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A theoretical method for studying the inter-relationship between electronic and molecular struc-
ture is presented by means of complete energy matrices. As an application, the effects of tempera-
ture, concentration and hydrostatic pressure on the local structures of Ni2* doped Zn(BFy), - 6H,0
crystal have been studied. Our results show that the local lattice structures of [Ni(H,0)g]?>T coor-
dination complex have expansion distortions as the temperature rises. Meanwhile, we find that the
local structure parameter @ becomes smaller with the increasing concentration of Ni?* ions doped
in Zn(BF4); - 6H,O crystal. Furthermore, the pressure dependence of 6 and anisotropic g-factors are
discussed and the relationship between zero-field splitting parameter D and Ag is determined.
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1. Introduction

With the rapid development of material science,
solid material crystals doped with transition metal ions
have drawn a great deal of attention in recent years
[1-5]. This can be attributed to the fact that crys-
tals with transition metal ions usually have special be-
haviours [6—9] which are closely related to the struc-
ture distortions. Accordingly, studying the local struc-
tures around the impurities is crucial to get a better
insight into the interaction between impurity ions and
host crystals and is central to realize the microscopic
origin of crystal properties.

Experimentally, many methods are used to inves-
tigate the local structure of the doped systems, such
as the electron nuclear double resonance (ENDOR)
[10—12], the extended X-ray absorption fine structure
(EXAFS) [13-15] and the electron paramagnetic res-
onance (EPR) [16—18]. Among them, the EPR method
is considered as a powerful tool to study the mi-
crostructures and the local distortions around the im-
purity ions in the crystals. The reason is that the EPR
spectra are sensitive to the distortion of the local struc-
tures of the transition metal ions [19,20]. The EPR
spectra of Ni>* ions in Zn(BF;), - 6H,O:Ni>*system
have been measured by many researchers [21-24].
For instance, Sano et al. have studied the tempera-

ture and concentration dependence of the EPR spec-
tra of Zn(BF4), - 6H20:Ni2+system [21]. Krygin et al.
have dealt with the pressure dependence of the EPR
parameters of Ni*t ions doped in Zn(BF;), - 6H,0
crystal [22]. Their experimental results give impor-
tant information about the ground state of the transi-
tion metal Ni>* ions and form a useful starting point
for understanding the inter-relationship between elec-
tronic and molecular structure of Ni** jons in the
[Ni(H,0)g]*" coordination complex. So far, however,
few systematical studies on the local structure param-
eters of [Ni(H,0)g]**coordination complex at differ-
ent concentrations, temperatures and pressures have
been reported. Recently, Feng et al. have studied the
effects of the temperature and pressure on the zero-
field splitting (ZFS) and got the local structure param-
eters 6 = 54.80° at 77 K and 0 = 54.95° at 293 K by
the complete energy matrices using a Matlab 6.5 com-
puter program [25], but their method is based on the
strong-field basis function and the local structure pa-
rameters under different concentrations have not been
investigated. In the present work, the 45 x 45 com-
plete energy matrices have been constructed based on
the weak-field basis function in terms of the Slater’s
method. The relations between the local structure and
concentration, temperature and pressure are discussed
systematically.
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2. Theoretical Analysis

2.1. The Complete Energy Matrices for a d®
Configuration Ion in a Trigonal Ligand Field

For the paramagnetic Ni** ion in a trigonal sym-
metry field, the complete set of basis function in-
cludes 45 basic Slater determinants such as [27,27],
|2%,17|,...,] = 27,—=27|. Then, the wave functions
IL,S,My,My); of d® configuration in the LS-coupling
scheme can be gotten based on the following expres-
sion

IL,S, M, M) =Y C;®;, (1)
j

where C; is the Clebsch-Gordon coefficient and ®; is
one of the 45 basic Slater determinants.

The perturbation Hamiltonian for a d® configuration
ion in a trigonal ligand-field can be expressed as [25]

H= I:Iee + HSO + HLF + I:IZeeman

2
:Ze—-l-CZliSi-i-ZVi )
i<jliJ i i

+ Y (kL + ge5;) - H,
i

where the first term is the electron-electron interaction,
the second term is the spin-orbit coupling interaction,
the third term denotes the ligand-field interaction, and
the last term represents the Zeeman interaction. § and
k are the spin-orbit coupling coefficient and the orbital
reduction factor, respectively. V; is the potential func-
tion which can be expressed as

Vi = %0Zoo + 12077 Z20(0, @) + Yaori Zao (6:, @)

175.(61, ¢ 4755(6:, i )
+ Yasri Ziz (61, i) + Yas7; Za3(6i, ¢1),

where r;, 6; and ¢; are the spherical coordinates of the
i-th electron. Z,, Z; and Z;, are the real spherical
harmonics. ¥, 7}, and 7, are associated with the local

structure around a d® configuration ion by the relations

4 & eqq
Yio=—5—"7 —=210(0,97),
20+1 Tg’l Rl;rl
4 & eqq
Yim = — (00, 00), 4)
m 20+1 Tg’l REFLT™
4 & eqq
’ylg = le) (GTa(P‘L')a
m 20+1 Tg’l REFLTm
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where 0; and @; are angular coordinates of the ligand,
T and g represent the 7-th ligand ion and its effective
charge, respectively, and R; denotes the metal-ligand
distance.

The 45 x 45 complete energy matrices for a d® con-
figuration ion corresponding to the perturbation Hamil-
tonian have been constructed by using the Slater wave
function method and the calculating procedure. The
matrix elements can be expressed as the functions of
the Racah parameters B, C, the spin-orbit coupling
coefficient {, the orbital reduction factor k, and the
ligand-field parameters Bag, B4o, By; and Bj;. For the
Zn(BFy), - 6H,0:Ni2+ system, the NiZt ion is sur-
rounded by six H,O molecules and the local structure
symmetry belongs to the D3; symmetry [22]. In gen-
eral, the z-axis is chosen along the three fold axis and
the x-axis is chosen to be consistent with the projec-
tion of one of the impurity-ligand bond in x-y plane.
Then, the ligand-field parameter Bj; will vanish, and
By, Bso, By; can be expressed as [26]

1
By = 5Z’Gz(’L')(Scos2 0:—1),
T
1
By = 5} Ga(7)(35c0s" 6: —30c05* 6: +3), (5)
T
. 35
B = gZGA‘(T) sin’ 0; cos 6.
T

According to the Van Vleck approximation [27], G»(T)
and G4(7) can be expressed as

r2 Az
GZ(T) = _eqT<R—3> = Fa
T T (6)
G (T) <r4> A4
4(T) = —eqi— = —5,
R OR
where
A2 <r2>
2= —eqr(r'), A4=—eqc(r’), A0 @)

The ratio (r?) /(r*) = 0.141029 is derived from the em-
pirical radial wave function of Ni>* in complexes [28].
Ay is almost a constant for [Ni(H,0)g]* coordination
complex and its value can be obtained from the corre-
sponding optical spectra. Then, A, can be determined
by (7). Although no optical spectra of Zn(BF,); -
6H20:Ni2+ system has been observed, it is reason-
able to apply the optical spectra of NiSiFg - 6H,0 in
calculation since they have the similar crystal struc-
ture and the same type of ligand. Therefore, we obtain
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A4 = 20.9 a.u. from the optical spectra and the local
structure of the NiSiFg - 6H,0 [29, 30]. The advantage
of determining the value of A4 is to reduce the num-
ber of adjustable parameters and make the choosing of
parameters more reasonable. Thus, the ligand-field pa-
rameters By, B4o, By are only the functions of distor-
tion parameters R; and 0; which are strongly depended
on the external factors such as temperature, concentra-
tion and pressure.

2.2. EPR Parameters for a d® Configuration Ion

EPR spectra for a d® configuration ion in a trigo-
nal ligand-field can be analyzed by the spin Hamilto-
nian [31]

I:IS = ,ufBgHHzSZ + UBgL (HXSX + HySy)

+D [sg_ %S(S—i— 1)} , ®

where D is the ZFS parameter. Hy, Hy and H, represent
the components of an external magnetic field along
the x, y and z-axes, respectively. It is well known that
the ground state 3A, is split into the singlet |0) and the
doublet | £ 1) in the trigonal ligand-field in the absence
of an external magnetic field. From the spin Hamilto-
nian, the splitting energy levels in the ground state 3A,
for a zero magnetic field can be given as follows

E(Ms :0) = —%D,
)

1
E(M;=+1)=3D.

Then, the ZFS energy AE in the ground state 3A, can
be explicitly expressed as a function of the ZFS param-
eter D
AE =E(Ms=+1)—E(M;=0)=D. (10)
By diagonalizing the 45 x 45 complete energy matri-
ces, we can obtain all the crystal-field energy levels in
the trigonal ligand-field with zero-magnetic field.
When considering the external magnetic field effect,
the ground state A, will be further split by the actual
Zeeman interaction
FIZeeman:Z.uB(kz;'i‘geg’i)'ﬁa (11)
i
where k is the orbital reduction factor describing the
covalence and overlap effects on the orbital angular
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momentum. g, is the g-factor of the free electron (ge =
2.0023). The energy levels of the ground state A, with
a magnetic field including the parallel and perpendicu-
lar component of Zeeman term are given as follows.

For the magnetic field parallel to the C3 axis, the
splitting energy levels of the ground state can be ex-
pressed as

E = —=D,
3

1
Ey = 7D —g|ugH;,

3 (12)

1
Es= §D+gHﬂBHz~

For the magnetic field perpendicular to the Cs axis,
the splitting energy levels of the ground state can be
expressed as

Ey= =D,

3

1 1 2 2 22
Ey=—2D+5\/D? +4gi ugHT, (13)

1 1 2 2,22
ES:_ED_E D +4gLIJ'BHL

The anisotropic g-factors (g|,¢.) and ZFS parame-
ter D for a d® configuration ion in a trigonal ligand-field
can be deduced from (12), (13) and the eigenvalues of
the 45 x 45 complete energy matrices.

3. Calculation and Discussion

3.1. Calculation of the Local Structures of
[Ni(HgO)ts]ZJr Coordination Complex at Different
Temperatures and Concentrations

Zn(BF,4), - 6H,O crystal has a pseudo hexagonal
structure. The Zn>* ion is surrounded by six H,O
molecules, which make up an octahedral structure
slightly distorted along the C3 axis. The [Zn(H,0)¢]>*"
octahedron site is at the center of another flattened oc-
tahedron formed by six [BF4]~! tetrahedrons, which
also forms an octahedral structure [21]. When doped
into Zn(BF;), - 6H, O crystal, the Ni>* ions will substi-
tute the Zn>* ions at the octahedral sites and the point
symmetry of the H,O octahedron surrounding the Ni>*
ion is approximately Ds3,. The local structure around
the Ni>* ion can be described by two parameters R
and 0, which denote the Ni2*-H,O distance and the
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Table 1. The EPR parameters D, g and g as a function of
the parameters R and 6 at 4.2 K, 77 K and room temperature
(RT for short) when 1% Ni2* ions doped in Zn(BFy);, - 6H,O
crystal.

TK  R@A) 6() g gL —D (cm™)
4.2 Calc. 2.032 54.779  2.2301 2.2291 0.135
Obsd.? 2.2340.002 2.1940.002 0.1350+0.0004
77 Calc. 2.033 54.796  2.2309 2.2295 0.19067
Obsd.? 2.2340.005 2.2340.005 0.1908+0.0004
RT Calc. 2.047 54928 2.2351 2.2305 0.63147
Obsd.? 2.2240.005 2.2240.005 0.6314+0.0030

# Spectra data obtained from [22].

<001>
C 42

@ represent H,0

. represent Ni**

Fig. 1. Local structure of Ni%t jon in the Zn(BFy); -
6H,0:Ni2" system.

angle between Ni?*-H,O bond and C3 axis, as shown
in Figure 1.

According to Curie et al.’s covalence theory [32],
the Racah parameters B, C and spin-orbit coupling co-
efficient { can be reasonably expressed as

¢ =N&,

where N is the average covalence factor, By =
1084 cm ™!, Cp=4831 cm 1, $o =649 cm ! are given
for free Ni2* ion [33]. The covalence factor N = 0.965
can be obtained from the optical spectra of NiSiFj -
6H,0 crystal [29]. Then, k ~ N? can also be obtained.
The EPR parameters for 4.2 K, 77 K and room tem-
perature when 1% Ni>* impurities doped in Zn(BFy); -
6H,O0 crystal have been measured by Krygin et al. [22].
By diagonalizing the complete energy matrices, the lo-
cal structure parameters R and 0 of [Ni(H,O)s]** co-
ordination complex at 4.2 K, 77 K and room tempera-
ture when 1% Ni2" doped in Zn(BFEy), - 6H,0 crys-
tal can be determined by simulating the optical and
corresponding EPR spectra. Quantitative calculated re-
sults are listed in Tables 1 and 2. As shown in Ta-
bles 1 and 2, the calculated values agree well with
the experimental values. Table 1 depicts that the lo-

B=N*B;, C=N"Cy, (14)
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Table 2. The observed and calculated optical spectra of
[Ni(HZO)(,]2+ in NiSiFg - 6H,O crystal at 4.2 K, 77 K and
room temperature (all units in em™ ).

Transition 42K 77K Room temp.
Obsd.* Calc. Obsd.? Calc. Obsd.? Calc.

3A2(F) —3T(F) 9150 9150 9120 8800 9124 8794
9161 9140 8843

3T1(F) 15400 15129 15290 15093 14800 14618
15149 15122 14707

'E(D) 15363 15362 15345
T (D) 24083 24054 23677
24104 24082 23769

'A(G) 24450 24763 24755 24643
371(P) 26100 26401 26000 26351 25774
26456 26429 26014

'T1(G) 28809 29070 28783 28820 28453
28820 28799 28502

2 Spectra data obtained from [29].

Table 3. The EPR parameters D, g and g as a function of
the parameters R and 0 at 4.2 K, 77 K and room temperature
(RT for short) when 1.5% (2.7% for 4.2 K) Ni%* ions doped
in Zn(BF4), - 6H, O crystal.

TK) RA 60O g gL —D(cm™h)
4.2 Calc. 2.03254.777 2.2378 2.2368 0.12905
Obsd.? 2.229+0.006 2.261+0.025 0.1291+0.0008
77 Calc. 2.03354.796  2.2387 2.2372 0.18973
Obsd.? 2.274+0.006 2.263+0.028 0.1898+0.0009
RT Calc. 2.04754.925  2.2486 2.2438 0.62018
Obsd.? 2.2440.012 2.25+0.012 0.620+0.0040

2 Spectra data obtained from [21].

Table 4. The EPR parameters D, g and g as a function of
the parameters R and 0 at 4.2 K, 77 K and room temperature
(RT for short) when 100% Ni2* ions doped in Zn(BE,); -
6H, O crystal.

T(K R@A) 60) g gL —D(cm™)
4.2 Cale. 2.03254.775  2.2507 2.2497 0.124
Obsd.? 2.274+0.04 0.124040.0050
77 Calc. 2.033 54.79 2.2515 2.2501 0.1703
Obsd.? 2.2544+0.020 2.366+0.020 0.1703+0.0010
RT Calc. 2.04754.899  2.2616 2.2572 0.5371
Obsd.? 2.3114+0.025 2.226+0.025 0.53740.0040

 Spectra data obtained from [21].

cal structure around the octahedral Ni>* ion has an ex-
pansion tendency with increasing temperature. It can
be seen that R = 2.032 A for 4.2 K and R = 2.033 A
for 77 K, suggesting that R is almost changeless in the
low temperature range.

The EPR parameters for different temperatures
when 1.5% and 100% Ni** impurities doped in
Zn(BFy4), - 6H,O crystal have been studied by Sano
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et al. [21]. As mentioned by many authors [34—36],
the ZFS parameter D strongly depends on 0. There-
fore, in order to study the behaviour of 6 under differ-
ent concentrations, R is fixed for the certain tempera-
ture. Then, the local angle under different concentra-
tions can be obtained by simulating EPR spectra and
the calculated results are shown in Tables 3 and 4, re-
spectively. Comparing with Tables 1, 3 and 4, we can
see that 6 decreases when the Ni2* molar concentra-
tion increases from 1% to 100%. This may be ascribed
to that the ionic radius of Ni?t is smaller than that of
Zn>", and when Ni** ions replace the Zn>* ions in
Zn(BFy), - 6H,O crystal, the NiZt ions will pull the
H,0 ligands inwards.

3.2. Calculation of the Local Structures of
[Ni(H20)6]2+ Coordination Complex at
Different Pressures

The observed hydrostatic pressure dependence of D
at 77 K, i.e. D = (—0.196 +0.06P) cm~! and the

54.80 @
54.79
54.781
54.771
E" 54.761
< 54.751
54.741

54.73 1
54.72 1

1327
-0.5 0.0 05 1.0 15 20 25 3.0 35 4.0 45
P (kbar)

2.23104
(b)
2.2308 1

2.2306 1

2.2304 1

[S)]
2.2302 1

223004222998 N

2.2298 .
2.2296 1 —

o :
.3.27

2-2294 T T T T T T T T T

-05 00 05 10 15 20 25 3.0 35 40 45

P (kbar)

Fig. 2. Pressure dependence of (a) local structure parameter 6
and (b) g-factors (g) and g ).
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Table 5. The EPR parameters D, g and g, in the pres-
sure range O kbar < P < 4 kbar at 77 K for Ni*t doped
Zn(BF,); - 6H,O crystal as a function of 6. (The values
of Dgxpt. and D), are obtained from the experimental formula
D = (—0.19640.06P) cm~! [22] and from the 45 x 45 com-
plete energy matrices, respectively.)

P —DExpt. g 8L Ag 6 —-D,
(kbar) (cm™1) ) (m™hH
0 0.196 2.23097 2.22949  0.00148 54.798 0.196
0.087 0.1908 2.23094 2.2295 0.00144 54.796 0.1907
0.5 0.166 2.23082 2.22957 0.00125 54.788 0.1659
1.0 0.136  2.23067 2.22964  0.00103 54.779 0.1361
1.5 0.106 2.23052 2.22972  0.00080 54.769 0.1060
2.0 0.076  2.23037 2.22980  0.00057 54.76 0.0761
2.5 0.046 2.23021 2.22987  0.00034 54.75 0.0459
3.0 0.016 2.23006 2.22994  0.00012 54.741 0.0160
3.27 0 2.22998 2.22998 0 547356 0O
3.5 -0.014 2.22991 2.23002 -0.00011 54.731 -0.0139
4.0 —-0.044 2.22976 2.23009 -0.00033 54.722 -0.0441
0.0016 , . . :
A
0.0014 ‘\
0.0012 \ _
0.0010- \
0.0008 - \ J
2 0.0006]
0.0004 - \ |
0.0002-] \ o
-0.0002 - \
: A
-0.0004 - ;
020 015 010  -005 0.00 0.05
D (cml)

Fig. 3. The relationship between ZFS parameter D and Ag.

value D = (—0.1908 4 0.0004) cm~! have been ob-
tained by Krygin et al. [22], from which we can get
P ~ 0.089 kbar. The local structure parameters R =
2.033A and 6 = 54.796° at P ~ 0.089 kbar are given
in Tables 1 and 3. As previously mentioned, R is al-
most changeless in the low temperature range. There-
fore, in order to discern the relationship between 6
and P, R = 2.033 A is considered as a constant. The
relationship between the EPR parameters and the lo-
cal structure parameter 6 in the pressure range 0 kbar
< P < 4 kbar at 77 K is shown in Table 5. The pres-
sure dependence of the local structure parameter 6 and
anisotropic g-factors (g and g, ) are depicted in Fig-
ure 2 and the relationship between D and Ag (g)-g 1) is
shown in Figure 3.

As depicted in Figure 2, 6 diminishes along with
the increasing pressure and the relation between them
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is approximately linear. Moreover, Figure 2 indicates
that g decreases while g, increases with increasing
pressure. Figure 3 shows that D and Ag reverse sign
in a correlated way, i.e. for D < 0, Ag > 0, whereas
for D >0, Ag < 0. It’s worth pointing that when the
pressure reaches to 3.27 kbar, D =0s and g = g, =
2.22998. Meanwhile, the angle becomes 54.7356°,
which is the angle when the ligand octahedron is a cu-
bic symmetry.

4. Conclusion

The local structures for Ni2* jons in Zn(BEj); -
6H,O:Ni** system at different temperatures (4.2 K,
77 K, and room temperature), molar concentrations
(1%, 1.5%, and 100%), and pressures (0 kbar < P <
4 kbar) are determined by diagonalizing the 45 x
45 complete energy matrices. From the above studies,
we have the following conclusions:

(i) The local structures around the octahedral Ni2*
ion have expansion distortions with the increasing tem-
perature.
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