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ABSTRACT

In this paper, the EPR g factors @=x, y, z) of the Ctf ions in turquoise are theoretically studied byngsthe
third-order perturbation formulas of the g factofsr a 3d ion in rhombically elongated octahedron. In these
formulas, the contributions from the ligand orbitahd spin-orbit coupling interaction and the admiet of
d-orbitals in the ground state wave function arketa into account. The results show that althoughatimixture of
the |d> state to the ground state wave function is sniledhould not be neglected in theoretical expléora of the

g factors of the studied system. The calculatedlt®sre in good agreement with the observed vallikse results
are discussed.
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INTRODUCTION

It is well known that electron paramagnetic res@ea(EPR) is a useful technique to study the progsenf
transition metal ions in crystals for the reasoatth can give valuable information about the eommental
symmetry produced by the ligands around the metabind get information about the electric fieldgtedse ions.
Among the TM ions, copper (€0 is a model system with a single 3d hole, corragjpa to only one ground state
and one excite state under ideal octahedral criistds. Thus, Ctf is usually applied as probes to provide useful
information of the local structures for the stud®dtems by means of EPR technique [1-7]. For elgntipe EPR
experiment was performed for turquoise [C4RID,)4(OH)g-4H,0] and the EPR parameters g factors and the
optical spectra were also measured for thé" @n [7].Until now, however, no satisfactory integfation to the
above experimental results has been made. Thetgrdawere theoretically studied by the simple seeorder
perturbation formulas based on three adjusted peteam (i.e., reduction parametdss k,, ki) in Ref.[7], and the
contributions to g factors from the spin-orbit cbog coefficient of the ligand were neglected. Maver, the
contribution from admixture of d-orbitals was igadrwhich has been proved to be important fof*Gon in
rhombic octahedron [8-10]. In order to investigtite g factors to a better extent, in this work ghiactors of C&'

ion in turquoise are theoretically studied by thghkorder perturbation formulas of g factors foBd ion under
rhombically elongated octahedron. In the calcufegjothe contributions from the ligand orbital amginsorbit
interactions are included, and the admixture ofldtals in the ground state wave function for the?'Gons in
turquoise are also taken into account. The reauvitsliscussed.

MATERIALSAND METHODS

Turquoise cell contains one formula of Cy®IQ,)4(OH)g- 4H,0 so that each Gliion is in an inversion centre with
four OH 1.92 A(2) and 2.11 A(2) and two®l 2.42 A ligands in an elongated rhombic octahedvdnFor a Cd"
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ion (3d) in rhombically elongated octahedron, the groutaadeszEg in cubic field would be separated into two
singlets®A;4(0) and?A4(e), with the latter lying lowest, while the highemlic orbital triplet*T,, would be split
into three singlet$Byg (€), *Bay(n) and’Bsy(€)[10]. Since the statedA,, (0) and °A.4(e) belong to the same
representation of rhombic symmetry group, the gdostate will be neithéAlg(e) or 2Alg'(s) but an admixture of
both and can be expressed as follow:

|¢> = aﬁxZ—y2> + szZ> (1)

Here a and b are the mixing coefficients whichs$atihe normalization condition
a’+b?=1 2)

Generally speaking, the,}.,.> state is dominant and so a>>b [9]. For man§’ @ucrystals, the value of a is about
0.99 [8-10] and can be reasonably adopted here.

In the two-SO-parameter model, one-electron basistfon for an octahedrat3 cluster can be written g4:1]

‘/4 = Nt1/2(¢t - /1t Xpt) l//e = Nel/2(¢e - AeXpe_ /]sXs) (3)

Here the subscrip=e or t represents the irreducible representatio®pfiroup.$, is the d-orbital of thel" ion.
Xpoy and s are thep- orbital ands- orbital of ligand.N,andA, (or Ay are, respectively, the normalization factors and
the orbital mixing coefficients, they can be detimed from the normalization conditions [11]:

Nt (1_ 2/1'( Sipt"' /]tz) =1 Ne (1_ ZAeSipe _2/15315+/]e2+/]sz) =1 (4)
and the approximate relationships[11]:

NZ=NZ[1 + A7 Sdpt2 =2 Sipd
N?= Ne2 [1+ /‘e2 Sjpe2 + /‘s2 Sd32 -2 Sipe_ 2 s Sid )

HereN is the average covalency factor, characteristithefcovalency effect of the central ion in cryst&,, (and
Sy are the group overlap integrals. In general,dHstal mixing coefficients increase with increagithe group
overlap integrals, and one can approximately agopportionality relationshipl o/ Sye= A s/S; between the orbital
mixing coefficients and the related group overlaiegrals within the same irreducible representatjpi hus, from
Eq.(3), the spin-orbit coupling coefficients and tirbital reduction factors can be derived:

7= Ni(&+AE,p12) &= (NeN9"*(&a=Aedy12)
k= N(1+4772) K= (NN *[1-A (Ae+AA) /2] (6)
here{y and g, are the spin-orbit coupling coefficients of theefr3d" and ligand ions. For present system, we have
C(CUF)=829 cmi[8], ((O%)=151 cnifl2]. A denotes the integraR<nS| 2| npy> . where R (=

(1.92+2.11+2.42)/2.15A [7]) is the impurity -ligand distance of pegs system. From the distanBe the group
overlap integral§,~ 0.0035,S,.~ 0.0138,5s~ 0.0107 andh\ = 1.4536 are calculated by using the SCF functions
[13, 14].

According to the perturbation theory and Eq(1) &ud3), the third-order perturbation formulas ofagtbrs based
on the two-SO-parameter model fdrians in rhombic symmetry can be expressed as[8]:

, 2(a+ \/3b)%k'¢’ _ 2a(a + +/3b)*k'CK’ L (a2 -30Y)k'(K  2a’g"

9% = 9s

E, E,E, E.E, EZ2
_(a-+/3b)?g."? , 2aa- V3b)k¢ "2
2E2 E,E,
g =g+ 2(a - /3b)%k'¢’  2a(a - /3b)2k'K’ , (87 -3b*)k'¢k' 2a’°g.l"”
v s E, E,E, E.E, EZ
_(a+3b)°g.0"" | 2a(a+ 3b)k(
2E; E,E,
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8a’k'¢' _ 2a(a- +/3b)k'¢k’ _ 2a(a+ ~/3b)k'Ck’ _ (a- +/3b)?g.{ "
E, E.E; E.E, 2E32
_(a++/3b)*g. 0" (a®-3b*)k'((’
2E? E.E, (7)

9, = 9. %

In above formulas, {§=2.0023) is the spin-only valuk', k, ¢, ¢ are the orbital reduction factors and the spintorb
coupling coefficients as mentioned before, respelti The denominators, (i=2-4) denote the energy separations
between the excite4(0).°B,y(n) °Bsy(&) and the groundA,4(e) state, and can be expressed in terms of the cubic
field parameteDy and the rhombic field parametédg D;, D andD,,

E;=4D+5D,

E2=10Dq

Es=10Dg+3D¢-5D-3D +4D,,

E,=10Dg+3D¢-5D+3D 4D, 6)

Fitting the energy separations to the optical spethese crystal field parameteB&850 cmt, D, ~ 952 cnt',
D . ~590 cnt, D . ~149 cm') are obtained and the optical spectrum band pasitare collected in Table 1.

Substituting the related values into Eq.(7) anthfjtthe calculated g factors to the experimenghdthe covalency
factorN (= 0.91) can be obtained. The valigs 0.9110,N. = 0.9152 4, = 0.3161,4. = 0.2548 andl; = 0.1976 are
calculated from equations (4) and (5). The pararsete 762.1 cm', ¢ = 751.4 cm', k = 0.9565 and' = 0.8349
can be determined from equation (6) and the cooredipg free-ion values. The theoretical g factars shown in
Table 1. For comparisons, the theoretical resulig factors based on the conventional formulashadabsence of
the ligand orbital and spin-orbit coupling conttibms (i.e., taking4=0, {, =0, {={=N{;and k= k'=N) and the
formulas in the absence of the contribution from aldmixture of d-orbitals (i.e, a=1 and b=0) as®albtained and
collected in Table 1.
RESULTSAND DISCUSSION

From Table 1, one can find that the computed redudised on the high-order perturbation formulas7EhQy
considering the ligand orbital and spin-orbit caoglinteractions and the admixture of d-orbital®whbetter
agreement with the experimental data than thostaénabsence of the above contributions. This méaatsthe
contributions to the g factors from the ligand tabiand spin-orbit coupling interactions and thenadure of
d-orbitals are important and cannot be ignoredhénanalyses of the g factors for’Cin turquoise.

Table 1. The optical spectrum band positions (in cm™) and g factorsfor Cu* ionsin turquoise

calculation Expt[7]
Caf caf caf
nS—A - - 8160 8160
A'—>B; - - 14970 14970
n'>B; - - 16006 -
A —%B; - - 18354 18354
Ox 2.108 2.072 2101 2119
gy 2.045 2.078 2.037 2.043
o 2.349 2.355 2319 2.313

“calculations by using equation (7) and including #dmixture of d-orbitals but neglecting the ligamtital contributions
PCalculations by using equation (7) and including tlyand orbital contributions but neglecting theéraixture of d-orbitals.
‘Calculations by using equation (7) and including tiyand contributions and the admixture of d-calst

(1)The covalency factoN (=0.91) adopted in this work is close to%Cuaenters in other crystals with the similar
ligand (i.e,N=0.88 for [Cu(HO)s]*") [15-17] and can be regarded as valid. In addjtiba validity of the covalency
factorN can be further demonstrated by the relationship:

N?=1-h(L)k(M)[18], here the parametéxL) is the characteristic of the ligand@ndk(M) is the characteristic of
the central metal ion Gl From the dat&(0?)=1 [18] andk(Cl#*)=0.26[18], the valud\ = 0.86 is obtained and is
close to that<0.91) adopted in this work.

(2)From Table 1, one can find that the contribugitmom the admixture of d-orbitals are more impotrthan those
from the ligand orbital and spin-orbit interactiof&cording to our calculations, inclusion of thentribution from
the admixture of d-orbitals leads to the variatiohabout 0.013, 0.0201 and 0.0202 for the caledlaf, g, and g,
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respectively. While those from the ligand orbitatiaspin-orbit coupling interaction is merely ab6u?036, 0.0038
and 0.0198 for the theoretical), @, and g, respectively.

CONCLUSION

In this work, the optical spectra and EPR pararsajefactors for the rhombic €ion in turquoise are theoretically
investigated from the high-order perturbation folaswf g factors. It is found that the contributtong factors from
the admixture of d-orbitals is more important ttiaat from the ligand orbital and spin-orbit couplimteraction.
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