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ELECTRONIC ABSORPTION SPECTRUM OF Cu** IONS
DOPED IN ZINC CESIUM SULPHATE HEXAHYDRATE

K.PURANDAR?), J. LAKSHMANA RAO"),S.V.J. LAKSHMAN?"), Tirupati

The optical absorption spectrum of Cu?* jons doped in ZnCs(SO04), .6 H,O single
crystals has been studied at room (300 K) and liquid nitrogen (77 K) temperatures. From
the nature and positions of the bands observed, a successful interpretation of all the
bands could be made assuming Doz site for Cu?* ions in zinc cesium sulphate
hexahydrate. ESR studies of the sample confirm the site symmetry of the central metal
jon. Taking *A.4(d,2—,?) as the ground state in D, symmetry, the four absorption bands
at 77 K are attributed to the transitions to 2A(d.2), *Big(dy) ?B,,(d,.) and Bye(dye)s
respectively, in the order of increasing energy.

whmEOEE CIIEKTP IOTTOMEHMS HOHOB Ca**,
HOBABJEHHBIX B TEKCATHIIPAT CYIb®ATA IIMHKO-IIE3UA

B pa6oTe HcCeoBaH ONTHYECKHH CHEKTP NOTHOMCHKA HOHOB Cu** Ip¥ KOMHATHOR-
temnepatype (300 K) u npu TeMIiEpaType XAAKOrO 230Ta (77 K), xoTopbie R0GaBICHBI
B MOHOKDHCTaJIbL ZnCs,(S0.), - 6 H,O. Ha octoBe xapaKrepa H pacHONOXCHHI Rra6-
JTIOfaEMbIX TIOJIOC CREJIAHA yCrelHas pacumgpoBKa BCEX NoN0C B TPERNONOXEHUH, YTO
noHpl Cu?* Haxofiarcs B y3i€ D, pelleTKu rexcarugpara cynbdaTa IHHKO-LE3NS.
VisydcHye 3NCKTPOHHOTO CHMHOBOTO pesonanca B oGpasuax MOATBCPHIO Y3/10BYIO
CHMMETPHIO WOHZ LEHTPAJIHOTO metanna. Ecim cuutaTth ’A,,(d,>_,?) OCHOBHBIM COC-
TosHueM B cumMeTpiH Doy, TO NPH temmepaTtype 77 K B nepexobl 2A,,(d.2), B1(d,,),
2B,(d,.) 1 2B,,(d,.) BHOCAT BKJIall (B nopsnKe po3pacTaromei 3HEPIHH) YEThIPE NONOChI
MOTOMIEHNAS.

1. INTRODUCTION

The present study is a continuation of the investigation of the absorption spectra
of the transition. metal ions doped in zinc cesium sulphate hexahydrate,
ZnCs,(S0.), .6 HO (referred to throughout as ZCsSH) single crystals in our
laboratories [1—4]

1) Department of Physics, S. V. University, TIRUPATI — 517 502, India.
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ZCsSH belongs to the family of isomorphous compounds, known as Tutton’s
salts. The crystals are monoclinic and the unit cell contains two molecules related
by the space group operation P2,/a {5, 6]. The divalent metal ion is situated at the
positions (0,0, 0) and (1/2,1/2, 0) in the unit cell and is surrounded by a distorted
octahedron of six water molecules. Jain et al. [7] and Jain [8] confirmed from their
ESR studies of Mn** and VO** doped in ZCsSH  that the divalent transition metal
ions substitute the divalent cation sites in ZCsSH. Crystal structure data for
ZCsSH, used as host in this work are not available, and for this reason we have
included distances for some Tutton’s salts in Table 1, from which we can argue by
analogy that in ZCsSH, the bound Cu—O (7) is shorter than the Cu—O (8) one,
the reverse of that found in the copper ammonium salt (CASH). However, the
Cu—O (9) bond is the shortest in all the salts. The numbering of the coordinated
water oxygen atoms in Table 1 is that given by most authors and illustrated, for
example, in Fig. 1 of Ref. [9]. The tetragonalities of the corresponding potassium
[10], rubidium [11, 12] and cesium [11] Tutton salts shown in the same Table are
much more comparable and similar to the low temperature tetragonalities of
CASH [13—16].

It is evident from Table 1 that for the amonium salt a marked temperature
variation is present, for the rubidium salt only a slight temperature variation is
present and for the cesium salt very little temperature variation is present as
confirmed by the neutron powder data for a-Cu(HCQ,), [17], where T =0.756,
0.758 and 0.762 at 296, 80 and 4 K, respectively, indicating very little variation of
structure over the range of 292 K. ‘

The present investigation is carried out with a view to verify the site symmetry of
Cu®" ions in ZCsSH, because it has already been studied in detail in zinc potassium
sulphate hexahydrate [9, 18] and in many copper Tutton’s salts [19, 20].

II. EXPERIMENTAL

Single crystals of ZCsSH were grown from an aqueous solution containing
equimolar concentrations of Cs,SO, and ZnSO,.7 H,O to which 0.1 mole %
of CuS0O,.5H,0 was added. as impurity.

The optical absorption spectra were recorded on a Cary-17D spectrophotome-
ter. The 77 K spectrum was recorded with a suitable cryogenic arrangement. Since
the crystal axes could not be identified exactly, polarization studies were not
carried out. The oscillator strengths were determined by computing the area under
the absorption curves. ,.

ESR measurements were carried out on a JEOL FE 1X X-band spectrometer.
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IIL. THEORY

The Cu?* ion has the electronic corfiguration A 3d’° where ‘A’ stands for the
ell.

o_ﬁﬂwm MM«M“M_ M_ma of octahedral symmetry, the free ion *D term splits ::oN 2E, and
*T,, levels, 2E, being the lower level. Due ﬂ.o the umr:..ﬂa_mon effect, the ’E, _n<n”
generally splits and therefore the Cu?* ion is rarely found in a regular octahedra
m:w”mnm“wwmﬁw:m_ field, the ground state *E, splits into two levels *B,, mma ~>:~mnn
similarly the upper >T;, into Bz, and ’E, levels. One of the _nﬁ.&m m.:. -or k.?:.
forms the ground state. For an elongated octahedron the d.>-,2 orbital 5: be lying
lower than the d,: orbital corresponding to the *A,, state. In a rhombic field [21],
the lower 2E, level splits into two levels *A,, am:aw and 2A,, (d,2), whereas ”.r@
upper *Ty, level splits into By, (dy), “Bz, Env. m:.a Bs, (d,2) _a<n_.m. A..rn relative
energies of CU?* in an octahedral and rhombic fields are shown in Fif. 1.
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Fig. 1. m.v:ﬁ:mm of the energy levels for the d° configuration in octahedral and rhombic fields.

IV. RESULTS AND DISCUSSION

The optical absorption spectra have been recorded in the £m<n~o=m.~.r nwmmon of
600 nm to 1450 nm both at 300 K and 77 K and the spectra are mroiu in m_.w. 2.

The spectrum recorded at 300 K consists of three bands, one in the near Emw_mnna
at 7765 cm™" and the two others in the visible at Hosm. on.:w m:.m 11765 cm™. Of
these three bands observed, the band at 11765 cm™! is quite intense, while mrn
10125 cm~! band is found in the form of a weak shoulder of the lower energy side

of the intense band.
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When the crystal is cooled to 77 K, changes in intensities of the bands as well as
their positions are observed. In addition to the three bands observed at 300 K,
a sharp band is seen on the higher energy side of the intense band. At 77 K, the
bands are located at 7765, 10255, 11940 and 12920 cm™".
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Fig. 2. Absorption spectra of Cu®* in zinc cesium sulphate hexahydrate at 300 K (curve — A) and 77 K
. (curve — B).

Preliminary electron spin resonance studies are needed to analyse and discuss the
optical absorption data. As no ESR studies are reported in literature on Cu®** ions
doped in ZCsSH, the authors have taken up the study. ESR studies were carried
out for Cu®* in ZCsSH at 300 K and 120 K and Fig. 3 shows the spectra taken at
the two temperatures. The principal g values are found to be:

g1=2.384 g:=2.164 gs=2.050 at 300 K
g:1=2.402 g:=2.127 gs=2.050 at 120K.

*The g values in the present work are consistent with the values reported for Cu**
ions doped in some Tutton salts [18, 22, 23] and in many copper Tutton salts
[20, 24). The observed g values indicate that the Cu®** in ZCsSH is also under the
influence of a rhombic distortion. Also, the g factors indicate that the ground state
of the copper ion is either d,z_,z or d.z, since g, is greater than (g.+ g,)/2 [25]. The
values of (g.— ga)/(g1—g.) is 0.52 and 0.28 at 300 K and 120 K respectively.
These values are clearly less than one and indicate that the ground state.is d.2-,?
with the z axis along the long Cu—O (8) bond [26]. It is interesting to find that the
valve of g, increases, g, decreases and g, remains invariant as the temperature is
lowered from300 K to 120 K. This temperature dependence of g values is due to
the dynamic Jahn-Teller effect as suggested by Silver and Getz [18].
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The observed absorption bands in the present investigation are therefore
attributed to Cu* in an elongated rhombic site (Dz,) with d,>_,» as the ground
state. In most copper compounds having a distorted octahedral stucture, the

transition 2A, (d.2_,?)—2A4, (d;?) lies in energy close to the other “d—d” trans-
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3. ESR spectra of Cu?* in zinc cesium sulphate hexahydrate at 300K (curve — A) and 120K

Fig. (curve — B).

E.oam. i.e., at ~10000 to 14000 cm-! and it has been assigned within this range in
a number of copper complexes containing Cu(H,0)%* or similar ions H.Nqulwﬁ.
Indeed, the spectra of some of the Tutton salts have previously been assigned on
this basis [30, 31]. However, the spectra of deuterated complexes naamonﬁm.cw
Hitchman et al. [19] strongly suggest that in the Tutton salts the Wmum_con
2A,, (de2_,2)— *As, (d;2) occurs at a much lower energy (6000—8000 cm™). In E.a
present work a band is observed at 7765 em™* both at uoo K ».u.a q”u K and is
assigned to the above said transition. The low energy of this transition 1s probably
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Table 1

The Cu—OH, bond distances of (NH,),Cu(OH,),(SO.), at various temperatures and
(M"),Cu(OH,)4(SO.); at room and low temperatures
AZE.VO:Ao:NvaAmO;VN
Bond
295K 215K 145K M'=K M'=Rb M'=Cs
Cu—0O (7) 2.219 2.250 2.278 2.069 2.031 (2.000)* 2.004
Cu—O (8) 2.095 T 2.041 2.012 2.278 2.307 (2.317)* 2.315
Cu—0 (9) 1.961 1.967 1.970 1.943 1.957 (1.978)* 1.966
Tetragonality 0.914 0.891 0.874 0.881 0.864 (0.858)*  0.858
* Low temperature data (77 K)
Table 2

Band data and assignments for Cu** in zinc cesium sulphate hexahydrate

Band positions (cm™) Oscillator Strengths

Transition from

300 K 77K 300K 77K Anlde-) o
7765 7765 1.47% 10 2.08x10°° 2A,, (d.2)

10125 10255 — 9.33x 10 *B,,(d,,)

11765 11940 46410~ 2.66 x 10-* *B,,(d,.)
- 12920 — 7.79% 10~ *B,, (d,.)

due to the unusually short Cu—O bond along the z axis in the Tutton salts. The
remaining three bands in the present work are assigned as transitions from the
ground A, (d,>_,?) to the excited By, (d.), 2B, (d..) and ?B,,(d,.) states,
respectively, in the order to increasing energy.

On cooling the crystal to 77 K, the absorption peaks show a considerable
decrease in intensity, in agreement with the vibronic origin of the intensity. The
eletronic spectra show no large shifts in peak positions on cooling, which proves
that no great change in the tetragonality occurs when the temperature is lowered.

The observed band positions along with their oscillator strengths and assign-
ments are given in Table 2. A comparison of the observed band positions in the
present work along with those observed in copper Tutton salts are presented in
.H.mc_ou.

The ‘spin-orbit reduction parameters are evaluated with the following ex-
pressions given for a rhombic field [32]. v

[k?=[(g:—2) AE,}/[ - 84 cos* B

[k2]*=[(9.—2) AE./[~24 (cos © + V3 sin ©)]

[ks)*=[(gs—2) AEs)/[ - 2A (cos © — V3 sin )]
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Table 3

Comparison of absorption band positions

Transition energy and assignment of the excited state with respect
to the ground state *A,, (d,2-,?)

Ref.
OO—.:UOC:Q N>_: AQN& Nw_a AQ.QV ~m~= An_.nv qua A&«uv
295K 95K 295K 95K 295K 95K 295K 95K
Q.)..
AMMFWOEm > 6400 7350 10650 10900 11760 12200 12350 12720 [19]
. 2
K,Cu(S0.). . .

m E_N_Mu - 7140 7580 10000 10200 10270 12900 — — {19}
Rb,Cu(S0,)..

QMTMA P 7630 7750 10000 10200 Eumo 12740 — — [19]
TLCu(SO0.): .

a.:“h% > 8000 8260 10200 10400 12500 13160 — — [19]
OmmwmummwOLN. 9820 — 10650 — 12350 — 13200 — [31}
- 2!

Cu?* : ZnCs,(S0.): . . p ~
* 5 10255* 11765 11940 —  12920* Presen
.6H,0 7765 7765* 1012 resen
*at 77K
Table 4
Comparison of g and spin-orbit reduction parameters
Spin-orbit
Tempe- g values reduction
Compound rature parameters Ref.
T (K) a9 g: gs
ky k,
(NH,),Cu(50.), .6 H.O 295 2.363 2209 2.071 0.77 0.97 [19]
K,Cu(S0,)..6H,0 295 2.403 2.154 2.055 0.78 0.86 {19}
zw Cu(80.,)..6H.0 295 2420 2.109 2.074 0.80 0.82 [19]
Tl MU:AmO.VN.mENO 295 2418 2.116 2.070 0.80 0.83 [19]
O,MNO:@OLN .6H,O 300 2.407 2.194 2.075 —_ — [24]
Cu** : K,Co(80.); .6 H.0 210 2.330 2.227 2.053 — — [22}
2+ :(ND,).Zn(S0.): .
O@:I %Z i 77 2425 2127 2.064 — — mw“
Cur* R
¢ Cu?*: S0,),.6H,0O 295 2310 2260 2.0
OHGZnE0) 6T 120 2340 2230 2030 — @ —
—_ —_ Present
2+ .6H,0 300 2.384 2.164 2.050
T ZAC(80) ’ 120 2402 2127 2050 0.79 0.79 work
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where A, the spin-orbit constant, is — 829 cm™ for the free copper (II) ion, © is the
angle related to the rhombic perturbation of the axial field and is nearly equal to
zero since O is usually small. The energies AE,, AE, and AE, refer to the
*Ai; > "By, *A1,—"B,, and ?A,, —?B,, transitions, respectively. It is assumed
that k;=ky and (k;+ ks)/2=k,, the data yield k;=0.79 and k, =0.79. These
values are comparable with the values reported for those of the copper Tutton salts
[20] in which the rhombic perturbation is observed. A comparison of these
parameters is given in Table 4 along with g values.

The bonding parameter a” is obtained with the expression given by Kato and
Abe [33].

a*=T7/6[{(As—A\)/P}— Ag, + {11/14(Ags)} — {6/14(Ag.)}]

where
P=[(14/17) (A.— A5))/[(Ags — Ag.)]

*Ag:=(g.—g:) (g. being 2.0023).

At 120K, the principal A values are found to be A,=97x10*cm™?, A,=
22x 107" cm™" and A;=38x10~* cm™ a?, which shows that the bonding between
copper and its ligands has a value of 1 if the bond is totally jonic and 0.5 if it is
completely covalent. The o’ calculated in the present work is ~0.9, which
indicates that the bonding between Cu—O is ionic. The ionic bonding between
Cu—O is further supported by the large g, value [34].

From the analysis of the ESR data, it is established that the Cu®* ion in ZCsSH is
in the elongated rhombic environment with the largest bond along the z axis. The
ground state is also established to be Ay, (d,-,7). With this term as the ground
state, the various observed absorption bands in the present investigation are given
approximate assignments which are consistent with the order proposed by Billing
and Hathaway [35]. The spin-orbit reduction parameters calculated by making
use of both optical and ESR data are in agreement with the reported values for the
Tutton salts under the influence of a rhombic field. Thus the present study confirms
the elongated rhombic environment for Cu®* in ZCsSH and the bonding between
Cu and O is ionic, as observed in diluted and undiluted copper Tutton salts
[10—20, 22—24, 31].
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