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Abstract

The polarized absorption spectrum of single crystals of NiTa,04 has been measured from 6000 to 28 000 cm™*
at various temperatures from 300 to 10 K. All the observed absorption regions are due to electronic transitions
mainly localized on the Ni** ions. The first band system in the region 600010500 cm~' corresponds to a
transition which occurs mainly by magnetic dipole mechanism. The band systems in the other regions are due
to vibronic transitions. By applying our method of analysis of the site geometry based on symmetry descent, we
deduce that the O, —D,, distortion of NiO4"~ can be decomposed into two contributions related to the steps
0,—Dy, and Dy, — D,, and that the second contribution is much larger than the first. Successively we give an
explanation for most of the features of the spectra by considering only the D,, — D,, perturbation and the vibronic
interactions. The effect of the spin—orbit coupling has also been considered.

Introduction

This work is part of a systematic investigation we
are carrying out on the optical properties of the Ni**
ions in crystals with a distorted octahedral coordination
of oxygen atoms [1-4].

The main purpose of this paper is the interpretation
of the low temperature absorption spectra of NiTa,Og
crystals by applying our procedure [5] of analysis of
the sites of the Ni** ions in terms of ‘symmetry descent’.
In fact such procedure is particularly suitable because
it allows a rigorous and quantitative decomposition of
the distortion of the oxygen coordination sphere into
a set of contributions of different symmetry and a
parallel decomposition of the Hamiltonian. The method
has been already applied successfully in our previous
work on LiNiPO, [4].

As is well known in systems where the distortion
removes the centre of symmetry, the predominant mech-
anism of the electronic transitions is often that of
electric dipole and the related moments are different
from zero mainly because of the distortion. Conversely
in systems where the distortion does not remove the
symmetry centre other mechanisms, like the vibronic
and/or the magnetic dipole ones, have to be considered.
This point is at the basis of our interest in NiTa,Oq
where the Ni** sites have a centre of symmetry. This
interest is also supported by the observation of Ferguson
et al. [6] that in MgF, ‘doped” with Ni**, where the
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Mg?* site symmetry is equal to that of Ni** in NiTa,O,
the transition mechanism of the first electronic band
is mostly that of magnetic dipole.

Experimental

Green single crystals of NiTa,O were grown by
means of the flux-growth technique. Mixtures of com-
position 8.2 wt.% NiO, 48.5 wt.% Ta,Os and 43.3 wt.%
Na,B,0, were placed in tightly covered 50 cm® platinum
crucibles and heated to 1400 °C in a furnace. After a
period of soaking, crystals were grown by slow cooling
down to 750 °C. The crystals were separated from the
borate flux by leaching with a dilute solution of HCI.

The orientation of the crystals was first found optically
with a microscope and then checked by X-ray diffraction.

The spectra were recorded at various temperatures
from room temperature to 10 K with a spectropho-
tometric system consisting of a SPEX 1.26 m /9 Czerny-
Turner monochromator and a recording system con-
nected to a PC computer. The detectors were a RCA
C31034 phototube for the UV-Vis region and a PbS
N.E.P. cell for the near-IR. The cryostat was an equip-
ment ‘Air Products Displex DE 202’ closed cycle.

Results and discussion
Crystal structure

The crystal structure of NiTa,O, is well known and
is reported in ref. 7. The crystal is tetragonal
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(P4,/mnm) with two NiO4"~ units per cell. The units
are equal as regards their geometry but have different
orientations (Fig. 1). Each unit NiOg”~ has a distorted
octahedral geometry with an actual symmetry D,,. One
of the three binary axes (i.e. z') passes through two
oxygen atoms (O(5) and O(6)). The other binary axes
bisect the angles between the oxygen atoms on the
plane orthogonal to z’ (Fig. 2). The latter (O(1), O(2),
0O(3), O(4)) form a rectangle with the longer edges
(0(2)-0(3) and O(1)-O(4)) parallel to the crystallo-
graphic ¢(=x") axis. The Ni-O distance varies only
slightly from the oxygens on the z' axis (2.050 A) to
those of the x'y’ plane (2.084 A). The distortion concerns
mainly the angles between the oxygens on the x'y’ plane
(O(1)NiO(2) =81.15°, O(2)NiO(3)=98.85°).

It is worth pointing out that the shortest distance
between the Ni** ions lying on the plane orthogonal
to the ¢ axis is 4.722 A and that between the Ni**
ions belonging to adjacent planes is 5.664 A. Moreover
experimental measurements on the magnetic properties
of NiTa,O4 [8] have shown that there is a long-range
antiferromagnetic ordering only at 7.,=10.3 K. The
broad maximum in the magnetic susceptibility above
T. has to be attributed only to low-dimensional short-
range magnetic ordering. This means that the magnetic
interaction among the Ni** ions is rather weak.

On the basis of these facts we thought it reasonable
to carry out an interpretation of the electronic spectra
by considering first the transitions as localized on single
NiQ¢* ™ units.

Electronic structure of the NiOg"~ units and the various perturbations

For the interpretation of the spectra we have adopted the procedure proposed in ref. 5 based on symmetry
descent. Specifically we have considered the path O,— D,,— D,,. In this regard it has to be pointed out that
in the first step O, — D,, there is only one symmetry species which becomes totally symmetric in D, i.e. E (z?),
and similarly in the step Dy, —D., there is only the species T, (xy). By using the O, symmetry coordinates

reported in ref. 5 for each NiOy

1
S(AL)= 7 (1Y, =X —Ya—25+25) = /6o =5.067 A

L

S(Eg’ 22)= 2/3

1
S(Tag )= 5 (1 +%—y5—%,) =0322 A

(=X = Y2 +x3+y,— 225+ 22) = —0.032 A

unit only three of these coordinates are not zero*

This means that the system can be represented by a regular octahedron with Ni-O distance Iy o=
1//6 S(A,,) =2.069 A and two successive distortions related to the symmetry descent-steps O, — D,, and D,, —
D,,,. The first distortion O,— D,, is associated with the coordinate S(E,, z°), and the second one D, — D., with

the coordinate S(Ts, xy).

In connection with this picture the Hamiltonian can be decomposed as

H=H°+H(E,, 2*) + H(T,, 1)

where H° is related to the undistorted octahedron, H(E,,2%) and H(T,,xy) to the corresponding distortions
O,—D,, and D,,— D,,. Considering the d-type molecular orbitals t,,, (r=yz,xz,xy) and e,, (s=2°x"—y?), we
can write the following matrices as representative of the distortions

0, =Dy, Dy, — Doy,

yz -n 0 0 0 0 0 9 0

tog {xz 0 -n 0 0 0 4 0 0

xy 0 0 2n 0 0 0 0 0

e {22 0 0 0 —e 0 0 0 ¢

82—y 0 0 0 0 € 0 0 O
where

S o OO0
SCoOoOCOO

*We choose as reference frame a cartesian axis system with origin on the metal (xy=yy=2y=0) and orientation such that S(T,,,
R,)=S8(Ty, R))=S(Ty,, R,)=0. Moreover with regard to the D,, symmetry we assume as principal two-fold axis the axis passing
through the oxygen atoms O(5) and O(6) (i.e. z’). This convention is different from that of ref. 6.



161

H (E,, %)= 21’2,- (Ey, %) H (Top 1) = Zﬁ,-(ng, xy) h;( )= one-electron operator

1’ = <t2g’ xylﬁ(Eg’ z2)|t23’ 'xy> == <t2g7 yzlﬁ(Eg’ zz)thg’ yz> =- <t2g7 'lehA(Eg’ 22)|t2g’ R)

N =

€= — (e, Z|A(E,, 22)|e,, 22) = (e, ¥ —VR(E, Dle, ©—¥)
¥= <t23, y2|ﬁ(ng, x)’)'tZg’ xz) {= <t2g7 XY|’;(T2g, xy)leg’ ZZ)

In Fig. 3 we give a scheme of the trend of the molecular orbital energies along the symmetry descent, where

la,=N[1ag+ A2ag] 2a,=N[2ad— Alag]

1
b2g = ¢_2 [tZg, yz + t2g, xz] blg = CS»XZ")‘Z

1
by, = ‘/_2 [tog, o~ t2g.cc]

§2

lag=ty 2ag=¢,z O~ A e—2m
A= coefficient N=(1+A%)"'?=normalization factor

With regard to the Ni** ion in octahedral symmetry it is known that the ground state is *A,,(0). The possible
ligand field excited states are T, (1), T, (1), 'Eg(0), 'To(1), *T14(2), *As(0), 'Tip(1), 'Eg(1), "Toe(2), 'Af(2)
according to increasing energy in the Tanabe-Sugano diagram when A/B<10. The preponderant configuration
is given in brackets: in particular with 0, 1 and 2 we denote t5.eZ, t3,e} and t.e}, respectively.

Under the perturbations related to the distortions O,—D,, and D,,—D,, and the spin-orbit coupling
D,,— D3, the degeneracies of the levels are removed according to Fig. 9.

Since |S(E,, z%)| << |S(T4, xy)|, we have to expect that in parallel the perturbation associated with the distortion
D, —D,, has a major role with respect to O, —>D,,.

In D,, symmetry the O, states subdivide as follows

Oh D 2h
A, B

1g
A= T,y )

1
1’3ng J 1,3B2g= ﬁ {1’3T23(yZ)+1'3T2g(.x2)}

1 1,3
L 1’3B3g= ‘/—2 {1’3ng(yz)— ’ Tz;(*‘z)}

1,3Blg —_ 1,3Tlg(z)

1
q VBoy= 5 {~Tyyl0) + T, 0)

1,3
T 72

1g

1
- 1,3B3g= _‘/—2 {1,3Tlg(x)+ l’sTlg(y)}

lEf&aaw)
¢ ]Blg=lEg(x2_y2)

Here we report only the ligand field matrices related to the triplet states in the case of D, symmetry with
1 and e neglected. Later on we shall examine these matrices as a basis for the interpretation of the spectra.
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3Ag 3T2g(1) |A|

3 A (0) 0 ¢ 0
Byg 3 >T1(1) —-¢ A+12B 6B
*T1,(2) 0 6B 2A+3B
( 1 /3 1
3 - — T _
T.(1) | A+ 5 ¥ > 5 ¢
1 3
By Y T, (1) | - B 4 A+12B— - 9% 6B+ /3 ¢
8 2 2 2
*T,,(2) % g 6B + ‘/2—3 ¢ 2A+3B—3
( 1 /3 1
3 — — ———— — —
T,(1) | A 5 9 > 9 5 ¢
1
Bz | °Ty,(1) ‘/—23’ o A+12B+ 57 6B — ? ¢ 6))
1
T(2) | — 3 4 6B— ‘—/Zé 4 A+3B+ 9

Fig. 1. The orientation of the NiOg"™ groups in the unit cell.

Description of the spectra

The «, o and 7 [6, 9] spectra have been recorded
from two different crystals.

Experimentally all the range 6000-28 000 cm ™! has
been examined. We have observed three absorption

Fig. 2. Cartesian axes: x, y, z in O, symmetry: x', y’, z’ in Dy
(a, b, c¢) crystallographic axes.

regions relatively more intense (Figs. 4, 5, 6) and one
weaker (Fig. 7). Each region appears as a set of more
or less overlapping bands which we shall call band
systems. In each system there is evidence of several
components and a fine structure. The main features
are reported in Table 1.

All the band systems present a remarkable increasing
intensity and merging of the components with an in-
crease of the temperature. However the first system
(6000-10 500 cm™") quite differently from the others
does not change significantly in intensity from 10 up
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Fig. 3. MO energy level scheme.
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ABSORBANCE

wave number

Fig. 4. First intense band system.

to 50 K, except for the peaks at 6720, 6900 and 6935
cm™ ' which change in shape.

The a spectrum of the first band system is rather
close to the 7 one and different from o. Conversely
the a.spectrum of the other systems is more similar
to the o one and different from . These facts prove
inequivocally that the predominant mechanism is that
of magnetic dipole in the first band system and that
of electric dipole with vibronic coupling in the others.
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ABSORBANCE

11000 13000 15000
wave number cm !

Fig. 5. Second intense band system.

Finally we have to remark that the overall intensity
of the spectra is much weaker as compared to that of
similar crystal systems containing Ni** ions in sites
lacking a symmetry centre [1, 2, 4].

Interpretation of the spectra

As a first approach an interpretation can be given
in O, symmetry by assigning the three relatively more
intense band systems (Figs. 4-6) to transitions to the
three triplet states T, (1), °T (1), *T;,(2). In fact a
good fit to the centres of such band systems can be
obtained with a ligand field calculation with 10Dg = 7600
cm~! and B=850 cm~'. Moreover with these values
of 10Dg and B and assuming C/B=4.38 we have that
the peaks at 14400-14580 cm™' correspond to
'E,(0) < >A,,(0), the weak band at 19 800-21 400 cm ™!
to 'T,,(1) «>A,,(0) and the weak peak at 21 750 cm ™!
to 'A,,(0)«<>A,,(0) (column A, of Table 3).

Before proceeding to examine the details of the band
systems, the following points have to be considered.

The spin-orbit coupling in the Ni** ions is not
negligible and we should examine the splitting of the
levels on the basis of the double group D3, (Fig. 9).
Since the number of the possible transitions to be
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Ni Ta,0g T-9K

ABSORBANCE

22000 24000
wave number cm

Fig. 6. Third intense band system.

considered in connection with each band system is
rather large** and their energy separations rather small,
it is very difficult to make specific assignments in terms
of D%, states. However from our analysis of the distortion
according to the symmetry descent O, —D,, - D,,, we
can expect that the perturbation related to Dy, — D,
has a greater role with respect to the O,— D, per-
turbation. It follows that, in the case where the spin—orbit
coupling is relatively smaller with respect to the
D, — D,, perturbation, in a first approach an assignment
can be made in terms of D, states by considering only
two parameters ¢ and {.

Ist Band system—region 6000-10 500 cm™' (Fig. 4)
As already pointed out the fact that the a spectrum
of the 1st band system is much closer to the 7 spectrum
that to the o one shows that the magnetic dipole
mechanism is prevailing with respect to the vibronic
one. This agrees well with the assignment
*T,e(1) < >A,,(0) since this transition is allowed by

**There are 9 components for each >T; or T, excited state and
3 components for the ground state A,,(0). In connection with
each band system 27 transitions are possible. Most of them are
allowed by vibronic mechanism.

ABSORBANCE

T

19000.0 195000 20000.0 20500.0 21000.0 215000

wave number cm !

Fig. 7. Weak band system.

magnetic dipole mechanism. This interpretation is also
supported by the observed rather small variation of
intensity in the temperature range 10-50 K, i.e. an
opposite behaviour with respect to that expected by a
vibronic mechanism.

In D,, symmetry the ground state *A,,(0) becomes
B}, and the excited state °T,,(1) separates into
A, + By, +°Bs,. Transitions to such components are
allowed with the magnetic vector parallel to the axes
Z',x' and y’', respectively (Fig. 2). Taking properly into
account the orientations of the two NiOg"~ groups in
the unit cell the oscillator strengths vary with the
orientation of the magnetic vector according to the
expressions

Ay «Biy fa|CAJmBi - (1-h2)
"Bag < By fat2(("Bog|pr " 'Bip)l*-hZ
"Byg < "Bl fa|CBsgluy Bl (1-42)

where A is the cosine of the angle between the magnetic
vector and the  crystallographic ¢ axis;
CAGEMPPBS,), By ubPPBY,) and (B, JubPBY,) arc
the transition moments; u}'®, u®, uM™ are the com-

ponents of the magnetic dipole transition operator.



TABLE 1. Main features of the band systems; wave numbers
of the peaks, shoulders and maxima

1st Band system (v=6000-10500 cm™")

a, T o
6720 s.p. 6720 s.p.
6810 w.sh. 6810 w.sh.
6960 max. 6890 s.p.
6935 s.p. 6935 s.p.
6970 w.max. 6970 w.max.
7090 7090
7220 7220
7360 7340
7540 7540
~ 8200 b.max. 8025 sh.

2nd Band system (v=11000-16000 cm™")

a, o ™
11510
11650
11810 11810
11990 11990
12120
12220 sh. 12220 sh.
12440 max.
12580
12715
12730
12880
12910 max.
13305
13340
13530
13650 max.
13820
14335
14400 s.p. 14400 s.p.
14580 s.p. 14580 sh.
3rd Band system (v=22000-26000 cm™')
a, O ™
22730 sh.
23150 max.
23310 max.
23640
23895 max.
24125 max.
24270

Weak band system (v=19750-21750 cm™")

a, o T
17790 s.p.
19880 s.p. 19880 sh.
19960
20020 20020
20070
20185 s.p.
20220 sh.
20370
20590
max. 20620
20700 max.
20745
21750 p. 21750 p.

p.=peak; s.p.=sharp peak; sh.=shoulder; max. = maximum.
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It is clear that we have to expect to observe a band
system made of three components, two of them related
to the transitions *A, < B}, and *Bs, « °BS, with greatest
intensity in 1 polarization (where H L ¢) and one related
to °B,, < °Bj, with greatest intensity in o polarization
(H|Ic). Moreover, in the case where the O, - D,, per-
turbation is sufficiently small, so that one can assume
that the above transition moments have approximately
the same value (as it holds in O, symmetry), we have
to expect to observe two bands in 1 polarization with
almost equal intensity and only one band in o with an
almost doubled intensity.

In the observed spectra we have a rather complicated
structure. However it is possible to distinguish clearly
two bands in w7 polarization in the regions 6700-7800
and 7800-9500 cm ™. The first of these in o polarization
becomes much more intense whereas the second be-
comes so weak to appear as a shoulder. On the basis
of our above considerations it is easy to deduce that
two transitions concern the first region, one of them
being *B,, < °Bj,, and only one transition the second
region. Thus two alternative assignments can be made

(a) 67007800 B, +°A, Bl
7800-9500 B, < *BY,

or

(b) 6700-7800 >B,,+ *B,, « B,
7800-9500 A, < ’BY,

From the diagonal elements of the reported ligand
field matrices related to the components *A,, *B,, and
*Bs, of *To(1) (i.e. A, A+0.59, A—0.59) we have two
alternative energy orders: *B,, <A, <’B,, if ¥ is neg-
ative, or the reverse *B,, <*A, <’B,, if ¥ is positive**.
Since from the observed polarization behaviour of the
spectra we have that the transition *B,, < °BJ, belongs
with certainty to the first absorption region 6700-7800
cm~', we can conclude that only the order
’B,, <A, <’Bs, (i.e. 3<0) and hence assignment (a)
is acceptable.

With regard to the three peaks at 6720, 6900 and
6935 cm ~ ! (Fig. 8), we can note that the a polarization
is very similar to the 7 one and different from ¢. This
proves that also for them the magnetic dipole transition
mechanism is predominant. Furthermore their intensity
follows exactly the trend of the region 7000-7800 cm ~*,
i.e. much more intense in ¢ polarization with respect
to 7 and a. The shape of the peaks varies with the
lowering of the temperature and, in connection with
one of the polarizations, becomes sharper. Specifically

**Such orders are not affected by the value of { because of the
large difference between the diagonal elements related to >T,e(1)
and those related to *Ti(1) and T, (2).
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ABSORBANCE

wave number cm 1

Fig. 8. Temperature behaviour of the peaks at 6720, 6900 and
6935 cm™! of the first band system: — 10K. ——=- 15 K, ---
20 K.

the first peak is sharper in 7 and «, conversely the
second peak in o. The third peak is sharp in both.
However we have to point out that the overall area
associated to each peak varies only slightly with tem-
perature within the range 10-50 K. Moreover such
variation is regular and smooth even in the interval
10-20 K. We think that this proves that our spectra
concern the crystal above the magnetic phase transition™.
In order to clarify further the nature of the transitions
of the peaks we have also measured the absorption
spectrum of MgTa,O, (which is isomorph with NiTa,Oy)
‘doped’ with Ni**. We have verified that the spectrum
at 10 K in the region 6600-7800 cm~' presents the
same peaks. The main difference is that they shift c.
40 cm~! towards lower energy. Particularly the first
peak appears at 6680 cm ™!, the second and the third
peak partially merge together with a centre at c. 6870
cm .

On the basis of the above facts we think that an
interpretation can be given by considering the spin—orbit
coupling as preponderant with respect to the short-
range magnetic order interaction. In fact such peaks

*Unfortunately 9 K is the lowest temperature of our cryostat
and we did not succeed in detecting the expected antiferromagnetic
phase transition in order to check this point.

can be considered the origins of the three components**
[10] I, I3* and I,* in D3, of °B,, (Fig. 9) since
according to the matrices (1) the *B,, state must be
slightly lower than *A,. Clearly the higher intensity of
the ¢ polarization supports this hypothesis. It is worth
pointing out that the energy splitting of the ground
state °BY}, into the components I3*, I,” and I,* is
very likely rather small. In fact the mixing with the
excited states is certainly low because of the relatively
small magnitude of the spin—-orbit coupling with respect
to the energy differences. Moreover we know from the
spin—orbit coupling calculation that such components
shift together and approximately to the same extent.
Their energy separation is of the order of a few wave
numbers and, very reasonably, at 10 K they are almost
equally populated. With regard to the states °B,, and
*A,, they are rather close and overlapping in the same
region 6700-7800 cm . Therefore the components I3+
and I,* of °B,, are strongly mixed with the corre-
sponding ones of *A,. This mixing cannot occur for
I''™ because such a component is missing in *A,. It
follows that we have to expect that the two peaks
related to I3* and I',™ decrease in intensity from the
o to m polarization to a lesser extent than the peak
of I''*. This corresponds exactly to what we observe.
In particular the peak at 6900 cm™' must correspond

Op Dgp Dy Dy’
3,
B
3 3g + + +
3-1-]8(2) I—:g z [+, + I
B,
2g + + +
3A T Fl + 1‘3 + F4
— . By R
— 1 2 4
1
AL O 1 1
g A
s Ag r’
I Iy Ia r*
75(1) g . _IBE_ 1
lEg 2g 1..2+
Iy
3g 1—4+
1 !
] B
Egl0 2 P '
1 1
A A
' 8 rl"
3
B'7
3Tlg(l) 3E 3..;;_ rl+ . I‘; . 4+
— B
3 rfentent
3 3 23
Azg Blg + + +
I"[ + I‘2 + I‘4
3
3 By + + +
R B, g rfenter
2 8 Ta
3g £ N LS
g £
2
28 + + +
1'1 + I+ 4
3 3 30
Agg® 2 B,

+ + +
1'l + 0, +l'4

Fig. 9. Removal of the degeneracies in the various symmetries.

**In D3, we use the conventions of ref. 10.



to I''" and the other two to I3 and I,*. From the
features of the spectra we cannot deduce the specific
correspondence of the latter. From the energy order
of our spin—orbit coupling calculations, we know that
I';* should correspond to the peak at 6720 cm ™' and
I,” to 6935 cm .

The band systems in the region 11 000-16 000 and
22 000-28 000 cm~=' (Figs. 5 and 6)

We shall examine these two band systems together
because they are related to the states *T,(1) and *T,(2)
which have the same symmetry and are strongly mixed.
As a consequence we must expect the same transition
mechanism and the same polarization behaviour. These
points are clearly evident from the spectra. In fact, as
already pointed out, for both band systems the a
spectrum is much more similar to the o spectrum than
to the m one. Moreover both present a remarkable
variation in intensity with temperature. This shows that
the vibronic mechanism is predominant.

With regard to the band system at 11 000-16 000
cm™' one can distinguish three main intervals with
different behaviour. Specifically two intervals, approx-
imately in the regions 11 000-12 450 and 12 450-13 100
cm™', appear slightly more intense in the 7 spectrum
and present a set of maxima in o polarization. Conversely
a third interval in the region 13 100-14 300 cm™~? has
the highest intensity in the ¢ spectrum and almost
disappears in the 7 one. The sharp peaks, one at 14 400
cm™! and another weaker at 14 580 cm ™!, have to be
considered separately because in O, they correspond
to the transition 'E,(0) < >A,,(0).

In the band system at 22 000-28 000 cm ™' we note
two maxima at 23 150 and 24 100 cm~ !, and one shoulder
at ¢. 22550 cm ™. The part of the band system related
to the two maxima is clearly much more intense in 7
polarization. Conversely the shoulder appears only in
o polarization.

Each state, *T,4(1) and *T,,(2), in D,, symmetry splits
into three components: *B,, +°B,, +°B,,.

The vibrational spectra of NiTa,O, have been widely
investigated [11]. From such spectra there is clear
evidence that the oxygen atoms are much more strongly
bound to the Ta atoms than to the Ni atoms. However,
if we consider only the O, internal vibrational modes
of the NiOg*~ system which can participate in the
vibronic transition mechanism, we have to deal with
two 7, modes and one 7,, mode. Such modes decompose
in D,, symmetry as follows:

Tluzb1u+b2u+b3u TZu:au+b2u+b3u

In Table 2 we give the D, vibrational modes which
can allow transitions to the triplet states. The modes
therewith reported relative to the electric vector ori-
entation E 1 ¢ (where the transition operator belongs
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TABLE 2. Vibrational modes in D,, symmetry which can be
active in the vibronic transitions

OII DZh Elic (Blm BZu) Elle (BJU)
3ng « 3A2g 3IAg «— SBlg ay, b3u bZU

SBZg -« 3Blg b2us blu a,

3B3g <_:;Blg b3u7 ay blu
3Tlg <« JAZg 3B1g b 3Blg bius bay bs,

3Bzg -« JB Ig b2u’ blu ay

3B3g -« 3Blg bSu, a, blu

to either B;, or B,,) determine the intensities of the
transitions in the o spectrum and those with Elle (where
the transition operator belongs to B,,) the intensities
in the 7 spectrum. It follows that, if the =, modes are
the most effective, the transitions *B,, < °B?, must be
relatively weaker when E|lc because they can occur
only by means of the a, mode which is missing in 7.
Conversely if the 7,, mode is the most effective the
transitions °B,, < B}, have to be weaker when Ellc
because they can occur only by means of the b,, mode
which is not a component of ,,.

In order to make the assighments it is convenient
to examine the matrices (1) previously reported. First
of all we have to point out that in O, symmetry the
diagonal elements have rather close values (e.g. with
10Dg=7600 c¢m~' and B=850 cm~' we have
A+12B=17800 cm~' and 2A+3B=17 750 cm ') and
their off-diagonal element relatively large (68=5100
cm™'). This implies a strong mixing of the two states.
It follows that the large energy separation between the
two band systems is mainly due to the off-diagonal
element.

In D, symmetry each T, state splits into the com-
ponents *B,,, *B,,, B, and, because of the large role
of the off-diagonal element between >T,,(1) and *T,,(2),
the related energy separations depend remarkably on
both & and ¢{. From the reported matrices (1) one can
deduce that the half-plane spanned by §/B<0 and ¢/
B can be divided into three regions (Fig. 10) char-
acterized by a different energy order of the components
of the two band systems as follows

Band system 11 000-16 000 cm ™'

Region (a) *B,, <°B,, <’B,,
Region (b) B, <°B;, <’Bs,
Region (c) *Bsg <°B,, <*By,

Band system 22 000-28 000 cm ™’

Region (a) ’B,, <’B,, <’Bs,
Region (b) ’B, <°B,, <°By,
Region (c) °B;, <’B,, <’B,,
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Jii 1 B3g < B‘g < BZQ
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I Bag < 38y < 38y ’ u Bog < By < %Byg
1 3850 < 3By < 3Byy | it On3g < 3By < 38y

2 R 1 2 UB
Fig. 10. Energy order of the components of the *T,, excited
states (Il: band system 11000-16000 cm™'; III: band system
22000-28000 cm ™!} as function of the parameters {/B and — ¢/
B.

TABLE 3.

Case (<0
region (a)

Case (>0
region (b)

11600-12450 cm™!
12450-13100 cm ™!
13100-14300 cm™!

Band system II
11000-16000 cm ™!

3 Ino 3 Ino
Do Bl By By
iy Bly BBy,
B2g<— BIg B3g<—— Blg

Band system III
2200028000 cm™!

22500 cm™! (sh)
23150 ecm~! (max)
24100 cm™! (max)

3B2£ h SB?x 3B3g < 3B?g
3 3R0
3 3R0 3B1g = 3]3(1)g

B;;«<°Bj, By «°Bj;

In regions (a) and (b) of Fig. 10 the symmetry of the
highest component of the band system at 11 000-16 000
cm™’, ie. °B,, and B, respectively, is the same as
the lowest component of the band system at
22 000-28 000 cm~'. Moreover the component *B,, is
between *B,, and °B,,.

Since from our spectra we have evidence that the
interval 13 000-14 300 cm~' of the band system at
11 000-16 000 cm ™', which very likely corresponds to
the highest component, behaves with regard to polar-
ization exactly as the shoulder at ¢. 22 550 ¢m ~*, which
is the lowest component of the band system at
22 000-28 000 cm ™!, we can deduce that NiTa,O, is
either in region (a) or (b). Therefore see the alternative
assignments possible in Table 3.

The assignments connected to region (a), i.e. {<0,
correspond to the cases in which the 7;, modes are
the most effective. Conversely the assignments related
to region (b), i.e. {> 0, correspond to the cases in which
the 7,, modes are most effective.

From the spectra we have no elements to verify which
of the above assignments is the correct one. We are
more inclined to the assignment of region (a) for the
following reasons: it corresponds to the case with the
1, modes as more effective which we think more likely;

a negative value of { is more consistent with a ligand
field treatment in which one takes into account the
D,,— D,, distortion in terms of a point-charge model.

The behaviour of the intensity of the peaks at 14 400
and 14 580 cm~" due to the transition 'E (0) «<>A,,(0)
can be explained by considering the possible mixing
with the nearby state due to the spin-orbit coupling.
In fact in D3, symmetry the state 'E,0) splits into
I''* +I,". The component B, of *T,,(1) decomposes
further into IN* +I3" +I,* and the component *B,,
into I'* +I,* +I5". Whichever component °B,, or
*B,, is related to the interval at 13 100-14 300 cm ™/,
both have as sub-components I';* and I5;* which can
contribute to the intensity of the peaks. In the spectra
we observe that the intensity of the peaks follows closely
the behaviour of the nearby interval at 13 100-14 300
cm ™!, Specifically they are much more intense in o
polarization.

Weak band system—region 19 750-21 750 cm~' (Fig.
7)

The spectrum of NiTa,0Oy in the region 19 750-21 750
cm ' has a weak band system which cannot correspond
to any of the components of *T,,(2) because it is too
weak. Very likely it has to be assigned to
T,,(1) <Ay (0). The state 'T,,(1) in D3, splits into
I'"+I," +1," . Itsclosest band of triplet is the shoulder
at 22550 cm~' assigned above as B, «’Bj, or
°Bs, < °Bl,. The state °B,, in D3, subdivides as
I''*+I;%T," and two of them, i.e. I;* and I,*, can
mix with the corresponding components of T, (1).
Similarly the state *B,, subdivides as I, + I, +I3* and
I''" and I, * can mix with the corresponding components
of 'T, (1) (Fig. 9) This means that whichever is the
state associated to the shoulder, the intensity of the
weak band system must follow the behaviour of the
shoulder at 22 550 cm~! as polarization. This is really
observed in the part of the band system between 19 750
and 20300 cm™'. In fact it is rather more intense in
o polarization. However there is a remaining part in
the range 20 300-21 500 cm ~ ' which varies only slightly
with polarization and it is rather difficult to interpret.
A possible hypothesis is that it corresponds to the other
component I,* of 'T,,(1) which borrows intensity from
the corresponding components of the other nearby states
of ’T,(2).

This part of the spectrum presents also a weak peak
at 21 750 cm ™' (Fig. 6) well separated from the other
parts and very close to the band system at 22 000-28 000
cm™', As already stated,such a peak corresponds to
'ALAL(0)] < B,

Ligand field calculations
A ligand field calculation carried out by considering
all the parameters is not very meaningful because their



number is too large. Therefore we have carried out
several ligand field calculations with different extents
of parametrization. In a first approach we have neglected
all the parameters representative of the O, > D,, = D,,
distortions and calculated the values of 10Dgq, B and
C which give the best fit of the centres of the band
systems (Table 4, columns A; and A,).

In a second approach keeping the above values of
10Dgq, B and C we have calculated the parameters ¢
and ¢ on the basis of the best fit of the centres of the
ranges reported in Table 3 (column B) assumed as
corresponding to the transitions D,,. In this case we
have considered the previously discussed alternative
assignments (columns C; and D;). The results are
reported in columns C, and D,.

Finally we have carried out two calculations by in-
cluding the spin—orbit coupling with ¢&=600 cm ™! and
using the same ligand field parameters of columns C,

169

they agree with the interpretation already made by
neglecting the spin—orbit coupling and, in addition, do
not allow more specific assignments.

Calculations including the parameters n and e rep-
resentative of the O, — D,, distortion have been also
done. The improvement of the results is only slight
and meaningless.

Conclusions

The absorption spectrum of the system NiTa,Og
within the range 6000-28 000 cm ™' concerns electronic
transitions essentially related to the Ni** ions. Although
there is evidence of some magnetic order [8] and hence
of interaction among the Ni** ions, the main features
of the spectra down to 10 K can be interpreted as due
to transitions localized on single NiOg*~ groups. In
fact the various regions of absorption correspond to

and D, of Table 3. All the ligand field states have
been considered. We do not report the results because

band systems which can be related to specific ligand
field transitions on the Ni** ion.

TABLE 4. Transition assignments

0;, DZ}I
Estimated Veaie Observed band Case (a) {<0 Case (b) (>0
centres (cm™h) ranges
(ecm™Y) (cm™h) Assignment Veare (cm™1) Assignment Veare (cm™1)
A, A, B C, C, D, D,
3A2g(0) 0 0 3BY, 0 3B(1Jg 0
[ 6700-7600 By 7429 °B,, 7428
7000-7800 A, 7661 Ag 7662
"Tae(1) 7650 7600 1 7800-9500 3By 7754 ’B, 7843
| (max 8250)
{ 11500-12700 By, 11685 By, 12179
1270013300 S 12775 o 12777
(1) 12950 12675 13300-14300 *By, 13922 B, 13297
| (max 13700)
14400 A 13596 A 13602
1 £ g
Ey(0) 14500 13723 { 14580 By, 13700 By, 13700
A, 20855 A, 20782
Tye(1) 20600 20921 19750-21400 'B,, 21045 By, 20536
"By, 21090 'B,, 21104
1A,,(0) 21750 21987 21750 'A, 22185 1A, 22333
22200-22800 B 22342 3By, 21777
(shoulder) %
22650-23650 3 22958 o 22960
T, (2) 23300 22875 (max 23150) B,
23650-24950 B 23534 *B,, 24150
3g

(max 24200)

A,: estimated baricentres of the band systems. A,: transitions calculated in O, symmetry with A=7600 cm™!, B=850 cm™!, C/
B=4.38. B: band ranges estimated from the shape of the band systems. C, and D;: alternative assignments. C, and D,: transition
energies calculated with A=7600 cm ™', B=850 cm~!, C/B=4.38 and respectively (a): 9= —360 cm™!, {=—1000 cm™" and (b):
9= —420 cm™!, {=1010 cm™ .
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The intensity of the bands varies with the polarization
of the light. Such variation can be interpreted as the
sum of the behaviours of the two NiOg"*~ groups of
the unit cell. The behaviour of each NiOg"~ group can
be explained on the basis of the site symmetry D,;.
The O,— D,, perturbation can be decomposed into
two contributions related to the steps O,—D,, and
D, —D,,. We appear to have clear evidence that the
second contribution is preponderant. In fact by con-
sidering only the latter we are able to explain most of
the features. Conversely the hypothesis of the O, — D,,
perturbation as preponderant gives completely inade-
quate results.

In particular we note that:
® The polarization behaviour shows that the first band
system in the region 6000-10 500 cm ™' corresponds to
electronic transitions which occur mainly by magnetic
dipole mechanism. This mechanism has already been
found in similar systems [6]. However we think that
in NiTa,O, the evidence is more clear.
® From the polarization behaviour we know that the
band systems at 11 000-15 600 and 20 000-28 000 cm ™!
correspond to electronic transitions which occur by
electric dipole mechanism. The remarkable variation
of the intensity with temperature proves the vibronic
character of the transitions.
® In each intense band system one can identify three
main intervals corresponding to overlapping bands. Two
alternative assignments can be given by assuming the
D,,—D,, distortion as predominant. The alternative
depends on which of the vibrational modes 7,, or m,,
is more effective.

® The three peaks at the beginning of the first band
system can be explained as the origins of the components
I", I and I,* of ?B,,[°T,,(1)] when the spin—orbit
coupling is taken into account.
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