
New sites of two Cr3+ EPR centres in KTiOPO4 single crystals

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1995 J. Phys.: Condens. Matter 7 667

(http://iopscience.iop.org/0953-8984/7/3/020)

Download details:

IP Address: 171.66.16.179

The article was downloaded on 13/05/2010 at 11:46

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/7/3
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


i ~ ~ ~ - -  t; .... ~ .- .trl i.. -.--i---- New sites of two EPR cen es In K ~ O P O ~  single sijrstais 

sang w o n  Ahn+, sung Eo Ghoh+ and jung Nm ttimi: 
T Depmmznt of Physics. Koiea Cniiersrty. Seoul 136.701. Korea 
f Dcpmmcnr of Physics, Pusan National Unnersay. Pusan 609.735, Koka 

Receired 24 August 1991, in fillil farm 12 October 1991 

AbstracL EPR spcctia of Ci- ions in single crystals of KTiOFQ4 (KTP), synthesized by 
the flux method, have been in\estieatbd at room temperature by employing a Bruker Qband 
spenrometer From the angular dependence of the EPR pattem measured ih the ub, bc, and 
cn planes. wc hwe identified two Cr'; centres, named A and B. $hi& haie beeh previausl) 
ahal!sed by other investigaiars. In this study. s e  h a c  newly identified fow magnetically 
inequi\ dent Cr'- sites for both A and B. For the four sites of both A and B, the direction cosines 
of lhc pnncipd mxcs of the g as w?II as Lhe second-order zcro-field-splitnng (zm) lCnsors are 
found to bc @vcn by thc mlatianihip Imn, im, I f i n ,  and I m i .  Using the site-rahtibn milnces 
obtuncd b) this relationship. we calculated W O  sets of dl spin4imiltonian parameters that 
simulmeourly lltted four sites for both A and B. It is also \ehf.ed lhat observed onentations 
of the pnncipd axes far 811 C?' sites ;Ue f6nsistent aith l he  cr)stallographic symmerry of 
KTP Two Possible ohgihs of the centres A and 5 are proposed: each cenm may be due to 
0'- ions at c~stalloEmphically equiualcnt TI sires. either Ti(1) or Ti(2). nith differm charge 
compensatois, or i t  h10 different Ti sites, T,(I) and Ti(2). aithour chxgge compmsators. 

li Introduction 

Potassium titanium phosphate KTiOP04 (KTP) is a relati\,ely new, efficient, and promising 
non-linear optical material [I  I. In  panicular, KTP is considered as a most suitable material for 
frequency doubling of laser radiation because of its high non-linear optical coefficient and 
high laser-damage threshold. i h e  crystal structure of KTU is onhorhombic and belongs to the 
point goup inin2 (space group Pna21) with eight formular units per unit cell [2]. Lattice 
constants for KTP are a = 12.814, b = 6.104, and c = 10.616 8, at room temperature. The 
smcture exhibits two crystallographically different Ti sites: Ti(1) and Ti(2). Therefore, 
there are four chemically equkalent Ti sites per unit cell. Both sites lie in slightly distorted 
0 octahedra with local site symmetry CI, and exhibit approximately the same bond lengths 
and angle within the respective Ti06 complex. 

The Cr3- EPR in KTP has been initiated by Hasanova er a/ [3]. Gaite er al [4] identified 
t u 0  Cr3' centres, named A and B, which correspond to I and 11-VI, respectively, reported 
by Hasanova er a/ [3]. It has been reponed that the A and B centres are due to Cr3+ ions at 
the crystallographically equivalent Ti positions; either Ti(1) or Ti(2) with different charge 
compensators. However, there are four magnetically inequivalent Ti( I )  and Ti(2) sites in 
KTP, and the study related to these sites has not been cartied out yet. 

In the present work, \re have newly identified four magnetically inequivalent C?+ 
sites for the centres A and B. For four sites of both A and B, the principal values of 
the g and the second-order zero-field-splitting (ZFS) tensors, and the orientations of their 
principal axes, uere determined. Using the site-rotation matrices obtained by the symmerry 
relationship among four sites, we calculated two sets of all spin-Hamiltonian parameters 
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that simultaneously fitted four sites for both A and B. Comparing the orientations of the 
principal axes with the point group mm2 of KTP, we were able to identify the relative sites 
of the Cr3+ ions. Two possible origins of the A and B centres are also discussed. 

Sang Won Ahn et a1 

2. Experimental procedure 

KTP crystals were synthesized by the flux method. The chemical &P4013 known [5,6] as 
a particularly suitable flux for growing KTP single crystals, was obtained by the following 
process [7]: 

(1) 
3W"C 2KzHP04 + 2K&P04 + &P4013 + 3Hz0. 

A sample of 3.0 x 2.1 x 1.5 mm3 along the a,  b, and c axis, respectively, was cut from the 
crystal. The C?+ ions in grown crystals were present as an impurity in the material and 
identified by comparing EPR results of Gaite et al [4]. EPR measurements of Cr3+ centres in 
KTP have been carried out at room temperature by employing a Bruker Q-band spectrometer 
(ESP 300 series) with 100 kHz modulation at the Seoul Branch of Korea Basic Science 
Centre. The microwave frequency was calibrated using the resonance magnetic field of 
DPPH, where the magnetic field scale at 1.2000 T was calibrated using a Bruker NMR 
Gaussmeter. These frequencies during the measurements were kept in the range of 0.001 
GHz at 33.855, 33.996, and 34.023 GHz in the ab, bc, and ca plane, respectively. 

Since the angular dependence of C s +  spectra varied up to 50 mT/deg and the EPR 
signals were split by small deviations of the crystal setting from the exact orientation, it 
was very important to establish a precise crystal orientation in order to study the accurate 
angular dependence. The crystal oriented by the x-ray Laue method was fixed to its 
holder, 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, 
we established the crystal orientations within M.05" for all rotation measurements. EPR 
spectra were recorded by varing the orientations of the external magnetic field in three 
mutually perpendicular crystallographic planes with B and r$ ranging from zero to 180" at 
4" intervals, where the polar angle B and the azimuthal angle $ in spherical polar coordinates 
are measured from the c and the a axis, respectively. 

From the angular dependence of the EPR spectra measured in the ab, bc, and ca planes, 
three allowed transitions (AMs  = f l )  between spin states were clearly identified in all 
crystallographic planes: [3/2) ff lip), 11/2) ++ I - 1/21 and I - 1/2) I - 3/2). We 
also found two forbidden transitions (AM,  = f2) :  13/2) ++ I - 1/2) and 11/2) CI I -3/2). 
For any arbitrary orientation of the magnetic field with respect to the crystallographic axes, 
eight sets of fine structures Were observed. The eight sets can be divided into two groups 
denoted as A and B, which are related to symmetries of the Cr3+ ion sites. Each group 
contains four sets of fine structures, which arise from chemically equivalent but magnetically 
inequivalent CP+ ion sites. However, when the magnetic field was aligned along one of the 
three crystallographic planes, two sets of fine structures were recorded. These sets merged 
into only one when the magnetic field was oriented along a crystallographic axis. 
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3. Results and discussion 

EPR spectra of Cs+ (S = 3/2) are described by the general spin Hamiltonian up to second 
order as previously reported [4] for which no particular symmctry of the spin Hamiltonian 
is expected: 

where @ ~ g  is the Bohr magneton, gil (i, j = X, Y, Z) the component of the g tensor and 
0; the extended Stevens operators. From the angular dependence of EPR spectra measured 
in the ab, bc, and ca planes, respectively, we have identified two CP+ centres, which are 
equivalent to the A and B centres previously reported by Gaite et al [4]. We also have 
newly identified four magnetically different Cr3+ sites for both A and B, which arise from 
the symmetry of the point group mm2 of KTP. These new sites have been named SAl, SA2, 
SA3, and SA4 belonging to centre A, and SBI, SB2, SB3, and SB4 belonging to centre B. 

For all C s +  sites, the 11 parameters of equation (1) are calculated by employing a 
computer program. In order to compare the results from the EPR program with other 
experimental data [4], the D,- values are converted to the Stevens operator notation [SI 
using the relations [9]. For four sites belonging to each centre, the direction cosines of 
the principal axes of the g as well as the second-order ms tensors are found to be given 
by the relationship Imn, fmn, Ifin, and Imi. The site-rotation matrices, which transform 
all symmetry-related sites into a reference site, could be found by this relationship. Using 
this matrix set for each centre, we calculated two sets of the general spin-Hamiltonian 
parameters that simultaneously fitted the data of four sites for both A and B. The values of 
gi, and of the second-order ZFS parameters for the sites SA1 and SB1 are listed in table I .  
These parameters are given in the crystallographic axis system defined as X = a, Y = b, 
and Z = c. The standard deviations between the experimental and calculated magnetic 
transitions are 1.3 mT and 1.5 mT for A and B, respectively. 

Table 1. d+ spin-Hamiltonian parameten of the sites SA1 and SBI belonging to the centres 
A and B respectively in the X. Y .  Z clyshllagrophic axis system. The estimated statistical 
uncertainties in the last significant figures are represented in pnrentheses. 

A (site SA]) B (site SEI) 

ij Mntrix components gij 

XX 1.96379(15) 1.97261(16) 

XY 0.00063(19) -0.00066(17) 
XZ -0.00068(17) -0.001 56(!8) 
YZ -0.00093(23) 0.00073(17) 

Second-order 
," ZFS pmmeters E;' (cm-') 

0 -0.11660(3) -0.08577(2) 
I 0.00585(11) 0.21558(9) 

- I  -0.13399(11) -0.08525(9) 
2 0.21050(4) -0.171 81(3) 

-2 -0.057 81(5) 0.071 48(4) 
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Table 2. Principd values of the 9 tensors and qrientations of their principal axes, r‘, y’, ZI with 
respect to the X. Y, Z crystallographip axis system for C?+ sites belonging to the cenveq A and 
B. 

~. .. ~ . ~~ 

A B 
Principal ~dues of g tensod 

-~ ~ ~~~~~~~~~ _ _ ~  ~ . ~ 

Components, 

._ 
85.3 -177.3 83.0 -84.9 

SA3 SB3 
. . ~~~ . ~~~~~~~~ _ _ ~ _ ~  .~~ ~~ ~~ ~- 

OX’ ??,4 93.8 l39:7 !!;! 
QY’ !46.5 72.6 138.5 177.1 
02‘ 94.1 =177.3 97.0 4 4 . 9  

SA? SB4 
~~ ~ - 

OX’ 77;4 66.2 49.3 =.!1.1 
9Y’ 166.3 107.4 !382  2:9 
02‘ 94.7 -2.7 27.0 -95.1 

For eight sites, the principal values of the g tensors and the orientations of their principal 
axes x ‘ ,  y’. z’ with respect to the crystallographic axis system are summarized in table 2, 
where tbe axes x’ ,  y’,  z’ are taken in the &her of their magnitud_es; g,. > gyG >- gz,.  he 
principal values of the sccond-order zps tensors, and the orien@tions of  their principal axes 
x ,  y> z with respect to the crystallagraphic axis system, are listed in table 3 ‘tagether with 
the va!ues reported by Gaite et al [4] for comparison. We chose the principal axes to follaw 
the genera! a!e lB$ > IBgl and two parameters having the same sign. Four CP+ sites 
corresponding to each of A-and B have identical principal values of the g and the second- 
order ZFS tensors within the experimental uncertainty; but different orientations of their 
principal axes, respectively: The site SA3 (S$4) corresponds directly to the centre A (B) 
reported by Gaite et al [41, where the orientation of their principal axis Oz of the second- 
order ZFS tensors is perpendicular to the x y  plane that is.made up of the other principal 
axes! but is in the left-handed instead of the right-handed caordinate system x. 2,z: 

In order to demonstrate the confidence af the determined parameters, the calculated 
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x, Y ,  r with respect to @e x ,  Y ,  z cys!3!lap@!ic axis qystem for C?+ sites Eorresp2nding to 
3 h l e  3, Principal values of the second-order 23 tensors qd oriqt@ns of their principal 

the entre? A and B. The data of Gaite ef gi [41 e. included for compajson. 
- ~ ~ 

Present work 
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Figure 1. The angular dependence of the C?+ spectra in KTP in the ah, be. and ca planes, at 
33.885, 33.996, and 34.023 *0.001 GHz, respectively: (a) for the A centre: (b) for the B centre. 
The experimentd paints are represented by closed circles and triangles. and calculations by full 
lines for lhe allowed lransitions and by doned lines for the forbidden transitions. 
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SA2 (SB2) and SA3 (SB3), by closed triangles, are degenerated respectively into one in 
the ab plane. The SA1 (SBl) and SA2 (SB2) indicated by closed circles and SA3 (SB3) 
and SA4 (SB4) by closed triangles in the bc plane, and the SA1 (SBI) and SA3 (SB3) by 
closed circles and SA2 (SB2) and SA4 (SB4) by closed triangles in the ca plane, are each 
degenerated into one. The non-degenerated pair has a mirror symmetry to each other about 
the a, b, and c axis in each crystallographic plane. 

b 
t 

Figure 2. The symmetry relationship among four crystallographically equivalent Ti4+ positions 
in KIT. 

The point-symmetry relationship among the Ti4+ positions in KTP is described in figure 2. 
When the magnetic field is aligned along one of the three crystallographic planes, the 
distinction of lattice translations as part of the symmetry operations in the space group 
Pna2, can be ignored; i.e. the twofold screw axis c can be considered as a twofold rotation 
axis, and glide planes a and n as mirror planes. Therefore, if the magnetic field is aligned 
along the a, b, and c axis, then the resonance field will he identical for all Ti4+ positions. 
When the magnetic field is along~the ab plane, the resonance fields are identical,for I and 
IV, and I1 and III positions, respectively. The resonance fields are respectively identical 
for I and 11, and In and IV in the bc plane, likewise I and III. and I1 and IV in the ca 
plane, respectively. Therefore, the sites SA1, SA2, SA3, and SA4 belonging to the A centre 
correspond to I, 11, 111, and IV positions, respectively. In the same way, the SBl, SB2, 
SB3, and SB4 sites belonging to centre B can he correlated with the other set of four Ti4+ 
positions that have the relationship shown in figure 2. 

It is possible to partially substitute for the Ti4+ ion in Ti06 octahedra by a Cr3' 
ion of similar ionic radius, but with a monovalent charge compensator. Therefore, there 
are two possible origins of the centres A and B: each centre may be due to C? ions 
at the crystallographically equivalent Ti sites, either Ti(1) or Ti(2) with different charge 
compensators, or at two different Ti sites, Ti(1) and Ti(2) without charge compensators. 
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