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Abstract

The EMR study of Mn2+ doped potassium trihydrogen selenite is performed and the site of Mn2+ in the lattice is discussed. The
zero field parameters providing good fit to the observed EMR spectra are estimated. The spin-Hamiltonian parameters g, A, B, D,
and a are (2.0003 ± 0.0002), (31 ± 2) · 10�4, (20 ± 2) · 10�4, (87 ± 2) · 10�4, and (�9 ± 1) · 10�4 cm�1, respectively. The percent-
age of covalency of the metal-ligand bond is also determined. The optical absorption study suggests the lattice distortion in the crys-
tal. The electron repulsion and crystal field parameters having good fit to the observed optical spectra are evaluated. The band
positions are fitted with the Racah parameters (B and C), the cubic crystal field splitting parameters (Dq), and the Trees correction
(a). The values of B, C, Dq, and a are 871, 2967, 670, and 76 cm�1, respectively.
� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The EMR technique is used to study paramagnetic
ions in host lattices to provide valuable information
about the site symmetry of the metal ions [1]. When
paramagnetic ions are introduced in host lattices, local
distortions will take place due to mismatch of paramag-
netic ion size to that of the host ions. The optical study
provides energy level ordering of different orbital levels
of the paramagnetic ion and crystalline field strength
in the host lattice. Thus EMR and optical absorption
are two supplementary powerful tools to investigate
the site symmetry and associated distortions. EMR of
Mn2+ has been studied extensively in the investigation
of structural and dynamic aspects of crystalline state,
since the zero field splittings in these ions are sensitive
to even small distortions [2,3] in the lattice.
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In the present investigation the EMR and optical
study of Mn2+ doped KH3 (SeO3)2 are reported to ob-
tain information whether Mn2+ ion enters the lattice
substitutionally or interstitially, and to predict the lattice
distortion. The study is further used to find the energy
level ordering of various orbital levels of the metal ion
and the nature of bonding of paramagnetic ion with dif-
ferent ligands.
2. Crystal structure

The crystal structure [4] of KH3 (SeO3)2 is ortho-
rhombic with unit cell dimensions, a = 1.6152, b =
0.6249, and c = 0.6307 nm, space group Pbcn with Z =
4. The selenite ions are held together by two OHO bonds
and a hydrogen-bonding network exists. The shorter
bond involves oxygen atoms related by a twofold sym-
metry axis and at an O� � �O distance of 0.2567 nm. Since
the longest O� � �O distance in a symmetric O� � �H� � �O
bond is about 0.255 nm, it is assumed that the hydrogen
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atoms participating in these bonds are statistically dis-
tributed in two symmetry-related positions.
3. Experimental

Potassium trihydrogen selenite (PTS) [KH3(SeO3)2]
single crystals are grown at room temperature by slow
evaporation of an aqueous equimolar solution of sele-
nium dioxide and potassium carbonate. For Mn2+

doped crystal, 0.1 wt% of manganese sulphate solution
is added as paramagnetic impurity. Good pink col-
oured crystals are obtained in about 25 days. The
EMR spectra of single crystals have been recorded at
an interval of 10� in the three orthogonal planes ab,
bc, and ca at 77 K (room temperature spectra have
insufficient number of lines) on Varian X-band E-112
ESR spectrometer with 100 kHz field modulation.
The magnetic field was measured using a proton probe
with a Hewlet–Packard frequency counter. Optical
absorption spectra have been recorded on Unicam-
5625 spectrophotometer at room temperature in the
wavelength range 195–1100 nm.
4. Results and discussion

The EMR spectra of Mn2+ in PTS at 77 K shows five
sets with six lines in each set. This spectrum is character-
istic of a system with S = 5/2 and I = 5/2. A typical
EMR (ESR) spectrum recorded when the applied mag-
netic field B is parallel to the �a� axis is shown in Fig. 1.

The spin-Hamiltonian for a spin multiplet due to sec-
ond order effects and other zero-field terms, is given by
the following expression [5,6]
Fig. 1. ESR spectra of Mn2+ doped PTS when the
H ¼ glbBS þ DfS2
z � 1=3SðS þ 1Þg þ EðS2

x � S2
yÞ

þ ða=6Þ½S4
x þ S4

y þ S4
z � 1=5SðS þ 1Þ

� ð3S2 þ 3S � 1Þ� þ ASzIz þ BðSxIx þ SyIyÞ
� clNBI þ QfI2z � 1=3IðI þ IÞg; ð1Þ

where g is the spectroscopic splitting factor, assumed to
be isotropic, lb is the Bohr magneton, B is the external
field, and S the electron spin operator. The first term
represents the electronic Zeeman interaction, second
and third terms represent, respectively, the axial and
rhombic parts of the fine structure, the fourth term rep-
resents the cubic part of the crystal field [7], the fifth and
sixth terms represent the hyperfine interaction terms
(I = 5/2). The seventh and eighth terms represent nucle-
ar Zeeman interaction and quadrupole interaction
terms, respectively. The last two terms are too small to
produce an observable effect on the spectrum, but they
are included for completeness.

In the absence of applied magnetic field, the ground
state of Mn2+ ion 6S5/2 splits into three Kramers dou-
blets with separations of 4D and 2D due to electronic
magnetic interaction. These doublets split further [8],
by the application of external magnetic field, into six lev-
els with successive separations, gbB + 4D, gbB + 2D,
gbB, gbB � 2D, and gbB � 4D. Transitions between
these levels will give rise to five equally spaced lines, each
of which further splits into a sextet due to hyperfine
interaction resulting from the nuclear spin of I = 5/2.
Hence a five set pattern of six components each (i.e.,
30 line pattern) is expected.

The allowed transitions and the fields B, at which
they occur when Zeeman interaction is dominating,
are given by Eq. (A.3) [8].
applied magnetic field B is parallel to �a� axis.
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Crystal rotations have been carried out in the three
orthogonal planes ab, bc, and ca. The angular variation
plots of the fine structure in these planes using Eq. (A.3)
[8] and experimental record are given in Figs. 2A–C. In
all the three planes only one magnetically distinct site is
Fig. 2. (A) Angular variation of the fine structure of Mn2+ doped
potassium trihydrogenselenite in the bc plane (showing the experi-
mental points and the calculated curves). (B) Angular variation of the
fine structure of Mn2+ doped potassium trihydrogen selenite in the ab
plane (showing the experimental points and the calculated curves). (C)
Angular variation of the fine structure of Mn2+ doped potassium
trihydrogenselenite in the ca plane (showing the experimental points
and the calculated curves).
observed. This has been explained on the assumption
that Mn2+ enters the lattice interstitially.

Direction cosines of the distortion axis are calculated
[9] using the method of Rao and Subramanian and are
given in Table 1 along with the direction cosines of some
K–O bonds. It is clear from the table that the direction
cosines of the distortion axis do not match with any one
of the K–O directions. This indicates that Mn2+ does
not substitute K but enters the lattice interstitially.

The values of g, A, B, D, and a for Mn2+ in PTS eval-
uated using computer program are given in Table 2.

Jain and Venkateswarlu studied EPR of Mn2+ doped
alkali trihydrogen selenite including PTS. In PTS and
rubidium trihydrogen selenite (RTS) they observed only
a single line but in case of lithium and sodium trihydro-
gen selenite they were able to get a good number of lines,
sufficient to obtain spin-Hamiltonian parameters. Their
values are given in Table 2 for comparison. The crystal-
line imperfection was given as the cause to the large zero
field splittings [10] in these crystals.

The percentage of covalency of the Mn–O bond is
also determined [11] from Matamura�s plot. The cova-
lency of bond between Mn2+ and its ligands will affect
the magnitude of the isotropic hyperfine coupling con-
stant [11,12]. The covalency C of a bond between atoms
A and B is approximately related to their electronegativ-
ities vA and vB by solving

C ¼ ½1� 0:16ðvA � vBÞ � 0:035ðvA � vBÞ
2�=n;

where n is the number of atoms of neighbour bond.
Using the values vMn = 1.4 and vo = 3.5, the percentage
of covalency is found as 23. The value of hyperfine split-
ting constant 35 · 10�4 cm�1 predicted from the graph
also agrees reasonably well with the observed value of
24 · 10�4 cm�1, (A + 2B)/3.
able 1
irection cosines of K ion with surrounding oxygen; O(1)–O(2) and
e distortion axis of Mn2+ derived from ESR spectra

irection l m n

–Se ±0.9915(5) ±0.0006(5) ±0.0416(5)
–O(1) ±0.9660(4) ±0.1915(4) ±0.1736(3)
(1)–O(2) ±0.2750(3) ±0.0135(5) ±0.9658(5)
istortion axis ±0.2935(4) ±0.0194(3) ±0.9558(5)

ncertainties are given in brackets.

able 2
pin-Hamiltonian parameters for Mn2+in PTS

pin-Hamiltonian
arameters

PTS LiH3 (SeO3)2 NaH3(SeO3)2

2.0003 ± 0.0002 2.009 1.998
31 ± 2 86.5 85.1
20 ± 2 84.4 82.7
87 ± 2 355.5 855.6
�9 ± 1 �4.7 �25

, B, D, and a all in units of 10�4 cm�1.
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The spin-orbit parameter is regarded [6] as reduced in
the solid compared with the free ion. There are two
types of matrix elements of orbital angular momentum
L, those inside the manifold t2 and those between t2
and e. Use of the augmented orbital results in multipli-
cation of the t2 matrix elements by a certain numerical
factor kpp and t2 and e matrix elements by another fac-
tor kpr. The covalent bonding modifies the spin-orbit
coupling in a way which is related to the reduction of
the orbital angular momentum through the coefficients
kpp and kpr.

The deviations Dg = g � 2.0023 are observed in com-
pounds where a fair amount of covalent bonding (or a
decrease in ionicity) would be expected. It has been sug-
gested [13] that in the presence of covalent bonding ex-
cited sextets 6T1g are present, whose single electron
states will tend to be full or empty according to whether
electrons are transferred to or from the central ion by
the bonding action. A second-order shift is then possible
in the g value, whose sign depends on the direction of
electron transfer. The value �.0020 of Dg in our case
is consistent with this picture.
5. Optical spectra

In a cubic crystalline field of moderate strength [14]
Mn2+ 3d5 electrons are distributed in the t2g and eg
orbitals. Thus the ground state configuration is written
Fig. 3. Absorption spectrum of Mn2+ in potassium trihyd
as ðt2gÞ3e2g. This configuration gives rise to the elec-
tronic states 6A1g,

4A1g,
4Eg,

4T1g,
4T2g, and

4A2g and
to a number of doublet states. The 6A1g lies lowest
and is the ground state. The other excited electronic
configuration like (t2g)

4 eg, ðt2gÞ2e3g, and t2ge4g give rise
to several doublet and quartet states. Thus all the
absorption bands of high spin Mn2+ result from spin
forbidden transitions.

The observed optical absorption spectrum at room
temperature is shown in Figs. 3 and 4. The spectrum
consists of seven main bands located at 19,557, 21,258,
23,036, 24,050, 26,730, 29,137, and 32,950 cm�1. In
addition to the above, two weak bands at 24,060,
25,610 cm�1 are observed. Similar weak bands were also
reported at room temperature by several authors [15–
18]. Among the bands observed in the present studies,
the band at 23,036, 24,050, and 29,137 cm�1 are found
to be sharp. Ligand field bands are sharp when the en-
ergy expressions for the transition are independent of
Dq, because the number of t2g electrons is the same in
both the excited and ground states [14]. The two states
4A1g (G) and

4Eg (G) are normally degenerate, but their
degeneracy is often lifted by covalency in the crystal
[19]. According to earlier workers [20,21] any of the
4A1g (G) and 4Eg (G) levels could lie lower depending
upon a judicious choice of the various covalency param-
eters. In fact the position of the 4Eg (G) state is
influenced by the interaction with the 4Eg (D) state while
the position of 4A1g (G) is not affected. Thus the

4Eg (G)
rogen selenite in the wavelength range 325–1100 nm.



Fig. 4. Absorption spectrum of Mn2+ in potassium trihydrogen selenite in the wavelength range 195–325 nm.
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level should be affected more by slight changes in the
environment in different crystals as compared with the
4A1g (G) level. Therefore the bands at 23,036,
24,050 cm�1, are attributed to the states 4Eg (G) and
4A1g (G), respectively. The third sharp band at
29,137 cm�1 is assigned to the transition 6A1g (S)fi
4T1g (P). Using the Tanabe–Sugano diagram [22] the
other bands at 19,557, 21,258, 26,730, and 32,950 cm�1

are assigned to 4T1g (G),
4T2g (G),

4T2g (D), and 4T1g (P)
states, respectively. The wavelengths and the wave num-
bers of the bands are given in Table 3, together with the
assignments.

The energy levels are calculated using the Racah
parameters (B and C), the cubic crystal field splitting
Table 3
The experimental data and the analysis of the absorption spectrum of
Mn2+ ions in potassium trihydrogen selenite

Transition
from6A1g (S)

Observed
(nm)

Observed
(cm�1)

Calculated
(cm�1)

4T1g (G) 511.3 19,557(20) 19,542
4T2g (G) 470.4 21,258(15) 26,510
4Eg (G) 434.1 23,036(10) 23,085

415.8 24,050(9) 24,080
4A1g (G) 415.6 24,060 (7)

390.4 25,610(7)
4T2g (D) 374.1 26,730(15) 26,710
4Eg (D) 343.2 29,137(12) 27,108
4T1g (P) 334.0 32,950(8) 32,942

B = 871 cm�1, C = 2967 cm�1, Dq = 670 cm�1, and a = 76 cm�1.
Uncertainties are given in brackets.
parameter (Dq) and the Trees correction (a) [22]. The
correction term is relatively small, and so it is arbitrarily
fixed at the free ion value of 76 cm�1. The energy matri-
ces including Trees correction have been given Mehra
[23].

The electrostatic parameters B and C are evaluated
from the energy states 4Eg (G) and 4Eg (D), which are
independent of Dq.

Once the assignments of the bands of the spectrum
have been made, the values of B and C are then used
in solving the secular equations of Mehra [23] to evalu-
ate a single value of Dq.

The energy values for quartet electronic states have
been calculated using computer for different values of
Dq with B = 871 cm�1, C = 2967 cm�1, and a = 76
cm�1. A good fit of the experimentally observed band
positions is obtained for Dq = 670 cm�1 as is seen from
the graph in Fig. 5.

It is interesting to note that the observed and calcu-
lated values are in good agreement, justifying the
assignments.

Experimental evidence for a reduction of the electro-
static parameters B and C in octahedral complexes is gi-
ven by Owen and Thornley [24]. The parameters B and
C are reduced considerably from those of the free ion
value because of covalent bonding [25,26].

For a given element the magnitude [27] of the total in-
ter-electronic repulsion may be measured by the accu-
mulative parameter q given by

q ¼ ðD2 þ E2Þ1=2;



Fig. 5. The energy level diagram of Mn2+ in a cubic field showing the variation of the levels vs Dq with B = 871 cm�1, C = 2967 cm�1, and
a = 76 cm�1 (the circles show the experimental energies).
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where D, the spin-pairing energy parameter is a measure
of the energy differences between the barycentres of the
different spin multiplicities of a configuration

D ¼ 7=6½ð5=22ÞBþ C�

and the parameter E measures the energy separation be-
tween the terms of the highest spin multiplicity for the
configurations that contain more terms of this kind.

E ¼ ð21=4ÞB:
The parameter q decreases with decreasing ionic charge
due to the expansion of the d shell. By this expansion the
average distance between the d electrons is increased
while the average reciprocal distance, directly reflecting
the repulsion, is decreased.

Gabriel et al. [28] found possible to fit both the ob-
served value of cubic splitting parameter a for Mn2+

in MgO and the optical spectrum of MnO, using rather
smaller values of single electron spin-orbit coupling
f < 300 cm�1. In the range +1000 cm�1

6 Dq 6 + 1500
cm�1 the parameter a was found to be a sensitive func-
tion of f and Dq, varying approximately as f4 and (Dq)n,
where n varies between 3.5 and 6.

The free ion value of the Racah parameters B and C

are 960 and 3325 cm�1, respectively [24,29]. In the pres-
ent study, we obtained the value of B = 871 and
C = 2967 cm�1. The considerable decrease in the value
of the Racah electron repulsion parameters B and C
(from 960 to 871 cm�1, 3325 to 2967 cm�1) may be
due to covalent bonding [24,25] between the central me-
tal ion and the ligand.

It can be seen from the crystal structure [4] that there
are two cation sites (K+ and Se6+) available to the Mn2+

ion for substitution. The ionic radii of K+, Se6+, and
Mn2+ are 0.133, 0.042, and 0.080 nm [30], respectively.
Because of the large differences in the ionic radii and
the valence states of the two ions, Mn2+ does not prop-
erly fit in at the Se6+ site. On the other hand it also does
not seem fit well at the K+ site due to large difference be-
tween the ionic radii of the two ions though there is only
a small difference in their valence states. Moreover, the
introduction of Mn2+ in place of K+ ion in the lattice
will cause a charge imbalance and the neutrality of the
crystal will then have to be maintained by the formation
of positive ion vacancies. However, if it is assumed that
Mn2+ ion enters the lattice substitutionally in place of
K+ then one can expect four magnetically distinct sites
per unit cell as the PTS contains four potassium atoms
in the unit cell [4]. But in the present investigation only
one set of allowed hyperfine lines is observed in all the
three planes of rotation and hence the possibility of
Mn2+ ion entering the lattice substitutionally is ruled
out. The other possibility is interstitial site. The direc-
tion cosines of the distortion axis calculated in the pres-
ent investigation nearly coincides with the direction of O
(1)–O (2) bond. Therefore the Mn2+ ions may be
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expected to occupy the distorted octahedral interstitial
site in PTS.
6. Conclusions

The EMR study of Mn2+ doped PTS has been carried
out at 77 K. The spin-Hamiltonian parameters g, A, B,
D, and a have been determined. From these results,
the Mn2+ ions may be expected to occupy the distorted
octahedral interstitial site in PTS. The optical absorp-
tion study has been carried out at room temperature
and the bands observed have been assigned to transi-
tions from the 6A1g (S) ground state to various excited
levels of Mn2+ ion in cubic crystalline field. The ob-
served band positions have been fitted with four param-
eters B, C, Dq, and a. The covalency of the metal ligand
bond has also been discussed.
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Appendix A. Calculation of Racah parameters

The energy matrix for 4Eg (G,D) is:

�22Bþ 5Cþ 12a�E �2
ffiffiffi
3

p
Bþ 4

ffiffiffi
3

p
a

�2
ffiffiffi
3

p
Bþ 4

ffiffiffi
3

p
a �21Bþ 5Cþ 14a�E

�����
�����¼ 0:

ðA:1Þ
The energy for the ground state 6A1g (S) is �35B.

Substituting E = �35B + T in above we have

13Bþ 5C þ 12a� T ð�2Bþ 4aÞ
ffiffiffi
3

p

ð�2Bþ 4aÞ
ffiffiffi
3

p
14Bþ 5C þ 14a� T

�����
����� ¼ 0:

ðA:2Þ
Solving the above matrix, we get

T ¼ 1=2 ð27Bþ 10Cþ 26aÞ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
49B2� 188Baþ 196a2

ph i
:

ðA:3Þ
The solution for the above equation is

T 1 ¼1=2

�
ð27Bþ10Cþ26aÞ�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
49B2�188Baþ196a2

p �
;

ðA:4Þ

T 2 ¼1=2

�
ð27Bþ10Cþ26aÞþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
49B2�188Baþ196a2

p �
;

ðT 2 � T 1Þ2 ¼ ½49B2 � 188Baþ 196a2�; ðA:5Þ

B ¼ 94a�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
49ðT 2 � T 1Þ2 � 768a2

q� ��
49: ðA:6Þ
In the above expression we always take the positive
value of the square root and so

B ¼ 94aþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
49ðT 2 � T 1Þ2 � 768a2

q� ��
49: ðA:7Þ

Assuming 188 � 196, we have from Eq. (A.3)

T ¼ 1=2½ð27Bþ 10C þ 26aÞ � ð7B� 14aÞ�; ðA:8Þ

T 1 ¼10Bþ 5C þ 20a ¼ 4EgðGÞ; ðA:9Þ
T 2 ¼17Bþ 5C þ 6a ¼ 4EgðDÞ:

Thus,

C ¼ ðT 1 þ T 2 � 27B� 26aÞ=10: ðA:10Þ
We have taken T1 as

6A1g (S) fi 4A1g (G),
4Eg (G) and T2

as 6A1g (S) fi 4Eg (D) since the energy states 4A1g (G),
4Eg (G) are normally degenerate.
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