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Th is paper presents E PR study of Fe3 + in tri gly ci ne sulphate doped
w ith Fe3+ crystal . Fe3+ ion is in a high spin state S = 5 =2 . EPR signal can

b e detected only below 200 K . A t 4. 2 K the EPR spectru m results from three
non -equi valent sites of Fe3+ ions. The spin H amiltonian : H = ÙB ĝ S + D [S

2

z À

( 1= 3 ) S ( S + 1) ] + E ( S 2
x À S 2

y ) has b een appli ed to describ e the spectrum. T he
zero Ùeld splitti ng parameter in this case fulÙlls the conditi on: D ƒ h ¡ . A n

exp erimental spectrum reÛects clearly only tw o resonance transition s: j Ï f1= 2 i

(the low est K ramers doublet ) and j Ï f3 =2 i (the middle K ramers doublet).

T he iron complexes occupy interstitial positio ns in the crystal w ith distorted
octahedral or tetrahedral co-ordination.

PAC S numb ers: 76.30.Fc , 77.80.{e

1. I n t rod uct io n

T ri glycine sulphate (T GS) ( [N H2 CH 2 COOH ] 3H 2SO4 ) crysta ls doped wi th
di ˜erent paramagneti c ions have been extensi vely studi ed [1{ 4]. There has been
onl y a few papers, however, on EPR of Fe3 + ion in TG S crysta ls [5, 6]. The EPR
spectra of TG S:Fe3 + crysta ls have been studi ed only down to 77 K [5]. The aim
of thi s paper is to extend the tem perature range of EPR measurements of the
i ron-doped crysta l payi ng parti cul ar attenti on to Ùnd a possibi li ty of di ˜erent iron
co-ordi nati ons and the dyna m ics of i ron-glyci ne com plexes. A detai led analysis of
TG S:Fe3 + EPR spectra has become im porta nt to describe recentl y observed [7, 8]
a UV irradi ati on e˜ect on thi s crysta l . Under UV irradi ati on the yellow crysta l
turns tra nsparent, and the EPR signal disappears [8].

2 . E x per i m ent a l d et ai ls

TG S:Fe3 + crysta ls were grown in ferro electri c phase ( c = 322 K) by dy-
nam ic crysta l lizati on [9, 10] from aqueous soluti on conta ini ng 2% of Fe2( SO4 )3 .

(279)
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The soluti on in a cyl indri cal glass vessel was kept in a water bath at a constant
tem perature. The crysta l nucl euses were rota ted at 320 K. A large, 3-cm long,
sing le monoclinic crysta l wi th sym m etry space group P 2 1 =a [11, 12] was obta ined.
Sam ples of 2 È 3 È 4 mm di mensions were cut along the pyra m id of growth (001).
The EPR co-ordi nate system X ; Y ; Z was related to crysta l lographi c axes as
fol lows: a and b axes of the crysta l are para l lel to EPR X and Y axes, whereas
crysta l lographi c c -axi s makes 15 deg wi th EPR Z axi s. Mea surements were car-
ri ed out wi th an X -band EPR spectro meter equipp ed wi th ESR 900 Oxf ord hel ium
cryo stat.

The sam ples do not exhi bi t an EPR signal at room tem perature. At appro xi -
m atel y 200 K, depending on the i ron content mani fested by the color of the crysta l ,
a spectrum app eared. It consisted of two relati vely bro ad l ines of low am pl itude at
210 mT and 130 m T for m agneti c Ùeld paral lel to the -axi s of the crysta l . The
angular dependence of the spectrum reÛects the sym metry of the crysta l . It shows
two ki nds of spectra associ ated to the e˜ect of TG S iron-dopi ng. These spectra
are ascribed to defect and defect . They are m agneti cal ly equivalent but have
di ˜erent ori enta ti on in the crysta l . W i th decreasing tem perature the integ ra l in-
tensi ty of the two l ines increases accordi ng to the Curi e law whi le the resonance
Ùeld of the l ines becom es slightl y shifted. At 100 K both and l ines spli t givi ng
a four- l ines spectrum . The l ine spl its to and and l ine gives and . On
further cool ing, the intensi ty of the l ines increased. As a result, new components
of the spectrum appeared. Addi ti onal ly, there is a further spli tti ng of l ines as a
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resul t of the presence of another Fe3 + compl ex. The experim ental spectrum at
4.2 K wa s a very compl icated one (Fi g. 1). In the Ùgure, the l ines of the spec-
trum analyzed in thi s paper are mark ed. It was assumed tha t there are almost
3 di ˜erent param agneti c com plexes of i ron Fe3 + in the crysta l TG S:Fe3 + : A; B ,
and C . The compl exeshave a large (rel ati ve to microwave quantum h ¡ ) zero Ùeld
spl itti ng parameter D . The other lines of EPR spectrum in Fi g. 1 are related to
\ inter- doubl et" tra nsiti ons. They are not observed in every crysta l orienta ti on,
thus they have lower ampl itudes.

Fig. 2. A nisotropy of j Ï f1= 2 i transitio n for all Fe3+ complexes in T GS: Fe3+ at 4.2 K .

Squares, triangle s up and dow n denote magnetical ly non- equiv alent complexes. Solid

symb ols mar k mirror counterparts centers of the open ones. T he lines present a Ùt of

the H amiltoni an given by Eq. ( 1) to the experimental data ; (a) in X Y plane, (b) in Z X

plane.

Fi gure 2 presents the ani sotro py of j Ï
g1 2 tra nsiti on for all analyzed centers

at 4.2 K. The anisotro py reÛects the sym metry of the crysta l . In pl ane six
paramagneti c compl exes are sym m etri cal ly located around -axi s. The change of
the rotati onal axi s f rom to reduces the numb er of components in the spectrum
from 6 to 3. The mirro r plane in these orienta ti ons causesa coinci dence of the l ines
from equivalent com plexes. It shows tha t our spectrum real ly consi sts of three
di ˜erent paramagneti c compl exes of iron and accordi ng to the sym m etry of the
crysta l , the com pl exes have thei r m irro r counterpa rts m arked as , and .
The l ines assigned to and as well as and emerged in the spectrum at
100 K as a resul t of the spl i tti ng of the l ine observed from 200 K.

W e have checked our assignm ent by recordi ng a powder spectrum of the sam -
pl e (p owdered TG S:Fe3 + crysta l ). It is presented in Fi g. 3. The mul ti- component
powder spectrum is characteri stic of a high-spin state ( = 5 2 ) of Fe3 + ions wi th
the large (rel ati ve to microwavequantum ) zero Ùeld spli tti ng parameter [13].
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Fig. 3. Pow der spectrum of Fe3+ glycine complexes in T GS: Fe3+ crystal at 4.2 K

( ¡ = 9 : 1 GH z). N o discernibl e signals were observed above 400 mT .

The EPR of S = 5 =2 ion can consist of 3 lines due to the tra nsiti ons between m ixed

j Ï
g1 =2 i ; j Ï

g3 =2 ; g5 2 states [14, 15]. The tra nsi ti on from the lowest Kra m ers

doubl et g1 2 i s of the highest intensi ty . In a powder spectrum we can Ùnd a
tra ce of tensor. The ground state for high spin paramagneti c i ron compl exes is

so the value of 2 , and i t is the sam e for al l compl exes. Axi al sym m etry
of the compl ex should g ive = = 6 . In the powder spectrum in Fi g. 2
we can see a stro ng tw o-component l ine at resonance Ùelds corresp ondi ng to the
fol lowi ng values of = 4 1 1 ; 4.43 and rather weak lines at = 7 7 7 ; 7.48,
and a l ine at = 2 0 2 . Thus the values of suggest a rho mboedri c distorti on
for i ron com plexes marked as and . In Fi g. 2 in the region of m agneti c Ùeld
whi ch corresponds to a value close to 6 we can Ùnd another two weak l ines at

= 5 8 8 and = 6 5 6 . Thus two l ines are connected to i ron com plexes mark ed
as . These ki nds of com plexes have a rho mboedri c distorti on to o but the smal ler
values of and suggest a bi gger param eter of zero Ùeld spli tti ng compared to
the microwave quantum . No signals are recorded above 400 m T in the spectrum .

The analysis of the spectra on a mono-crysta l shows tha t compl exes and
outnum ber other com plexes ( and consti tute about 60% of Fe com plexes

present in the crysta l ). The fol lowing assignm ent was m ade: the tra nsiti ons g1 2

and g3 2 are vi sibl e for , and com plexes whereas for and onl y
g1 2 tra nsiti on appears in the exp eriment. In Fi g. 4 the anisotro py of g1 2

and g3 2 tra nsiti on is presented for and com plexes. It was recorded at
4.2 K in three perpendicul ar planes. The sol id and dotted l ines represent the Ùtti ng
of Eq. (1)

= ^ +

ç
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3
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Ñ
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Fig. 4. A nisotropy of Fe3+ complexes marked as A (op en) and A
0 (solid symb ols) in

T GS: Fe3+ at 4.2 K . For all centers: j Ï f1= 2 i transition (squares) and j Ï f3= 2 i transitio n

(diamond) w ere observed. T he lines present a Ùt to the H amiltoni an (Eq. (1)): solid line

is the j Ï f1 =2 i transition, dotted line | j Ï f3= 2 i transition; (a) in X Y plane, (b) in Z X

plane, (c) in Y Z plane.

to the exp erimenta l data . Thi s Ham i l toni an (Eq. (1)) does not include the param -
eter a and other term s, proporti onal to the fourth power of spin S , necessary to
describe S > 2 compl ex in a cubi c crysta l Ùeld. These term s are assumed to be
m uch smal ler tha n the zero Ùeld spli tti ng param eter D ( ) in thi s crysta l .
On diagonal izi ng Eq. (1) in = 5 2 m ani fold of the Fe3 + (3 5 ; 6

5 2 ) one obta ins
three Kra m ers' doubl ets whi ch are a l inear superpositi on of three pure spi n states,

= 1 2 + 5 2 + 3 2 . The externa l magneti c Ùeld l i fts
degeneracy of the spin states, hence, for each com plex, 3 lines can be observed.
For a given and param eter, the coe£ ci ents , and depend only on the
m agni tude of m agneti c Ùeld . The most intense tra nsi ti on ta kes place between

g1 2 states, lower intensi ty has g3 2 tra nsiti on, and g5 2 tra nsiti on is the
less intense. Tabl e I presents the spin Ha m ilto nian parameters of Eq. (1) for three
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T ABLE I

Spin H amiltonia n parameters for three
non- equiv alent high- spi n S = 5 = 2 Fe3+

complexes in T GS: Fe3+ crystal at 4.2 K .
T he estimated errors for D and E are

Ï 0: 009 cmÀ 1 .

g D [cm À 1 ] E [cm À 1 ] E =D

A 2.0023 0.407 0.033 0.081

B 2.0023 0.488 0.038 0.079

C 2.0023 1.163 0.04 0.024

T ABLE I I

Directional cosines for all Fe3+ complexes in T GS: Fe3+ crystal
marked as A ; B ; C and their magneticall y equiv alent mirror
counterparts A 0 ; B 0 ; and C 0 : x ; y ; z denote principa l directions

of complexes in the EPR co-ordinate system X ; Y ; Z . T he es-
timated errors are Ï 0 :001 .

Magnetical ly equivalent complexes

x y z x y z

0.738 {0. 377 0.559 0.738 0. 377 0.559

A {0. 356 0.486 0.798 0.356 0. 486 {0. 798 A
0

{0. 573 {0. 788 0.225 {0. 573 0. 788 0.225

0.692 0.691 0.207 0.692 {0. 691 0.207

B 0.083 0.209 {0. 974 {0. 083 0. 209 0.974 B
0

{0. 717 0.692 0.087 {0. 717 {0. 692 0.087

{0. 674 0.618 0.405 {0. 674 {0. 618 0.405

C {0. 493 0.033 {0. 869 0.493 0. 033 0.869 C
0

{0. 550 {0. 786 0.282 {0. 550 0. 786 0.282

m agneti cal ly non-equivalent com plexes. The di recti onal cosines for a ll com plexes
of Fe in TG S:Fe are given in Tabl e I I. D i recti onal cosines show tha t the pri n-
ci pal axi s of the compl ex di storti on makes a smal l angle wi th [111] di recti on of
non-distorted octahedron surro undi ng the centra l ion. The crysta l Ùeld at Fe
ion has a tri gonal sym metry . The pri nci pa l axes of di storti on for com pl exes and

make a 13-deg angle at 4.2 K.

Param agneti c compl exes of Fe ion are al ready form ed in aqueous solu-
ti on. In the crysta l com plexes occupy intersti ti al positi ons [16]. The Fe ion in
the com plex is surro unded by two glycine m olecules (G I I and GI I I) and two SO



EPR Study of Fe3 + Paramagnet ic Centers. . . 285

groups, analogousl y to Cu 2 + [1, 2] and Cr 3 + [3] compl exes in TG S crysta l (Fi g. 5).
The anisotro py of the two -l ine EPR spectrum of param agneti c com plexes in TG S
at 200 K exhi bi ts two- fold sym m etry relati ve to the b axi s of the crysta l . Previ ous
EPR studi es of Cu 2 + and Cr 3 + in TG S crysta ls [1, 2, 4], and TG S:Fe3 + crysta l
wi th a low concentra ti on of i ron dopant [5] revealed the sam e symm etry of para-
m agneti c com plexes. The crysta l wi th a very low Fe3 + concentra ti on [5] showed
the morpho logy of the undo ped TG S. The Fe3 + EPR spectrum in thi s crysta l
wa s observed al ready at room tem perature. The spectrum was ascribed to two
Fe3 + com plexes in a high spi n state (S = 5 =2 ). W e have studi ed the crysta l hav-
ing a higher i ron content. In a crysta l wi th a higher i ron concentra ti on, the EPR
spectrum is not observed at room temperature. It is a resul t of the bro adening of
the EPR l ine above 200 K, whi ch is due to the therm al moti on of l igands. The
local ized vi brati ons of the octa hedrons result in a smal l di ˜erence in local sym -
m etry at Fe3 + ion of each com plex. Hence, the zero Ùeld-spli tti ng param eter D

of each com plex has a slightl y di ˜erent value thus givi ng broadeni ng of the EPR
l ine. W i th decreasing tem perature, the ampl i tude of the therm al m oti on of l igands
decreases, so the EPR l ine narro ws. At 100 K, the EPR spectrum spli ts. Two new
ori enta ti ons of paramagneti c com plexes m ark ed as A and B become vi sible in the
spectrum .

Fig. 5. T he co-ordinati on of Fe3+ ion complex in T GS: Fe3+ . T he orientation of prin-

cipal axes is marked.

The EPR study of Fe3 + ion in TG S crysta l [5] has shown tha t the zero
Ùeld spl itti ng parameter D increases wi th decreasing temperature. For a crys-
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ta l wi th a lower concentra ti on of i ron dopant, Ferrer-Ang lada et al . [5] obta ined
D = 0 : 2 1 6 cm À 1 at room tem perature, whereas at 93 K the parameter D am ounted
to 0.336 cm À 1 . The D parameters determ ined in thi s paper f or Fe3 + in TG S:Fe3 +

crysta l (a t a much higher i ron concentra ti on compared wi th [5]) at 4.2 K for
non-equivalent com plexes A and B (T able I I) are of the same order. The values of
the g tensor components obta ined from the powder spectrum point to the small
rho mbic distorti on. Hence, the com plexes A and B have a sym metry of distorted
octahedra l co-ordi nati on.

Besides A and , there are also signals in the EPR spectrum marked as
(Fi g. 2), ascribed to another non-equivalent com plex in thi s crysta l . The com plex
is characteri zed by the param eter m uch larger tha n tha t of the com pl exes
and . EPR of the com plex can be observed onl y below 20 K. Thi s im pli es
tha t the relaxati on ti m e 1 for thi s com plex is probably m uch shorter tha n for

and com plexes. Hence, the co-ordi nati on of the centra l ion is probably di f-
ferent. M �ossbauer study of aqueous soluti on of TG S:Fe3 + crysta l [16] has shown
tha t besides compl exes of octahedra l co-ordi nati on there are possibi l i ti es to Ùnd
compl exes of tetra hedra l co-ordi nati on. The param agneti c compl exes of i ron ion
are surro unded only by two glyci ne molecules. These impl y a larger value as
resul ted from a shortened meta l{ l igand di stance. Thi s typ e of com plexes consti -
tutes approxi matel y 23% of al l Fe3 + compl exes in the studi ed TG S:Fe3 + crysta l .
Thi s estim ate is based on relati ve integ ra l intensi ti es of the EPR signals ascribed
to , and com plexes.

Thi s paper presents the results of the EPR study of TG S crysta l wi th a
hi gher i ron concentra ti on tha n the one previ ously studi ed [5]. The stati sti cal di s-
tri buti on of Fe3 + com plex geom etry yi elds the l ine broadeni ng. Subsequentl y, the
crysta l at room tem perature is EPR silent. The EPR study of i ron param agneti c
centers in TG S:Fe3 + sing le crysta ls shows tha t Fe3 + com plex has an axi al sym me-
try wi th a smal l rhomboedri c di storti on. The com plexes of Cu 2 + and Cr 3 + ions in
TG S [1{ 3] occupy also intersti ti al positi ons in the crysta l . The Fe3 + ion is in the
hi gh-spin state = 5 2 in the studi ed tem perature range (4.2{ 300 K). Therm al
spi n crossover pro cesseschanging the spi n state of the center [17] have not been
observed for Fe im puri t y in thi s crysta l . The EPR spectrum of Fe3 + ion in TG S
crysta l was described by the spin Ham i lto ni an (Eq. (1)) for and .
It is concl uded tha t there are at least 3 typ es of com plexes in TG S:Fe3 + crysta l .
The com plexes and have sym metry of distorted octahedra l co-ordi nati on. It
is also possibl e to Ùnd param agneti c com plexes wi th tetra hedra l co-ordi nati on in
TG S:Fe3 + wi th a hi gher concentra ti on of i ron. The com plexesdenoted as and
consti tute a m ajori t y (60%) of the i ron centers in TG S.
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