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s-d coupling in zinc-blende semiconductors
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Most zinc blende semiconductors have a single aniondimte near the bottom of the valence band, found
in density-of-state¢$DOYS) calculations, and seen in photoemission. Here, we discuss the casetwhesike
peaks appear, due to strosgl coupling. Indeed, away from tHe= 0 Brillouin zone center, catiod states and
anion s states can couple in zinc blende symmetry. Depending on the energy diffefdhge= Eg”i"”
—ES°N this interaction can lead to either a single or twiike peaks in the DOS and photoemission. We find
four types of behaviorgi) In GaP, GaAs, InP, and INA]\E is large, giving rise to a single catiahpeak
well belowthe single aniors peak.(ii) Similarly, in CdS, CdSe, ZnS, ZnSe, and ZnTe, we see also a single
peak, but now the catiod is abovethe anions. In both(i) and(ii) thes-d coupling is very weak(iii ) In GaN
and InN, the local density approximatidhDA) predictstwo slike peaks bracketing below and above the
cationd-like state. Correcting the too low binding energies of LDA by LBAIC (self-interaction correction
still leaves the twas-like peaks. The occurrence of twelike peaks represents the fingerprint of strad
coupling. (iv) In CdTe, LDA predicts a single-like peak just as in casg@i) above. However, LDA-SIC
correction shifts down the catiahstate closer to the ani@band, enhancing thed coupling, and leading to
the appearance dfvo slike peaks. Caséiv) is a remarkable situation where LDA errors cause not only
guantitative energetic errors, but actually leads to a qualitative effect of a DOS peak that exists-HSLDA
but is missing in LDA. We predict that the doutdepeak should be observed in photoemission for GaN, InN,
and CdTe.
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Binary zinc blende semiconductors have a single aniortation d orbitals @;®a,®e) and the anions orbital (a;
valences orbital, and are thus expected to exhibit a single@b,) have a common representatioa;] and can thus
anions peak in the calculated density-of-stat€$0S) and in  couple, soVs_4(X)#0. The same is true for othér points
measured photoemission. This expectation is borne out byway from thel' point. This coupling creates am-a; re-
tight binding as well as by pseudopotential calculatidns, pulsion, splitting off ars-d-like (actually,a,) stateabovethe
showing a single anionslike DOS peak at—10 to  main cationd band(the coupled states are neither psneor
—13 eV below the valence-band maximuri,j in GaAs d, but both. The splitting depends on the strengtf_ 4(X)
and—11to— 12 eV in ZnSe’ However, the calculated elec- of the coupling and on the eigenvalue differenﬁénion
tronic structure of zinc blende GalRef. 3 via the local _EgatiOHEAEsd_ Thus, we have a lower bandill() and an
density approximatiofiLDA) reveals in the DO3wo anion  ypper band &Y) with the main cationd band usually in
s peaks at abouE, —13 andE, —17 eV, around the GaB  petween[Figs. 1a), 1(b)].
band E,— 15 eV). We have reproduced these results quali- Figure 1 shows the energy bands and the total DOS as
tatively in our LDA calculations in GaN and InfFigs. 1a,  obtained in LDA(Refs. 4,6,5,9for six zinc blende systems,
1(b)]* via an all-electron full-potential linearized augmented demonstrating three types of behavior.
plane wave approactFPLAPW).>® The two anions peaks (@ In materials exhibiting anios- band well above
in GaN are at first surprising because GaP and GaAs exhibitationd such as GaP, GaAFFigs. 1c), 1(d)] InP, and InAs
[Figs. 1c), 1(d)] a strong single aniors peak even in an with AEgq~2 eV thes-d coupling is so weak that we see no
all-electron representation, as ZnSe and CdTé¢Higs. 1(e), split-off aj DOS peak.

1(f)]. This was noted early on by Fiorentiet al® and Lam- (b) In materials where the LDA yields the anienband
brechtet al.”® Hence, we generalize this study to a series ofclose to the cationt band as in GaN and InlfFigs. Xa),
materials and investigate cases where the effect is due tb)] with AEs4~0 eV we sedwo slike DOS peaks due to
LDA errors. a strongs-d coupling. The separation (31’1 andaj depends

The resolution to this puzzle is as follow. In zinc blendeinversely onAEy.
materials at the Brillouin zone center, the point group sym- (c) In the II-VI's (CdS, CdSe, CdTe, ZnS, ZnSe, and
metry is Ty, supporting the irreducible representatians ZnTe) the LDA yields the aniors well below the catiord
a,, & ty, andt,. The cationd orbitals support the represen- band, and the-d coupling is again so weak that we only see
tationse and t,, whereas the anios orbitals give thea; ones-like DOS peakgFigs. 1e), 1(f)].
representation. Since there are no representations with the The existence of a split-off second anistlike state has
same symmetry for aniogiand for catiord, thes-d coupling  important implications on LDA computations, since if such a
Vs_4(I') is zero. However, at th¥ point in the zinc blende state is physicalsuggesting strong-d coupling one should
Brillouin zone, the point-group symmetry is reducedXg, , perhaps not pseudize the catidistate but keep it instead as
having the representations , a,, by, b,, ande. Now, the an active valence state in pseudopotential calculations. This
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means that the catioth state has to be retainedplicitly (as  anions states, as described by a rotational invariant LDA
a band, as suggested by Fiorentatial,® Wei et al,”> and | JSIC method®1° In this approach we empirically assign
Lambrgchtﬁ-t al’), not justimplicitly (e.g., via t_he “core Uds'c(cation) andU?'C(anion) values to shift the LDA Gai
correction™). Indeed, LDA computations shoffigs. 1a),  panq to the photoemission-observed positions of Gai.

1(b)] that in GaN and InN there is a stroa§ split-off state, 3) E,—17.0 eV (Refs. 7,15,2 (a shift of 3.7 eV with re-
whereas in the remaining IlI-V materials and in all II-VI's it spect to LDA, and we lower the N € band by 1.5 eV

is weak or negligible, suggesting smatd coupling. How-  4¢cording to GW results compared with LDA. This lower-
ever, LDA is known to suffer from a self-interaction g of the N 25 is consistent with the fact that LDA in gen-
problem;” which leads to an underestimate of the bindingerg| underestimates the valence-band width. However, we do
energies of valence state with respect to the valence-bangh: view this LDA+ USIC approach as being rigorous, since

maximum. This -underestimate scale with the orbitaly s here a fitting parameter and does not explicitly take into
localization;” and is thus smaller fos orbitals than ford

orbitals. The LDA error is illustrated in Fig. 2 which gives | GaN | | GaP | | GuAs |

the positions of the Ga,Blevels with respect to the valence-

band maxima in GaN, GaP, and GaAs as obtained here from 043 0.0 Evay
all-electron LDA, and from photoemissidfy!® In this plot

we have aligned the valence-band maxima according to the 2.2

calculated® (unstrained band offset. We see that as sug- _’? L
gested by the “vacuum pinning rulé” the d states approxi- Hl 0 18.8 18.9 T
mately align when displayed on an absolute energy scale. Z. : :

Furthermore, LDA eigenvalues are too high by4 eV. T I T -15 0¢ 1 —14.9¢

Thus, even in the case where LDA gives the band order 4155 : LDA Gad
“anion-s below catione,” it is possible that once corrected, y-192 Y-192 ¥Y-189 XPS Ga.d

the new order will change the existence or nonexistence of a
split-off aj state. Indeed, Lambreckt al’ find that the Ga FIG. 2. Position of the Ga@as obtained from photoemission
3d band is well separated from the Nsand after they (Refs. 14,15 (XPS) and LDA calculations. The valence-band
corrected the self-interaction of Gal3 maxima are aligned using calculatéRlef. 16 (unstrained offsets.

In order to investigate this, we apply an on-site CoulombNote the approximate alignment of Gad %evels in different ma-
interaction to correct the self-interactions of the catiband terials, when placed on an absolute energy scale.
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R T 1 T ] energy shoulder of the Gad3peak which was considered to
d _17‘?,_ correspond from interaction between the N Band® and
- 172 7 surface Ga @ core levels. Further examination of tised
— ST RS - band in bulk GaN and InN via photoemission experiments
-18.0 s are called for. We also find that ttsed coupling creates a N
2p-like state within the Ga 8 band(see the inset of Fig)3
| This is the reason why Smitet al***’ see a low-intensity
112 peak in their soft x-ray NK-emission measurements of
s wurtzite GaN which arises from N [®2-1s transitions,
. although the authors assign this peak to be below the
B sd -133 A Ga ™ band.
(b) slike and dlike states in CdTeAt the LDA level,
T CdTe exhibits a distinct catiod peak in the DOS aE,
—8.3 eV and a single anioslike peak ate, —10.8 eV(Fig.
3). The reason for the absence of tadike peaks in LDA is
the largeAEg splitting of ~2.6 eV. However, the SIC cor-
B -11.0 rection shifts the Cdl band to deeper energies bringing it
= 4 inside the Tes band. This leads to the appearance of a strong
| _Hs%l s doubles peak atE,—9.3 andE,—11.7 eV in LDA+ US'C,
- 9.3 This is the only known case where the LDA-error is not
/\ _/\ merely an inaccurate value of the band gap, but misses a
qualitatively new state in the DOS.
- 1 Photoemission measurements byhkeoet al?* of CdTe
- . films showstwo Cd 4d peaks(at aboutE,—10.8 andE,
3 - —11.5 eV) consistent with our findings af peaks atE,
d J —11.0 andE,—11.8 eV for LDA+US'C, whereas corre-
| CdTe LDA sponding CdS films show a single peak. Also photoemission
L 1 1 1 1 measurements by Fritcstet al?® of CdTe films reveal in-
-1z -1 -1 -9 -8 7 creasing double-peak behavior as CdTe film thickness in-
Energy [eV] creases. The experimental spetfd also show a low-
) intensity “shoulder”(with binding energies of 9.5-10.0 ¢V
FIG. 3. |I-decomposed DOS fdia) GaN and(b) CdTe obtained on the high-energy side of the Caieak for CdTe, which
with (upper panelsand without(lower panel§ correction to the can be identified as the brods,—9.3 eV toE,—10.9 eV
LDA self-interaction error. The DOS are normalized by the factor of K in Fia. 3. These experimental results irl;dicate shat
1/(2I+1), and we have used a Gaussian broadening of 50 meV. peax In F1g. o. 11 P . .
coupling is strong in CdTe, whereas it is abs@rtweak in
CdS and CdSe. Our LDAUS'C calculations of CdS and
account final state effecfas in Refs. 22 and 23Since the  cdse show very weak-d coupling due to the largd Eq
LDA treatment shows that in CdTe the anisrto cationd  energy difference. In LDA this difference is more than 1.6
splitting is small(2.9 eV atl’, compared with 4.5, 4.7, 6.5, ey larger in CdSe and CdS than in Cd(& thel' point).
6.6, and 4.8 eV in CdS, CdSe, ZnS, ZnSe, and ZnTe, respec- The reason for the strongtd coupling in llI-V nitrides,
tively) we also applied LDA-US'® to CdTe. We apply a relative to phosphides and arsenides can be appreciated from
similar treatment for CdTe, where the Cd band is shifted considerations of aniog4o cationd energy Separation_ F|g-
to the observed, —10.5 eV valué**® whereas the Te$  yure 2 shows thabn an absolute energy scalke energies of
state has according to GW Refs. 2 and 26 a negllglble Shlﬁthe Ga, 3 level are near|y the same for GaN, GaP, and
The resulting DOS of LDA-US'® is shown in the upper GaAs. (Similarly, the energies of In are all nearly the same
panel of Fig. 3 for GaN and CdTe. We see the following. on an absolute scale in InN, InP, and InAm contrast, the
(a) s-like and dlike states in GaNThe doubles peak seen  energy of the anios- state in zinc blende solids, in tight-
in the LDA results for GaNemainswhen the self-interaction b|nd|ng approxirnatioﬁ3 is given (a|so on an absolute Sca|e
corrections of Ga 8 andof N 2s are includedFig. 3. This by
is different than what was predicted by Lambregttal.’
who got a singles peak by shifting only the Ga® LDA £S5, s
band, although they suggested that also a downward shift of Ep = a__¢. \/
the N 2s band is necessary. The main reason for the dosible T 2
peak is the broad N2band which easily can be divided into
a) andal. Since zinc blende InN as well as correspondingwhereE§ and E§ are anion and catios energies and/ is
wurtzite GaN and InN have similar electronic structures aghe coupling. The atomic orbital energi€s; for N—P
zinc blende GaN, we expect that these materials will alse—As— Sb move rapidly towards lower binding ener(gee
reveal strongs-d coupling. The photoemission spectrum of Chaps. 2, 3, and 6 in Ref. 28 for orbital energies and the
thin-film wurtzite GaN by Maruyamat al?® shows a high- coupling term. Thus, the anioss level of nitrogen in nitrides
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is much deeper than that of P, As, and Sb, and sa\tBg;is  (iii) In GaN and InN, LDA predicts twa-like peaks which
smaller in nitrides leading to a biggerd coupling. remain when the SIC is includefv) In CdTe, LDA predicts

In summary, we find four types of behaviors in the DOSa singles-like peak, whereas LDA US'C yields two s-like
of zinc blende structuresi) In GaP, GaAs, InP, and InAs, peaks. We predict that the doutsgeeak should be observed
there is a singles peak well above the catiod band and in photoemission also for GaN and InN.
AE4 is large.(ii) In CdS, CdSe, ZnS, ZnSe, and ZnTe, we
see also a singls peak, but now the catiod is above the This work was supported by DOE-SC-BES-DMS under
anions. In both (i) and (ii) the s-d coupling is very weak. Grant No. DEAC36-98-GO10337.
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