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The low-frequency electron absorption spectra in thin films of Cs(Ag,_Cu,),l; solid
solutions have been investigated. At the fundamental band edge, two exciton bands A, and
A, are observed, and the parameters thereof (spectral position, half-width and oscillator
strength) have been found in the 0<x<1 range. From the concentration dependence of those
parameters, the A; and A; excitons have been established to be localized in the double
chains consisting of tetrahedrons Ml, (M = Ag, Cu) and being a structural elements of
CsM,l; crystal lattice. Experimental results are discussed assuming the hybridization Ag,
Cu d-orbitals and | p-orbitals in the upper valence band of the compounds and dependence
of hybridization on molar concentration x.

WccnemoBaHbl HM3KOUYACTOTHBLIE DJIEKTPOHHBIE CIEKTPHI IIOMJIOIIEHUS B TOHKHX IIJIEHKAX
TBepabix pacrBopos Cs(Ag,_,Cu,),l;. Ha kpaio pyHzaMeHTaNbHO# 1OJIOCH HAGIIOAIOTCA JBe
®KCHUTOHHBIE ITOJNOCEI Aj U A;, TapaMeTPsl KOTOPHIX (CIIEKTPANbHOE MIOJIOMKeHHe, MOJYIINPH-
HAa ¥ cuiga ocHuiisaTropa) Haiimemsl B umHTepBase 0<x<l. I[Io KOHIEHTPAIIMOHHOMY XOIY
IIapaMeTpPoB YCTAHOBJIEHA JOKanu3anua Ay U A; 9KCUTOHOB B IBOWHBIX IEIAX, COCTOAIIMX
us Terpasgpos Ml, (M = Ag, Cu) u ABIAIOIIUXCA CTPYKTYPHBIMHU dJIEMEHTAMY KDHUCTAJIHYEC-
xoit permerkn CSM,l;. PeaynbTaTsl aKcIlepuMeHTa 00CYKI€HEl B IIPeAIIONOKe NN THOpuAnu3a-
nun d-opburayneir Ag, Cu u p-opburaieii | B BepxHeil BaJleHTHOU 30He COeJUHEHUI U 3aBUCHU-

© 2007 — Institute for Single Crystals

MOCTU THOPUAMBAIUU OT MOJIAPHON KOHIEHTPAIUU X.

Csl and MI (M = Ag, Cu) compounds do
not form solid solutions because of struc-
tural differences of their crystal lattices.
But at certain molar concentrations, ternary
complex compounds CsAgol;, CsyAgls,
CsCuyl; and Cs;Cuslg [1, 2] are formed in
the Csl-MI system. The CsMly crystal lat-
tice is orthorhombic (space group D2h17)
with 4 molecules per one unit cell [3, 4].
Cs,Agl; has a similar lattice (space group
D,,17 including 4 molecules per one unit
cell) [5]. Because of a large difference in the
unit cell parameters, these crystals exhibit
properties of quasi-one-dimensional struec-
tures. Structural elements, which in ecrys-
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tals CsM,ly represent double chains (in
Cs,Agl; single chains) consisting of Ml, tet-
rahedrons and separated by Cs* ions at a
large spacing, testify for the quasi-1D
character.

The structure of electron bands and opti-
cal spectra in these compounds are investi-
gated insufficiently. Research of intrinsic
absorption bands in thin CsM,l; films [6—8]
testifies to localization of low-frequency ex-
citons and electron excitations therein on
the double chains. An additional informa-
tion on localization of excitons is provided
by absorption spectra of lattices containing
extrinsic centers. So in [9, 10], it is estab-
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lished that substitution of Rb* ions for Cs*
influences only slightly the spectral position
and half-width of low-frequency exciton ab-
sorption bands. This is a supplementary ar-
gument for exciton localization on double
chains.

In this work, we have investigated the
absorption spectra in thin films of
Cs(Ags_,Cu,)sl3 solid solutions at 0<x<l. In
this case, substitution Cu* ions for Ag® in
double chains is expected as well as changed
character of concentration dependence of
exciton band parameters, since Cu* ions
also form tetrahedral ion-covalent bond
with I~ ions.

Thin films of Cs(Ag,_,Cu,),l; were pre-
pared by evaporating melt of mixed pure Csl,
Agl, Cul powders at the initial mixture molar
composition corresponding to the molecule
formula. The mixtures prepared included the
whole range of x with step Ax~0.1. The va-
pors were deposited onto quartz substrates
transparent in UV region, the substrate
temperature being 80°C. To measure the ab-
sorption spectra, the optimum film thick-
ness (A~100 nm) was selected, so that opti-
cal density D did not exceed 2 within the
measured spectral range (2 to 6 eV). The
film thickness was set by the mixture
weight and monitored by a quartz measur-
ing instrument.

When evaporating a mixture, other binary
and ternary compounds might be formed. In
the Csl-Agl-Cul system under study, complex
compounds Cs,Agl;, Cs3Cuslg and their solid
solutions as well as Ag,_,Cu,l; ones may arise
besides Cs(Ag,_,Cu,),l5 films. All these com-
pounds exhibit narrow and intense low-fre-
quency exciton bands with spectral posi-
tions essentially different from those of ex-
citon bands in CsAg,l; (3.78 eV) [6, 7] and
CsCuyl; (3.89 eV) [8]. This difference al-
lows to control the phase structure of films
being studied directly by absorption spec-
tra. Evaporation of a mixture of a defined
stoichiometric composition, the absorption
spectra have been found to be stable, and no
impurity of other phases has been revealed.

The absorption spectra were measured at
T =290 and 90 K using a SF-46 spectro-
photometer. To measure the spectra at lig-
uid nitrogen temperature, the samples were
placed in a vacuum cryostat with quartz
windows. Transmission of bands was meas-
ured with respect to clean quartz sub-
strates. At the data computer processing,
the main attention was given to determina-
tion of low-frequency exciton band parame-
ters. In the studied compounds, there are
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Fig. 1. Absorption spectra of thin
Cs(Ag,_,Cu,),l; films at T=90 K and T =
290 K (dotted line). Shift of the coordinate
origin is marked by short horizontal axis.

two such bands (4y and A;). The method
[11] was used to process the experimental
D(E) dependence. Each band was approxi-
mated by a symmetric contour representing
a linear combination of Lorenz and Gauss
contours. The band parameters (spectral po-
sition E,, half-width I', optical constants)
were found by the best fitting of experi-
mental and calculated contours.

The absorption spectra of some samples
are shown in Fig. 1. The similarity of
CsAgslz (x = 0) and CsCusly (x = 1) spectra
is well visible. In each of compounds, nar-
row Ay and A, bands separated by a small
interval, weak band A, and more intense
band B are allocated. The last two bands are
imposed on the continuous spectrum reach-
ing a maximum at 5.2 eV. The absorption
spectrum of CsCu,ly is shifted a little with
respect to that of CsAg,l; towards higher
frequencies (by 0.15 eV). The non-monoto-
nous trend of D(E) at E<E,, is connected
with light interference in the film transpar-
ency field of two compounds. At room tem-
perature, Ay, A; and B bands are broadened
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Fig. 2. Concentration dependences of spectral
position E_(x) (a), and half-width I'(x) of A,
(2) and A; (I) exciton bands (b) (points —
experiment, solid curves — calculation using
(1) and (2)).

and displaced to low E due to exciton-pho-
non interaction. The continuous background
is not subjected to any appreciable change.

An appreciable broadening of Ay and A,
bands resulting in their apparent fusion,
disappearance of A, band and broadening of
B band is observed as the molar concentra-
tion increases in Cs(Ag,_,Cu,),l3 solid solu-
tions. However, the computer processing of
Ay and A; bands using the method [11] al-
lows to determine more precisely their spec-
tral position E, using the maximum of
imaginary part of dielectric permeability
€9, =(2nK),,,4» Where n and k are optical
constants. As a result, it has been estab-
lished that dependence E, (x) is nonlinear
(Fig. 2) and answers to the law

E,(x) = E,(1)x + E,(0)1 — x) + bx(1 — x),(1)

where E, (1) =38.88, E_(0)=38.72 and b=
—0.12 eV for A, band, and E, (1) = 4.045,
E,(0)=38.87 and b = +0.1 eV for A; band,
accordingly. The bend of E, (x) for Ay band
towards lower energy is typical of exciton
bands in solid solutions of binary com-
pounds, this phenomenon was repeatedly
discussed theoretically and is associated
with small-scale structure fluctuations in
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Fig. 3. Concentration dependences of oscilla-
tor strength of A, band (I) and A; one (2)
function f(x) = f, o(x)+f4;(x) (3): points —
experiment, solid curves I and 2 — calcula-
tion using (8).

disordered solid solutions. However, the
concentration-dependent bend of the A,
band to higher energy is unusual and de-
mands special discussion. The greatest di-
vergence of Ay and A; bands is observed at
x = 0.5.

The concentration-dependent change of
half-width I' for A, and A; bands (Fig. 2b)
show to strong disorder of solid solutions.
The dependence I[(x) for two bands is de-
scribed by the formula

I'(x) = TO)1 - x) + T(D)x + Bx(l — x), (2)

where B =0.66; 0.46 eV, I(0)= 0.08;
0.205 eV end I'(1) = 0.08; 0.12 eV for bands
Ay and A, respectively. The concentration-
dependent broadening of the bands might be
caused by large-scale fluctuations of struec-
ture, along with small-scale ones. The quan-
tity B in two cases is } = a(dE,,/dx).

The computer processing allows to deter-
mine also the oscillator strength of exciton
bands. For the mixed contour,

_ mo
~ dme2p2tem

A1 - o - @n2)/3)], (3)

where o is the fraction of the Gauss compo-
nent of a contour, v is the volume per one
atom M (Ag*, Cu™), €5,=¢9(E,,). The quantity
v was calculated basing on the known values
of CsAg,l; lattice parameters (a = 1.108,
b =1.874, ¢ =0.623 nm) [3] and CsCu,l;
ones (@ = 1.03, b =1.289, ¢ = 0.607 nm) [4]
taking into consideration the number of
ions in a cell, and assuming the Vegard rule
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being valid for solid solutions. When calcu-
lating f, the contribution from the Gauss
component to the total contour was taken
into account; in solid solutions, a~1. Fig. 3
shows f(x) for Ay and A; bands. It is seen
that at x =0 and x =1, f,p<f4;, however,
as the concentration increases, f,, rises,
reaching a maximum at x~0.4. At the same
time, with change of x reduction of f,; is

observed. At x~0.4, the oscillator strengths
for two bands are almost leveled. At the
same time, the total oscillator strength of
two bands (taking into account the experi-
mental errors) depends linearly on x and
varies from 9.8:1072 at x = 0 up to 4.7-1072
at x = 1.

To interpret the absorption spectra of
Cs(Ags_,Cu,)sl3 it is necessary to take into
consideration the following facts: a signifi-
cant nonlinear concentration-dependent
growth of half-width of Ay and A; bands,
defined by parameter B; the concentration
dependent "repulsion” of A, and A; bands
(in CSA92|3, AE = EAI_EAO =0.15 eV, in
CsCuylz, AE = 0.165 eV, but at x~0.5 AE =
0.21 eV); low oscillator strength for A,
band in comparison to A; band at x = 0 and
1 and leveling of their values at x~0.4.

When discussing the trend of I'(x), it is
reasonable to compare these dependences for
Rb,Cs,_,Ag,l; solid solutions [10] and in
Cs(Ags_,Cu,)olz. While for the first solu-
tions, the deviation from linear dependence
of AI' does not exceed 0.025 eV, AI' reaches
0.15 eV in the latter case, as is seen in Fig.
2b. This result shows no doubt that A, and
A, bands are belonging to double chains and
that disordered solid solutions are formed
when Ag atoms become substituted by Cu
therein. At the same time, the substitution
by Rb* ions for Cs* does not bring any
appreciable disturbance to the double
chains.

The unit cell of CsAg,l; and CsCusls con-
tains two nonequivalent double chains sepa-
rated by ions Cs* at the spacing b/2 equal
0.687 and 0.644 nm, respectively. The
lower conductivity band in these compounds
is formed by 5s and 4s orbitals of Ag and
Cu [6—8]. Assuming on the basis of a tight-
binding method the equality of their radii
ro to atomic radii (0.144 and 0.128 nm), we
obtain small values of the resonance inte-
grals constructed on atomic s-orbitals of
nonequivalent double chains {Jwexp(—b/2ry)
= 0.007} as compared to integrals in single
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Fig. 4. Structure of double chain in CsM,l,
crystal lattice (M = Ag, Cu).

chains {Jwexp(—c/2ry) = 0.096}. It follows
therefrom that the excitons are distributed
over one double chain only (1D excitons)
and that exciton transition between non-
equivalent chains is hardly probable.

This conclusion allows to study electron
conditions in compounds using irreducible
representations of the wave vector site
group which governs the double chains (like
the study of lattice fluctuations in complex
crystals [12]), instead of irreducible repre-
sentations of the wave vector group of the
crystal (crystal class Dj;). As the double
chains in CsAg,l; and CsCu,l; will consist
of Ml, tetrahedrons, the double chain site
group is a subgroup of the tetrahedron
group T,; (48m). In binary compounds
(y—Agl and Cul), the site group coincides
with crystal class T; [13]. However, in dou-
ble chains (Fig. 4), the site group will con-
sist of elements E and o, (axis z|lc). The
one-dimensional irreducible representations
A" and A" and respective basis functions («,
y; xy; x2-y2, etc.) and (z, yz; xz, etc.),
respectively, correspond to this group
C,(m). The kind of functions permits mix-
ing of | ion 5p orbitals with 4d (3d) orbitals
of Ag (Cu) ion in the upper valence band.

Similar to binary compounds (y—Agl and
Cul), the lower conductivity band has an
energy minimum in the center of one-di-
mensional Brillouin zone (&, = 0). We as-
sume that the upper valence band has a
maximum also at the point £, = 0. This is

Functional materials, 14, 3, 2007
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specified by absence of appreciable tails at
E<E,, in the absorption spectrum appear-
ing at indirect transitions. As noted above,
difference of D from 0 at E<E,, is caused
by interference in a thin film. Existence of
two exciton bands separated by a small
spacing testifies that the upper wvalence
band will consist of two close subbands
which the exciton absorption bands A, and
A; are genetically connected to. Difference
in oscillator strength of A; and A; bands
(fgo<<If4; mpu x = 0;1) specifies a consider-
able admixture of d-orbitals in the upper
subband.

Following [13, 14], let the normalized
wave functions in subbands at k2, =0 be
written as

Y =ciQ, +cop,; cF+cq=1.
1Pp ™ C29q, €1 2 4)

For A’ representations, Pp=P X,
9q=d, oxy, similar functions can be written
for A" representations. The solution of
Schrodinger equation with the one-elec-
tronic Hamilton operator H, (without tak-
ing into account spin-orbital interaction)
gives the following system of equations for
coefficients ¢; and cy:

CI(H - E) + CzH d = 0, (5)
H d + 02(Hd E) = 0

where the matrix elements constructed on
p- and d-orbitals are as follows:

Hp = <(pp|H0|(Pp>’ Hd = <(Pd|H0|(pd>,
de = Hdp = <(pp|H0|(pd>.
Non-trivial solution of the system of
equations (5) gives (using the secular equa-
tion) the energy levels in upper (E,) and
lower (E5) subbands at k, = 0:

Eq o= %[Hp +Hy+\(Hy - H))? + 4H2 ;. (6)

Substitution of E; and E, into (5) allows
to calculate the contribution from p- and
d-orbitals to wave functlon y. At small ma-
trix element H,, Iéd <<|Hd —H|) we deal,

under account for ¢ +02 =1 1n the upper
subband,

o = Hpa (7)
1 9 5 172’
[(Hd — Hp)? + deJ
o H,-H,
2 1/2°

[(Hd - H,)? + H? d}
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The prevalence of the contribution from
d-orbitals in the upper subband of the va-
lence band is seen from (7). Substitution of
E, in (5) gives opposite result (cy>cy, ¢y
and ¢, are exchanged). This conclusion is in
accordance with the experimental data,
since the optical interband transition be-
tween even d and s states is forbidden, thus
defining the small oscillator strength of A,
band. On the contrary, since the contribu-
tion from p-states prevails in the lower sub-
band, oscillator strength of A; band exceeds
almost by one order that for A, band, both
in CSA92|3, and in CSCU2|3.

As follows from Figs. 1, 2, 3, the pa-
rameters of exciton bands change in solid
solutions. As it was mentioned, the spacing
AE = E, ;—E,; increases with x, and at
x~0.5, AE attains its maximal value, ap-
proximately 1.3 times as much than at x =
0; 1. Assuming dependence of AE on the
concentration divergence of levels for two
subbands E; and E, at k, =0, we have,
basing on (6), AE = [(H,~H )2 + 4H,1V2.
Thus, the matrix elements Hd, H, and Hy,q
depend on x. It follows from the concentra-
tion dependence of the oscillator strength
for two exciton bands (Fig. 38) that the ma-
trix element de defining the mixing of p-
and d-states depends on x most heavily, and
1nequa11ty |H Hd|>>H 4» being valid at

= 0 and 1, is broken due to increase of
H 4+ For direct allowed transitions, the os-
cillator strength of exciton bands is propor-
tional to squared matrix element of dipole
moment constructed on wave functions y
and ¢, at £, = 0. It follows therefrom that
f(x)ooclz(x). From (5) and (7), it follows that
the increase of H,; at small x defines the
increase of oscillator strength for A, band
and simultaneous decrease of the A; band.
For the lower subband, as follows from the
calculation of ¢y at E =E,, c¢; decreases
with rising H,;. These conclusions are in
agreement w1th the data of Fig. 3. Approxi-
mation of dependences f(x) by formula of
type (1) in the whole x range agrees poorly
with experiment. The empirical formula
gives a somewhat better agreement:

) = FOL — xm) + f()xm + bam(l — xm), (g

where for A, band f(0)=f(1) = 0.8-1072,
b =0.1; for A; band, f(0)=9-10"2, f(1) =
4.02.1072, b = —0.1. The determination ac-
curacy of oscillator strength for A; and A,
bands in solid solutions in the range where
x provides the greatest p—d hybridization of
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states (x~0.4-0.5), Af =+10"3 is almost
three times smaller than at x =0; 1 (Af =
+0.8-1073). For two bands, we have deter-
mined the exponent m = 0.8 by fitting of
the calculated curve to experimental one at
x<0.4. The formula (8) agrees well with
concentration dependence f(x) for A; band
in the whole x range within the error limits
of the quantity determination (Fig. 3) and
gives almost linear course of total oscillator
strength f(x) = fa9(x)+f4;(x). However, the
calculated f,,(x) is not in agreement with
experiment at x>0.6.

The reason for m deviation from 1 to-
wards smaller values and the incomplete
agreement between of calculated and experi-
mental f(x) at x>0.6 consists in our opinion
in the film preparation technology. During
the Cs(Ags,Cu,)ol3 evaporation from the
melt, a partial decomposition of Agl is pos-
sible [15], i.e. the molar x' percentage in
films is expected to be higher than x in the
initial mixture (x' = x9-8). As the melting
temperature of copper-containing ternary
compounds is higher than for those contain-
ing Agl [1], evaporation temperature rises
at x>0.6, that results in reduction of Ag
content due to more intense decomposition
of Agl.

The mixing of p- and d-states is typical
of Ag and Cu halides with tetrahedral bind-
ing between metal and halogen atoms. In
contrast to the III-V and II-VI compounds
with the same binding type, strong mixing
of p- and d-states in Agl and Cul is defined
by closeness of d-levels in Ag™ and Cu* ions
to p-levels of I~. Since in the studied com-
pounds the low-frequency area of the funda-
mental band is connected with excitation in
the double chains consisting of Ml, tetrahe-
drons, the mixing of p- and d-states therein
is inevitable.

In disordered Cs(Ag,_,Cu,),l5 solid solu-
tions, the hybridization of p- and d-states
increases, thus affecting the nonlinear
trend of AE(x) and f(x) for Ay and A; bands.
The reason is the appearance of tails in
state density g(E) in the valence band of
solutions. The quantity g(E)wexp[—(E,,—
E)/E;] decreases exponentially with reduc-
tion E as well as Eyo[x(1-x)]?, n=2, 1,
1/2 [16]. At a small spacing between levels
in two subbands AE at x = 0; 1, the appear-
ance of a tail in g(£) in the lower subband
results in overlapping allowed states in two
subbands, that, in turn, promotes increase
of the matrix element de(x)oo[x(l—x)]n and
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possible reduction of Hp(x) and H g (x) due
to lower density of states in the centers of
subbands.

To conclude, the complex compounds
CsAgyl; and CsCusl; are unique due to the
crystal lattice structure (double chains of
Ml, tetrahedrons), the formation possibility
of solid solutions and the localization of
quasi-one-dimensional excitons in double
chains. These excitons generate at Ay and
A, exciton bands at the fundamental band
edge; the parameters of those bands depend-
ing on impurity concentration or tempera-
ture are easy to study. The results pre-
sented in this work provide a base for fur-
ther theoretical and an experimental
investigations in energy spectra of electrons
and excitons in those compounds by im-
provement of the sample preparation tech-
nique and development of methods for cal-
culation of CsAg,l; and CsCu,l; band struc-
ture.
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Oco6auBOCTI CIEKTPiB MOTIMHAHHSA TBEPAUX PO3UHUHIB
KoMmmiekcHuX cnoayk CsAg,l;—CsCusl;

B.K .Munocnaeécvrkuii, O.H.IOnarxoeéa, E.H.Kosanenko

HocaigKeHo HMBbKOUYACTOTHI €JEeKTPOHHI CIIEKTPM IOIVIMHAHHS Y TOHKUX ILJIiBKax TBEP-
nux posumnuis Cs(Ag,_ Cu,),l;. Ha xpaio (yszameHTanpHOI CMyru crocTepiraloThcs ABi ex-
cuToHH] cmyru A, i A;, mapamerpu AKHUX (CIEKTPalbHEe IIOJOKeHHS, HAIIBIIMPHHA Ta CHJIA
ocrnuasiTtopa) sHaiimeno B inTepsBani 0<x<l. 3 KoHIleHTPAIi/HOr0 XOmy IIapaMeTpPiB BCTAHOB-
JIeHO JoOKamisaniio Ay i A; eKCUTOHIB y NOABIMHMX JAHIIOraX, 0 CKJIAJAIOTLCA 3 TeTPaeapiB
Mi, (M = Ag, Cu) i € crpykrypaumu enementamu Kpucramiuaoi rparku CsM,ls. PesynsraTtn
€KCIIepUMEHTY PO3IVIAHYTO y NpumylneHHi ribpugusarnii d-opGitaneit Ag, Cu i p-opbGitameit | y
BepXHill BaJIeHTHill 80HI CHOJYK Ta 3aJeKHOCTi ribpuamsariii Bif MOJIAPHOI KOHIIEHTpAIil X.

Functional materials, 14, 3, 2007 289



