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Local (spin density functional calculations for ScN and GdN are complemented with estimated quasiparticle
corrections and calculations of the optical response to evaluate whether these materials are semimetals as
suggested by some transport measurements or semiconductors as suggested by optical measurements. The
quasiparticle corrections are estimated by assuming that gap corrections are inversely proportional to the
dielectric constant and using experimentally known results on the quasipaHiaad shift in EgSc,_,As.

Results for the optical response functions and band structures are presented for ScAs, ScN, and GdN. The
conclusion is that whereas ScAs is a semimetal, ScN and GdN are both narroi®.¢amnd 0.7-0.85 eV,
respectively indirect gap ' —X) semiconductors, with first direct gap #Atat 2.0 and 1.1-1.2 eV, respec-

tively. Due to the strong exchange interaction df @lectrons with thed bands, GdN is predicted to have a
magnetic-field-induced redshift of both the indirect and direct absorption edges of about 0.3 eV.

I. INTRODUCTION were really very small, the excitation of electron-hole pairs
could be offset by the energy gain in forming a correlated
While most rare-eartfRE) pnictides have been clearly electron-hole liquid as the ground state. This state would be
established to be semimetallic, there still exists some contrgsimilar to that in laser-induced electron-hole droplets in
versy whether RE nitrides and scandium nitride are semimeg€emiconductors except that here it would be a ground state of
als or semiconductors? Transport measurements in thesethe system. _ _ _
materials give typical carrier concentrations in the range  1here are several reasons why this question of the exis-
=101 cm 2 which are compatible with a semimetal, tence of a band gap in these materials is of practical interest.

but may also indicate a highly degeneratéype semicon- SCN_ is closely Iattice_z matghed_ to GaN, a wide-_band-gap
ductor. The latter could be due to imperfect stoichiometry,sem'conducmr material which is currently attracting great

i.e., due ta\ vacancies, or, to some residual impurity such asattentlon for optoelectronic, high-temperature, and high-

oxygen. Recently, ScN samples with carrier concentration§o " electronic applications. Combining a wide band-gap
ygen. y,73 P 5 Mmaterial with a narrow-gap material is of considerable inter-
as low as 1& cm 2 were reported by Moustakast al.,

. $6 whi . est for heterostructure based devices. Second, GdN and other
and Ba," and Kordesfy, \_Nh'Ch §trong|y suggests that ScN is rare-earth nitrides have interesting magnetic properties due
a semiconductor. Kaldis and #her suggested that GdN to the open shell # states.
could be a semiconductor because it showed a decreasing while most Gd pnictides have been found to be antifer-
specific resistivity with increasing temperature but could notomagnetic, GAN has been claimed by some to be a antifer-
extract a definite band gap because of the presence of 0Xygegmagnet and by others to be a ferromagnet. Wachter and
contaminations and/or imperfect stoichiometry. Wachter angkgldis® concluded that pure semiconducting GdN with
Kaldis® determined that even their best stoichiometric GdNp/Gd< 1073, “if it exists” (sic), would be an antiferromag-
(determined to be Gdj\,g had a carrier concentration of net but that GAN with the typical carrier concentrations be-
n/Gd=0.06 orn=1.9x10* cm 3. Although they did not comes a ferromagnet due to the Ruderman-Kittel-Kasuya-
completely exclude the possibility of even lowesemicon-  Yoshida-type interaction. Recently, however GdN, claimed
ducting GdN, they concluded that any GdN obtained untilto be stoichiometric, has been found to be ferromagnetic
then was a semimetal. with a Curie temperature of 58 KRef. 16 and a theory was
Optical absorption studies on the other hand show an oneffered by Kasuya and Lf to explain why GdN can be a
set of absorption at 0.98 eV for GdRefs. 9 and 1pand 2.1  strong ferromagnet even without ferromagnetic coupling via
eV for ScN>'*Values for other RE-nitride gaps are also in free carriers. While the question of the ferro- or antiferro-
the range 1-2 eV? While these absorption edges appearedmagnetic nature of GdN is extremely interesting, it will not
to correspond to a direct gap, it is not clear from presentljbe addressed in the present paper. We believe the small en-
available optical data whether or not there is a lower energergy difference involved in this question requires a very
and weaker indirect absorption edge. Travaghinal'> have  careful treatment of the 4 electrons beyond our present
studied the optical reflectivity in ScN and came to the con-computational capabilities. Instead our paper focuses on the
clusion that it is a compensated semimetal. question of whether or not GdN is a semiconductor. In any
Local density-functional calculations indicate an almostcase, application of a moderately strong fi€dd35 T) (Ref.
zero indirect gap or slight overldd='® Most interestingly, ~ 8) is found to align Gd magnetic moments at low tempera-
Monnier et al}* suggested that ScN may have an electronture. Thus for studying the behavior of GdN in a magnetic
hole liquid as the true ground state: in other words if the gagield above the Curigor Neel) temperaturdif it were anti-
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ferromagnetif, a spin-polarized description, as if it were fer- duction band minimum, are included within the local-spin-
romagnetic, is appropriate. In conclusion, if GdN is found todensity approximation but with thef4pin occupations fixed
be a semiconductor, it would be a rather interesting magnetiby the aboveU shifts and with gap corrections included in
semiconductor, with possibly also interesting magneto-opti¢he above described semiempirical manner. Our basic model
properties. for GdN is that above the Curie temperature the localized 4
Unfortunately, the theoretical studies so far have hadlerived magnetic moments are randomly oriented and lead to
great difficulty in establishing clearly whether or not these@ Net zero-spin polarization which we approximate by a non-
materials are semiconductors or semimetals because tf®in-polarized local-density calculation. Below the Curie
Kohn-Sham eigenvalues obtained in the local-density aptémperature or in a saturating magnetic field, we assume that
proximation are known not to represent true quasiparticléhe ferromagnetic state is described by our spin-polarized
energies and hence to underestimate band gaps in Semiccﬁﬁlculatlons. The en_d result of our calculations is the predic-
ductors. Thus, for borderline cases as considered here, it fon that GdN remains a semiconductor even in the ferro-
difficult to establish whether or not a material is a semimetafmagnetic state but has a sizably lower band gap.
or a semiconductor. While a quasiparticle calculation in the
GW approximatio® is probably the most desirable ap-
proach, it is rather difficult for a material such as GdN or
ScN because most GW implementations, with the exception The basic band-structure approach used for our calcula-
of Ref. 19, are based on pseudopotential plane-wave agions is the linear muffin-tin orbitalLMTO) method in the
proaches for which the bands present a serious difficulty. atomic-sphere approximatiqhSA).?% The crystal structure
The 4f bands in the RE case present an even more difficulbf the materials under consideration is the rocksalt structure.
problem. As usual, we introduce empty spheres to obtain a better fill-
In the present study we attempt to estimate the quasipaing of space with slightly overlapping atomic Wigner-Seitz
ticle gap correction by means of a somewhat semiempiricadpheres. The ASA has been previously shown to provide
approach, and combine it with studies of the optical responsaccurate band structures for rare-earth monopnictides in this
in ScN. The essential assumption behind the present apnannert®
proach is that gap corrections scale inversely with the dielec- The main problem addressed in this paper is to estimate
tric constants. This is an obvious fact in the GW approxi- the gap corrections beyond the local-density approximation
mation because the latter contains the screened CoulombDA). As is well known, the GW correction in semiconduc-
interactionW= ¢~ !v. Of course, it is a serious simplification tors consists primarily in an upward shift of the conduction
to simply use a scalar macroscopic dielectric constafithe  bands. While there is some variation frdapoint tok point
reason why we expect this gross oversimplification to beand state to state due to changes in the wave-function char-
reasonable is that heeeis only used to establish the ratio of acter, these are at most of the order of a few 0.1 eV. In
the gap correction in one material to that in another. In factprevious work® on ErAs and Ef ¢S _As, it was found that
we use prior empirical knowledge of the quasiparticle cor-the volume enclosed by the Fermi surface of these semimet-
rection in related RE arsenides, in particulag 8¢, As, als is overestimated in the LDA by almost a factor of 3. This
obtained from a comparison of our LDA band structures tocould, however, be corrected for simply by shifting the metal
Shubnikov—de Haas measuremefit8: We then calculate d band up by a rigid shift of about 0.4 eV. In fact, it was
the dielectric constant ‘“self-consistently” from the band shown that this not only corrects the overall size of the Fermi
structure with the estimated gap correctitwhich in turn  surface, but also brings the areas of the various extremal
depends ore) included. Using this approach, we obtain a orbits in good agreement with Shubnikov—-de Haas
corrected band structure for ScN. The end result is that Sckheasurements. So, at least for the region of the band struc-
is indeed a semiconductor but not with a direct gap of 2.1 eMure in the immediate vicinity of the band gap, a rigid shift
as suggested by Dismukesal!* but with an indirect gap of appears to be a reasonable approximation because only states
only about 0.9 eV. That the band gap needs to be indirect izith a similar wave-function charactémetal 3) are in-
very clear from even the simplest tight-binding picture. volved. In addition, it was shown that this magnitude of the
In view of the above remarks, this makes ScN a quiteshift could be accounted for by a simplified extreme tight-
attractive material because among the nitrides it has a sidginding approximation to the GW method, suggested by
nificantly lower gap than GakB.6 eV) or even INN(1.9 eV). Bechstedt and Del Sofé.In Ref. 15, the dielectric constant
This would allow for a much wider band-gap difference in used in this approach was estimated from the Penn nfddel.
nitride heterostructures than is currently possible, which idn the present paper, instead of the Penn model, explicit cal-
beneficial for certain device applications. culations of the dielectric function from the band structure
Next, a similar approach is used to correct the band strucare employed. In any case, the Bechstedt—Del Sole model
ture in GdN. In the latter case, we also need to deal with thevas only used to justify approximately the size of the gap
4f electrons and with the spin polarization. We do this es-correction. The important point to note is that the gap cor-
sentially via a simplified version of the “LDAU” rection in the RE-arsenide or Sc-As system can be consid-
approactf? Among the RE nitrides we choose GdN becauseered to be known from experiment. In fact, there is no no-
it has exactly a half-filled # shell. Thus the orbital depen- table difference between Sc, or other lllb elements and the
dence of the Coulomb interaction plays no significant roleRE elements in this context because their metdbands
and we can simply shift the occupied states of one spin dowacross this family of materials are to a very good approxi-
and the unoccupied ones up by appropribteshifts. The mation the same. Of course, a similar approximation of ma-
spin-polarization effects on theebands, which form the con- terials independence would not apply in general but only in

Il. THEORETICAL APPROACH
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this favorable circumstance of considering a family of com-in the LMTO Hamiltonian in the nearly orthogonal
pounds with very similar band structures. representatiof’ The latter represents the center of gravity of
As already mentioned in the introduction, the second genthe corresponding partial density of states in the usual de-
eral assumption behind our approach to estimate quasipargomposition in angular momentum components and corre-
cle corrections is that the latter should scale inversely Wiﬂ'gponds to the diagonal elements of the Hamiltonian matrix.
the dielectric constant. A good first approximation to the GWrhjs affects the occupied valence bands only negligibly and
self-energy is the screened exchange operator. Thus, one esifts alld bands, from which the bottom of the conduction

pects the gap correctiohE, to take the form band is primarily derived, up by a constant.
The dielectric constant is calculated in the random-phase
AE,~Uy/e, (1) approximation without local field corrections: The imaginary

parte,(w) is calculated first and the real part is obtained by

whereU is some effective exchange integral for thelec-  a Kramers-Kronig transformation. The matrix elements are
trons, or rather its difference from its LDA counterpart. Al- calculated from the muffin-tin orbitals in the manner de-
though we are here dealing withdaband shift, we should scribed in Refs. 27 and 28. Because the screening dielectric
note that these are widkbands and th& 4 here should not  constant involved in the GW approximation should reflect
arise primarily from a localized atomic interaction—in other the average behavior of the electrons and not that of the few
words, it is not a “Hubbard”U—Dbut rather from long-range behaving metallically near the Fermi level, only the inter-
Coulomb interactions between electrons in different atomidand transitions are included in the calculation e3f{ )
sites. As in usual semiconductors, the latter is the term whicleven for the semimetallic ScAs. Clearly, if metallic screen-
is essentially missing in LDA, because it falls off likerl/ ing were included, then in thg—0 limit, £(q)— <, and the
with r the distance between the sites and is completely ovemwhole approach would become meaningless. It is important
screened in LDA because the latter assumes a metallic @0 emphasize again that the main reason for the band-gap
electron-gas-type screening of the Coulomb interactns. correction in fact is that the screened exchange term has a
So,Uy is essentially a Madelung sum of the Coulomb inter-long-rangecontribution because the screening is not IG€al.
actions between electrons treated as point charges sitting @ven in a semimetal with £®carriers per crfy the Thomas-
each of the metal lattice sites, multiplied by the occupatiorFermi screening length is of ordeB A . Thus, the presence
number of the metadl states, the latter factor coming from of free carriers at the density typical of a semimetal does not
the density matrix in the Hartree-Fock exchange term. Befead to a short-rang@within the atomic sphere, spgcreen-
cause of the similarity in the crystal structure and bondingng of the Coulomb(or exchanggintegrals responsible for
type of the various RE pnictides and Sc pnictidgmrticu-  the band-gap shift. Thus the long-rangerlbehavior re-
larly as far as the metal contribution to the charge density sponsible for the dominant contribution to the band-gap shift
is concerneflit can approximately be considered a constantis still present and is determined by the finite dielectric con-
within this family of materials. One might actually expect it stant resulting from the interband contributions of the dielec-
to scale inversely proportional to the lattice constants, butric response.
this is an effect of only 10% or so, given the variation in  Of course, the above procedure still constitutes only a
lattice constants, whereas the dielectric constants will beough approximation to the full GW approach. All local field
seen to vary more strongly. In any case, it would lead eveneffects and dynamic effects of the self-energy are neglected
tually to further increase the gap correction in nitrides versusere. Nevertheless, it may be argued that in the present case,
those in arsenides and reinforce our conclusion of the semit does capture the essential difference between the nitrides
conducting as opposed to semimetallic character of the niand the arsenides in this same family of materials. Even
trides. Thus, iUy is approximately constant, one expects thethough the calculated may be in error by a factor of the
gap correction to scale inversely with the dielectric constantorder of 10% and furthermore, a simple scalar macroscopic
While little change in the dielectric constant is expected bedielectric constant cannot capture the full physics, the errors
tween RE-P and RE-As systems, the RE-N systems might b@&ade should be systematically the same for the two materials
expected to have somewhat different dielectric response bend a reasonable approximation should still be obtained for
cause of the deepe\ levels and therefore somewhat more the ratio of the screening in the two materials, which is all
ionic nature of the bonding. This is clear also from the dif-we need.
ference in their LDA band structures which is clearly semi- For GdN, essentially the same approach is followed, but
metallic in the RE-As and RE-P cases but already borderlin@ow the calculations are carried out including spin polariza-
zero-gap in the nitride case. tion. The treatment of thefdelectrons requires some expla-

Thus, in practice, the approach goes as follows: the dination. Unlike previous work where thef 4lectrons were
electric constant of ScAs is calculated from the LDA bandtreated as core states, they are here treated in a rudimentary
structure with a known gap correction of 0.4 eV added. From‘. DA +U” fashion. In a LSD calculation, including thef4
this ¢ and AE,, the unscreenetl is obtained. Then the electrons, the occupiedf4 band of majority spin lie about
dielectric constan(AEy) is calculated for ScN from its —3.2 eV below the Fermi level, while the unoccupied mi-
LDA band structure with a trial gap correctianEy added.  nority spin 4f; band lies about 1.7 eV above it. The band
From this a new gap correction is obtained A€,  structure near the Fermi energy in that case is rather strongly
=Uq/e(AEg) and this procedure is iterated to self- perturbed from that obtained previously when thie elec-
consistency. trons are treated as core states. X-ray photoemission spec-

The way in which the gap correction is added is by shift-troscopy (XPS and inverse photoemission or bremsstrah-
ing the LMTO potential paramete&, of the Sc or RE atoms lung isochromat spectroscoilS) in metallic Gd place the
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ScAs

FIG. 1. Band structure of ScAs: dashed lines:
LDA, solid lines: including gap correction.
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occupied and unoccupied hands, respectively, at8 and  electric function obtained from transitions between spin-up

4 eV from the Fermi levet® This is a result from the local- states and between spin-down states separately. That

ized character of thefdelectrons for which placing an extra is e,(w)=¢&,1(w)+e;, (w) and the real part of the

electron in the 4 shell requires a large Coulomb energy anddielectric constant is obtained by the usual Kramers-Kronig

likewise, removing one reduces the Coulomb energy subtransformation.

stantially. The polarization responses of the medium to re-

moval or addition of an electron, which are sometimes re- Il. RESULTS

ferred to as final-state relaxation effects in the context of the

experimental spectroscopies, are in principle included in the

guasiparticle energies that LD theory approximates and For ScAs, the dielectric constant obtained from the band

should thus be included in our “quasiparticle band struc-structure with a 0.4 eV shift of the Sc 3d bafabsumed to

ture.” Very similar shifts can be expected in GdN becausebe the same as in £4Sg 4As) and including only interband

the 4f states essentially behave as localized atomic states. transitions is found to be 9.2 while in the LDAwithout

fact, XPS and BIS on other Gd monopnicitidds, As, Sb, shift) it is found to be 11.3. The band structures and dielec-

and Bj (Ref. 30 indicate a occupiedfdlevel at—9 eV and tric response functions are shown in Figs. 1 and 2 respec-

a unoccupied # level of 5 eV from the Fermi level. In the tively. Thus, we expecUy=3.7 eV. However, in view of

present calculation, this effect can simply be included bythe approximations involved in the model and the uncer-

adding shifts to the # diagonal elements of the LMTO tainty of the gap correction in ScAs in the first place, we

Hamiltonian in much the same way as they are added for theound this off to an “unscreenedU ~4.0 eV assumed to

d band. Below, this treatment will be referred to asbe valid within the family of RE and Sc pnictides. When we

LDA +U;. The resulting band structure approximates rather

closely that of the previous treatmé&hin which 4f states 200 ' - '

were treated as core states, except that there still is a large ScAs interband only

spin splitting of the valence band maximum. We anticipate

that the present calculations somewhat overestimate thi:

splitting because theU; shifts are not added self-

consistently. In other words, all LMTO potential parameters

stay frozen as they were in the pure LSDA calculation exceptg

for the C4¢; and Cy4¢, center of the band parameters. Thus, <

the potential parameters fd\2pT andN2p|, which domi-

nate the valence band maxima for each spin still reflect the 0.0

spin polarization induced in them when thé dtates were

closer to the Fermi level as in the LSD. We plan to remove

this additional approximation in future work. With some cau-

tion in interpreting the results, however, it does not alter the

main conclusions of the present work. -10.0 . 35 P 2
The “standard” wide band quasiparticle effects on the ENERGY (eV)

conductiond band are included in the same way as for ScN.

Since the total dielectric response is involved in screening FIG. 2. Real(solid line) and imaginary partdashed lingof the

the Coulomb interaction, the corresponding dielectric func-interband portion of the dielectric function of ScAs; thick lines:

tion is calculated by summing the imaginary part of the di-LDA + correction, thin lines: LDA only.

A. Band structure and optical response for ScAs

()
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ScN

FIG. 3. Band structure of ScN: dashed lines:
LDA, solid lines: including gap correction.
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use this for nitrides, one may also think of this as approxi-2.0 eV in good agreement with the results of Dismukes
mately including the 10% additional increase due to theet all! for the lowest carrier concentration samples of ScN.

smaller lattice constant for nitrides. Unfortunately, the data of Dismukes al. do not extend be-
low 1.8 eV, although it should be mentioned that their data
B. Band structure and optical response for ScN show a significant amount of absorbance exists in the range

: . : 1.8-2.1 eV.
The dielectric constant andEg in ScN were then ob- Very recently, Bai and Kordesh® grew ScN films by a

tained in the iterative manner described above. The resulting oty of methods. includi ttori q lecular-b
band structure is shown in Fig. 3 compared to the LDA one! 2''€ty 0f MEtNOds, Including Sputtéring and molecuiar-béam

A gap correctiorAE,=0.9 eV is obtained, leading in fact to epitaxy, and studied their absorption spectra in the range
an indirect minimum gap of 0.9 eV, since the LDA gap is 1.5-3.0 eV. Their data indicate again a direct absorptlon
zero. This corresponds to a dielectric constant of about 4.4dge at about 2.1-2.2 eV. Furthermore, however, their data
The corresponding dielectric functions are shown in Fig. 4indicate a linear behavior af*4w) with photon energy in
The dielectric constant is seen to be about half the value dhe range 1.5-2.0 eV. This is indicative of an indirect gap
that in ScAs, thus justifying a gap correction which is aboutabsorption onset. Extrapolating their data linearly, would in-
twice as large. The main band-gap results are summarized flicate an indirect gap of about 0.9 eV. The absorption coef-
Table I. ficient measured by these authors at 1.5 eV is approximately

We next check these predictions against experimental.0x 10* cm™1, which is consistent with typical values for
data. First of all, we find an onset of direct absorptioiXat  an indirect gap material about 0.5 eV above the threshold.

Confirmation of this result by measurements in the near in-

10 - . . frared range is highly desirable and should reveal the differ-
ent onsets for phonon absorption and emission, which would
also provide information on th¥ phonon.

The films are red in appearance, an observation also made
by Dismukeset al!! For the thickness of the films investi-
gated, of order 1-2um, this is consistent with the blue-
green portion of the spectrum being more strongly absorbed
than the red part of the visible spectrum. While the red ap-
pearance of the crystals has been very suggestive that the 2

£,(0), £,(®)

TABLE |. Band gaps and dielectric constant in ScN.

Indirect gapl’ — X 0.9 eV
Direct gap atX 20eV
Direct gap atl’ 4.3 eV
S 5 10 15 20 Experimental “direct” absorption edge 2.0-2.2 eV
ENERGY (eV) Experimental extrapolated “indirect” absorption edge 0.9 eV
Optic dielectric constant 4.4

FIG. 4. Real(solid line) and imaginary partdashed lingof the
dielectric function of ScN; thick lines: LDA+ correction, thin  “References 11 and 6.
lines: LDA only. bReferences 4 and 5.
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transition onset and B with odr direct transition, but then
the first peak ine; would be displaced as well and there is no
correlation for the higher energy features. Also, even when
strong electron-hole interaction or continuum excitonic ef-
fects are invoked, it is hard to explain the discrepancies in
overall intensity. One might easily explain a lower intensity
in the experiment than the theory by surface roughness scat-
tering, but the experiment has the higher intensity. The
electron-hole interaction and local field effects can shift os-
cillator strength from one peak to another but not increase
the overall integrated intensity.

This indicates that the spectra measured by Travaglini
et al'?2 may be significantly perturbed by extrinsic effects
and may not correspond to the bulk ScN band structure at all.
Their samples indeed were reported to have carrier concen-
trations of the order of 4 cm™2 and to have about a 1% N
deficiency. This accounts for the presence of a strong Drude
peak in their data at zero frequency. Even this, however, may

FIG. 5. Real(bottom) and imaginary parttop) of the dielectric ~ be insufficient to explain the discrepancies in the UV reflec-
function of ScN: solid line experiment from Ref. 12, dashed linetivity. We suspect that surface states or a surface layer of
present theory including correction. scandium oxide or oxynitride may have perturbed the mea-

surements of UV reflectivity because ScN is highly suscep-
eV threshold would be the fundamental absorption edge, antible to oxidation.
has led Dismukest al!! to suggest a direct gap material, it We also note that these data are quite different from the
is by no means a proof. other experimental results. The plateawiiw) in the range

In fact, a direct band gap is completely incompatible with0.8—2.0 eV corresponds to an absorption coefficierdf a
the band structure. The fact that the St I3ands must bend factor 5-7 stronger than measured by, e.g., Bai and
down fromT to X is a robust result that would be obtained Kordesh?=® Furthermore, Travagliniet all® report their
even in the simplest tight-binding approach. If we considercrystals to have a green color while the recent works all refer
the X point in the[001] direction, the lowest conduction to red colored films. In summary, the UV reflectivity data of
band is thed,, band. Including only the direct nearest- Travaglini et al** are rather puzzling but appear to be in
nearestdd interactions, we need to consider only the fccdiscrepancy not only with our calculation but also with the
sublattice. An explicit expression was given for this band bydata on more recent samples. It would be highly desirable to
Harrison and Froyeft obtain UV-reflectivity data on the new samples of low carrier
concentration.

€,(w)
M O N A ® ® O

ENERGY (V)

€Xy( kz) = Ed+ 3Vdd0’+ Vdd§+ 4(Vdd7T+ Vddg)COSkza/Z,

2
in terms of the usual Slater-Koster hopping integrals. Since C. Band structure and optical response for GdN
Vad=T Vags>0, the bands are lower &,=27x/a than at Figure 6 shows the spin-polarized band structure of GdN
k,=0. including the gap corrections obtained in the same way as for

In conclusion, the optical data on recent films of low car-ScN. The corresponding dielectric response functions are
rier concentration are consistent with an indirect gap of aboushown in Fig. 7. These include a “self-consistent” gap cor-
1 eV, fromI'-X and an onset of direct transitions at about 2rectionAE4 of ~0.6 eV corresponding to a dielectric con-
eV at X, as predicted by our calculations, although the indi-stant of 7.0, determined from the calculations in the manner
rect onset has not yet been directly observed. discussed above in detail for ScN. One may note that the

Next, our calculated dielectric function is compared to thespin-up and spin-down GddShands are split by about 0.6
one deduced from the reflectivity measurements of TravaeV, while the valence bands Etare split by about 0.5 eV.
glini et al*?in Fig. 5. These data are in marked disagreementhe minimum indirect gaps & are thus, respectively, 0.3
with our calculations and with the other experimental dataand 1.4 eV for majority spin and minority spin. The mini-
According to these authors, the onset of direct absorptionnum direct gaps aK are 0.8 and 1.6 eV, respectively. As
labeled A, occurs at 0.8 eV. They identify it with the first discussed earlier, the present calculation is expected to over-
direct transitions atX, which our calculations, however, estimate the valence band spin splitting, in particular althe
places at 2.0 eV. Even if we used the LDA band structurepoint. The spin-down band is expected to be pushed down
our onset of direct absorption would lie above their value. Aless by the interaction with the unoccupiefl Band. Com-
downward shift by several 0.1 eV from the LDA is very parison to previous calculatiotfstreating 4 states as core,
difficult to explain, unless extremely strong electron-hole orwhich provides a lower limit for the spin splitting of the
excitonic effects are invoked. This is unlikely in a narrow valence band maximum, indicates that this might lower the
gap semiconductor or nearly semimetal like ScN. Even if waminority-spin indirect gap by an about 0.3 eV. Unfortu-
would allow for an arbitrary shift of our curves versus theirs nately, no experimental information is presently available on
in energy, there is virtually no correlation in spectral shapesthe spin splitting in the valence band of GdN. It should be
For example, one might be tempted to identify A with the noted though that the previous work treating'stas core
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FIG. 6. Spin-polarized band structure of GdN:
solid line majority spin, dashed line minority
spin, including bothJ; shifts of 4 states and gap
correction.

Energy (eV)

-10 i i ;
r X w L r K X

provided valence band splittings in fair agreement with ex-Gd 4 moments or below the Curie temperature. We note
perimental data obtained from resonant tunneling in EfAs. that a similar redshift in a magnetic field has been observed
At the X point the spin splitting is smaller in both cases. in EuO and EuS, which are well documented to be ferromag-
Comparison to the f+as core treatment indicates the direct netic semiconductor¥.
gap for the minority spin might be lowered by 0.1 eV. If the gap were slightly lower to start with and the spin
In the absence of a magnetic field or at temperature§Plitting remained the same, one might reach the situation
above the Curie temperature, one may expect that the gwhere the gap closes in a magnetic flelo! for one of the_spm
localized moments would still be present but randomly ori-channels. This would change the material from a semicon-
ented. In the spirit of a virtual crystal approximation, oneductor to a “half-metal,” which is in some sense a perfect
may model this disordered spin system as having a non—spir?p'n filter. Note that a half-metal means a metal for one spin

polarized band structure. In other words, the average of th(l},Ut a semlg:onductor for the other. Thus in contact with a
above band gaps would then apply. This would mean a mininonr_nagnetlc metal, such a system would present a Schottky
: arrier to electrons of minority spin but no barrier at all to

mum indirect gap of 0.7-0.85 eV and a direct gap of 1.1-1.2,0 -1ons of majority spin. From the present results, this situ-
ev. Th? expgrlmental onset of absorpﬂéﬁa@ 0.'98 eVIS  ation does not appear to be the case in pure GdN, but in
compatible with the latter, given the uncertainties of 0.1 eVGle_xPX, or GdN, _,As, one might expect the gap to be-
at least on our calculated numbers. The results are sSUMM@gme smaller while the spin splitting would remain the same.
rized in Table Il. The present calculation indicates that thernys at some intermediate composition, this situation should
absorption onset should be lowered by about 0.3 eV in theyccur. This would also be the ideal system to study the ef-
presence of a magnetic field sufficiently strong to align thefects of the electron-hole liquid predicted by Monnégral 24

because one could then in principle tune through the transi-
' ' tion by changing the magnetic field. Further work on the
band gap bowing in these alloy systems, including the effects
of disorder, is required to determine at which composition
this cross over is expected.

IV. CONCLUSION

In this paper, the band structures of ScN and GdN were
presented including estimated quasiparticle corrections. The
latter were obtained semiempirically by using the known
quasiparticle  correction in the related compound
Erp S 4AS, Which is required to obtain correct Fermi sur-
face dimensions as determined by Shubnikov—de Haas mea-
surements, and the simple and plausible assumption that gap
corrections in this class of materials should scale inversely
with the dielectric constant obtained from the interband tran-

ENERGY (eV) sitions pnly. The resulting band structure in ScN was found
to provide good agreement for the onset of direct absorption

FIG. 7. Real(thick solid ling and imaginary partthick dashed  at the X point with optical absorption data, which we argue
line) of the dielectric function of GdN; thin lines indicate spin-up are also consistent with a indirect gap at about 1 eV, al-
and spin-down contributions. though the latter

DIELECTRIC RESPONSE
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TABLE II. Band gaps and dielectric constant in GdN. fects in the measurements. The reasons for this discrepancy
remain unclear.
SpinT  Spin | Average Our main result for ScN is a predicted indird¢t- X gap
. of 0.9 eV, and first direct gap at at 2.0 eV, making this
Indirect gapl”'—X 0.3eV 11-12eV 0.7-0.85eV  \aterial of great interest to expand the band-gap range of
Direct gap aiX 08eV 15-16eV 11-1.2 eV gemjconducting Il nitrides. In GdN, our calculations predict
Direct gap atl’ 3.3eV 3.4-3.7eV 3.3-3.5 eV jndirect gaps of 0.3 and 0.7—0.85 eV and direct gaps of 0.8
Experimental absorption edye 0.98 ev and 1.1-1.2 eV in the ferromagnetic and paramagnetic
Optic dielectric constant 7.0 states, respectively. It is predicted that by applying a mag-

— _ netic field the gaps can be tuned between these values by
“Lower and upper limits depending orf 4s core or as LDAUs  controlling the degree of alignment of the localized Gt 4
btreatment. magnetic moments which produce this gap variation by the
References 9 and 10. exchange interaction. This material could thus, in principle,
be used as a magnetic-field-operated optical switch.

remains to be confirmed definitively experimentally. Our re-
sults are in disagreement with the UV-reflectivity results of
Travaglini et al}? who claim indirect semimetallic behavior. This work was supported by the National Science Foun-
The lack of agreement of their dielectric functions extracteddation, Grant No. DMR95-29376. | express my sincere
from UV reflectivity with our calculated ones is worse than thanks to Martin E. Kordesh and Xuewen Bai for communi-
one might reasonably blame on local field or excitonic cor-cating their unpublished results and to Benjamin Segall for
rections and indicates the possible presence of extrinsic eftimulating discussions.
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