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Local structure modeling of iron doped triglycine sulphate single crystals
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Zero field splitting parameters of iron doped triglycine sulphate single crystals are evaluated with the help of superposition model and the
perturbation theory. These parameters are in reasonable agreement with the experimental values taking local distortion into account. The
theoretical result supports the experimental observation that iron occupies interstitial position in triglycine sulphate crystal. Using crystal
field analysis program with crystal field parameters from superposition model as input, the optical spectra of the system are computed.
A reasonable match between the computed and experimental energy values is obtained. Thus the theoretical investigation supports the
experimental conclusion. The present modeling approach may be useful in other ion-host systems to explore crystals for technological and
industrial applications.
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1. Introduction

Electron paramagnetic resonance (EPR) provides local site
symmetry and zero field splitting (ZFS) parameters of tran-
sition ions in crystals [1,2]. The theoretical determinations
of zero-field splittings for 3d5 ions are difficult due to zero
orbital angular momentum in the6S ground state [3,4]. Two
theoretical methods; first, the microscopic mechanism and
the second, the superposition model, are generally used to
find zero-field splittings for 3d5 ions in crystals [5,6]. For
the first method, out of many mechanisms contributing to
zero-field splitting, the spin-orbit coupling mechanism is im-
portant as the contributions from other mechanisms are neg-
ligible [7-10]. Hence, the calculated values based on the
spin-orbit coupling mechanism come out to be in reasonable
agreement with the observed values [7-10]. The same mech-
anism is applied here.

Triglycine sulphate, [NH2CH2(CH3COOH)3.H2SO4]
(TGS) is a pyroelectric type ferroelectric crystal which allows
their use asphotodetectorelement ininfrared spectroscopy
and night vision applications. TGS detectors have also been
used as the target invidiconcathode ray imager tubes [11,12].
Fe3+ doped TGS are used in constructing bi-stable ferroelec-
tric memory and quantum state capacitors [13]. TGS crys-
tals doped with different paramagnetic ions have been stud-
ied earlier [14-17]. The temperature range of EPR measure-
ments of the iron-doped TGS crystal is extended to find a
possibility of different iron co-ordinations and the dynamics
of iron-glycine complexes [18]. In TGS: Fe3+ crystal Fe3+

ions occupy interstitial positions. The Fe3+ ion is surrounded
by two glycine molecules (GII and GIII) and two SO4 groups
[18]. In this crystal with a higher iron concentration, the EPR

spectrum is not observed at room temperature. It is due to
the broadening of the EPR line above 200 K because of the
thermal motion of ligands. As the temperature is reduced, the
amplitude of the thermal motion of ligands decreases, and the
EPR line narrows. At 100 K, two new orientations of para-
magnetic complexes A and B appear in the spectrum. The
ZFS parameters D and E obtained for Fe3+ in TGS crystal
having higher iron concentration at 4.2 K for non-equivalent
complexes A and B are of the same order [18]. The g tensor
components from the powder spectrum suggest small rhom-
bic distortion. Hence, the complexes A and B have distorted
octahedral co-ordination. In addition to A and B, there is
EPR spectrum due to another non-equivalent complex C in
this crystal. The complex C is characterized by the ZFS pa-
rameter quite larger than that of the complexes A and B [18].
This implies that the relaxation time T1 for this complex is
probably shorter than for complexes A and B. Therefore, the
co-ordination of the Fe3+ ion is perhaps different in com-
plex C. Mossbauer study of Fe3+ doped TGS crystal [19]
has shown that in addition to complexes of octahedral co-
ordination there are possibilities to have complexes of tetra-
hedral co-ordination. This provides a larger D value resulting
from a shortened metal-ligand distance.

In the present investigation, the ZFS parameters D and E
are calculated for the Fe3+ ion at interstitial sites A, B and
C using CF parameters and perturbation equations [20]. The
purpose is to find the location of Fe3+ ion and the distortion
occurred in the crystal. The results obtained for the Fe3+ ions
at interstitial sites in TGS crystal with local distortion provide
reasonable match with the experimental values. The present
process may be used to various other ion-host systems to ex-
plore crystals for technological and industrial applications.
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2. Crystal structure

Ferroelectric TGS has monoclinic structure [21] at room tem-
perature with lattice parametersa = 9.417 Å, b = 12.643 Å,
c = 5.735 Å, β = 110′23′, the space group is P21, and
the polar direction is along the two-fold screw axis. Out
of the three glycine molecules in the crystal, one has the
usual zwitter-ion cofiguration, the remaining two glycines
are mono-protonated and planar. They are designated as
glycinium ions [21].

The crystal structure of TGS with symmetry adopted axis
system (SAAS) is shown in Fig. 1. The location of Fe3+ ion
is also shown.

3. Calculations of crystal field and zero field
splitting parameters

The following spin Hamiltonian [22,23] is used to analyze
the EPR spectrum,

H =
(

µBB.g.S + D

{
S2

Z −
1
3
S(S + 1)

}

+ E(S2
x − S2

y)
)

, (1)

whereg, µB , B, D andE are the spectroscopic splitting fac-
tor, Bohr magneton, external magnetic field, second rank ax-
ial and rhombic ZFS parameters, respectively [24-26]. The
laboratory axes (x, y, z) are parallel to the modified crystal-
lographic axesa, b, c∗. The symmetry adopted axes (SAA)
(local site symmetry axes) are the mutually perpendicular di-
rections of metal-ligand bonds. TheZ-axis of SAAS is along

FIGURE 1. Crystal structure of triglycine sulphate with symme-
try adopted axis system (SAAS). The location of Fe3+ ion is also
shown.

the crystalc*-axis and the rest two axes (X,Y ) are in the
ab plane as shown in Fig. 1. When Fe3+ ion are doped in
TGS crystal, these occupy interstitial sites with some distor-
tion [27].

The spin Hamiltonian of a 3d5 ion is given as [28,29],

H = Ho + Hso + Hss + Hc, (2)

Hc =
∑

BkqC
(k)
q , (3)

whereBkq are the CF parameters in Wybourne notation and
C

(k)
q are the Wybourne spherical tensor operators. In the

crystal field of orthorhombic symmetry,Bkq 6= 0 only for
k = 2, 4; q = 0, 2, 4. The CF parameters,Bkq are calculated
using SPM [28,30-33].

In TGS crystal the local field symmetry around Fe3+ ions
is taken to be orthorhombic (OR-I) [27] and in this symmetry,
the ZFS parametersD andE are obtained as [33]:

D =
(

3ς2

70P 2D

)
[−B2

20− 21ςB20 + 2B2
22]

+
(

ς2

63P 2G

)
[−5B2

40− 4B2
42 + 14B2

44], (4)

E =

( √
6ς2

70P 2D

)
[2B20− 21ς]B22

+
(

ς2

63P 2G

)
[3
√

10B40 + 2
√

7B44]B42, (5)

whereP = 7B+7C, G = 10B+5C, D = 17B+5C, B and
C are Racah parameters andς is the spin-orbit coupling pa-
rameter. Using average covalency parameterN , B = N4B0,
C = N4C0, ς = N2ς0, whereB0 andC0 are Racah param-
eters for free ion andς0 is the free ion spin-orbit coupling
parameter [28,34]. For free Fe3+ ion, B0 = 1130 cm−1,
C0 = 4111 cm−1 andς0 = 589 cm−1 [28].

The average parameter N is determined fromN =
(
√

B/B0 +
√

C/C0)/2 with the help of Racah parameters
(B = 610 cm−1, C = 2360 cm−1) evaluated from opti-
cal study of the Fe3+ ion in Ni L-Histidine Hydrochloride
Monohydrate Crystals with similar ligands [35].

The CF parameters, in terms of co-ordination factor
Kkq(θj , ϕj) and intrinsic parameterAκ(Rj), using SPM are
given [33,36] as

Bkq =
Ak∑

j

(Rj)Kkq(θj , ϕj). (6)

The intrinsic parameterAκ(Rj) is obtained as

Ak(Rj) = Ak(R0)
(

R0

Rj

)tk

, (7)

where Rj is the distance of thedn ion from the ligand,
Ak(R0) is the intrinsic parameter of the reference crystal,R0

is the reference distance between the metal and ligand ion
andtk is the power law exponent.
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TABLE IA . Atomic coordinates in triglycine sulphate single crystal (sites A and B) along with spherical polar coordinates (without and with
distortion) (R, θ, ϕ).

Position of Fe3+ Ligands Spherical polar coordinates of ligands

x y z R(nm) θ0 ϕ◦

(Å)

Without distortion

Site: Interstitial O(II) 0.2218 0.4975 0.7646 0.3434 R1 85.68θ1 94.66ϕ1

Fe (0.5003, O’(II) 0.4596 0.5397 0.7988 0.1894 R2 81.11θ2 91.24ϕ2

0.5065, N(II) 0.0939 0.5800 0.3063 0.3710 R3 93.08θ3 96.29ϕ3

0.5061) O(III) 0.7824 0.4931 0.2229 0.3567 R4 94.55θ4 85.45ϕ4

O’(III) 0.5454 0.4825 0.2317 0.1793 R5 98.80θ5 88.54ϕ5

N(III) 0 9068 0.4331 0.7059 0.3711 R6 86.91θ6 83.70ϕ6

Without distortion

A O(II) 0.5034R1 + ∆R1

O’(II) 0.4194R2 + ∆R2

N(II) 0.5810R3 + ∆R3

O(III) 0.5767R4 + ∆R4

O’(III) 0.1820R5 + ∆R5

N(III) 0.5511R6 + ∆R6

Without distortion

B O(II) 0.4334R1 + ∆R1

O’(II) 0.3454R2 + ∆R2

N(II) 0.4690R3 + ∆R3

O(III) 0.5767R4 + ∆R4

O’(III) 0.1793R5 + ∆R5

N(III) 0.5511R6 + ∆R6

TABLE IB. Atomic coordinates in triglycine sulphate single crystal (site C) along with spherical polar coordinates (without and with distor-
tion) (R, θ, ϕ).

Position of Fe3+ Ligands Spherical polar coordinates of ligands

x y z R(nm) θ0 ϕ◦

(Å)

Without distortion

Site: Interstitial O(II) 0.2218 0.4975 0.7646 0.3434 R1 85.68θ1 94.66ϕ1

Fe (0.5003, N(II) 0.0939 0.5800 0.3063 0.3710 R2 93.08θ2 96.29ϕ2

0.5065, O(III) 0.7824 0.4931 0.2229 0.3567 R3 94.55θ3 85.45ϕ3

0.5061) N(III) 0 9068 0.4331 0.7059 0.3711 R4 86.91θ4 83.70ϕ4

Without distortion

C O(II) 0.2334R1 + ∆R1

N(II) 0.2610R2 + ∆R2

O(III) 0.2607R3 + ∆R3

N(III) 0.2731R4 + ∆R4
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The crystal-field parametersBkq are obtained using
Eq. (6) as follows:

B20 = A2(R0)[(R0/R1)t2(3 cos2 θ1 − 1)

+(R0/R
′
1)

t2(3 cos2 θ
′
1−1)+(R0/R2)t2(3 cos2 θ2−1)

+ (R0/R
′
2)

t2(3 cos2 θ
′
2 − 1)], (8)

B22 =
√

6A2(R0)[(R0/R1)t2 sin2 θ1 + (R0/R
′
1)

t2 sin2 θ
′
1

− (R0/R2)t2 sin2 θ2 − (R0/R
′
2)

t2 sin2 θ
′
2]/2, (9)

B40 = A4(R0)[(R0/R1)t4(35 cos4 θ1 − 30 cos2 θ1 + 3)

+ (R0/R
′
1)

t4(35 cos4 θ
′
1 − 30 cos2 θ

′
1 + 3)

+ (R0/R2)t4(35 cos4 θ2 − 30 cos2 θ2 + 3)

+ (R0/R
′
2)

t4(35 cos4 θ
′
2 − 30 cos2 θ

′
2 + 3)], (10)

B42 =
√

10A4(R0)[(R0/R1)t4 sin2 θ1(7 cos2 θ1 − 1)

+ (R0/R
′
1)

t4 sin2 θ
′
1(7 cos2 θ1 − 1)

− (R0/R2)t4 sin2 θ2(7cos2θ2 − 1)

− (R0/R
′
2)

t4 sin2 θ
′
2(7 cos2 θ

′
2 − 1)], (11)

B44 =
√

70A4(R0)[(R0/R1)t4 sin4 θ1

+ (R0/R
′
1)

t4 sin4 θ
′
1 + (R0/R2)t4 sin4 θ2

+ (R0/R
′
2)

t4 sin4 θ
′
2]/2. (12)

For Fe3+doped crystals,t2 = 3 andt4 = 5 are used [32]. The
same values are considered in the above calculation. As the

co-ordination around Fe3+ ion is octahedral for A and B sites,
A4 is found from the relation [37]A4(R0) = (3/4) Dq. Us-
ing optical study [35], the value ofDq = 700 cm−1. Hence,
the value ofA4 (R0) = 525 cm−1. For 3d5 ions the ratio
A2/A4 lies between 8 to 12 [28,38,39]. Taking,A2/A4 = 10
givesA2 = 5250 cm−1. For interstitial site C the coordina-
tion of Fe3+ ion is tetrahedral and soA4(R0) = −27/16
Dq is taken [37]. TheDq value in this case is obtained as in
[40] based on the number of ligands (NL). Taking 700 cm−1

for NL = 6 as in Fe3+ doped Ni L-Histidine Hydrochloride
Monohydrate (NiLHH) [35] and then multiplying thisDq

by the respective ratio 4/6. This yieldsDq = 467 cm−1

and hence, the value ofA4 (R0) = 788.1 cm−1. Using
A2/A4 = 10 givesA2 = 7881 cm−1 for site C.

4. Results and discussion

The CF parametersBkq of Fe3+ ion at interstitial sites are de-
termined using SPM and parametersA2 andA4 with arrange-
ment of ligands about Fe3+ ion as shown in Fig. 1. Atomic
coordinates in TGS single crystal along with spherical polar
coordinates (without and with distortion) (R, θ, ϕ) for sites
A, B and C are given in TableIA, IB. The CF parameters
Bkq employing Eqs. (8-12) and transformation S2 for stan-
dardization [26] and ZFS parametersD andE together with
reference distanceR0 are shown in Table II. Table II shows
that the value ofR0 = 0.200 nm slightly less than the sum
of ionic radii of Fe3+ = 0.0645 nm and O2− = 0.184 nm
along with local distortion yield ZFS parameters for intersti-
tial octahedral sites A and B in reasonable agreement with the
experimental values [18]. The ZFS parameters found using
R0 = 0.200 nm and without local distortion are larger than

TABLE II. Crystal field parametersBkq and zero field splitting parameters D, E of iron doped triglycine sulphate single crystal for sites A, B
and C (without and with distortion).

Crystal- field parameters (cm−1) Zero-field splitting

parameters (×10−4 cm−1)

Site R0 (nm) B20 B22 B40 B42 B44 |D| |E| |E|/|D|
Without distortion

Site A and B 0.200 -16066.2 -20399.7 4006.726 4441.273 8714.667 15351.0 7296.0 0.475

Without distortion

Site A 0.200 -9106.81 6896.817 2015.322 2241.123 5491.739 4074.0 1170.0 0.287

Exp. 4070.0 330.0 0.081

Site B 0.200 -10342.9 7847.965 2248.124 2498.268 5874.428 4882.0 1463.0 0.299

Exp. 4880.0 380.0 0.078

Without distortion

Site C 0.200 -5337.8 -6479.11 480.8945 158.9685 3473.989 2224.0 1002.0 0.450

Without distortion

Site C 0.200 -16538.6 13339.89 6236.146 2059.895 9395.735 11638.0 3862.0 0.330

Exp. 11630.0 400.0 0.081
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TABLE III. Experimental and calculated energy band positions of iron doped triglycine sulphate single crystal for sites A, B and C (octahedral
and tetrahedral)

Transition from Observed Calculated
6A1g(S) wave number wave number

(cm−1) (cm−1)

NiLHH:Fe3+ YAG:Fe3+ A B C
4T1g(G) 13789 4T1g(G) 15700 14055 14083 13024 14903 16308 16443

15418 15490 14984 15465 16502 16659

16259 16400 15585 16682 16687 17151
4T2g(G) 17236 4T2(G) 19000 17239 17368 16940 17376 18248 19582

17423 17511 17384 18028 19611 19684

17859 17883 18104 18342 19716 19873
4A1(G) 21023 21037

4Eg(G) 4E(G) 21190 21117 21313 21241 21284 21101 21122

21355 22249 22219 22336 21634 22227
4T2g(D) 4T2(D) 24210 25152 25424 24755 25193 24069 24167

25793 25907 25580 26174 24448 24632

25986 26076 26296 26553 25301 26006
4Eg(D) 4E(D) 26600 27235 27498 27090 27246 26470 26965

27537 27576 27696 27868 27223 27297
4T1g(P) 4T1(P) 27320 29961 30033 30631 30929 27902 28227

30264 30777 31066 31115 29049 29288

31127 31155 31368 31448 29384 29594

the experimental values. For interstitial siteC considering
t2 = 3 andt4 = 5 yield E/D larger than 0.33, the standard
value [26]; thereforet2 = 3 andt4 = 1.5 with transformation
S2 have been used to obtainE/D ratio 0.33. From Table II,
it is seen that the ZFS parametersD andE thus obtained for
siteC are in reasonable match with the experimental values.
The ZFS parameters found for site C usingR0 = 0.200 nm
and without local distortion are quite different from the ex-
perimental values.

UsingBkq parameters (with distortion) and CFA program
[41,42] the optical spectra of Fe3+ doped TGS single crystals
are calculated. The energy levels of the Fe3+ ion are found
after diagonalization of the complete Hamiltonian. The cal-
culated and experimental [35,43] energy values are shown in
Table III for all interstitial sites A, B and C (octahedral and
tetrahedral). The experimental energy values for tetrahedral
coordination of Fe3+ ion are taken from Fe3+ doped yttrium
aluminium garnet(YAG: Fe3+) having similar ligands [43].
From Table III, a reasonable match between the calculated
and experimental energy values is found. Thus, the theoreti-
cal analysis employing SPM supports the experimental result
that Fe3+ ions occupy interstitial sites in the TGS single crys-
tal with octahedral and tetrahedral coordinations [18].

5. Conclusions

Zero field splitting parameters for Fe3+ ions doped TGS sin-
gle crystals have been evaluated using superposition model

and perturbation theory. The calculated zero field splitting
parameters show reasonable agreement with the experimen-
tal ones. The calculated optical band positions also give rea-
sonable agreement with the experimental values. Thus, the
theoretical result found on the basis of superposition model
supports the experimental one that Fe3+ ions occupy inter-
stitial sites in TGS single crystal. The present modeling ap-
proach may be useful in other ion-host systems to explore
crystals for technological and industrial applications.
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