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Nephelauxetic-Effect in DMS Zni- -CoxSe and Effect
of Pressure on Nephelauxetic-Effect’
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Abstract: Based on the 3D electron’s radial wave function of Co®™ free ion, a Nephelauxetic-effect modifying factor
to modify the radial wave function is introduced when Co®™ cations are put into the crystal field of Zni-«Co.Se.
With the modified wave functions. the optical transitions for Zni- «CoxSe crystals are calculated. M oreover, based on
the first principle of physics, the influences of high—pressure to the Nephelauxetic-effect modifying factor is consid-
ered, and the high-pressure blue shift for the Zni- «Co:Se crystal absorption spectra are calculated and a shift rate of

dE/dp= 0.45meV/GPa is obtained.
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1 Introduction

(DMS),

which are also called semi-magnetic semi-conduc—

Diluted magnetic semiconductors
tors (SMSC), are a class of semiconducting materi—
als formed by randomly replacing some of the
cations in I[-VI compounds (like CdTe, ZnSe,
CdSe, CdS, ete.) with transition metal ions (e. g.
Mn, Fe or Co). From the beginning, it attracted at—
tention of many investigators because of its re—
markable magnetic and optic properties'' ™" In the
past years, a lot of works have been done, such as
introducing the spin-orbit (S-0) interaction influ-
ences and considering the Jahn-Teller effect'™", to
get the fine structure spectra. In the same time,
high-pressure and high temperature optical proper—

ties of DMS have also been investigated' ™ ”'. But
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most of the previous works are only experimental
results with quite brief explanations. We can not
find an approach that comes from the first principle
of physics. So a general theory is needed to explain
those optical and magnetic phenomena. Dreyhsig'"”
had proposed the charge-iransfer concept to ex-
plain the optical transitions of some DMS, but his
explanations were on the basis of photon theory.
At the beginning of the 20th century, crystal
field theory was established to explain the bonding
characters of the metal complexes. But when we
use the ecrystal field theory, the electrons wave
function of the ions in crystal must be obtained
firstly. Slater' " had proposed a d-orbit wave func—
tion(ST O) and had successfully calculated the val-
ues of the Racah electrostatic parameters B and C
with this function, but the spin-orbit coupling coef-

ficient & variated much from experimental values.
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Later, by studying the experimental spectra of the
first transition metal free ions or by SCF method,
some more precise 3D electron’s radial wave func-
tions were obtained''"'. Based on these radial
wave functions, considering the influences of the
N ephelauxetic-effect in the DMS complexes, in this
paper we introduced a Nephelauxetic-effect modi-
fying factor k to modify these functions, and then
get the optimal 3D electrons” radial wave functions
of the ions in the DMS complexes. With these func—
tions and a point charge-dipole model of the crystal
field theory, it is easy to calculate the absorption
spectra of Zni-x Co:Se crystal, and quantitatively
describe the Nephelauxetic-effect. Considered the
influences of high—pressure to the Nephelauxetic—
effect, the form of Nephelauxetic-effect factor k
was modified, and the high-pressure shifts of the

spectra was obtained conveniently.

2 Nephelauxetic-effect in Zni- «—
Co:Se crystal

Nephelauxetic-effect was first proposed by
Jhgensen'"". Jfgensen’s point is that: if free ions
are put into the crystals, their electron cloud will
éxpand”, which leads to an energy level shift com-
paring with the free ion state. This effect is called
as Nephelauxetic-effect. Obviously the essence of
the Nephelauxetic-effect is due to the partly shift
of the electrons from the complex to the center
ion. From Reference[ 11] we know that the physi-
cal meaning of the parameter Tin Slater’s d-orbit
wave function STO represents the effective nuclear
charge number of the center ion. Later, though the
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double parameters T and T in Zhao's
Meis'” double STO type radial wave functions are
not directly represent the effective nuclear charge
number of the center ion, the two parameters are
directly controlled by the quantity of the charge of
the center ion. Since the essence of the Nephelaux-
etic-effect is due to the partly shift of the electrons

from the complex to the ion, which makes a reduc—

tion of the effective nuclear charge, we may intro-

duce a Nephelauxetic-effect modifying factor k(0=
k=1) in the wave function to lower the effective
nuclear charge number.

The double STO type 3D electrons” radial

. . [12]
wave functions are written as ~:

Rau(r) = Y aNa’exp(- Tr) (@)
X1
where
7] 12

N = %L i= 1.2 (2)

and
r'— 7
al + a3+ 2aia2 2100 = | (3)
0+ G

Based on the experimental spectra of the first
transition metal free ions, Mei et al.'"” had already
come up with a series of optimal double STO type
3D electrons” radial wave functions, as for Co™ :

0.5850,a2= 0.6179,CG = 5.85,G= 2.00

Considering the influences of the Nephelauxet-

a =

ic-effect to the wave function, this paper introduced
a Nephelauxetic-effect modifying factor for the
functions, and then the radial wave function of

~ 2+
Co

in Zni- «CoxSe crystal can be expressed as:

Ra(r) = -;,QEN”‘BEXP(_ KTr) (4
where
[ 2 -y 7] 172 .
N!.=.(g?;). - 5)

a1, a2 in formula (4) also satisfy equation (3).

Since x is very small (x =<0.01) in Zni-.—
Co:Se, it is assumed that the Co™ cations replace
the Zn™ cations without altering the crystal sym-
metry. So, we may approximately take it as a T4
symmetry. From the crystal field theory, using the
point charge-dipole model, the cubic crystal field
parameter is:

2

Su. ge £
27+ R) TR

D,= - (6)

where u refers to the dipole moment of Se’” ion. g
is the charge of Se’” ion,so g= — 2e. By fitting the
experimental results, we set k= 0.8863, u =
0. 117eR, e is the charge of the electron, R is the
average bond length of Se” to Co’* . Here R is not

. L - 2-
equal to the distance Ru between Zn™" ion and Se
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ion. But it may be approximately equal to the fol-

lowing'"":

R~ Ru+ é(n— ) (7

where ri and ru are the radiuses of the impurity-ion
and the replaced ion, respectively. Their values ri=
0.072nm, rv = 0.074nm, Ru = 0.28%9nm can be

16 2l
S Then we

found from the crystallographic data
have R= 0. 288nm.

From the wave function expressed by formula
(4), we can have the values of the Racah electro-
static parameters B, C, and spin-orbit coupling co-

efficient €31 as the following:

_F? 5FY S
B= 4o~ 441 = 602.8(cm™ ") (8)
. 35F° -

C= "44p = 2655.3(cm " (9)

where

o k
F' = ezj_fr%r% TSRA(r) Ra(r2) drdra (10)

rs
£u= 389cm” '. With these results, we calculated the
absorption spectra of the Zni-: Co:Se crystal as
shown in Table 1 in which the experimental values
are from Reference[ 17]. From Table 1 we know
that the calculated values are in very good agree—

ment with the experimental values.

Table 1 Optical spectra of Co®* in cubic ZnSe crystals
- . T heoretical value Experimental value! '
Fransition v/em™ ' | Energy/eV |v/em™ ' | Energy/eV

fA2(F) —=*T(F) | 6007 0.745 5887 0.73

*A(F) =E(G) 11673 1. 447 11696 1.45

AAF) TG | 12156 1. 507 12106 | 1. 50

*A2(F) —=*Ti(P) 14260 1. 767 14265 | 1.77

*A2(F) ~PAN(G) | 14775 1. 831 14688 |  1.82

YAL(F) = T2(G) | 16893 2. 094 16948 | 2.10

*A2(F) —~’H 19007 2.356 18965 2.35
fA(F) =P 19921 2. 469 19934 2.47
fAa(F) =Dy 20954 2.597 21064 2.61

From Reference| 12] we know that as for Co™

free ion, Bo = 1115em™', €% = 562cm™ ', the
Jdrgensen factors are' "
B * g:hl
B= Bo = 0.541, B = £, = 0. 693

Thus the Nephelauxetic-effect of Co™ in Zni .-

Co:Se crystal can be quantitatively described.

3 Influences of high-pressure to the

Nephelauxetic-effect of Zni-.—

Co:Se crystal

When the erystal is under high pressure, the
bond length will be compressed, which leads to a
declension for Racah electrostatic parameter B, C
and the cubic crystal field parameter Dq and the
spin-orbit coefficient . References[ 18, 19] have
already reported this kind of changes. Now we set
the point beginning from the Nephelauxetic-effect,
and try to reveal the physical essence of this phe-
nomenon.

Reference[ 18] have defined the liner compres—
sion ratio X as:

X= R/Ro (11)
where Roand R refer to the bond length under nor-
mal pressure and high-pressure condition respec-
tively. While the X ratio we use here just bases on
three assumptions:

(1) The crystal is isotropy to pressure.

(2) There are no phase transformation.

(3) The symmetry of crystal will not be
changed under high-pressure.

Reference[ 20] had reported the relationship
between the volume of the crystal and pressure as:

V”;{)V= ap — bp’ (12)
where Vo and V refer to the volume of the crystal
at normal pressure and high-pressure condition re-
spectively, then:
X= R/Ro= (1= ap + bp))"”’ (13)
Because of the influences of pressure, the
Nephelauxetic-effect modifying factor k will be a
function of the pressure p.
k= K(p) (14)
When the bond length changes with the pres—
sure, it consequently influences the k factor, and
the bond length change can be described by X; thus
we can get the relationship between k and X as the
following:

K= K(X) (15)
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and spread out formula(15) by Taylor series ex-

pansion:

K= E;k;{l— X)' (16)
Normally, the compression is very small,
which means X=~1,s0 (1= X) is very small. Thus
we may take the first two items i= 0, 1 from the
right hand side of formula( 16}, therefore:
kK= Ko+ ki(1- X (17)
where ko refers to the modifying factor at normal
pressure condition. As for Zni- .CoxSe crystal, from
the previous discussion we know that k= 0. 8863.
Reference[ 9] has reported the blue shifts for
the absorption spectra of the Zni-.Co:Se(x= 0. 0l)
crystal, now we choose the 1.767¢V line [ transi-
tion: *A2(F) =*T1(P)] to test our theory. Compar-
ing with the experimental results, fitting the values
of ki, a, b, we set ki= 0.531, a = 0.0076, b =
0. 0018, thus we calculated the high-pressure blue
shift of the Zni- «Co.Se absorption spectra. T he re-
sults are shown in Fig. I. From the figure, we know
that the theoretical values are in good agreement
with the experimental values, and yielding the posi-

tive value of dE/dp= 0.45meV/GPa.

FEL e Theoriea A
4 Experimental
1.772¢ = = = * Theoretical
— Expenimental
a 4

Photon energyfev

2

o 2 4 6 8 10 12 14
Pressure/GPa

Fig. I High-pressure blue shift

4 Conclusion

From the previous discussion, it can be con-

cluded that the method of introducing a
Nephelauxeticeffect modifying factor to modify
the free ions radial wave function is effective to
handle the problems of DMS absorption spectra,

and it is especially convenient when high-pressure

problems are concerned.
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