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The electronic structure of AgsS single crystals is investigated as a function of temperature and nonsto-
ichiometry, é. It is shown that the stoichiometric, low-temperaturédg,S phase is a band insulator with
correlation effects further increasing the band gap. The results suggest that the metal-insulator transition
observed with increase ififrom the stoichiometri¢5=0) phase in the high-temperatygeAg,. s S is due to
the tuning of the Fermi energy through the mobility edge. The increase in conductivity associated with the
insulator-to-insulator transition across the3 phase transformation in the stoichiometric,8gs suggested to
arise from the order-disorder transition and the consequent redistribution of states near the top of the valence
band.

[. INTRODUCTION been ascribetto the crystallographic disorder brought about
by melting of the cation sublattice j8-Ag,S. In situ conduc-
Silver sulfide exhibits an order-disorder transition at 450tivity ~measurements on  coulometrically  controlled
K. The high-temperature disordered phase has a hig-Ad,.;S samples show an insulating behavior for
Ag*-ion conductivity just as in the high-temperaturghase 6<5x10~* and metallic nature for samples with
of Agl. This order-disorder transition has often been de-
scribed in terms of melting of the silver sublattice. In the
high-temperature superionjg-Ag,S phase, thé& sublattice
is ordered in a body-centered-culiloco) lattice, while the
four Ag ions in the unit cell were reportétb be distributed
among the octahedrally coordinatecb( tetrahedrally coor-
dinated 12¢), and triangularly coordinated 24) positions
of the Im3m space group. However, a more recent neutron- 1 ,
diffraction study has shown that the Ag ions occupy only 7 WS ) (a)
the tetrahedral and octahedral sites with an occupancy ratio f £ )
of about 3:1 just above the transition temperaflifg (=450
K). At higher temperatures the tetrahedral occupancy in-
creases at the expense of the octahedral occupancy, and
above 533 K the occupied sites are solely tetrahedral. With
the help of coulometrically controlled measurements, it has
been showhthat theB-Ag,S phase can accommodate excess
silver and thus compositions of Ags;S with
0.0<6<2.5x10 2 have been prepared and studied. By con-
trast, «-Ag,S has a monoclinic structure with space group
P2,/c space groufi.There are two types of Ag ions of equal
number in the unit cell which occupy positions close to the
ideal [2+4] octahedral and tetrahedral coordinations of the
distorted body-centered cubic array. We show the arrange-
ments of various atoms in the low-temperaturédg,S phase
in Fig. 1(a), illustrating the distorted octahedral and tetrahe-
dral coordinations of Ag ions. In Fig. 1b) we schematically
show the octahedral and tetrahedral sites available for the
Ag™-ion occupancy in the high-temperature undistorted g 1. (a) Atomic arrangements in the distorted body-centered-
body-centered cubic structure BfAg,S. cubic structure of low-temperature-Ag,S (adopted from Ref. 2
AcrossT .z, Ag'-ion conductivity increases by about two showing the S(open circles octahedrally coordinated Adilled
orders of magnitud@While a-Ag,S is electronically insulat- circles, and tetrahedrally coordinated Afshaded circleés (b)
ing, the electronic conductivity in thg-Ag,, ;S phase in-  Atomic arrangements of S iorispen circlesin the body-centered
creases by three orders of magnitude across the ordegubic structure of the high-temperatugeAg,S phase. The filled
disorder transition and could vary 100-10@® ‘cm ™  circle shows a typical octahedral and the shaded circle shows a
depending on the value @’ This jump in conductivity has typical tetrahedral site.

0163-1829/96/5F)/37466)/$06.00 53 3746 © 1996 The American Physical Society



53 ORDER-DISORDER AND ELECTRONIC TRANSITIONSN. . . 3747

6>5x10"%"8 This insulator-to-metal transition in
B-Agd,. s S arising from a delicate control @ in the regime BT U B L
of small § has been suggesfedo be due to the excess r o-Ag,S
charge-carrier doping. Resistivity and thermopower stidies L
suggest that this transition is driven by disorder effects at-
tributed to Anderson localizatioh.

An earlier x-ray photoemissiofXP) and Auger electron
(AE) spectroscopic stud on polycrystalline 8-Ag,. s S
found changes in the valence band XP spectra which re-
flected the conductivity behavior of these samples. Kite
emission and absorption specttiof S in a-Ag,S show the
existence of the insulating gap and suggest that the bottom of
the conduction band arises mainly from $-dke states. In
this study, we report the electronic structures @f and
B-Ag,S using x-ray photoemission, ultraviolet photoemis-
sion (UP), and bremsstrahlung isochromdBl) spec-
troscopies in conjunction with variowsb initio band struc-
ture results in order to investigate effects of disorder in the
Ag sublattice across the-g transition as well as the origin
of the insulator-to-metal transition driven by the silver non- 0
stoichiometryé§ in the 8-Ag,, s S phase.

] total DOS
J— Ag d PDOS

N
(e}
I

DOS (states per eV, f.u.)

(&)
I

E- Eg(eV)

Il. EXPERIMENT FIG. 2. The total DOS, and Ad and Sp PDOS for a-Ag,S
. . calculated within LMTO-ASA.
Single crystals of Ag,sS were prepared using the

chemical-vapor-transport method and the extent of silveyhich were below the detection level. The surface showed
nonstoichiometrys was controlled by coulometric measure- high stability against contamination. The spectra for both
ments gls described in Ref. 12. In brief, th_e_ method useg\gzs and Ag. ;S samples were measured at various tem-
earlier® to make Ag, ;S crystals was modified to grow peratures above and beldly,;. Here, we report the spectra
larger samples suitable for electron spectroscopy. Samplegcorded at 40810 K and 60610 K for Ag,S, and at
with 6=0 (referred to in the text henceforth as A and  goo+10 K for Ag,. sS.
5:2810_3 (referred to as Ag,;S) were prepared coulo-  gelf-consistent linearized muffin-tin-orbital calculations
metrically by using the atomic galvanic  cell: yjthin the atomic-sphere approximatichMTO-ASA) were
Agla-Agl|Ag,. ; SPt. Using the left-hand side of the gal- performed for stoichiometric A in the monaclinic struc-
vanic cell as the anode and imposing an anodic current tyre with four formula units(f.u.) per unit cell and lattice
Ag” ions are made to flow through the silver sulfide Samp|9parameters:a=4.231 A, b=6.930 A, c=9.526 A, and
via silver iodide, which is a purely ionic conductor; simulta- g—125 48°* No empty sphere was required in these calcu-
neously electrons flow through the Pt lead in the ri9ht'ha”‘ﬁltions in order to satisfy the volume-filling criterion with
side of the cell into the silver sulfide leading to an increase ofeasonable overlaps. The convergence was carried out with
Ag in the specimen. The degree of nonstoichiome#iyof 504k points in the irreducible part of the Brillouin zone. The
the Ag. ;S samples in thg phase can also be reduced by energy E!, for each angular momentum partial wave was
reversing the situation and applying a cathodic current. Th@hosen to be at the center of gravity of the occupied parts of
exact value ofé was determined by the Faraday Laws: the corresponding partial density of stat@®DOS. But to
= Jp i/ndFdt, wherei is the current passed through the gal- calculate the unoccupied part of the DOS accurately, values
vanic cell over a timé,n is the number of moles of S in of E! were shifted to 6 eV abovi for all states except for
Ag,S, andF is the Faraday constant. Since the current flow-Ag d and Ss states. Matrix elements corresponding to XP
ing through and the total duration can be measured witind Bl processes were calculated following the method of
great accuracies)can be determined in this method easily to winter et al* and included in constructing the correspond-
an accuracy of 10%. More details of coulometric techniques ing calculated spectra from various PDOS along with reso-
can be found in Refs. 3, 7, and 8. The monocrystalline naturgtion and lifetime broadenings. The calculated results for
of the samples were confirmed by Laue x-ray diffractionthe occupied states had to be rigidly shifted by about 1.5 eV
photographs. Conductivity measurements showed the extowards higher binding energy while comparing with the ex-
pected behavior in both the samples and the values of banskrimental data. This is because the band gap tends to be

gaps for the stoichiometrie- and 5-Ag,S were estimated to underestimated in such band structure calculations within the
be 1.2 and 0.4 eV, respectively, in agreement with th@ocal density approximation.
literature> "3

Clean surfaces were obtained for photoemission experi-
ments byin situ mechanical scraping of the sample surface
with an alumina file inside the ultra-high-vacuum chamber of  Figure 2 shows the total density of states anddAgnd S
the spectrometer. The surface cleanliness was monitored ky PDOS of a-Ag,S calculated within LMTO-ASA. While

recording O 5 and C s core-level spectral regions, both of the occupied part of the DOS is almost completely domi-

Ill. RESULTS AND DISCUSSION
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nated by these two partial DOS, the unoccupied part has ——— —— —
substantial contributions from other partial DOS, such as Ag _Ag.S - XP ' T
s andp and Ss states which are not shown in the figure for O-Agy> -
the sake of clarity. However, contributions of these states to
the unoccupiedBl) spectra will be discussed later in the text .

(also see Fig. ¥ TheEg has been placed at the bottom of the Expt. ,"*"
conduction band, as observed in the experiment. The DOS % —— Calc.total [
shows a clear gap of about 0.7 eV for this insulating system e Agd

which is somewhat smaller than the valiie2 eV) obtained i g

from resistivity studies. This is a well known drawback of
any calculation based on the local density approximation
which tends to underestimate band g&pslowever, the cor-
rect prediction of an insulating state from the band structure
calculation confirms that the origin of this conductivity gap
lies primarily in one-electron effects; substantial correlation
effects due to the presence of large intraatomic Coulomb
interaction Uyq) within the Agd states increases the mag-
nitude of the gap. The occupied DOS beld&y is mostly
dominated by Agd PDOS which peaks at4.3 eV. The Ag

d PDOS is nearly constant betweer2.8 and—1 eV. The
dominant contribution to the DOS in this energy range, how-
ever, comes from the § PDOS, which also has a substantial
contribution between-6.7 and—5.3 eV and a small contri- the calculated XP spectrum, with Adyand Sp components. The

butio_n between-5.3 and_—2.8 eV. The dgscription C,)f the. inset shows the experimental UP spectr(apts for a-Ag,S and
bonding and the electronic structure described here is similgf,q total DOS. and Agl and Sp PDOS from Fig. 1. In both the

to other compounds involving the transition metland i figure and the inset the calculated was shifted by 1.5 eV to-
partnerp interactions, such as silicides and aluminides of\yards higher binding energigee text
transition element¥’ In all these cases, we find bondidgp
states appearing at the lowest-energy redioatween—5  pect to be noted in the calculation is that the XP spectrum at
and —7 eV in Fig. 3. The bonding region is followed by a this photon energy is dominated entirely by Adike states,
region where the transition metalistates dominatébetween the contribution from $-like states being almost negligible
about—3 and -5 eV in Fig. 2; this is the so-called non- in comparison. We could not calculate the UP spectrum since
bonding state$’ The highest-energy states arise from thethe approximations involved in the calculation of the XP
antibonding interaction between the transition metadnd  spectrum are not valid in the low-photon-energy ratge.
the ligandp states; this is the energy region between abouHowever, we have compared the UP spectrum with the cal-
—3 and —0.5 eV in Fig. 2. It is to be noted that all these culated DOS and PDO@rom Fig. 2 in the inset to Fig. 3.
three regions(bonding, nonbonding, and antibondjngre  Though the comparison of the exact spectral shapes is not
occupied in the case of A§ owing to the Ag 4'°and S 3°  meaningful due to the neglect of transition matrix elements,
electronic configurations; consequently all these states aglifferent features in the experimental spectrum can be asso-
pear belowEg in Fig. 2. Thus, the unoccupied part of the ciated with the calculated DOS. The UP spectrum exhibits a
DOS within the first 10 eV abov&g arises primarily from step around-1.8 eV and peaks at5.3 eV with a shoulder
Ag 5s and 5 and S 4, 4p and 3 like continuum states. at —6.1 eV in close similarity to the features observed in the
These states, being very extended in nature, give rise to ¥4P spectrum. However, the UP spectrum exhibits an extra
rather wide band DOS. The Ad partial DOS contribute in  feature at—3.8 eV which is not clearly seen in the XP spec-
these unoccupied parts via hybridization with these extendettum, probably due to poorer resolution in the latter. A close
states, exhibiting two broad structures at about 1.6 and 4.#hspection of the XP spectrum in the same energy range,
eV aboveE, ; the Agd contribution in the unoccupied part is however, suggests that it is also present there with compa-
considerably smaller than that in the occupied part. rable intensity. Thus, we believe that this feature-8t8 eV

In Fig. 3, we show the XP spectrum afAg,S recorded is not a surface related state and this is further evidenced by
at 400 K with Al Ka radiation. The spectrum indicates the an exposure of the sample to oxygenr5 L) which does not
existence of the gap which is observed more clearly in thalter this spectral feature. More specifically, the feature at
He 1 UP spectrum with better resolutigimset to Fig. 3. The  —3.8 eV in the UP spectrum seems to have a counterpart in
estimate of the gap is about-D.1 eV from the UP spectrum. the calculated DOS. This feature may arise from a sizable
The XP spectrum exhibits a step around.8 eV and a peak interaction of the Agd and Sp states as evidenced by the
at —5.2 eV with a shoulder at-6 eV. The calculated XP simultaneous presence of these states in this energy range.
spectrum with the Agl and Sp components is also shown in However, further studies on oriented surfaces using angle-
Fig. 3. The agreement between the calculated and the experesolved photoemission technique will yield more informa-
mental spectra is satisfactory. However, the shoulder@t tion on the nature of these states.
eV in the experimental spectrum is not reproduced in the The experimental Bl spectrum recorded at 400 K as well
calculation. This is most probably due to the neglect of spinas the calculated Bl spectrum farAg,S are shown in Fig.
orbit interaction in the present calculation. An interesting as4. The experimental spectrum exhibits two prominent fea-
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FIG. 3. The experimental XP spectrufdots for a-Ag,S and
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FIG. 4. The experimental Bl spectrutdots for «-Ag,S. The FIG. 5. Hel UP spectra ofa) a-Ag,S at 400 K,(b) 8-Ag,S, and

calculated BI spectrum along with the A Sp, Ag s, Ag p, and  (c) B-Agy.5S with 6=2x1072 at 600 K.
S s components is shown for comparison.

feature, while the rest of the two spectra are almost identical.

tures at 3 and 5.2 eV, and a broad and weak feature at abotihus, the absence of long-range order in the Ag sublattice
9.6 eV. The calculated BI spectrum agrees well with experi-does not modify the Agl-related features betweerd.5 and
ment up to about 10 eV. In contrast to the calculation, the—7.5 eV. This suggests that this part of the spectrum is domi-
experimental spectrum continues to increase beyond this emated by local interactions. It is to be noted thaf\g,S has
ergy due to the presence of high lying continuum states antio 2.49 A and four 3.43 A Ag-S bond distances for the
an inelastic scattering background which are not included iroctahedral sites and 2.52 A, 2.6 A, 2.7 A, and 2.99 A for the
the calculation. The different site and angular momentuntetrahedral site$.Thus there are rather short Ag-S bonds
projected components for the calculated Bl spectrum indicaté2.49 A for the octahedral and 2.52 and 2.6 A for the tetra-
that the most dominant contribution in the 0—10 eV energyhedral sites arising from the distorted body-centered-cubic
range is due to Agl-like states. This may appear unusual array of the S ions. These short bonds are expected to give
since Ag in AgS is in a formal ¥ valence state witd®  rise to strong Agd-S p interactions. In the high temperature
electron configuration and consequently has no unoccupied B-Ag,S phase, the S ions form a regular body-centered-cubic
state. Band structure results shown in Fig. 2 partly justifyarray; in this structure the equilibrium separations for the
this expectation as there appears to be only minor contribwregular octahedral and tetrahedral sites are 3.44 and 2.72 A,
tions from Agd states in the unoccupied part of the DOS.respectively. Thus, the Ag-S interactions is expected to be
However, a very large transition probability for the Ay  considerably weakened due to the absence of any short Ag-S
states relative to that of any other state makes the Adponds in the high-temperature phase. Thus, the absence of
d-contribution to be dominant in the spectrum of the unoc-the —3.8 eV feature in thegs8-Ag,S spectrum is possibly due
cupied part of the DOS. The next major contribution to theto this disruption of the Ag-S bonds.
spectral features at 3 and 5.2 eV arises fromsAike states Within the limits of the instrumental resolution and sen-
followed by Sp- and Ag p-like states. The $-like states sitivity, we do not observe any clear effect of disorder in-
have small contribution only to the feature at 3.0 eV whileduced by silver-sublattice melting on any other spectral re-
the predominant contribution to the feature at 9.6 eV arisegion, particularly the neaE, region, which can account for
from Ag p- and Agd-like states. the jump in conductivity atT,;. The UP spectrum for

Having discussed the electronic structure of stoichio-B-Ag,, ;S at 600 K[Fig. 5(c)] is also very similar to that for
metric and ordered-Ag,S, we now focus on the question B-Ag,S at the same temperature exhibiting no detectable
relating to the effect of disorder and nonstoichiometry. WeDOS in the neatE; region. This is not surprising because
have recorded the HaUP spectra o3-Ag,S (6=0) and that such a small concentration of excess fagrresponding to
of B-Ad,.sS (6=2x10 % at 600 K. These spectra are §=2x10"% and the consequent movement Bf are well
shown in Fig. 5b,c along with the spectrum faerAg,S at  below the detection limit of the experimental technique em-
400 K [Fig. 5@]. A comparison of UP spectra @fAg,S at  ployed here. Also, the photoemission cross section corre-
400 K andB-Ag,S at 600 K[Figs. 5a,b] provides the direct sponding to the DOS in the ne&; region, due to the dis-
description of spectral modifications across the orderorder induced band broadening or structural changds st
disorder transition af ;. We find that the only difference in is possibly low and thus not detected in the photoemission
the high-temperature spectrum is the absence oftB8 eV  experiments.
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The fact that we do not see any difference between themission experiments. However, the results presented here
insulating and the metallic samples with differehtvalues establish that this low DOS is a part of the occupied density
aboveT ,; clearly establishes that there is no large shift ofof states withEg continuing to be pinned at the bottom of the
Er between these two compositions. Various peak positionsonduction band. If the states effectively reducing the band
in UP and Bl spectra of-Ag,S andB-Ag,S are also very gap occurred below the bottom of the conduction band as a
similar. This indicates that in every ca&g is pinned to the part of the unoccupied DOS, it would necessarily give rise to
bottom of the conduction band which can arise from a verya substantial shift oEg (about 0.8 eV and be easily de-
small amount of sulphur vacancy evenarAg,S. The states tected both in the occupied and the unoccupied spectra as a
pinning Ex are probably localized due to Anderson movement of various spectral features relative to the Fermi
localizatior? and are of too low an intensity to be observedenergy. Moreover, since no new states are being introduced
by photoemission techniques. AboVeg,, the excess silver in the system in the case of th&=0 sample, which also
in B-Agy, sS dissolves into the matrix donating electronsshows the conductivity jump acro3gg, there can only be a
into the system. This moveB; into the conduction band redistribution of states from the top of the valence band,
beyond the mobility eddé@ making the system metallic. leading to the band gap reduction. Obviously this rearrange-
However, it is to be noted that the movementgfis small  ment near the top of the valence band is intrinsically con-
as the extent of the increase in electron concentration witihhected to the disordering of the silver sublattice in the high-
5=2x10"3 compared to the case 6f0, is quite small and temperature phase. Such situations are well known in
consequently is not detected in the spectroscopic measursemiconductor physics where disorder effects are known to
ments. In the case @-Ag,S, Er remains below the mobility lead to an exponential absorption edge, termed the Urbach
edge as no excess silver is present to donate electrons. Thaslge'® with a consequent reduction in the band gap. It has
the present spectroscopic results, indicating no detectableeen further shown that this arises primarily from an expo-
change in the peak positions, are consistent with thaewential tail at the top of the valence batfdihile we cannot
suggestion’ that Anderson localization is responsible for the determine whether the valence band tailinggi\g,S is in-
insulating state inB-Ag,S sample neab~0 and the metal- deed exponential, the close similarity between these cases
insulator transition with increase ifi value arises from the may suggest the formation of similar tailing of low DOS
tuning of Eg through the mobility edge. The present results,from top of the valence band j8-Ag,S being responsible for
however, do not support the concept of a large movement ahe changes in transport properties and the insulator-to-
Er at the metal-insulator transitich. insulator transition observed for A§ acrossT ;. However,

While the metal-insulator transition in the high- the present results cannot provide a direct evidence for the
temperatured phase is understandable in terms of the abovdormation of such tailing in DOS due to the limits of sensi-
discussion, the nature of the insulator-to-insulator transitiotiivity in these experimental techniques and more direct ex-
across T,z in Ag,S accompanied by a three-orders-of- perimental methods may shed more light on the nature of the
magnitude change in resistivity fa¥=0 has not been dis- insulator-insulator transition in A% in the future.
cussed in the literature. It is also to be noted that resistivity In conclusion, in this study we have shown that the elec-
measurements indicate that in the stoichiometric,Ag tronic structure of silver sulfide is well described by one-
sample the band gap changes from about 1.2 to 0.4 eV oelectron calculations with correlation effects possibly in-
heating the sample through,;. While the UP spectrum of creasing the band gap further. While the XP spectrum is
the low-temperaturex phase shown in Fig.(8) exhibits a dominated by Agd-like states, the Bl spectrum has major
gap(~1 eV) in agreement with the resistivity data, the spec-contributions from Agd- and s-like states. The metal-
trum corresponding to the high-temperaty#éAg,S phase insulator transition with varying in the high-temperature
[Fig. 5b)] does not show any reduction in the band gap,phase is suggested to be due to the tuning of the Fermi en-
unlike the transport measurements. This can only happen #rgy through the mobility edge. The insulator-to-insulator
the reduction in the band gap in tifephase involves very transition for samples witl#~0 acrossT ., is considered to
low DOS below the level of detection of the present tech-be driven by an order-disorder transition and the consequent
nigue. We can make a rough estimate of the relevant DOS itailing of low DOS from the top of the valence band, in close
this case from the transport measurements. It is easy to caknalogy to the formation of Urbach tails in disordered semi-
culate the order of magnitude increase in conductivity at 45@onductors.
K when the band gap decreases from 1.2 to 0.4 eV. If the
mobility and DOS atEr remain unaffected across,g, the
conductivity is expected to increase by about nine orders of
magnitude, in sharp contrast to the observed three orders of We thank Professor C. N. R. Rao for his continued sup-
magnitude change. This relatively small change in the conport and Dr. R. Cimino for useful discussion. We thank Dr.
ductivity acrossT 4, in spite of a large change in the band M. Methfessel, Dr. A. T. Paxton, and Dr. M. van Schiljgaarde
gap, must be due to the presence of a very low density dfor making the LMTO-ASA program available to us and Dr.
states(reduced approximately by about six orders of magni-S. Krishnamurthy for help in setting up the program. We also
tude across the gap. Thus it is clear that whatever mechahank Dr. P. Durham for providing the program to calculate
nism responsible for the reduction in the band gap and théhe matrix elements. S.R.B. and N.S. are thankful to the
consequent change in the electronic conductivity introduce€ouncil of Scientific and Industrial Research, Government of
rather low DOS far below the limit of detection of photo- India, for financial support.
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