' In the ap-
proximation of Ref. 14, where the three cubically warped
valence bands have been replaced by a nondegenerate band
of light holes (mass mL ) and a doubly degenerate band of
heavy holes (mass mH), both isotropic, the energy range
in which direct transitions occur is given by

[(mH/mr ) —l]EF)fico) [1—(mL, /mH)]Ep, (2)

where EF is the hole chemical potential. With the param-
eters of Ref. 14, this leads to 45 meV & fico & 115 meV.

Below this interval, each valence band has an indepen-
dent free-carrier absorption, and the observed plasma fre-
quency corresponds to

Np = 4KB + +
mH mL

(3)

10

f7l

Ol

C

QJl
C

O

CA

C0 8.CJ
C

O
CL g
C)
C

5

60 90 120
Frequency Shift (rneV)

FIG. 2. Raman scattering of ScN, TiC, and TiN.
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FIG. 3. Real and imaginary parts of the dielectric function of
ScN.
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FIG. 4. Real and imaginary parts of the dielectric function of
ScN in an expanded low-energy region.

where 2NH and NL are the concentration of heavy and
light holes, respectively, and 2NH+NL N——, for a com-
pensated system. mo, is the optical mass of the electrons.
In addition, the low-energy interband transitions will in-
duce a positive correction to ei(ro).

At higher frequencies than the above interval (but still
smaller than the direct gap between valence and conduc-
tion bands), the response of the three valence bands com-
bine into an effective Drude absorption, leading to a plas-
ma frequency of the form

cP "=(4ne N, /mo)' (4)

where mo is the optical mass of an electron-hole pair, de-
fined in Ref. 14.

A realistic description of the optical response in the fre-
quency range defined by Eq. (2) requires a calculation of
the interband absorption within the valence-band com-
plex. We have done this in the spherical approximation,
using the equations derived by Combescot and Nozieres
(CN), in which we have introduced a small damping
term in order to suppress the unphysical divergencies in e&

due to the replacement of the true bands by their spherical
component. The material parameters appearing in this
modified ecN(co) were obtained from a fit of the dielectric
functions at low (fico & 80 meV) frequencies to the formula

e =&,~, +(co~")'/( —~'+iy~)

+0 /(coTo —co +i I co)+ecN(c0), (5)
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FIG. 5. Real part of the optical conductivity of ScN.

where e,~, simulates the high-energy (fm &0.6 eV) inter-
band transitions; the second term is the contribution of
the free carriers, the concentration of which can be ob-
tained from Eq. (2), the neutrality condition
2NH+NL N„and the rel——ation NH/Ni. (mH/m—L—)

the third term is the absorption by a transverse optical
phonon of frequency coTo, with a damping factor I and
an oscillator strength 0 . Not included, but always
present with lower probability, are indirect-hole interband
transitions and indirect p-d interband transitions.

In the high-frequency range (200 meV & irico & 600 meV)
we have modeled the dielectric function by the expression

20,

Ct
th

n
O '5-

QG2 006 0.08
Photon Energy (eV)

FIG. 6. Real part of the optical conductivity of ScN in an ex-
panded lour-energy region.

The two fits produced values for e,~, which differed by
less than 5% from each other, and their average,
e,~,=5.2, is less than half of the value 10.8 quoted in Ref.
12. The value there has been obtained by neglecting the
absorption coefficient k (or ez) in the region for
co & co&/(e, z, )' which, as seen in Fig. 3, is not permitted.
Especially ei exhibits a maximum of about 10 just in the
region where one extrapolated the c», value in Ref. 12.
The real situation is therefore more complex and we find
a fit procedure at lower energies than considered by Ref.
12 more reliable.

The splitting of e2 and e& into its components according
to Eq. (5) is shown in Figs. 7 and 8, respectively, and the
reflectivity, computed from the fit is compared with the
measured one in Fig. 1(c). The phenomenon which we en-
counter here is that of a typical plasmaron, i.e., a plasmon
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FIG. 7, Imaginary part of the dielectric function of ScN in
the low-energy region. The figure shows the decomposition into
the contributions given by Eq. (5). KK is the Kramers-Kronig
transformation.
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FIG. 8. Real part of the dielectric function of ScN in the
lour-energy region. The figure shows the decomposition into
contributions given by Eq. (6). KK is the Kramers-Kronig
transformation.

and LO-phonon coupling. The parameters which optim-
ize the phonon part of the spectrum are ~To——45 meV,
A=380 meV, and I"=7 meV. Of the two components of
the interband contribution, ecN, which depends on the
carrier density, has to be compatible with the value for
re'", which leaves a very small range of variation for e,~,.

We also remark that ecN(ro) adds a contribution of
about 20 to the real part of the dielectric constant at zero
frequency due to the interband transitions of the holes
down to about 45 meV. The important aspect then is to
realize that there must be optical absorption down to very
low energies. It is exactly this absorption which has been
neglected in Ref. 12. roLo can be obtained from the
second zero crossing of ei of the decomposed phonon part
of Fig. 8 augmented by e,~,. It amounts to 155 meV. In
the absence of free carriers one can normally make use of
the Lyddane-Sachs-Teller relation, connecting the static
and optic dielectric constant with the longitudinal and

We compute from Eq. (7) that e,~, is 60, which can also
be taken from Fig. 8. The interband transitions of the
holes add to this about 20 so that the total dielectric con-
stant for co~0 without the Drude term amounts to about
80.

The phonon part of ei in Fig. 8 can now be compared
with the direct Raman measurements on ScN in Fig. 2.
At first glance the figures bear little resemblance. As
mentioned already above, the Raman effect in these fcc
materials measures a weighted one-phonon density of
states. The density of states is largest near the zone edges,
thus the phonon frequencies taken from Fig. 2 correspond
to values characteristic for the I. point. The Raman spec-
tra of TiN and TiC are in excellent agreement with
density-of-states calculations. ' Thus we can identify
the Raman peaks at 28 and 40 meV in TiN and at 36 and
43 meU in TiC with the TA and LA modes at the zone
edge, respectively. In ScN it is more difficult to discern
between the TA and LA modes, the Raman peak is rather
one broad structure centered at 52 meV. The density of
states of the optical modes has only one peak both in the
calculation and in the experiment and it is at 71, 74, and
84 meV for TiN, TiC, and ScN, respectively.

As can be seen from Fig. 2, the optical phonons as well
as the acoustical phonons soften from ScN over TiC to
TiN. This is in contrast to expectations from the lattice
constant being 4.502, 4.329, and 4.24 A, respectively, and
suggesting rather a hardening of phonon modes. The
softening of the acoustic modes from ScN over TiC to
TiN is an effect of screening due to charge carriers. In
ScN we have about 0.01 free carrier per cation (see below),
in Tic about 0.15, and in TiN about 1.

The value we obtain for the transverse optical frequen-
cy of the decoupled phonon spectrum of Fig. 7 is with 45
meV strikingly low. The TO and LO modes of the decou-
pled phonon of Figs. 7 and 8 correspond to the I point
because only there infrared transitions are possible. In
other words the phonons in ScN taken from Figs. 2 and 7
cannot be compared directly. However, also in TiC,
ZrC, and HfC, which all have eight valence electrons
per formula unit, as does ScN, there is an unusually
strong reduction of coTo at I compared to the one at the
L point. %e attribute this to the strong electron-hole
correlations in these systems, ' ' which in terins of
phenomenological parameters reflect themselves in a large
polarizability of the ions and strong metal-ligand correla-
tions

The most interesting parameters for our purpose are the
two uncoupled plasma frequencies, which come out to be
fico&'" 0 82 eV and ——fico&.

's 0 99 eV (y ——=0..01 eV). From
the latter frequency and the optical mass mo ——0.13 m
given in Ref. 14, we find a density X, =9.3&10' cm
while from co&'" and Eq. (3) we obtain N, =6.6X10'
cm and EH ——0.44K„XL——0.12%,. So the carrier con-
centrations obtained from the two fits are not exactly
equal, but still rather close to each other. They are, how-
ever, 6 to 9 times smaller than the one obtained from the
Hall effect measurement interpreted in terms of a single-
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band model [N,rr
——5.9X10 cm (Ref. 18)]. This is

easily accounted for if one remembers that the charge
transport takes place through several bands. Already in a
two-band model, where the electrons have a mobility p,
and the holes a mobility of pI„N,rr is renormalized by the
factor (p, —IJ,~)j(p, +pl, ) to produce the true density.
The holes have usually a smaller mobility than the elec-
trons, and factors like the ones above are easily obtainable.
We abstain from a further discussion of this point, since
very little is known on the dominant scattering mecha-
nism in ScN.

Consulting the self-consistent band structure of ScN
(Ref. 14) or similarly that of Ref. 6 we observe that there
is a lowest-energy direct p-d interband transition at the X
point with an energy of 0.8 eV. It is exactly at this energy
whclc wc discern, best scen ln 6'2 ln Flg. 3, an absorption
peak. The most prominent peak in ez is at 2.6 and it cor-
responds to the direct transition at the I" point. A very
strong transition is also expected at the 8' point, because
near this point the dispersion is flat and the energy bands
are degenerate, leading to a high density of states. We ob-
serve this transition at 6.7 eV as the most prominent
structure in Fig. 5. We refrain from going further into
details of the interpretation of interband transitions up to
12 eV and rather wait until a computation of the dielec-
tric functions from the band structure calculation be-
comes available.

%c also made an x-ray photoemission spectroscopy
(XPS) investigation of our ScN single crystals. ~ We ob-
serve a nonzero (but minute) density of states at FF and
two prominent peaks in the valence band spectra, separat-
ed by 10.5 eV. This corresponds exactly to the separation
in energy of nitrogen 2s and 2p bands in the calculation of
the density of states. The peak with lowest binding ener-

gy, corresponding to the nitrogen 2p band„ is found exper-
imentally at 3.7 eV, and calculated at 2.7 eV. Also the
total width of the valence band is experimentally (resolu-
tion corrected) with 6.5 eV about 1 eV larger than the

band-structure calculations would permit. '

Finally, looking at Fig. 5, we notice the sharp absorp-
tion minimum due to the screened plasma resonance at
about 0.4 eV =co~' "/(e,p,

)' . For less perfect ScN this
absorption minimum shifts appreciably into the near in-

frared region, up to even 2 eV. The measurements of the
absorption minimum of Sclar, ' Busch et al. ,

" and
Schlegel' thus find their natural explanation.

From the dielectric constants we can also extract N*,
the effective number of electrons taking part in an optical
transition

N'=[m/(2m e')] I e2ai(co)da) .

Here N'=Nmjm' for free carrier transitions, whereas
the normal mass has to be used for interband transitions,
whose oscillator strength f is obtained from the relation
N'=Nf. Looking at Fig. 9 we see two plateaus„one at
about 0.2 eV, the other being approached near 12 eV.
Considering the latter we find that interband p-d transi-
tions originating in the 2p valence band of nitrogen be-
come exhausted near 12 eV. The total number of elec-
trons in this band is N =4&(6/a =2.6&10 cm
Comparing N with N' we find f to be about 0.3, a
reasonable oscillator strength for this transition.

Up to the plateau at about 0.2 eV we find transitions of
free electrons near the bottom of the conduction band at
X or holes near the top of the valence band at I' and tran-
sitions of electrons near X to hole states near I. Ap-
parently the band overlap is then about 0.2 eV, close to
the theoretical value of 0.21 eV. '" Decomposing the curve
in Fig. 9 into a free carrier and interband contribution and
then taking N' from Fig. 9 to be about 7)& 10 0 cm i and
N, to be 9.3 X 10' cm we get an mo of about 0.13m,
where we have to take into consideration that this is a
mass averaged over all transitions. In this view this quan-
tity is in good agreement with the theoretically derived
value of mo ——0. 13m at the bottom of the band.

CONCLUSION
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FIG. 9. Effective carrier concentration X of ScN.

We have given for the first time to our knowledge opti-
cal data over more than four decades of photon energy on
chemically well-characterized, practically stoichiometric
single crystals of ScN. The dielectric functions could be
extracted from these data with great reliability. In the
far-infrared region the plasmaron could be decoupled and
phonon and carrier contributions could be separated. The
data have been analyzed in a two-band model using light
and heavy holes and electrons. The plasma resonance to-
gether with detailed electronic structure calculations, tak-
ing into account also electron-hole interactions, have per-
mitted to make statements about the effective mass and
the electron and hole concentrations. The fact that the
experimental estimate of the carrier concentrations lies
slightly below the theoretical ones strongly suggests that
most of the observed charge is intrinsic. We thus can es-

tablish that ScN is a compensated indirect semimetal with
a relatively low carrier concentration near 10 cm
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