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Abstract. For LiNb03 crystals heavily doped with Mg and codoped with Cr a single isotropic 
~ ~ ~ l i n e w i t h g  = 1.971 t 0.002andaminimallinewidthof 1.8 f 0.2 mThasbeenobserved. 
With ENDOR it could be shown unambiguously that the new defect is C3' substituting for 
Nb. The 53Cr hyperfine and quadrupole constants are A,, = 50.8 2 0.2 MHz, A, = 
51.0 rt 0.2 MHz and P = 0.10 rt 0.05 MHz. The crystal field at the chromium site is smaller 
by more than an order of magnitude than for previously reported Cr3+ centres in LiNb03, 
indicating that those centres are not on the Nb site. 

1. Introduction 

Electron nuclear double resonance (ENDOR) has recently proven to be most valuable in 
determining the positions of transition metal impurities in LiNb03 and LiTa03. Fe3+ 
ions have been found to replace Li+ in LiTa03 (Sothe er af 1989) and Mn2+ was shown 
to substitute for Li+ in LiNb03 (Corradi er al1990). Up to now in Cr-doped LiNb03 
similar effects prevented the location of the impurity site. As found for Cr3+ centres in 
previous ESR studies, there is an appreciable crystal field at the impurity site, resulting 
in an axial field constant of approximately D = 0.4 cm-' (Burns er af 1967, Rexford et a1 
1970, Malovichko er af 1986). The ESR and ENDOR investigations of LiNb03 by Grachev 
er af (1987) demonstrated the propensity of Cr3+ to form close associates with trivalent 
cations such as uncontrolled AI3+ impurities or another C$+, the associate presumably 
occupying pairs of adjacent Nb5+ and Li+ sites. 

In the present work, ESR and ENDOR investigations of chromium defects in LiNbO, 
heavily codoped with Mg have been carried out. In this system, C$+ is found to substitute 
for Nb. The significant differences between the previously reported and the new C$+ 
defect clearly suggest that different substitution sites are involved. 

2. Experimental procedures 

Nearly stoichiometric LiNb03 crystals were grown in air from melts having a starting 
§ Present address: Research Laboratory for Crystal Physics of the Hungarian Academy of Sciences, PO Box 
132, H-1502 Budapest, Hungary. 
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Figure 1. ESR spectra for three magnetic 
field orientations at T -  15 K for 
LiNb0,:Mg:Cr (green part of the 
crystal). The lines labelled CrL?+ and 
CrN:+ are the m, = -t cf m, = 4 tran- 
sitions of Cr3+ on the respective sub- 
stitution sites; the weak line at about 
109 mT for Bllc is the m, = -4 c* m, = 3 
transition of Cr" centres. 
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molar Li to Nb ratio of 1:l and doubly doped with MgO and Cr203 in concentrations 
of 411101% and 3.5 x 10-2mol%, respectively. Merck ultrapure Li2C0, and Starck 
Specpure Nb205 materials and a balance-controlled Czochralski growth method were 
used. The upper part of the boule was greenish with a continuous transition to the violet 
bottom part (Kovacs et a1 1988). This colour difference caused only minor intensity and 
linewidth variations in the ESR and ENDOR spectra. 

ESR and stationary ENDOR experiments were performed with custom-built computer- 
controlled X-band spectrometers. The sample temperature could be varied between 10 
and 300 K, the ENDOR frequency could be varied in the range between 0.5 and 300 MHz. 
The ENDOR line positions were determined by using digital filtering, deconvolution 
algorithms and a special peak search algorithm (Niklas 1983). 

3. ESR spectrum 

In addition to weak ESR lines of the main C9' centre (3d3 configuration, S = 8) known 
from previous investigations (Rexford et a f  1970) , a single intense, essentially isotropic 
ESR line with g = 1.971 5 0.002 and an isotropic width was observed. The spectra for 
the green part of the crystal are shown in figure 1 for three orientations of the magnetic 
field. Here the peak-to-peak width of the new line was found to be 3.0 -t 0.3 mT. In the 
violet part of the crystal, where the overall concentration of Cr was found to be smaller 
than in the green part (Kovacs et a1 1988) and the spectrum of the previously reported 
C3' could hardly be detected, the new line had a peak-to-peak width of 1.8 ? 0.2 mT. 
For the magnetic field parallel to the crystal axis (BIlc) the intense isotropic line over- 
lapped the m, = -+ * m, = f central transition of the previously reported Cr3+ centres 
and another weak line at about 109 mT was also observed (see figure l) ,  which may be 
due to the m, = -$ - m, = I transition of the Cr3+ ion. Such a transition occurs at a 
magnetic field which is three times smaller than that of the central transition. The 
field positions of the mentioned C 9 +  transitions are independent of the crystal-field 
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Figure2.s3CrE~~o~spectrum for T= IOKandB~lymeasuredinthecentreofthe isotropic 
ESR line at 323 mT for LiNbO,: Mg: Cr (violet part). The bars indicate the positions of the 
UCrquadrupole triplet lines calculated from the valuesgiven in table 1 according toequation 
(4). 

parameter D. We cannot decide from the ESR analysis whether the weak line at about 
109 mT is due to the previously reported Cr'* centresor to the new centre. 

4. ENDOR spectra 

The ENDOR spectra consist of lines at higher frequencies due to the central nucleus and 
of lower-frequency transitions due to ligand nuclei. The signal-to-noise ratio and the 
resolution were better in the violet part of the crystal. Similarly to the case of 
LiNbO,: Mn2+ (Corradi er al1990) the spin-Hamiltonian 

H = H ~ ,  + EH, (1) 

(2) 

H , = S . A , I , - g , , i p , , B . I i  (3) 

Hc,=gpeB.S+D[S:-S(S+ 1)/3]+A~S,1,  +Al (S , I ,  + S , I I ) - g , p , B . I  
+ P[I: - I(I + 1)/3] 

has been used to explain all spectra, where i stands for neighbouring magnetic nuclei 
(zllc is the threefold optical axis of the crystal). In addition to isotropic electron and 
nuclear Zeeman terms an axial crystal field (parameter D), hyperfine (HF) and super- 
hyperfine (SHF) interactions (HF splitting constants A,, and A, for chromium and SHF 
tensors Ai for ligands) and the quadrupole interaction for chromium (splitting constant 
P) has been taken into account. 

4.1. "Crspectra 

The isotropy of the single ESR line indicates either S = 1 or S > f with D = 0. From the 
ENooRspectra, one has the proofthat the newcentre,similarly to the previouslyreported 
one, also has S = $. In fact, spectra near 25.5 and 76.5 MI& shown for Bl(y in figure 2 
can be attributed to electron spin projections in, = +t and 21, respectively. The triplet 
structures resolved for m, = -t4, the distance between the central components of the 
resolved triplets and their magnetic field dependences clearly identify the "Cr nucleus 
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Table 1. Axial crystal-field constants and "Cr hyperfine and quadrupole splitting constants 
for Cr" Centres in LiNbO,. For the Centres contributing to the background in figure 2 the 
parameter variations may be much larger than indicated. 

ID1 An A ,  P 
System (cm-l) ( M H z )  (*) (MW 

~. ,, , , ,,-, , , ,.,. ", . .I, , ,.,. ,~ , 

LiNb0,:Mg:Cr -~0.01 50.8 2 0.2 51.0 2 0.2 0.10 t 0.05 
LiNbO,: Cr 0.411' 49.320.1' 49.3+0.1' -0.3720.03' 

0.3gb 

' Rexford dol (1970). 
Malovichkoeral(1986). 
Grachev er a/ (1987). 

(I = $; natural abundance, 9.5%;gn = -0.3147) and exclude also the 25Mg nucleus (I = 
1; natural abundance, lO.O%;g. = -0.3422). Accordingly the new spectra arc also due 
to C$+. Them, = *$ ENDOR lines are obtained not only in the centre of the ESR line but 
also for magnetic fields as far as about 20 mT apart from the central line (see section 5). 
For the frequency of the m , ~ f  m, + 1 transition the following second-order formula has 
been used (see, e.g., Abragam and Bleaney 1970): 

hv(8) = IA(e)m, - h~ . (~ )Cr )  + [ml - S(S + l)]a2/2gpBB 
+ (2m, + 1)[P(e) - m,a2/2glL~BII (4) 

where 0 defines the direction of the magnetic field with respect to the crystal axes, A ( 0 )  
and P(8) are the corresponding  a and quadrupole splitting constants, respectively, the 
modulusof U, = gy.B/h is the nuclear Larmor frequency and in the second-order terms 
for simplicity the isotropic HF constant a = &(All + U,) has been used. The best-fit 
values of A!, A ,  and Pare given in table 1 together with literature values for previously 
known Cr'+ centres. 

1.2. Ligand ENDOR spectra 

A typical low-frequency ENDOR spectrum for the green part of the crystal is shown in 
figure3forBIly(theydirectioniswithinay-zglideplaneofthecrystal (see,e.g., Rauber 
1978)). The lines between 4 and 6.6 MHz were identified to be due to 'Li nuclei on the 
basis of their magnetic field dependence. The angular dependence of the ENDOR line 
positions for rotation of the magnetic field from the c to they direction is shown in figure 
4. In general, ENDOR lines are only seen near their extrema1 frequency positions. The 
lines broadened beyond recognition for the other field orientations. For all orientations 
of the magnetic field, nearly exact symmetry with respect to the Larmor frequency of 
'Li is observed. The lines shown are ascribed tom, = il. As shown by the unchanged 
positions of the ENDOR lines of 7Li shells 1 and 4 for rotations of the magnetic field 
perpendicular to the c axis, these shells contain nearby nuclei on the centre c axis. In the 
violet samples the line of remote 'Li nuclei at un('Li) was much stronger. In these 
samples also a weak broadened m, = f line could be identified, however, only for shell 
3 and BIlx. Between 2 and 5 MHz also some components of the quadrupole nonet of 
remote Nb nuclei could be seen, similarly to LiNb03:Mn2+. The experimental 7Li 
spectra have been analysed by diagonalizing(3) andealculatingthe angular dependence. 



ESR and ENDOR of CrN2+ in LiNb0,:Mg:Cr 1905 

3.5 A .  0 4.5 5.0 5.5 6.0 

Frequency IMHz) 

Figure 3. Part of the 'Li ENDOR spectrum for Bllymeasured at T = 15 K on the isotropic ESR 
line at B = 324 mT for LiNb03: Mg: Cr (green part). The numbers above the ENDOR lines 
denote the 'Li shell. v.('Li) is the Larmor frequency of 'Li. 

Table 2. Experimental and theoretical SHF parameters and polar angles defining the orien- 
tation of the third principal axes of the SHF tensors of the 'isotropic' Cr" centre in 
LiNb0,:Mg:Cr (see text). The experimental uncertainties are 0.01 MHz and 2", respnt- 
ively. r is  the distance ofligands. 

1 'Li shell 2 'Li shells 3 'Li shells 4 'Li shells 
I nucleus 3 nuclei 3 nuclei 1 nucleus 

ENDOR experiment 
0.17 0.15 0.0 
1.11 0.78 0.45 

-0.03 0.01 0 
78 61 0 - 0 0 

Theory: Cr'+ on Nbsite 
3.067 3.357 3.870 
1.07 0.81 0.53 

76 62 0 

For 'Li no quadrupole interactions were resolved. The results for the four nearest Li 
shells are given in table 2 in terms of the isotropic SHF constants a and the anisotropic 
SHF constants b and b', which are related to the three principal values of the SHF tensor 
by A ,  = a - b + b ' , A 2 = a  - b - b' andA,= a + 2b. The polar angle 6definingthe 
direction of the third principal axes with respect to the c axis and the polar angle q~ 
defining their direction with respect to the y-z plane (for directions in this plane, q~ = 
0") are also included. The SHF tensors are found to be essentially axial; the small values 
ofthenon-axialityparameterb'forshells2and 3 have been derivedundertheassumption 
that one of the principal axes is parallel to x .  This is an inevitable assumption owing to 
the existence of y-z glide planes in LiNb03 (Corradi etaI1990). Random variations in 
the polar angles 6 and may explain the strongly increased ENDOR linewidths for 
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Figure 4. Experimental angular dependence of 
the 'Li ENDOR spectrum (full circles). The full 
CUNCS are calculated with the spin.Hamiltonian 
parametersoftable2.Thenumberson the angular 
branches denote the Li shell responsible for the 
ENDOR line (see figure 5). The full circles between 
5.2and 5.5 MHzare due todistant Li neighbours. 

0 0 

Figure 5. Identified Li shells of the CrN>' centre 
in LiNbO,. A small relaxation of the Cr" ion is 
indicated by an arrow. The horizontal lines rep- 
resent oxygen planes. 

general orientations of the magnetic field. The linewidths for Bllx and m, = f and the 
orientational broadening effects are comparable with those seen for nearest Li shells of 
the Mn'l' centre in congruent LiNbO,. 

Assumingthat the C?+ ion occupiesaNbSt latticesite andcalculatingthe anisotropic 
swinteractioo constants by assuming aclassical point dipole-dipole interaction between 
the unpaired electron spin and the 'Li nuclei we obtained the theoretical b-values and 
tensor orientations of table 2 which are in very good agreement with the experimental 
ones. Therefore the paramagnetic impurity must be localized at a NbS' site. For the 
assumption of another site in LiNbO, or for the ilmenite stacking order (Smyth 1983) 
the observed angular dependencescannot be explained. The applied simple point dipole 
approximation was found to be valid also for all Li shells in LiTaO,: Fe?+ (Sothe er a1 
1989) and LiNbO,: Mn2+ (Corradi et a1 1990). The proposed model and the identified 
shells are shown in figure 5. The agreement between the experimental and calculated b- 
values can be further improved by assuming that the Cr" ion is closer to the 'centre' of 
its distorted oxygen octahedron than the lattice niobium it replaces. This relaxation may 
he estimated to be about 0.12 8, along thecaxis, i.e. half the way from the Nb site to the 
location centred with respect to  thex-y oxygen planes. 

5. Discussion 

The observed isotropy of the intense ESR line implies a rather small D-value for the axial 
crystal-field parameter which is not expected for LiNbO,. In order to have all allowed 
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fine-structure split ESR transitions totally merged, D should be smaller than 
5 X cm-'. This is unthinkable in LiNb03. Therefore a distribution of D leading to 
a broadening of the fine-structure satellites has to be considered. Assuming that ID1 Q 
gfl,B,forthemagneticfieIdsBllandB,,where them, = - 4 - n ~ ~  = 4transitionsforBIIc 
and E 1 c occur, respectively, one obtains from (1) (see, e.g., Abragam and Bleaney 
1970) 

B.L = BIlgllIgi - 3 D 2 / 4 k i ~ ~ ) 2 B i .  (5 )  
For a precisely isotropic g-tensor the observed isotropy and the linewidth of the ESR 
signal then impose a limit of ID( < 0.01 m-'. For some anisotropy of the g-tensor and 
g, < gl, the limit may be somewhat higher. The anisotropy of g and the axial crystal- 
field parameter are principally interrelated and may have nearly compensating con- 
tributions to the position of the central ESR line but only for ID1 < 0.004 cm-' (see, e.g., 
Abragam and Bleaney 1970). These limitations allow for a linewidth of about 30 mT for 
the satellites even at B 1 c which may be further increased by random non-axial crystal 
fields and other line-broadening mechanisms, partly active also for the central line (e.g. 
dipole-dipole broadening). This can make the satellites invisible. The fact that 53Cr 
ENDOR lines for m, = "$ can be observed as far as about 20 mT apart from the ESR 
line centre indicates that the fine-structure satellites are in fact smeared out and is in 
agreement with the estimated values of IDI. 

Although such small D-values are unexpected in LiNbO,, they may be reasonable 
if the Cr3+ ion is situated in some 'well centred' 'position in its oxygen octahedron. The 
Li-ENDOR analysis in fact indicates that the C?+ is displaced from the Nb site towards 
the location centred with respect to the x-y oxygen planes. Similar D-values have been 
measured for C I '  by Muller and Berlinger (1985) in all three ferroelectric phases of 
BaTiO, where CP+ has the same coordination. Our results confirm the conclusion of 
Muller and Berlinger (1985) that the C6' ion in this coordination almost does not follow 
the ferroelectric displacement of the matrix cations when substituting for a cation of 
higher valence as Ti4", or NbS+ in our case, The crystal potential experienced by the 
C6+ in the new centre is rather flat as shown by the small quadrupole constant in table 
1. This is also in agreement with the results of Muller and Berlinger (1985). Similarly, 
small D-values are reported also in the pseudo-cubic crystal ScF, by Koryagin and 
Grechushnikov (1964). 

Comparison of the previously reported and new CP" centres in LiNbO, (see table 1) 
shows that both the crystal field and its second derivative represented by the quadrupole 
constant are radically different while the HF parameters are very similar. Accordingly, 
the Crst ion in previously reported centres should not be on the Nb but on the Li site. 
(Other sites have been excluded earlier (see, e.g., Rauber 1978, Donnerberg etall989, 
1990).) The change in the substitution site must be due to the massive Mg codoping. 
Apparently the MgZ+ is preferred to C6" when substituting for Li' and at the same time 
the Mgzt offers a new way for charge compensation. A similar suggestion for Fe3+ 
substitutional sites in LiNbO,, undoped or doped with Mg, has been made by Feng 
Huixian et a1 (1990) and Boker et al(1990) on the basis of their ESR studies. 

As shown by various line-broadening effects some disorder near the Cr3+ ion is 
strongly influencing a number of Hamiltonian parameters. Besides D and the polar 
angles defining the orientation of the SHF principal axes, all other interaction wnstants 
also seem to be influenced to some extent. For example the 53Cr HF and quadrupole 
parameters may also have variations, even larger than that indicated in table 1. This is 
suggested by the broad background in the high-frequency ENDOR spectra (see figure 2) 
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and the absence of resolved ')Cr HF satellites in ESR (see figure 1). Each of the latter 
satellites (four lines spaced at 1.8 mT) should have an integral intensity of 2.4% of the 
central line. The disorder may be mainly caused by the presence of charge-compensating 
defectsat variousnearbylocations. SuchdefectsmaybeforexampleMgZ+ionsatvarious 
Lit sites including also those in the nearest shells and protons associated with nearby 
oxygen atoms. However, neither of the two nearest Li' neighbours on the centre axis 
(i.e. the single-nucleus shells 1 and 4) may preferentially be replaced by defects since 
the corresponding 'Li ENDOR lines are clearly seen. For the full compensation of a CP' 
replacing Nb5'. two compensators of the suggested types are needed. A CrNb-Mgti- 
OHo complex (where indices denote substitutional sites) has already been proposed by 
Kovhcs et al (1988) on the basis of their infrared and visible spectra obtained for the 
same crystal boule. 

6. Conclusion 

We have identified a new CP+ defect in Mg-codoped LiNbO,. The CP' ion in this defect 
substitutes for Nb and is slightly displaced towards a more centred position in its oxygen 
octahedron where it  experiences a rather weak crystal field. The presence of charge 
compensators in the vicinity of the centre is suggested by line-broadening effects. The 
different properties of Cr)' in the absence of Mg are attributed to Li substitution. 
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