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The absorption spectra of [NH,(C,Hg),],CuCl, crystals grown from ethanol solution as
well as of [NH,(C,H5),]1,ZnCl, -nH,0, [NH,(C,Hg),],Cuq 552N 75Cl, crystals grown from water
solutions have been investigated in the visible spectral region. The influence of ionizing
irradiation on these spectra has been studied as well. The [NH,(C,H;),],CuCl, crystal grown
from the ethanol solution has been shown to undergo the thermochromic phase transition
at a higher temperature (TTh = 324.5 K) and to manifest a higher sensitivity to ionizing
irradiation influence as compared to the similar crystal grown from water solution. 75 %
substitution of copper ions by zinc at the Transition to [NH,(C,Hsg),],Cug »5Zn, 75Cl, solid
solution results in the change of the thermochromic phase transition character from the
discontinuous to continuous one. The high sensitivity of the exciton absorption band
long-wave edge location to low doses of ionizing radiation in [NH,(C,Hg),],ZnCl, -nH,0
hydrated crystal has been revealed.

HccaenoBansl cnekTpsl moryomienus kpucraaros [NH,(C,Hs),],CuCl,, Bripamenmsix us
cmprosoro pactsopa, u [NH,(C,Hs),],ZnCl, -nH,0, [NH2(C2H5)2]2Cu01252n0175C|4 BBIpAIeH-
HBIX W3 BOJHBIX PAaCTBOPOB, B BUIMUMOM 0OGJACTU CIIEKTPA, a TAKMKe BJIUSHUE HA HUX HUOHHU-
supyomero obnydennsa. Ilokasamo, uro xpucrama [NH,(C,Hg),],CuCl,, BrRIpamennsrii us
CIIUPTOBOTO PACTBODPA, TPeTepIleBaeT TePMOXPOMHBIN (Pas3oBbIil mepexo[ Npu 0oJsiee BHICOKOI
TemIepaType (TTh = 324.5 K) B CpaBHEHUM C AHAJOTUUYHBIM KPUCTAJJIOM, BBIPANEHHBIM U3
BOJHOTO pacTBOpa, & TaKiKe uMeeT 0ojiee BBICOKYIO UYBCTBUTEIBLHOCTH K WOHUSUPYIOIIEMY
obsyuenuio. 75 % -Hoe 3amellleHVe WOHOB MeJU WOHAMU I[UHKA MIPU Tepexoje K TBepAOMYy
pacTBopy [NH2(C2H5)2]2Cu0‘252n0,75C|4 COTIPOBOKIAETCA M3MEHEHHEM XapaKTepa TepMOXPOM-
HOTO (DasoBOTO TEpexoJia CO CKAUKOOOPasHOro Ha HelpepbiBHBINA. OOHAPYIKEHO BBICOKYIO
YYBCTBUTEJILHOCTD IMOJOMKEHUS JJINHHOBOJHOBOTO Kpas 9KCUTOHHOM IOJOCH MOTJIONEHUS B
rkpucramnorugpare [NH,(C,Hg),],ZnCl,-nH,0 k ManeiM 103aM MOHMSUPYIONIETO M3TyIeHMA.
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Recently, thermochromism phenomenon
draws a considerable interest of numerous
scientists dealing with the solid state phys-
ics. Thermochromic crystals are sensitive
materials of good promise for sensor tech-
nique, in particular, for thermography and
for optical data storage. The compounds of
A,MeCl, and AMeCl; types (Me = Cu, Co)
with an alkylammonium cation [1-5] could
be considered as a new class of the thermo-
chromic materials. The diethylammonium
tetrachlorocuprate [NH5(CoHg),],CuCl, (DEACC)
crystals undergo a first order thermo-
chromic phase transition (PT) accompanied
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by an abrupt change of the sample color
from green to yellow under heating. The
hydrogen bonds play an essential part in the
distortion of the metal-halogen complexes
which is clearly reflected in the changes of
the absorption spectra. The thermochromic
PT temperature in the investigated crystals
depends considerably on the technological fac-
tors such as growing conditions, the samples
thermal history and purity, atmospheric hu-
midity, etc. In particular, the previous study
of the crystals grown from water solution
(from here on, DEACC-II) has revealed the
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thermochromic PT at Tp =811 K (in the
heating mode) [2, 4].

In connection with the thermochromic
nature of the above-mentioned PT, it is just
the absorption spectroscopy that appeared
to be an effective method to study its na-
ture [4]. The investigations have shown that
this PT is connected with the changes in the
copper ion coordination associated with re-
distribution of the hydrogen bonds. The
high-temperature phase is characterized by
a distorted tetrahedral environment of the
copper ion, whereas in the case of the low-
temperature phase, the tetrahedral and pla-
nar square coordination forms are coexis-
tent (each environment provides two absorp-
tion bands). The abrupt change of the anion
configuration causes a considerable shift of the
spectral "transparency window” which is fol-
lowed by change of the sample color from deep
green to yellow (during heating).

On the other hand, due to the essential
role of hydrogen bonds in the nature of the
mentioned PT, a higher sensitivity of
DEACC-II spectral properties to rather low
doses of ionizing radiation was revealed.
The observed radiochromic effect [2, 4]
opens a wide possibility for application of
the materials under study as sensitive mate-
rials in the ionizing radiation sensors [6].
Besides, it is just the DEACC-II crystals
grown from water solution that have been
proposed for the application in sensor tech-
nique and for data storage [7]. Unfortu-
nately, their technical application is compli-
cated because of the crystal hygroscopicity
and instability of their spectral parameters
after repeated thermal cycling near the PT.
From this point of view, the crystals grown
from ethanol solution (DEACC-I) appear to
be much more perspective, since they are
characterised by a higher stability.

Another way to modify the thermochromic
properties of the crystals under consideration
is connected with the partial isomorphous
substitution of Cu?* by Zn2* ions. The
[NH2(C2H5)2]2CUXZH1_XC|4 (DEACZC) solid so-
lution crystals are also expected to manifest
thermochromic properties and at the same
time to be less hygroscopic in comparison
with the DEACC-II crystals grown from the
water solution. It is necessary to note that
the pure [NH,(C,Hg),],ZnCl, -nH,0 (DEAZC)
crystals contain crystallization water in
their structure [8]. They are transparent in
the visible region and thus cannot be con-
sidered as thermochromic materials. In [8],
the hydratation ratio for this crystals has
been found to decrease from n = 0.75 to n =
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0.33 after passing the heating-cooling cycle
near the PT. This process is followed by
decreasing of the PT temperature from
333 K to 308 K. The DEAZC crystal pos-
sesses Pn symmetry in the low-temperature
phase with n = 0.75 and P2;nm in the high-
temperature phase (n = 0.33) [8]. Taking
into account poor information concerning
the nature of the thermochromic PT in
DEACC-I crystals and the novelty of the
DEACZC solid solutions, the temperature
evolution of the absorption spectra in the
PT vicinity in the mentioned materials (in-
cluding the spectra variations under ioniz-
ing irradiation) have been studied in detail.

The samples of DEACC-II, DEAZC,
DEACZC, and DEACC-I crystals were grown
respectively from aqueous and ethanol solu-
tions of CuCly,, ZnCl, and [(C,H5),NH5]CI
taken in the stoichiometric ratio using slow
evaporation at room temperature. The sam-
ples were cut perpendicularly to the z axis
in the shape of thin (0.1 to 0.3 mm) plates.
The absorption spectra were recorded in the
range of 350 to 800 nm using an SF-26
spectrophotometer and ZMR-38 monochroma-
tor. The absorption coefficients were calcu-
lated by the traditional two-thickness
method of [9]. The photon energies were
measured to within +0.0005 eV. The rela-
tive error of the measurements did not ex-
ceed 1 %. A special nitrogen cryostat to-
gether with an "UTREKS" temperature con-
troller [10] (produced by the Institute of
Physics, National Academy of Sciences of
Ukraine) provided the necessary precision
of temperature measurements and stabiliza-
tion (AT = +0.05 K). A copper-constantan
thermocouple was used as a temperature
sensor. The samples were irradiated by
226Ra isotope at the 2.238 mR/h power in
the point of irradiation.

Fig. 1 presents the temperature depend-
ences of the absorption coefficient obtained
for DEACC-I (Fig. 1a) and DEACC-II (Fig.
1b) crystals at 633 nm wavelength. In the
case of DEACC-I crystal, the stepwise ab-
sorption change at Tp=324.5 K (in the
heating mode, Fig. la) corresponds to the
abrupt change of the sample color from
green to yellow. To clarify the nature of
this effect, the absorption spectra of
DEACC-I and DEACC-II crystals were com-
pared. The complex absorption bands were
resolved into elementary contours using the
method described in [11]. The main crite-
rion of the correct approximation is the
minimal number of the contours at the
maximal coincidence of their resultant
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Fig. 1. Temperature dependences of absorption

crystals at A = 633 nm. TTh, temperature of the thermochromic

that under cooling.

curve with the experimental spectrum. In
order to attain the maximum objectiveness
of the resolution process, the so-called de-
rivative spectroscopy [12] was employed.
The analysis testifies that the DEACC-I
crystals are characterized by a distorted tet-
rahedral symmetry of the copper ion envi-
ronment in the high-temperature phase, and
by coexistence of the tetrahedral and planar
square environments in the low-temperature
one. These conclusions agree well with the
X-ray structure analysis data [1]. In spite
of the similarity with DEACC-II, it is al-
most evident that DEACC-I crystal struc-
ture is formed a priori by the network of
stronger hydrogen bonds. This fact is con-
firmed not only by the higher PT tempera-
ture but also by a higher extent of the tet-
rahedron distortion in the high-temperature
phase. The last conclusion follows from the
fact that in the case of DEACC-I crystals,
the absorption spectra consist of three A, B
and C bands (Fig. 2a) instead of two ones
observed in DEACC-II [4]. At the same
time, at transition into the low-temperature
phase, the number of bands in the absorp-
tion spectra of DEACC-I corresponding to
the tetrahedrally coordinated copper ion de-
creases down to two ones, A and C (Fig. 2,b),
that corresponds to a change of the crystal
field strength (most likely to its increasing).
The comparison of the oscillator strength
for different bands, which is proportional to
the area limited by the contours of Gaussian
shape, testifies that the ratio of the number
of tetrahedral anions to that of square ones
is higher for the DEACC-I crystals. Thus, in
the case of DEACC-II crystals, water mole-
cules adsorbed during the growth process
favor the formation of the quadratic anions
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Fig. 2. Absorption spectra of DEACC-I ob-
tained at T =293 K (a); and at T =326 K
(b). Solid lines show the fitting curves result-
ing from the Gaussian contours shown by
dotted lines.

that results in a more intense absorption in
the visible region (see Figs. 1, 2).

It has been shown that irradiation of the
samples in the real time results mainly in
lowering of the thermochromic phase transi-
tion temperature. In particular, 226Ra irra-
diation of the DEACC-I sample during 180 s
initiates the PT at the temperature lower by
0.9 K (at heating) in comparison with those
for the nonirradiated sample (at heating).
Besides, the steepness of the PT shift vs.
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Fig. 3. Absorption spectra of DEAZC near the
long-wave edge of the exciton band for samples
irradiated with different ionizing irradiation
doses. I — non-irrad, 2 — 151 mR, 3 — 360 mR,
4 — 140 h after irrad. The inset presents the
dose dependence of the absorption edge shift

measured for £ =10 ecm™L.

dose dependence has been found to be much
larger than for DEACC-II crystals [4], thus
testifying to a higher sensitivity of the
DEACC-I crystals to low ionizing radiation
doses [13]. As it is clearly seen from the
obtained absorption spectra, the DEAZC
crystals (Fig. 3) are transparent essentially
in the whole visible region. According to
the classification proposed in [14], the opti-
cal absorption edge around 395 nm (3.14 eV)
could be attributed to the exciton band,
formed by the self-localized excitons. Under
irradiation with different y- and B-radiation
doses of 226Ra, the low energy edge of this
exciton band considerably shifts towards
lower energies (Fig. 3). The mentioned edge
shift shows almost linear dependence on the
radiation exposure dose and reaches AE =
0.16 eV for the maximal dose of X =
360 mR (inset in Fig. 3). It is interesting to
note that after holding of the irradiated
sample at room temperature (in our case,
for 6 days) the crystal turns back to the
initial state (see Fig. 4). The same effect
could be achieved by annealing the sample
at 3560-370 K during several hours. Such a
reversibility observed at least for the consid-
ered doses could find its practical application.

To clarify the nature of the mentioned
exciton band, the absorption edge was stud-
ied in more detail. Taking into account its
exponential dependence on energy (accord-
ing to the empiric Urbach rule [11]), a tra-
ditional but somewhat modified method was
used to approximate the absorption edge.
The modification of the approximation
function was due to the fact that the ab-
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Fig. 4. Approximation of the adsorption edge
of DEAZC crystal by Gaussian contour of the
impurity absorption band and usual Urbach

tail dependence (dotted line).

sorption edge was overlapped with the im-
purity absorption band. Under such circum-
stances, the edge was approximated using
the complex function:

( memy) O
k:A+BexpL—0.5[ j J+

+ kOeXp[—kZT(E - EO)}

where A, B are the constants; E, the photon
energy (eV); E., o, the impurity band en-
ergy maximum and half-width, respectively;
ko, Ey, o, the parameters of the Urbach’s
rule; kg, the Boltzmann constant; T, tem-
perature (K). The second term in this rela-
tion describes a Gaussian contour of the im-
purity absorption band and the last one is
responsible for the usual exponential Ur-
bach dependence. The performed approxima-
tion allowed to obtain the "pure” shape of
long-wave absorption edge (Fig. 4). The
analysis of obtained dependences revealed
fulfillment of the Urbach rule (the family
of Ink(E) straight lines intersects in a single
point for both phases) and allowed to deter-
mine its parameters for both phases. In par-
ticular, in the high-temperature phase
(T > 308 K): Ej = 3.79 eV, ky = 1035 cm ™I,
wg = 660 cm™1, o, = 0.585, and in the low-
temperature phase — E;=3.92 eV, k=
8740 cm™1, 0y = 710 ecm™1, 6, = 1.405 (it is
more convenient to present the effective en-

ergy of phonons 7ng in cm! that enables
comparing it with the vibration spectros-
copy data). The obtained o values testify to
a weak exciton localization and, conse-
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quently, moderate values of the exciton-
phonon interaction (EPI) strength.

It is interesting to note that the fre-
quency o, of effective phonon involved in
EPI in the high-temperature phase corre-
lates fairly well with the vibration fre-
quency of the organic cation (the scissor
vibration p,(NH,) of the amide group [15] or
the symmetric stretching mode v(C—N) [16]).
Meanwhile, in the low temperature phase,
the effective phonon frequency lies in the
region of crystal water libration vibrations
p(H,0) [17]. Thus, taking into account pres-
ence of the two hydrogen bond types, namely,
N-H...Cl and O-H..Cl, in the crystal struec-
ture, we can assume that the exciton is local-
ized at the organic group in the first case and
at the crystal water molecules in the second
case. This assumption correlates fairly well
with the data [8] concerning the partial dehy-
dration of the DEAZC crystals at the PT
(under heating). The ionizing irradiation
causes most likely breaking of the O-H...Cl
hydrogen bonds followed by rebuilding of
their network. This causes a smearing of the
exciton levels in the field of newly formed
structural defects resulting in lowering of the
exciton band edge energy.

Fig. 5 presents the absorption spectra of
[NH(C2Hg)a12CUg 252N 75Cls (DEAC 557 75C)
solid solution taken at 294 K (Fig. 5a) and
321 K (Fig. 5b). In the 1.5-2.2 eV range,
each spectrum can be resolved into the three
Gaussian contours A, C and D denoted for
distinctness similarly to the bands observed
for DEACC-I and DEACC-II crystals. Con-
trary to the DEACC, the A and B bands in
the DEAC 957 75C crystals are fused to-
gether due to very close positions of the

dyz,xz and dxzfyz terms in the energy dia-

gram of the tetrahedrally coordinated coo-
per ion [18]. The peak energies of A and B
bands in both phases (1.570 and 1.905 eV at
294 K; 1.568 and 1.89 eV at 321 K, respec-
tively) were found to be in the region of
electron transitions of the flattened tetrahe-
drally coordinated copper ion. The D con-
tour (1.944 eV at 294 K; 1.941 eV at
321 K) could be attributed to the absorption
band of copper ion in the planar square co-
ordination. Thus, the square and tetrahe-
dral anions coexist in both phases of
DEACO25Z075C Solid Solution. ThlS fact
correlates well with the absence of the dis-
continuous thermochromic effect in the con-
sidered compounds. Nevertheless, at the tran-
sition into the high temperature phase, the
area under the A contour (which is propor-
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Fig. 5. Absorption spectra of DEACZC taken at
T=294 K (a); and T =321 K (b). The solid
lines show the fitting curves resulting from the
Gaussian contours shown by dotted lines.

tional to the oscillator strength) increases
(from 2.188 to 2.565 a.u.) and correspond-
ingly decreases for D contour (from 0.099 to
0.084 a.u.). Such a behavior correlates well
with the trend to increasing ratio of tetrahe-
dral to square anions number at transition
into the high-temperature phase. That trend
is general for DEACC compounds. As it was
expected, in DEAC 557 75C solid solution,
the spectral transparency window broadens
from 0.2 to 0.4 eV in comparison to DEACC-
II crystals. An absorption band appears in
DEAC 957 75C crystal near 2.5-2.6 eV due
to the charge transfer connected with the
electron transition from the Cl 3n-orbitals on
the Cu2* 3d-orbitals. The almost vertical low-
energy edge of the mentioned charge transfer
band does not manifest any significant tailing
that testifies to the considerable lowering of
the EPI strength in comparison with the case
of the both DEACC modifications.

Thus, the investigations have shown that
both modifications of DEACC crystals con-
tain the anions of similar symmetry in both
phases. However, in the low-temperature
phase, the ratio of the octahedrally coordi-
nated (square) complexes to the tetrahedrally
coordinated ones is higher for the DEACC-II
crystals. This fact could be explained by tem-
perature-dependent labile nature of
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CuCly(H,0), complexes that could be formed
due to water absorption from the aqueous
solution during growing. Both phases of
DEAC 957 75C solid solution contain anions
of both above-mentioned configurations, how-
ever, the ratio of the octahedrally coordi-
nated complexes to tetrahedrally coordinated
ones increases with temperature elevation. As
a result, no discontinuous thermochromic ef-
fect is observed in the considered compounds
corresponding to 25 % substitution of zine
by copper. This fact correlates well with the
data of spectral investigation of
[NHo(C2oH5)o1oCuUg 5200 5Cly  (DEAC 57 5C)
solid solutions [13] that also does not mani-
fest a discontinuous thermochromic effect.
The spectral transparency window in the
DEAC 957 75C crystals (0.4 eV) acquires the
intermediate value between that for DEACC-
II (0.2 eV) and DEAC 5Z, 5C (0.5 eV) [13]. It
is of interest that the dependence of the long-
wave edge position of the exciton band on the
ionizing radiation dose is linear at least up to
360 mR. Taking into account the revers-
ibility of this effect in the mentioned dose
range, one could suggest the perspectives of
its application in sensor technique.

This work was supported by the Ministry
of Education and Science of Ukraine.

References

1. D.R.Bloomquist, M.R.Pressprich, R.D.Wil-
lett, J. Am.Chem. Soc., 110, 7391 (1988).

2. V.B.Kapustianik, Ya.V.Ozhybko, S.A.Sveleba
et al., IEEE, 4, 802 (1994).

3

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

. D.R.Bloomquist, R.D.Willett, H.-W. Dodgen,

J.Am.Chem. Soc., 103, 2610 (1981).

V.B.Kapustianik, Yu.Korchak, Zh. Prikl. Spektr.,

67, 759 (2000).

. D.R.Bloomquist, R.D.Willett, H.W.Dodgen,
J.Am.Chem. Soc., 103, 2603 (1981).

. V.B.Kapustianik, Yu.Korchak, S.A.Sveleba et
al., Ukrainie Patent UA Ne52622.

. V.B.Kapustianik, V.I.Mokryi, A.Ya.Batiuk,
Ukraine Patent UA Ne61767A.

. D.R.Bloomquist, R.D.Willett, Acta Cryst., B 37,
1353 (1981).

. 0.G.Vlokh, I.I.Polovynko, S.A.Sveleba, Ukr.

Fiz. Zh., 34, 673 (1989).

Unified Temperature-controlled Cryostat Sys-

tem ("UTREX"). Operating Manual, Institute

of Physics, Academy of Sciences of Ukraine,

Kiev (1978) [in Russian].

V.B.Kapustianik, Yu.Korchak, V.V.Bazhan,

Yu.I.Eliyachevskyy, Zh. Prikl. Spektr., 69, 352

(2002).

V.B.Kapustianik, A.Ya.Batiuk, Zh. Prikl. Spektr.,

71, 356 (2004).

V.B.Kapustianik, A.Ya.Batiuk, Yu.Korchak,

Zh. Prikl. Spektr., 71, 798 (2004).

V.B.Kapustianik, Phys. Stat. Sol. (b ), 204, 877

(1997).

K.Nakamoto, IR and Raman Spectra of Inor-

ganic and Coordination Compounds, Mir,

Moscow (1991) [in Russian].

V.Kapustianik, Yu.Korchak, I.Polovinko et

al., Phys. Stat. Sol. (b), 207, 95 (1998).

V.Kapustianik, Z.Czapla, R.Tchukvinskyi et

al., Phys. Stat. Sol. (a ), 201, 139 (2004).

D.T.Sviridov, Optical Spectra of Transition

Metal Ions in Crystals, Nauka, Moscow (1976)

[in Russian].

Bniue yMOB BMPONIyBaHHA Ha TEePMOXPOMHI
Baactusocti kpucraiais [NH,(C,Hs),],Cu,Zn,_,Cl,

B.Kanycmsanuk, IO.Kopuwakx, B.Pyoux, A.Bamiok

Hocrimxeno cuexrpu mornamEanHsa Kpuceranis [NH,(C,Hg),],CuCl,, Bupomennx si cnmpro-
Boro posumny, i [NH,(C,H;),],ZnCl, -nH,0, [NH2(C2H5)2]2Cu0,252n0Y7SCI4, BUDOIIIEHUX i3 BOJ-
HUX POBUNHIB, Yy BUAMMIiH 006JacTi cleKTpa Ta BIJIMB HA HUX 1OHI3YIOUOTO OMPOMiHEHHH.
IToxasano, mo kpucran [NH,(C,Hg),],CuCl,, Bupomenmii si cnuproBoro posuumHy, 3asHaeE
TepMoxXpoMHEHNil (pazoBuil mepexin mpu BUILill TeMmmeparTypi (TTh = 324.5 K) y nopiBHaHHI 3
AHAJOTIUYHMM KPHCTAJIOM, BHPOIIEHHM 3 BOJHOI'O PO3UHHY, & TAKOM Mae€ BUILY UyTJIUBiCTDL
oo xii iomisyrouoro ompomimenusi. 75 % -He samimienas iomis mini iomamu nuHRY mpu mepe-
XOIi 0 TBEPLOro PO3UUHY [NHz(CZH5)2]2Cu0,25Zn0,75CI4 CYIIPOBOIKYETLCA 3MIHOI XapaKTepy
TePMOXPOMHOTO (PazoBoro mepexoxy 3i crpubxoroxiéHoro Ha HemnepepBHuili. BusBieHo Buco-
Ky YYTJHUBICTH IIOJOMKEHHSA NOBTOXBHJILOBOTO KPAI €KCHUTOHHOI CMYIM IOTJIWHAHHSA y KPUC-
rasorigpari [NH,(C,Hg),1,ZnCl, -nH,0 no manux nos iomisyouoro sunpoMiHIOBaHHS.
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