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Ab initio electronic structure of silver halides calculated with self-interaction
and relaxation-corrected pseudopotentials
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We present results of first-principles atomic and electronic structure calculations for a number of silver
halides. For a most accurate treatment of the halides we employ our self-interaction and relaxation-corrected
pseudopotentials together with Gaussian-orbital basis sets. Our results for the rocksalt-structure crystals AgCl
and AgBr, as well as for the wurtzite and zinc-blende modifications of Agl are in very gratifying agreement
with a host of experimental data yielding a consistent description of structural and electronic properties of this
class of technologically important semiconductor compouf88163-18228)03031-§

Silver halides are of paramount importance as photoationin the atomsfully into account. The resulting SIC and
graphic materiald, as solid electrolyte$, and as liquid SIRC pseudopotentials are then transferred to the solids in a
semiconductors.The promotion of electrons, e.g., from the well-defined way yielding effective one-particle Hamilto-
valence to the conduction bands in these halides by lighhians that can readily be employed in any LDA code. The
capture plays a major role in the photographic proédss. construction of this type of pseudopotentials has been dis-
spite of the importance of silver halides for applications,cussed in depth in Ref. 14 and they were shown, so far, to be
their electronic structure has been studied self-consistentlgxtremely useful for a most quantitative description of 11-VI
to the best of our knowledge, only by three first-principlescompound$®**and group-Iil nitrides®
investigations, to dat&.® In the first of thesé, AgCl was The usefulness of our SIC and SIRC pseudopotentials for
addressed within the linear combination of muffin-tin the current studies derives from the fact that silver halides
orbitals—atomic sphere approximation. Kirchheffal® have  are strongly ionic wide-band-gap compound semiconductors
studied AgCl employing the local density approximation of very much like 1I-VI compounds or group-lll nitrides. In
density functional theory using standard pseudopotentialsTable | we have summarized some atomic parameters that
Victora® has investigated five common silver halide crystalscharacterize these halides. They are strongly ionic since the
employing a full-potential linear augmented Slater-type-electronegativity of the Cl, Br, and | anions is much larger
orbital implementation of the local-density approximation.than that of the Ag cation. In addition, they are characterized
(For earlier theoretical studies, see, e.g., Refs. 7-T®2ab by highly localized orbital{Cl 3s, Cl 3p, and Ag 4l) that
initio calculation§~® did not take spin-orbit interaction into generate the strongly ionic bonds giving rise to the relatively
account. For Agl, however, spin-orbit coupling has an apprelarge band gaps. Furthermore, they are distinguished by a
ciable influence on the band structure. certain disparity of their covalent and an extreme disparity of

Now it is well known that LDA calculations for wide- their ionic radii (see Table ). Their main characteristics,
band-gap semiconductor compounds using standard pseudeamely, the dominance of strongly localized orbitals and
potentials fail to correctly describe energy gaps and semicortheir large ionicities, are precisely of the same nature as the
d bands originating from highly localized states. These shortebstacles that have hampered accurate band-structure calcu-
comings occur as well for the silver halides. We find LDA lations for II-VI compounds and group-Ill nitrides for a long
band-gap underestimates ranging from 73% for Agl ovetime.

81% for AgCI up to 96% for AgBr. AgCl and AgBr crystallize in the rocksalRS) structure

In this communication, we report the results of recent
applications of new pseudopotentidls* to silver halides
that allow to part_lally overcome the. problems Ident'.ﬂ?d number of valence electronZ), the electronegativityx) and the
a_lbove.. All calculations have been Cam_ed out fully r_elatlv's'covalent €.), as well as, the ionicr(,,) radii of the singly charged
tically in the sense that the mass-velocity and Darwin terms;

TABLE |. Atomic parameters characterizing the constituent at-
oms of the silver halides. Listed are the electronic configuration, the

as well as spin-orbit interaction, have been taken into arl-ons'

count explicitly. The employed pseudopotentials incorporate Configuration Z, X re Fion
self-interaction correction§SIC’s), as well as self-interac-

tion and relaxation correction$SIRC'’s) in an approximate, Cl [Ne]3s”3p® 7 2.8 0.93 181
physically well-founded, mathematically well-defined and

very efficient way. The corrections sensitively depend on thesr [Ar]3d'%4s?4p® 7 2.7 1.05 1.96
localization of the involved states so that they are signifi-

cantly different fors, p, andd states, respectively. The prop- | [Kr]4d%5s25p° 7 2.2 1.23 2.20
erties of the constituent atoms of the silver halides are built

into these pseudopotentials as accurately as possible from tiag [Kr]4d%s! 1 1.4 1.34 0.67

start by takingatomicSIC contributions and electronic relax-
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TABLE II. Calculated lattice constants, c, and internal pa- TABLE lIl. Measured energy gapg,, halogens-band posi-
rameteru (in A) of the studied silver halides in comparison with tionsE,. and upper valence-band widtté (in eV) of silver halides
experimental datésee Ref. 28 in comparison with theoretical literature data from Refs. 4—6 and

our PP and SIRC-PP results.
PP SIC-PP Expt.
Ref. 4 Ref. 5 Ref. 6 PP SIRC-PP Expt.
AgCI a 5.39 5.53 5.55
AgCl EgY 05 1.3 13 06 23 3%2
AgBr a 5.58 5.71 5.78 ES" 27 36 35 28 45 5%
Ess -14.8 -14.7 —15.0 -14.3+0.6°
Agl?B a 6.30 6.37 6.47 w 53 55 55 5.4 ~6.0
AgIV a 4.45 4.50 4.58 AgBr Eg¢ 13 01 16 2.7
c 7.28 7.35 7.49 Eg" 30 19 31 43
u 0.376 0.376 0.375 Eys —-14.7 —14.7 -153 -14.8+0.6
W 51 54 5.7 ~6.¢
and thus differ cor!s_idergbly from Agl, which crystallizes AglV Edr 15 08 15 30
under normal conditions in the wurtzi{®V) structure and 9
: . Ess -12.7 -12.8 -13.4
can be grown in the zinc-blend&B) structure, as well. The W 45 47 6.1

main difference between AgCl and AgBr and their tetrahe-
dral counterpart Agl is due to the inversion symmetry of the

ZB dir
rocksalt lattice. All these silver halides are characterized byo‘g' Eq 14 08 14
Ess -12.7 —12.8 -134

the presence of Agdiorbitals in the energy region of the top
of the valence bands in near degeneracy withghalence W 46 47 61

or_bitals qf the halogens. The A_gMorbitaIs are intimately Reference 23.

mixed with the p-valence functions of the halogens. The bReference 12.

degeneracy of these states leads to a very stpeddybrid-

ization and a considerable complexity in the valence-band

structure. For example, in AgCl and AgBr, this hybridizationthose resulting from our standard PP calculations and they
and the respective orbital mixing has pronounced effectsagree with experiment roughly within 1% in most cases.
causing these materials, e.g., to have indirect band gaps addius we arrive at a very good description of the atomic
large valence-band widtis1° The tetrahedrally coordinated Structure of the silver halides by our SIC-PP approach.

Agl, in contrast, is a direct gap semiconductor. AgCl is the Let us now discuss the results of our electronic structure
most ionic compound of the three. AgBr is somewhere incalculations employing the SIRC pseudopotentials. To allow
between and Agl is the least ionic or the most covalentfor a more meaningful comparison with experiment and with
respectively, of these halides. Therefore, AgCl and AgBrtheoretical literature data? they have been carried out at
crystallize in the RS structure while Agl crystallizes in the W the experimental lattice constarifsUsing standard pseudo-

or ZB structure, respectively. We find the W structure of Agl potentials, we obtain good general agreement with ahe

to be lower in total-energy by 0.112 eV in our standard pAnitio literature data for the valence barfi§.As far as the
and by 0.114 eV in our SIRC-PP calculations. These valuekespective band gaps are concerned our results are in close
are close to the respective total energy difference of 0.08 egreement with the results of Vesal (see Table Ill. The

as found by Victor& Our SIRC pseudopotential approach is deviations between our results and those of Refs. 5 and 6
very well suited to treating these wide-band-gap semiconseem to be due to differences in the methodology used in the
ductors appropriately. calculations.

In our PP reference calculations, we employ the nonlocal, We first address the bulk band structure of AgCI. The left
norm-conserving pseudopotentials of Bachelet, Hamann, anggnel of Fig. 1 shows our standard PP result. The band struc-
Schiiter*® for CI, Br, |, and Ag. These PP’s enter, as well, ture is characterized by a ClkJand near—15 eV, eight
the construction of the necessary SIC and SIRC-Rgee  strongly mixed upper valence bands in the energy region
Refs. 13—15 All pseudopotentials are transformed into the from 0 eV to about -5.5 eVoriginating from five Ag 4 and
separable Kleinman-Bylander fofm and we use the three Cl$ bands and the lowest conduction band, which is
Ceperley-Aldet® exchange-correlation potential as param-derived mainly from Ag § states. The gap is indirect with
etrized by Perdew and Zung¥tAs basis sets we employ 80 the top of the valence bands occurring at thpoint and the
Gaussian orbitals per unit cell for the RS and ZB and 160ottom of the conduction bands Bt The strong hybridiza-
Gaussian orbitals per unit cell for the W compounds, respedion of the Ag 4l and Cl 3 valence states gives rise to a
tively, with appropriately determined decay constafits. strong repulsion between the&l4and 3-derived upper va-
These basis sets yield well-converged results. lence bands. This causes the upward bending of the topmost

The structural parameters obtained from our SIC-PP calvalence band yielding its maximum at thepoint and ren-
culations are compiled in Table Il. As ground-state properdering AgCl and AgBr indirect semiconductors, as was
ties they are not subject to relaxation correctign the  pointed out already by Masdmnd by Tejedat allt
discussion in Ref. 14 We observe that the lattice constants  Our PP band structure of AgGéee the left panel of Fig.
resulting from our SIC-PP calculations are 1-2 % larger tharl) clearly reveals the above-mentioned LDA shortcomings.
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FIG. 1. LDA bulk band structure of AgCl as calculated using s

standard PP’gleft pane) and SIRC-PP’'qright pane] including
spin-orbit coupling. The horizontal dotted lines indicate the mea-
sured gap.
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The band-gap energy results as 0.6 eV and thus underesti- Energy (V) Energy (eV)
mates the experimental value by about 80%. This is due to g, 3. Bulk density of states of RS AgCl and AgBr, as well as
the fact that the energy position of the highly localized Agof zB Agl (left panels in the upper valence-band region, as calcu-
4d states relative to the Agssand Cl 3 states is not appro- |ated using our SIRC-PP'&ull lines) and standard PP’éshort-
priately described by the standard PP. In addition, this inapdashed lines Experimental spectra of Refs. 9 and 22 are given for
propriate treatment of the Agd4dstates gives rise to an in- comparison in the right panels. To ease the comparison with the
correct description of their hybridization with the Cphb3 experimental data, the DOS has been Lorentzian broadened by 0.3
states. The SIRC-PP band structure in the right panel of FigeV.
1, on the contrary, yields a gap energy of 2.3 eV in much
better agreement with experiment. In addition, fhel hy-  gap energies, the-band positions, and the upper valence
bridization is more correctly described. The @ 8alence band widths, as resulting from our standard PP calculations
bands are no longer pushed up in energy in an unphysicare compiled in Table Il together with the respective results
way so that the calculated gap opens up drastically now besf our SIRC-PP calculations. The most significant differ-
ing in much better accord with the measured gap. The imences between the band structures of AgCl and AgBr, as
provements are even more pronounced for AgBr and also forompared to ZB and W Agl are as follow&l) The former
Agl we find a better gap energy than within the standard PRireindirect semiconductors with the top of the valence bands
approach(see Table lI). at theL point and the bottom of the conduction bands at the
In Fig. 2 we show the band structures of RS AgBr, ZBT' point. The calculated halogemband, in both cases, re-
Agl and W Agl as resulting from our calculations employing sides close to—15 eV in very good accord with
SIRC-PP’s in direct comparison. The reference values of thexperimenf=12(2) Agl in both the ZB and the W structure is

o
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FIG. 2. LDA bulk band structure of RS AgBr, as well as of ZB and W Agl as calculated using our SIRC-PP’s including spin-orbit
coupling.
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TABLE IV. Measured peak positions in the valence bafids TABLE V. Electron effective masse@n my) of some silver

eV) of silver halides in comparison with our PP and SIRC-PP re-halides, as calculated using standard PP’s and SIRC-PP’s in com-
sults. Experimental and theoretical data for AQCI and AgBr wereparison with measured valuésom Ref. 23.

obtained for RS crystals while the DOS for Agl was calculated for
the ZB crystal. The measured values for Agl were obtained by PP SIRC-PP Expt.
Mason(a) for the W and by Goldmanet al. (c) for the ZB crystal.
To ease the direct comparison between theory and experiment, waCl 0.25 0.30 0.30
have shifted the measured band groups rigidly as discussed in the

text. AgBr 0.16 0.20 0.22
PP  SIRC-PP Exph. Expt. Agl?B 0.12 0.16
AgCl  Cly, -10 -10 -14*04 -06=02
Cly, -17 —-25  -25+02 -25+0.2
AQsg —22 -3.1 -3.2+0.1 -32+0.2 coincide with the zero of energy for AgCl and AgBr. For
Adsy —41  —46  —44+02 -—4.6+02 further direct comparison with the peak positions, as mea-
sured by Tejedat al,'! we have included in Table IV their
AgBr  Bry,, —1.0 -19 —-23+04 -20+02 respective values, which were shifted rigidly for AgBr and
Bry, —22 -31 —-32+0.1 -3.1+0.2 Agl to agree with the calculated position of the lower Ad 4
AQsg —2.7 —-4.0 -3.9+0.1 -3.9+0.2 peak. The resulting values show very good agreement both
Adsyy —45 —49  -49+01 -49+02 between the two experimental data sets, as well as with
theory, disregarding the rigid shifts on an absolute energy
Agl lsp  —16 -17 -23x02 -21*+0r scale. The latter could easily be due to differences in the
Isp -39 —4.0£0.1° extrinsic Fermi levels of the different samples used. The den-
Agsy —34 51  -50£01 -4.9+0.r sities of states of the three silver halides clearly highlight the
AQsg —45 —5.7 —-57£01 -57x0.r differences in basic physical properties of AgCl, AgBr, and

Agl, as discussed above. Note that the density of states
(DOS) of AgCl and AgBr is very similar while it is signifi-
cantly different for Agl due to the different crystal structure
of the latter.

Finally, we have calculated electron effective masses for

a direct semiconductor with the gap at thiepoint. The cal-  Some silver halides. Those r_esulting _from our SIRC-PP’s are
culated | % band results noticeably higher in energy nearin much better agreement with experiment than those that we
—13.5 eV in these two crystals, which have their top of thehave obtained from our standard PP calculatitsee Table
valence bands at the point. V) proving once more the superiority of our SIRC-PP over
The results in Figs. 1 and 2 and Tables Il and IIl confirmthe standard PP approach. The increase of the effective
the general trend that our approximate SIRC-PP approach masses in our SIRC-PP results is caused by the opening of
best suited for very ionic semiconductors, as has been dighe gap. The bands are not only shifted rigidly by the effects
cussed in detail in Ref. 14. Therefore, we arrive at the relaef the SIRC-PP’s. The increased gap energy leads to a
tively best value for the band gap, as compared to experiweaker interaction between the upper valence and lower con-
ment, for the most ionic of the considered halides, namelyduction bands. Thereby the dispersion of the respective
AgCl, and the least appropriate description for the most cobands is reduced and the electron effective masses increase
valent of the considered halides, namely, Agl. accordingly. These results show that not only energy gaps,
Figure 3 shows the calculated densities of states of thre@a|ence-band WldthS, ha|ogma|ence-band positionS, and
cubic silver halides in the upper valence band region in comgensities of states but also thiéspersionof the technologi-
parison with photoemission dat&? In contrast to the stan- cally most relevant bands is described more appropriately.
dard PP results, our SIRC-PP results show a very good quali- |, summary, we have presented lattice parameters, bulk

tgtl;]/e and quanuta:]lve S?grgegllegt with the ?ata. In agreemeptny structures, densities of states, and effective masses of
with experiment, the ) ensities of states, most NOz, o silver halides as calculated using standard PP’s,

ticeably for Agl, exhibit four distinct structures within the ¢~ bo's 2nd SIRC-PP's. The SIC- and SIRC-PP results are
upper valence-band region. We have compiled respective % good agreement With' available experimental data. We

gﬁgTer;tgl Zpa(ii:)hnesol;eeTvaaele\?]alﬁgzén Z:Elsea% im/ifalcrlg;f;%ave thus arrived at a most quantitative description of struc-
gy sep P Y9 "Hral and electronic properties of silver halides on the basis

Eagcrtei?rﬁn;ﬁ;?negggigf]eﬁeﬁaﬁbf ilglll Tsohirfrt]:getrfzee?(l-eri of effective one-particle Hamiltonians. Since our approach is
P ; gidly PErl 6t more involved than any standard LDA calculation it can

mental peak positions for AgCl and AgBr as measured by __ .. ; : .
Masor by 1.3 eV and 0.6 eV, respectively. This brings the;(ielsglrlyh:ﬁj;pplled to the important problem of defects in

theoretical and the measured top of the valence bands in

direct agreement. It is quite obvious from the right panels of It is our pleasure to acknowledge financial support of this
Fig. 3, where we show the original nonshifted experimentalwork by the Deutsche Forschungsgemeinsctidinn, Ger-
data, that the measured top of the valence bands does nwtany under Contract No. Po 215/9-2.

%Reference 9.
bReference 12.
‘Reference 22.
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