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Abstract. Electron paramagnetic resonance spectroscopy of Mn-doped Bi4Ge3O,’ single 
crystals has been studied at room temperature in the X band. The spectra obtained have 
been attributed to Mn’+ ions in the Bi3+ site without local charge compensation having 
trigonal symmetry. Moreover, the spin-Hamiltonian parameters have been inierpreted by 
means of the superposition model in order to obtain information about the relaxation of the 
lattice in the neighbourhood of the impurity. 

1. Introduction 

Single crystals of Bi4Ge3OI2 have attracted considerable attention owing to their appli- 
cations as scintillators [l] and non-linear optical devices [23 and for their potential as 
solid state laser host [3]. Also, photorefractive properties have been described recently 
for single crystals doped with Cr ions [4]. 

However, few works have appeared devoted to Bi4Ge3012 doped with iron-group 
transition ions. A study of the position of doping ions in the host, as well as their charge 
state, should be relevant for optimizing the above-mentioned applications. In particular, 
the iron-group transition ions are expected to be relevant as charge traps involved in the 
photorefractive properties of Bi4Ge3OI2 [4] in the same way as they have proved to be 
in other photorefractive crystals [ 5 , 6 ] .  In particular, the role of these ions in Bi12GeOzo, 
the 6 : 1 stoichiometry of BiGeO is not yet established. 

Bi4Ge3OI2 belongs to the crystalline symmetry groups 23m [7] and the unit cell has 
four chemical formulae, i.e. a total of 76 atoms. This structure, known as eulytite, is 
formed by a cubic arrangement of oxygen-distorted octahedra surrounding each Bi3+ 
ion and oxygen tetrahedra surrounding each Ge4+ ion [8]. The tetrahedron around the 
Ge4+ is slightly distorted along the (100) directions. On the other hand, the four (111) 
directions of the cubic cell are C3 axes for the Bi3+ sites. The six oxygen ions around the 
Bi3+ site form two different equilateral triangles, so that there are three oxygen ions at 
a distance R, = 2.149 A forming an angle 8, of 51.38” with the C3 axis and three others 
at a distance Rb = 2.620 A forming an angle 8b of 104.62”. 

The luminescence of Mn-doped Bi4Ge3OI2 (Bi4Ge3012 : Mn2+) single crystals has 
been studied recently in [9] and interpreted as due to Mn2+ ions in a cubic crystal field. 
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Figure 1. EPR spectrum of a Mn-doped Bi,Ge30,, sample, measured at room temperature, 
with the external magnetic field along a (111) direction. The lower part of the figure shows 
the calculated resonance fields for the defects whose axis form an angle of 0" and 70.53" with 
H .  Thelabelsa, b,c,dandeindicatetheelectronictransitions[$)-+ [j), [j)- [+), [+)+ [+), 
[ 4) + [ -4) and [ -8 )  + [ -$), respectively. 

It is well known that this ion yields a magnetic resonance spectrum with both fine and 
hyperfine structure that gives information about its environment. Thus, in order to 
confirm the valence state of manganese in Bi4Ge3012 and to clarify its location in 
the lattice, we have performed a study of the electron paramagnetic resonance (EPR) 
spectrum of the same crystals used in [9]. Also, the lattice relaxation around the impurity 
has been discussed using the superposition model. 

2. Experimental details 

Single crystals of Bi4Ge3OI2 were grown in our laboratory by the Czochralski technique. 
Bi203 and GeOz powders (Puratronic Johnson-Matthey) were mixed in the molar 
proportions 2 : 3 and melted in a platinum crucible under a pure oxygen atmosphere at 
1.1 atm. Manganese doping was achieved by adding MnO powder (grade R from Merck) 
to the melt in a concentration of 0.1 mol%. The pulling direction was chosen along one 
of the cubic axes (100). From the boule obtained, samples of 2 mm X 2 mm X 8 mm 
were sawn with their faces perpendicular to (100) directions as determined by taking a 
number of Laue x-ray diffraction patterns. 

The EPR spectra were obtained with a Varian E-12 spectrometer in the X band with 
a field modulation frequency of 100 kHz at room temperature. Accurate values of the 
resonance magnetic fields and microwave frequencies were measured with a Bruker 
NMR gaussmeter (model ER 035 M) and a Hewlett-Packard frequency meter (model 
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Figure 2. EPR spectrum, measured at room temperature, with the external magnetic field 
along a (1 10) direction, of a Mn-doped Bi,Ge3Ol2 sample. The lower part of the figure shows 
the calculated resonance fields for the defects whose axis form an angle of 35.26" and 90" 
with H. 

5342A) respectively. The sample was placed in a home-made two-axis goniometer, so 
that it could be rotated in two perpendicular planes. 

3. Results 

The EPR spectrum of Bi4Ge3OI2:Mn2+ samples consists of two well differentiated regions. 
There is a group of intense lines near 3200 G (geff = 2) which is shown in figures 1-3 for 
different orientations of the magnetic field H ;  and another much weaker (about 100 
times) group of lines near 1600 G (geff = 4). Both groups are composed of sextets of lines 
with a separation between lines of about 90 G ,  which is the characteristic hyperfine 
structure of the Mn2+ ions. 

There is a strong overlapping of the various sextets in the spectra. This fact (and the 
large peak-to-peak linewidth, which is about 20 G) makes it very difficult to ascertain 
the exact position of each line except for a few at both extremes of the spectra. Also, it 
makes it impossible to follow the whole angular variation of the spectrum. However, it 
is observed that various sets of lines collapse, and the spectrum becomes simpler, when 
H is along the main crystallographic directions (loo), (110) and (111). Therefore, the 
orientations of the main axis of the defect must be symmetric with respect to those 
crystallographic directions. 

The EPR spectra in the g,, = 2 region, measured at room temperature, of a 
Bi4Ge3OI2:Mn2+ sample obtained with H parallel to the ( I l l ) ,  (110) and (100) crys- 
tallographic directions are given in figures 1, 2 and 3, respectively. It was ascertained 
that the maximum splitting of the spectrum takes place whenH is parallel to a (111) axis. 
Therefore, these directions were chosen as the main axis for the defect. On the other 
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Figure 3. EPR spectrum, measured at room temperature, with the external magnetic field 
along a (100) direction, of a Mn-doped Bi,Ge,O,* sample. The lower part of the figure shows 
the calculated resonance fields for the defects whose axis form an angle of 54.74" with H. In 
the [$)+ [-4) electronic transition, the 'forbidden' nuclear transitions are also indicated by 
short bars. 

hand, the spectrum obtained with H parallel to a (100) axis shows a small splitting. This 
behaviour is consistent with defects having axial symmetry along the (111) axes. In this 
case, when the magnetic field is applied along a (1 11) direction, there are two orientations 
of the defects, i.e. one with the field at 0" and another with the field at 70.53"which is 
threefold degenerate. If H is along a (110) direction, there are two orientations, both 
twofold degenerate, with the field at 35.26' and at 90". Finally, when H is along a (100) 
direction, all the orientations of the centres are equivalent, forming an angle of 54.74" 
with the field. 

Owing to the 3d5 configuration of the Mn2+ ion, the ground state is ' S 5 p  and the 
effective spin Hamiltonian appropriate for the analysis of a trigonal site is 

& = gllPH,S, + g,P(H,S, + H Y S Y )  + BSOq + B:O: + Bid: 
+ A, ,S , f ,  + A I (S,f, + S y f y )  - gNPNH * f 

where x ,  y and z are the defect axes system, S = 3 and I = 3. 
A first analysis of the spectra was made using a perturbation calculation, because the 

Zeeman term is dominant compared with the other terms. These approximate values 
were used as the initial values for the parameters of a fitting process which is carried 
out by numerical diagonalization of the energy matrices by Jacobi's method, so that 
eigenvalues as well as eigenfunctions were obtained. A minimization subroutine gave 
the 30 resonance fields for a given set of parameters and for each orientation of the 
defect axis with respect to the magnetic field. As the hyperfine term involves an energy 
comparable with those of crystal-field terms, the complete matrix 36 X 36 should be 
diagonalized. The best set of spin-Hamiltonian parameters obtained with this fitting are 
given in table 1. Here the sign of the parameters was determined from the assumption 
that A < 0. The calculated resonance field values corresponding to the different orien- 
tations of defects when H is parallel to the ( l l l ) ,  (110) and (100) crystallographic 
directions are included in figures 1, 2 and 3 as stick diagrams for comparison. It is 
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Table 1. Spin-Hamiltonian parameters for Mn2* in Bi4Ge3OI2. The B," coefficients are 
related to the other usual crystal-field parameters as follows: D = bq = 3Br ,  br  = 60Br,  
a = - ( 9 / ~ ) B : ,  a - F = -180Bt. 

gll = g1 1.9985 2 0.0005 

~q (10-4 cm-1) -17.4k 0.1 
Bq (iO-4cm-1) -0.113 2 0.002 
B: (10-4 cm-1) -1.8 2 0.2 

A ~ ,  (10-4 cm-1) -85.0 2 0.1 
A ,  (10-4cm-1) -83.2 2 0.7 

observed that the agreement with the experimental lines is very good taking into account 
the width of the lines and the strong overlapping. 

The much weaker spectra in thegeff = 4 region can be interpreted as due to forbidden 
transitions with AM > 1. The eigenfunctions of the spin Hamiltonian obtained at about 
1600 G show a strong mixing of eigenfunctions of angular momenta due to the similar 
magnitudes of the various terms in the Hamiltonian, so that forbidden nuclear transitions 
(Am # 0) are also possible for all orientations of the magnetic field. However, the 
transition probability is higher when H is along a (100) direction. 

If we recall the distribution of the oxygen ions around the Ge4+ and Bi3+ sites 
mentioned in section 1, the axial symmetry along the (111) directions for the defects 
related to Mn2+ ions can be explained assuming that Mn2+ ions substitute for the Bi3+ 
ions, because only the Bi3+ sites have such symmetry. This is a result similar to that 
obtained for Gd3+-doped crystals [lo] and is in agreement with the results of lumi- 
nescence obtained from the same crystals [9]. The Mn2+ ions could have local charge 
compensation by an ion along the (111) direction that would still maintain the same 
symmetry. As the (111) direction is occupied only by Bi3+ ions, one could consider that 
a diamagnetic impurity with valence 4+ substitutes for a Bi3+ in the neighbourhood of 
the Mn2+ ion. However, it is more likely that the charge compensation is of non-local 
type as in other oxides [ 111. 

4. Discussion 

Since the first observation of the hyperfine interaction of a divalent manganese impurity 
in a solid in 1951, a large number of papers on this ion in different crystals have been 
published. In particular, Van Wieringen [12] showed that the hyperfine splitting A 
depends on the host lattice. This parameter A was related to the bonding in a phenom- 
enological way by Matumura [ 131 by plotting A versus Pauling's covalency parameter 
per ligand. Later, Simtinek and Muller [14] explained this relationship as due to the 
dominance of the 4s bonding of the impurity over the 3d bonding. 

From the experimentalvalues of the hyperfine parameterSA11 andA the isotropic and 
anisotropic contributions to the hyperfine interaction can be calculated. The isotropic 
contribution A, = (AI, + 2A,)/3 is related to the overlap between the oxygen and para- 
magnetic ion orbitals, i.e. to the covalency, and is the important parameter in our 
discussion. 
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The value obtained in our case is A ,  = -83.8( + O S )  X cm-'. From the phenom- 
enological curve of Matumura updated by Simanek and Muller we can see that this value 
corresponds to a c/n-value of about 9%. As the number of ligands n is 6, the covalency 
parameter c is 54%. Thus, the number of ligands is the same as in simple oxides and the 
covalency parameter is very close to those obtained for Mn in MgO, CaO and SrO [14]. 
In these oxides the Mn-0 distance lies in the range 2.14-2.4 A [15]; thus a distance Rb = 
2.62 A for half of the ligands in Bi4Ge3012 is quite unlikely. It is reasonable to think 
that the distance is closer to that for the above-mentioned oxides, i.e. an appreciable 
relaxation of these oxygen ions towards the Mn2+ ion is expected. 

In order to obtain further insight about the positions of the oxygen ligands, we 
have used the superposition model in [16, 171. In this model, each spin-Hamiltonian 
parameter is constructed from the superposition of single-ligand contributions. The 
model has been successfully tested for rare-earth impurities and extended to 3d5 
impurities. In particular, the Mn2+ case with oxygen ligands has been studied by Newman 
and Siegel [ 181, Siegel and Muller [ 191 and Rubio et a1 [ 151, 

The superposition model assumes that the spin-Hamiltonian parameters 6: result 
from a linear superposition of the form 

b: = E bn(R,)K:(&, ( P I )  

where the K:(8,,  v i )  are spherical harmonic functions of rank n of the polar angles 
which define the position of each ligand and the b,(R) are functions of the radial metal- 
ligand distance R and are known as intrinsic parameters. On the other hand, the model 
proposes that the functional form of the b,(R) intrinsic parameters obeys a single 
potential law 

where Ro is a reference distance and R, the distance of the ligand ion i. Thus a first 
problem in the application of the model is to obtain accurate values of the different t, 
(in our case t2 and t4)  and of 6, for a given distance. 

With regards to t 4 ,  Newman and Siegel [18] use a value of 7, but later Rubio eta1 [15] 
found that, if relaxation is taken into account, the appropriate value for t4 should be 14. 
Thus, we use this last value for t4 and the corresponding value for b4(R0) obtained by 
the same workers. 

The values of t2 and 6,(Ro) can be obtained from strain data of single oxides. Newman 
and Siegel [18] and Siegel and Muller [19] use the values obtained by this method. 
However, they assumed that the value of the distance Ro corresponding to the obtained 
b2 is half the lattice constant of the host. On the contrary, it is clear at present that 
there is a relaxation of the single-oxide lattice around the impurity [15,20]; so the actual 
value for the distance should be used. In summary, we have used the b2-value of 
-0.157 cm-' [19] from the strain data of MgO and the relaxed Ro-value of 2.1463 A [15] 
instead of 2.1 A (which is half the MgO lattice constant) for the Mn2+-02- distance. 

By using the previously discussed values for b2, t2 ,  b4 and f 4  and assuming that in 
Bi4Ge3OI2 there is no relaxation of the oxygen ligands, i.e. that R, = 2.149 A, Rb = 
2.620& 8, = 51.38" and Ob = 104.62", we obtain bq = f78.7 x 10-4cm-', which is 
completely different from theexperimentalvalue of -52.2 X cm-'. Also, thevalues 
obtained for b! and bi are very different from the experimental values. Thus, it is clear 
that, as we proposed before in the discussion of the value of A,, the oxygen ligands 
cannot be in the normal position in the lattice; they must undergo some relaxation. 
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Figure 4. Plot of the ratios b;(calc)/b::(exp) in the case of b': (-), bf (---) and b: 
(- - -), calculated with fixed values of parameters R, = 2.06 A and 8. = 55", as a function of 
Rb for different values of Bo indicated next to the curves. See text for explanation. 

By considering the behaviour of the K:(8 ,  cp) function, we ascertain that the only 
way to obtain values for bs close to the experimental value is to decrease strongly the 
distance Rb. Then, we can assume some fixed values for R, and 8, (similar to those of 
the unrelaxed lattice) andobtain the ratios b;(calc)/b;(exp) byscanningRbfordifferent 
values of Ob. In this way, we obtain the set of curves shown in figure 4. The pair of values 
for Rb and Ob that yields a value of about unity for the three ratios constitutes a solution. 
Next, we can modify the values of R, and 8, within a certain range in order to obtain the 
best fitting of the experimental values of 6;. It is obvious that there is not a single 
solution but there is a short interval in which the possible values of the variables must 
lie. In fact, R, = 2.1 +- 0.05 A, Rb = 2.2 f 0.1 A, O,  = 550 t 5" and ob = 125" t 90. 
Moreover, it is found that, if R, is decreased, Rb must be increased. 

These results imply that the ligands around the Mn2+ ion strongly relax in such a way 
that the neighbourhood tends to form an almost regular octahedron of MnOAO-, although 
this octahedron is slightly distorted because of the host lattice where it is embedded. 
This conclusion is in agreement with the work by Souiri et nl[21]. These workers have 
pointed out that a given pair of bonded ions has the tendency to maintain its bond length, 
constant, independent of the host matrix, and that this length is similar to that in the 
corresponding binary compound. 
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