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The local structure of the rhombic Co?* center in NaF crystal is investigated by using the per-
turbation formulas of electron paramagnetic resonance (EPR) g factors g (i = x,Y,2) and hyperfine
constants A; for a 3d” (Co%*) ion in rhombic octahedral symmetry based on a cluster approach. In
these formulas, the contributions from the admixture among different states, covalency effect as well
as rhombic crystal field are included. By studying the EPR data of the rhombic Co?* center, one
can reasonably obtain the local structural (or rhombic distortion) parameters AR;(~ 0.268 A) for the
central Co?* and ARp(=0.181 A) for the two F~ ions along [100] and [010] axes closest to the Na™

vacancy Vna. The reasonableness of the results is also discussed.
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1. Introduction

The anisotropic g factors gi (i = x,y,z) and hyper-
fine constants A; of Co%* ions in NaF have decades ago
been measured by the electron paramagnetic resonance
(EPR) method [1], but until now the experimental re-
sults are not satisfactorily explained.

One can estimate the local structure of 3d" impu-
rity ions in crystals from their EPR data. Thus for 3d”
ions in rhombic octahedral symmetry, Tinkham [2] in-
troduced first-order and Robbroeck et al. [3] second-
order perturbation formulas of gi. However the ad-
mixture among the ground and excited orbital states
was neglected and the calculation of the contributions
from the covalency effect and the rhombic crystal field
was oversimplified. Based on the theory of Abragam
and Pryce [4], and in consideration of the admixture
among different states, Osaki and Uryu [5] gave im-
plicit formulas of g;. In their formulas, however, only
the admixture between the excited triplet T»(F) and
the ground state T+ (F) is considered, and the cova-
lency effect and the fourth-order rhombic potential part
are neglected. Also several adjustable parameters are
introduced. So the above formulas are not suitable to

make quantitative investigations of the EPR parame-
ters or the local structure of rhombic Co?* centers. In
order to overcome the above weaknesses, in [6], we
have presented a cluster approach to the calculation of
gi for the 3d” (Co?*) ion in rhombic octahedra. In these
formulas, the contributions from the admixture among
different states, covalency effect and rhombic crystal
field are considered and the parameters related to these
effects can be estimated from optical spectra and struc-
tural data of the system under study. Based on these
formulas, in the present work the local structure of the
rhombic Co?* center in NaF is obtained and the results
are discussed.

2. Calculations

According to the cluster approach for a 3d" ion in
an octahedral complex, the LCAO molecular-orbitals
should be taken as the one-electron basis functions, i. e.
[7.8],

1) = N72(1dy) — 24/ py)), )

where y = toq and eq denote the irreducible representa-
tions of the Oy, group. |d) is the d-orbital of the 3d™ ion
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and | p) the p-orbital of ligand ions. The normalization ¢ =Ne(£§ +A260/2), £/ = (NiNe)Y2(£9 — ke /2),
factors N, and mixing coefficients A, can be obtained
from the approximate relationship [7, 8] k=N(1+22/2), K = (NNe)Y2(1 = Mke/2),  (4)

fy = NZ[L+ A7 (Y) — 2245 (7)) @ P=NR, P =(NNe)"?R,

where ¢ and {0 are the spin-orbit coupling coeffi-
cients of free 3d" and ligand ions, respectively. Py is
-~ 2y _ the dipolar hyperfine structure constant of the free 3d"
Ny(1—-24ySup(y) +45) =1, (3) ion.
where f,[~ (B/Bg+C/Co)/2] is the ratio of the Racah The EPR spectrum for a Co?* ion in an octfjlhedral
parameters for the 3d" ion in a crystal to those in the ~ Sité can be characterized by an effective spin S’ =1/2,
free state. Syp(y) are the group overlap integrals. Thus, due to the splitting of the “F ground term into six
the spin-orhit coupling coefficients ¢ and ', the or- Kramers doublets by the spin-orbit interaction and low
bital reduction factors k and K/, and the dipole hyper-  Symmetry crystal fields [4,5]. The EPR signals arise

fine structure constants P and P’ for the 3d" cluster in  from the lowest lying doublet and yield the anisotropic
the crystal can be expressed as g factors gi and hyperfine constants A;. The second-

order perturbation formulas of g; and A; for 3d” (Co?*)
ions in rhombic octahedra can be expressed as [6]:

and the normalization condition

9x = {4 [(%)2+ (3-?2) (%) x+2 ]* (%) x+52) +x(§<2—\k/62) - (oc’ocof’)l/z (j\:xz)}/z’

gY:{4 <%>2+(fiaz)(a”> x+2]+<%> ay x+VZ)2 x(iziez)_(a/aof/)l/z(jg)}/

szp{<—'</z>{<;f‘;>+ (xm <w/,> “Gerr s o)
t P/{ (%)2"“ + (xi/52)2 * x(f:ﬁz) T+ :)?;waz }/ Z

w=pl 0 () *seem] s (M e ot Gersae )
+ P/{ (%)2"‘” + (XTSZ)Z + x(ffZ) - (x+:)?5;”)1/2 }/ Z

Az = {( ;c/z)[2+8(j’2 ﬁ)]%ka(%—(xfz)z) (W><+VW>(X2 (Xf2)2)+(§\é\%}/z

3 3 4
—P oWz +Wz) (;—m) ool (v )(g_ 4 )_a(V3x+V3Y)(;—X+—2> Iz
Z(o/ o)1/ XTI T (x+2)2 (o' o)1/ '
o 6 8
where Z= (W>+?+m (6)

K is the core polarization constant. x can be deter-
mined from the energy splittings A (= E{*B1[*T1(F)]}  [*T1(F)]}) of the *T; ground state in the rhombic crys-
— E{*B3[*T1(F)]})and § (=E{*B,[*T1(F)]} —E{*B; tal field by the expression
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A

_fad'a’ 3 4¢ la
— 3 lox ocC(x+2)+66}_

Z—(x+3).
6 )

Vij can be written as [6]

K¢ _15f12x Zcﬁx
ViX = —&— - |>
3 L 2E1x Eox
K¢ _15f12Y ZQ%Y
Viv=—" 1|5 tF&= |
3 | 2By Eoy
~ K{'[15f1xfax  20ixGex
Vax = —— -
3 | 2Eix Eox
K& [15fiyfoy  201vQay
3y = —&— -
3 L 2E;1v Eov
o [0 1]
3 | Ew Exy
1T 2 2
vay — K [ 150y | 4&} ,
3 | Ex Eox
4K
V5 = )
_ kO[5t 205 | 2px +pv)*
= "3 |2E1; ' Ex Es ’
V7x =Vax /2, V7y =Vay/2, (8)

where Elx, Ely, Ele sz, Ezy, Ezz, and E3 are, re-
spectively, the energy differences between the ground
state *B3[*T1(F)] and the excited states *Bs[*T2(F)],
*Ba[*T2(F)], *B1[*T2(F)], “Bs[*T1(P)], *B2[*T1(P)],
4B1[*T1(P)], and *A[*Ax(F)]. They and the splittings

A, & can be calculated from the d-d transition energy
matrices of 3d” ions in rhombic symmetry.

The parameters fj, g, ', and W in the above for-
mulas are related to the admixture among the ground
and excited states in rhombic symmetry and can be
found in [6] (for saving pages, they are not written
here). The rhombic field parameters Ds, D¢, Dy, and
D, occur in these expressions and the d-d transition
energy matrices, so the anisotropic g factors g; and hy-
perfine structure constants A; are related to the rhombic
field parameters and hence to the rhombic distortion of
the studied systems.

3. Application to the Rhombic Co?* Center in NaF

The rhombic center in NaF:Co?* crystal may be
characterized as a substitutional Co%* ion associated
with one nearest Na™ vacancy Vy, along the [110]
axis due to charge compensation, as reported for simi-
lar rhombic centers induced by some 3d" ions in cubic
crystals, e.g., V2T in LiCl and NaCl [9, 10] and Cr3*
in MgO [11,12]. Since the effective charge of V ;3 is
negative, the central Co%* ion may be attracted towards
Vna by one amount AR, and the two F~ ions clos-
est to V\, along the [100] and [010] axes are expected
to shift away from V. by another amount AR, (see
Fig. 1) due to the electrostatic interactions (note: since
the distances from other four F~ ions to V, are larger,
their displacements may be much smaller and are ig-
nored here). Thus, the local structure of this rhombic
center can be described by the rhombic distortion pa-
rameters AR; and AR,

According to the superposition model [13] and the
geometrical relation of the rhombic Co?* center in the
NaF:Co?* crystal (see Fig. 1), we can determine the
rhombic field parameters as follows:

Ds = —%AZ(RO) K%)tz + (%)tz — (30052@ -1 (%)j ,

7 Ry

R

SRl
2) +sin“© Rs ,

19}
Dg = —EAZ(RO) [0052(1)1 (E) —C0S2d, <—

Ro
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1
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Fig. 1. Local structure of the Rhombic Co?t-Va center in
the NaF: Co?" crystal.

with
Ri= [(RO—ARC/¢2)2+ (ARp+ARcN2)1 "
1 = /4-+171[(V24R, + ARe) /(V2Ro — ARY)
Ro= [aR/2+ (Ro +aR/v2)"]
@, =1 —tg}[Ro/ (Ro+ 24Ry) .

Ri= (ARR+R)"%, ©=tg ' (AR./Ry), (10)

where Ax(Rp) and A4(Rp) are the intrinsic parame-
ters with the reference distance (or impurity-ligand dis-
tance) Ry. For 3d" ions in octahedral clusters, A4(Rp) ~
(3/4)Dgand Ax(Ry) ~ (9 ~ 12)A4(Ry) [14-16], and
we take Ay (Ry) =~ 9A4(Ry) here. The power-law expo-
nents are taken as t, ~ 3 and t4 ~ 5 due to the ionic
nature of the bonds [13,14]. Since the ionic radius
ri ~ 0.72 A [17]) of the impurity Co?* differs from
the radius ri(= 0.97 A [17]) of the replaced host Na*
ion, one can reasonably estimate the distance Rq from
the empirical formula [18, 19]

Ro~Ru+(ri—rn)/2, (11)
where Ry (=~ 2.317 A [17]) is the cation-anion distance
in the host NaF crystal. So, we obtain Ry =~ 2.192 A
for the NaF:Co?* crystal. Thus the integrals Sgp(y) can
be calculated from the Slater-type SCF functions [20—
21] and Ry in NaF: Co?", i.e., Syp(tzg) ~ 0.0041 and
Sip(eg) ~ 0.0168.
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From the optical spectra of the NaF:Co2*t crys-
tal [22], we have

Dg~ —830cm™!, B~ 990 cm~!, C~ 3980 cm™.
(12)

By using the values By ~ 1115 cm~! and Cy ~
4366 cm~ for the free Co?" ion [23], we have f, ~
0.900, and so N; ~ 0.949, Ne ~ 0.953, A; ~ 0.235,
and Ae ~ 0.241 from (2) and (3). Substituting ¢ ~
533 cm~1 [23] and Py ~ 254 x 10~ cm~1 [24] for the
free Co?" ionand {0 ~ 220 cm~* fora free F~ ion [25]
into (4), we have

{~512em™t, ¢’ ~501cm,

k~ 0.976, K ~0.924, (13)

Pr~241x10*cm™t, PP~ 242 x10 % cm™L.

Thus there are only the two unknown parameters AR
and AR, in the formulas of the EPR g factors. By fitting
the calculated g; to the observed values, we obtain
AR ~0.268 A, AR,~0.181A. (14)
Comparisons between the calculated and observed g;
are shown in Table 1 (note: in the above calculations,
the axes are chosen as X||[110], Y||[110] and Z||[001],
whereas the EPR experiment coordination axes are
X'||[001], Y’||[110] and Z’||[110]. So, a rotation of the
axes of the calculation coordination is needed in or-
der that the theoretical values can be compared with
the experimental results [1]. Thus, we have gx = gz,
Oy = Ox, Oz = Ov, Ax = Az, Ay = Ax, Az = Av).
Substituting the above parameters, including the
rhombic distortion parameters AR; and ARy, into (6)
and taking the core polarization constant x ~ 0.284
(which is consistent with the value 0.25 ~ 0.3 for the
Cu?* ion in Tutton salts [26] and 0.325 (10) for the
Co?* ion [27]), the hyperfine structure constants A; can
be obtained. They also agree with the observed values
(see Table 1).

4, Discussions

1) Since AR; > 0 and AR, > 0, the directions of the
displacements of Co?* and F~ accord with the expec-
tation based on the electrostatic interaction (see Fig. 1),
showing that the estimated local structural parameters
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are suitable in physics. In fact, this point is also sup-
ported by the calculations on similar rhombic impu-
rity centers (such as V2* in LiCl and NaCl [28] and
Cr3* in MgO [5]) based on their EPR data. It is noted
that there may be some errors in the above calculated
displacements AR; and AR, arising from the approxi-
mations of the theoretical model and the neglection of
the displacements of other four F~ ions. Even so, one
finds that by considering a suitable local lattice relax-
ation for the impurity Co?* in the NaF crystal, the EPR
parameters can be reasonably explained.

2) Interestingly, the above theoretical results of the
EPR parameters for the rhombic Co?* center can be
reduced to those for the cubic case when taking AR. =
AR, = 0. Thus, we have gx = gy = gz ~ 4.412 and
Ax = Ay = Az ~ 167 x 1074 cm~L. The results are
also in agreement with the isotropic EPR parameters
(i.e., g ~4.391 and A~ 110 x 10~* cm~? [22] and
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