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Abstract. EPR spenra of Fe3+ ions in single crystals of KliOPOr (KTP), synthesized by 
the Eux method, have been investigated at mom temperature by employing a Bruker Q-band 
spectrometer. From the angular dependence of the EPR spectm two Fe3+ centres denoted as C1 
and C2 have been identified, in agreement with the previous analysis by other investigators. In 
this study, for the first time we have fully identified two groups of four magnetically inequivalent 
Fe3+ sites each belonging to the centres C1 and C2. Two sets of triclinic spin-Hamiltonian 
parameters, which simultaneously fiited EPR data for the four sites belonging to the centres C1 
and Q, were determined. The direction cosines of the principal axes of the g-tensor as well as 
the second-order zero-field splitting (ZFS) tensor are found to be given by the relations: Imn, 
imn, lrirn, and i%n for each four F$+ sites of C1 as well as C2, respectively, consistent with 
the crystallographic point group mm2 of KTP. 

1. Introduction 

Potassium titanium phosphate KTiOP04 (KTP) is a relatively new, efficient, and promising 
nonlinear optical material [I]. The EPR study of the Fe3+ ion in KTP was initiated by 
Nizamutdinova et al [Z]. Stenger et al [3] and Gaite et al [4] identified four Fe3+ centres 
named STl, ST2, ST3 and ST4. Although the centre reported by Nikutdinova et ol [2] 
is very similar to ST2 and ST4 [4], it has no correspondence with them. There are  four^ 
chemically equivalent but magnetically inequivalent Ti(1) and Ti(2) sites per unit cell in KTP 
1.51. EPR studies of other defect centres associated with the four magnetically inequivalent 
sites have been made [&9]. However, it appears that no study has been made to identify 
fully the four magnetically inequivalent Fe3+ sites arising from the point symmetry mm2 
of KTP. This is a comprehensive analysis of the Fe3+ EPR of our earlier preliminary report 
[lo]. 

In the present work, for the first time we have fully identified four magnetically 
inequivalent Fe3+ sites for two EPR centres denoted as C1 and C2, as  in^ our previous 
work on C?+ in KTP [9]. The centres C1 and C2 are found to be equivalent to ST3 and 
ST2, respectively [4]. The four Fe3+ centres in our earlier report [lo] are equivalent to C2. 
For the four sites belonging to each centre, C1 and C2, the principal values of the g-tensor 
and the second-order zero-field splitting (ZFS) tensor, and the orientations of their principal' 
axes were determined. The four chemically equivalent but magnetically inequivalent Fe3+ 
sites for each centre are also assigned to the KTP lattice. 
5 &sent address: Department of Physics and Materials Science, City University of Hong Kong, Kowloon, Hong 
Kong. 
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2. Experimental procedure 

2.1. Sample preparation and crystallography 

KTF' crystals doped with 0.01 mol% of Fe were grown by the flux method using the chemical 
GP4013 known [I I] as a particularly suitabIe flux for growing KTP single crystals [IO, 121. 
The crystal structure of KTP is orthorhombic and belongs to the point group mm2 (space 
group Pna21) with eight formula units per unit cell, and the details are well established 
[5,9]. The structure exhibits two crystallographically different TI sites: Ti(1) and Ti(2). 
Both sites lie in slightly distorted oxygen octahedra with local site symmetry Cl, and 
exhibit approximately the same bond lengths and angles within each Ti06 complex. 
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Fiyre 1. The symmetry relations among the four crystallographically equivalent Ti4+ positions 
in KTOFQ. 

The point symmetry relations among the Ti4+ positions in KTP are described in figure 1, 
where there are four chemically equivalent but magnetically inequivalent TI sites per unit 
cell [9]. Position II can be obtained from I by applying a reflection of the glide plane n, 
perpendicular to the a-axis with subsequent translations of half the lattice constant along 
the b- and c-axes. Position III can be generated by applying a reflection of the glide plane 
a (to I), perpendicular to the b-axis with a translation of  half the lattice constant along the 
a-axis. The position lV can be obtained by successively applying the reflections of both 
glide planes, or applying a rotation around the screw axis 21 (to I), which is a 180" rotation 
around the c-axis with a translation of half the lattice constant along the c-axis. However, 
when the magnetic field is aligned in any crystallographic plane, the distinction of the lattice 
translations in the space group Pna21 can be ignored. This gives rise to some degenerate 
aspecis of the EPR lines [9]. 

2.2. EPR measurements and spectra details 

EPR measurements have been canied out at room temperature by employing a Bruker Q- 
band spectrometer (ESP 300 series) with 100 kHz modulation at the Seoul Branch of the 
Korea Basic Science Institute. The microwave frequency was calibrated using the resonance 
magnetic field of DPPH, where the magnetic fieId scale at 1.2000 T was calibrated using 
a Bruker NMR gaussmeter. During the measurements the frequencies were kept within a 
range of 10.0003 GHz at 333673,333647, and 33.8616 GHz in the ab-, bc- and ,ca-planes, 
respectively. 

Since the angular dependence of the Fe'* spectra varied by up to 30 mT per degree 
and the EPR lines were split by small deviations of the crystal alignment from the exact 
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orientation, it was crucial to make an accurate crystal mounting in order to obtain good 
angular dependence. The crystal was oriented by the x-ray Lane method, and mounted inside 
the cylindrical cavity in such a way that each crystallographic plane was perpendicular to the 
rotation axis of the magnet by adjusting the sample to achieve superposition of appropriately 
related EPR lines. Reiterating these procedures several times, we were able to establish 
the crystal orientations with an accuracy of 10.05" for all rotation measurements. EPR 
spectra were recorded by varying the orientations of the extemal magnetic fields in three 
mutually perpendicular crystallographic planes with the polar angle 6 and the azimuthal 
angle r+5 (measured from the +c- and +a-axis, respectively) ranging from zero to 180" at 
3" intervals. Figure 2 displays an array of EPR spectra, the so-called 'stack-plot', measured 
in the crystallographic cn-plane at 3" intervals. 
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Figure 2. The angular dependence of the Fe3+ specua in the ca-plane of KTiOPOa observed 
at the frequency 33.8616 i 0.0003 GHZ. 

From the angular dependence of the EPR spectra, five allowed (AMs = f l )  and four 
forbidden (AMs = 1 2 )  transitions between the spin states were clearly identified in each 
crystallographic plane. For an arbitrary orientation of the magnetic field with respect to the 
crystallogaphic axis, eight sets of the fine-structure lines were observed. The eight sets 
could be divided into two groups denoted as C1 and C2 which are related to the symmetry of 
the Fe3+ ion sites. Each group contains four sets of the fine-structure lines, which arise from 
the chemically equivalent hut magnetically inequivalent Fe3+ ion sites. However, when the 
magnetic field was aligned in one of the three crystallographic planes, only two sets of the 
fine structures were recorded. These sets merged into one when the magnetic field was 
oriented along a crystallographic axis (see figure 2). In order to distinguish the degenerate 
pairs of EPR lines, the angular dependence was also measured with the magnetic field lying 
in three skew planes at 4" intervals, which deviated slightly (about f l  - 2" from the exact 
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ab-, bc- and ca-planes. The degenerate pairs of EPR l i e s  for all four sites belonging to 
each group were split in the three skew planes. 

3. Results and discussion 

For the case of arbitrary low symmetry, EPR spectra of Fe3+ (S = 5/2) are described by a 
general spin Hamiltonian [24]: 

2 4 

H = c p . B B i g i j S j  + B y O r  + BFOF (1) 
i j  m=-2 m=-4 

where pB is the Bohr magneton, gij (i, j = X, Y ,  2) the component of the g-tensor and 
0; the extended Stevens operators [I3]. From the angular dependence of the EPR spectra, 
we have newly identified four magnetically different Fe3+ sites belonging to each centre C1 
and C2, which arise from the symmetry of the point group mm2 of KTP. These new sites 
have been named Cla, Clb, Clc and Cld for those belonging to the cenm C1, and C2a, 
C2b, C2c and C2d for those belqnging to the centre C2, where the sites Cla and C2a appear 
to correspond directly to the centres ST3 and ST2, respectively. For all Fe3+ sites, the 20 
parameters of equation (1) are calculated by employing a computer program (EPR.FOR). 
In order to compare the present results with other experimental data 141, the Dij values 
obtained directly from the program are converted to the extended Stevens operator notation 
[I41 using the relations from [15]. 

All four Fe3+ sites belonging to each centre have identical principal values of the g- 
tensors and the second-order ZFS tensors within the experimental uncertainty, apart from the 
different orientations of the principal axes of the tensors. If the orientation of each principal 
axis of the tensors for the C la  (C2a) site is represented by the direction cosines Imn, the 
orientation of this axis for the site Clb (C2b) is given by imn, as follows from applying a 
reflection of the glide plane TZ to Cla (C2a). Similarily, for the site Clc  (C2c) we obtain 
Irizn by applying a reflection of the glide plane a to Cla (C2a). When the orientation of 
each principal axis for the CIa (C2a)~site is given in a right-handed coordinate system, that 
for the sites Clb  (C2b) and C lc  (C2c) would be. described by a left-handed one to satisfy 
the above-mentioned relation. The site Cld (CZd) can be obtained by successively applying 
the reflections of both glide planes n and a, or by applying a 180" rotation around the 
screw axis alone to Cla (C2a). It is possible to choose two sets of direction cosines for the 
site Cld (C2d): (i) lmri being represented by a left-handed coordinate system; or (ii) Ifin 
being represented by a right-handed one. The set of the direction cosines Imn, rmn, lfin 
and lmri was chosen in some reports [6,7,9]. However, the site Cld (C2d) generated by 

Table 1. The relative orientations of the principal axes of the g-tensor and semnddrder ZFS 
tensor for the four magnetically inequivalent Fe'+ sites belonging to the centres C1 and C2. The 
principal-axis orientations of the other three sites for each cenM can be obtained from those for 
the representative sites Cia and CLa in tables 2 and 3. 

Sites Orientations of the principal axes 

C1 C2 8 (ded 6 (deK) Reflection  lanes 

Cla C2a 81 dI 
C l b  C2b 81 1800 - $1 n 
Clc  C2c 81 360' - 41 a 
Cld C2d 81 180° + 4, Both n and a 
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Table 2. The principal values af the g-tensan and the orientations of their principal axes 1'. 
y'. z' with respect to the crystallographic axes X, Y, Z for the representative sites Cla and C2a 
for the Fe3+ ions m KTP. The estimaled statistid Uncertainties in the last aigniflcant figures 
are given in parentheses. 

C1 (site Cla) C2 (site C2a) 

Components Principal values of g-tensors 

gr' 2.002 6905) 2.003 22(15) 
gY' 1.99949(12) 2.001 89(15) 
E,' 1.998 Z(15) 1.99995(13) 

Orientations (deg) of the principal axes 

e 6 e B 
Ox' 76.0(1.7) 234.8(1.3 j ~ 74.6(2.2) 310.7(3.7) 
Or' 27.8(4.5) 116.5(5.1) 97.7(3.2) 38.5(3.8) 
02' 11 3.X4.5) 15 l.O(Z.0) 17.3(2.7) 102.8(5.8) 

Table 3. The principal values of the second-order ZFS tensors and the orientations of their 
principal axes x ,  y .  L with respect to the crystallographic axes X, Y, Z for the representative 
sites Cla and C2a for the Fe3+ ions in KTP. The data of Gak ef d are included for WmDariSOn. 

Present work 

C1 (site Cla) C2 (sire C2a) 

Principal values of the 
second-order ZFS tensors3 

gu (cm-l) -0.081 73 -0.073 91 
B! (cm-') -0.04431 -0.04422 

Orienrations (deg) of the principal axes 
of the second-order ZFS tensorsb 

e B e 6 
OX 102.17 7.99 112.16 78.15 
Or ' 145.58 118.65 39.99 139.09 
0 2  61.52 91.28 58.65 2.51 

ST3 ST?. 

B! ("I) -0.082 17 -0.07407 
B i  (cm-') -0.04437 -0.04429 
OX 102.5 7.7 110.3 78.4 .. 
OY 148.3 118.7 40.1 139.1 
OZ 61.4 90.8 58.6 2.7 

* The estimated maximum uncertainties are iO.00001 for all sites. 
The estimated maximum u n d n t i e s  in the angle are iO.01 for all sites. 

this proper transformation should be represented by the same kind of coordinate as that of 
Cla  (C2a). When the orientation of each principal axis is described by the angles 0 and @, 
simpler relations among the four magnetically inequivalent Fe3+ sites for each centre can 
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Figure3. The angular dependence of the Fe3+ spectra in the ab-, bc- and co-planes of KTiOPOa, 
observed at 33.8673, 33.8647 and 33.8616 + 0.0003 GHz, respectively: (a) For the C1 centre 
(b) for the C2 centre. The experimental points are represented by closed circles and triangles, 
whereas calculations are represented by full lines for the allowed transitions and dolled lines for 
the forbidden transitions. 

be obtained from the set of direction cosines Imn, [mn, Ifin and hz, as shown in table 1. 
The results in table 1 agree with those of [SI. These relations are consistent with the point 
symmetry among the four Ti4+ positions as described in figure 1. Therefore, it is possible 
to assign the positions I, II, III and IV to the sites Cla, Clb, Clc and Cld belonging to 
the centre C1, respectively. In the same way, the CZa, C2b, C2c and C2d sites belonging 
to the centre C2 can be correlated with the other set of four Ti& positions which have the 
same relations as shown in figure 1. 

Since the four magnetically inequivalent sites for each Fe3+ centre arise from the crystal 
symmetry of KTP characterized by two glide planes n and a, any kind of defect centre 
with local site symmetry CI in KTF' will have the four magnetically inequivalent sites and 
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Table 4. The spin-Hamiltonian parameters of the representative sites Cla and CZa for the Fe3+ 
ions in KTP in the crystallographic axes X ,  Y ,  Z .  The data of Gaite er nl are included for 
comparison. 

Present work Gaite e! a1 

CI (sire Clal C2 Oite C2a) ST3 S R  

ij Mntrix components g:, 

XX 1.99967(11) 2.00240(10) 1.9995 2.0027 
Y Y  2.00125(11) 2.00244(11) 2.0055 2.0026 . .  
22 1.99947(10) 2.00021(9) 2.0045 2.0056 
XY O.WI 8 7 ~ )  -0.00057(14) o.oaso 0 . ~ 0 9  
XZ -0.00084(12) 0.00034(9) -0.0019 -0.W11 
Y Z  -0.00039(10) -0.00080(15) 0.0000 -0.0008 

m 

0 281.3 167.9 278.6 167.5 
1 418.5 -2234.1 405.3 -243.4 

-1 -2378.4 501.2 -2398.2 492.9 
2 710.2 -618.9 713.1 -617.0 

-2 -66.8 -237.4 -81.9 -241.3 

Second-order ZFS parameters BT ( ~ m - ‘ ) ~  

m Fourth-order ZFS mrameten 60Bm 
~ 

~~ 
~~~ ~~ 

0 28.8 24.4 28.0 21.7 
I 20.4 46.0 19.6 44.9 

-I 61.0 51.8 62.0 20.2 
2 -227.9 215.3 -224.5 210.6 

-2 -13.8 72.3 -21.9 76.9 
3 31.6 -343.5 -30.1 -309 

-3 363.7 ~ 90.2 . 379.8 113.8 
4 -136.8 -88.5 .-113.6 -71.0 

-4 -11.1 -74.4 -17.2 -71.0 

a The estimated statistical unceminties in the last significant figures are given in parentheses. 
The estimated maximum uncertainties of B; and 60Br are +O.l for all centres. 

their direction cosines will be given by the same relations as those of the Fe” sites as well 
as those found in some other reports [6-9]. However, when the local site symmetry of a 
paramagnetic ion in KTP is higher than Cl, the number of magnetically inequivalent sites 
will be reduced. 

For the C la  and C2a sites, belonging to the centres C1 and C2 respectively, the principal 
values of the g-tensors and the orientations of their principal axes x’,  y‘, z’ are summarized in 
table 2. where the axes x’, y‘. z‘ are taken in the order of their magnitudes: g,, z gy =- g,,. 
The principal values of the second-order ZFS tensors, and the orientations of their principal 
axes x ,  y. z are listed in table 3 together with the values previously reported [4].  We chose 
the principal axes to conform with the convention [B$ > IBiI and the two parameters 
having the same sign [16]. 

The site-rotation matrices, which transform all symmetry-related sites into a reference 
site, could be found from the relations: Imn, rmn, Ifin and [fin. Using this matrix 
set for each centre, we have calculated two sets of the spin-Hamiltonian parameters that 
simultaneously fitted the data of the four sites for each centre. The values of gij and of the 
ZFS parameters for the sites Cla and C2a are listed in table 4, where the parameters are 
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given in the reference frame of a crystallographic axis system defined as X = a, Y = b 
and 2 = c. The standard deviations between the experimental and calculated magnetic 
transitions are 1.0 mT and 1.1 mT for the centres C1 and C2, respectively. In order to 
demonstrate the confidence that can be placed on the parameters determined, the calculated 
rotation patterns of the centres C1 and C2 in the ab-, bc- and ca-planes are displayed in 
figure 3 together with experimental data. The EPR lines for the four Fe3+ sites for each 
centre are differently degenerated into two pairs in the three crystallographic planes. The 
degenerate pairs in each plane are as follows: Cla  (C2a) and Cld (C2d) as well as Clb 
(C2b) and C lc  (C2c) in the ab-plane; Cla  (C2a) and Clb (C2b) as well as Clc (C2c) and 
Cld (C2d) in the bc-plane; C la  (C2a) and Clc (C2c) as well as Clb  (C2b) and Cld (C2d) 
in the ca-plane. In order to confirm the degenerate pairs of EPR lines, the spin-Hamiltonian 
parameters of all the sites split in the three skew planes were also calculated. When the 
degenerate pairs of all the Fe3+ sites for each centre were assigned as in figure 3, we were 
able to obtain the same results as those in tables 2,3, and 4, within experimental uncertainty. 
The nondegenerate pairs have minor symmetry to each other about the a-, 6- and c-axes in 
each crystallographic plane. 

Using the pseudosymmetry axis method [17,18], it was found that the centres were due 
to the Fe3+ ion at Ti(1) for ST3, and at Ti(2) for ST2 [4]. As displayed,in table 3 and 
4, the centres C1 and C2 are equivalent to ST3 and ST2, respectively. In addition to this 
result, eight Fe3+ sites can he determined by comparing the orientions of the principal axes 
with the symmetry relations among the four crystallographically equivalent Ti" positions, 
as shown in figure 1. The sites Cla, Clb, C lc  and Cld belonging to the Cl  centre are 
due to the Fe3+ ions replacing Ti( I) at the I, II, III and IV positions, respectively. On the 
other hand, the sites CZa, CZb, C2c and C2d belonging to the C2 centre are due to the 
Fe3+ ions replacing Ti(2) at the I, II, EI and IV positions, respectively. When all the Fe3' 
sites for each centre are assigned in this way, the degenerate aspects of the EPR lines in 
the three crystallographic planes, as shown in figure 3, are also consistent with those of the 
four chemically equivalent but magnetically inequivalent Ti4+ positions for each kind of 
titanium. 
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