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Electron paramagnetic resonance of tetrahedral F&" in Bi,Ge;O,, single crystals
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An X-band electron paramagnetic resonance study of Fe-dop&bf);, crystals at 90 K is reported. From
the angular dependence of the observed resonance lines, the spectra have been attribdtedotts e
the tetrahedral G2 site. A numerical fit of the spin-Hamiltonian parameters has been carried out,
giving g,=2.015-0.001, g, =2.003+0.005, bJ=-1.030+0.001 cm?, b3=(10+2)x10* cm!, and
b3=(—360+18x10"% cm™!, where the absolute signs for th&" parameters are obtained from measure-
ments at 5 K. The negative value for the “cubic” zero-field splitting parametgr(5a/2) is a striking result
although it can be understood within the framework of the crystal-field th¢56163-182006)03442-X]

[. INTRODUCTION and/or the tetrahedral Ge site. It is well known that elec-
tron paramagnetic resonan¢ePR) is a suitable technique

Single crystals of BiGe;0;, (the 2:3 stoichiometry of bis- for the. stupiy of magnetic impu_rities atllow concentration
muth germanatgshave found practical applications as scin- levels in diamagnetic hosts. This technique has been very
tillators for detection of high-energy photons and partidles. USeful to determine the location %\nd charge7state of several
Also, they have attracted considerable attention owing t d ions in BGO. So, manganese®and cobaft’ have been

) ) . : . detected in the Bi site as Mh and C&", respectively,
their potential as a solid-state laser Rostd their applica- whereas chromium has been identified both with valenee 4

tions in nonlinear optical devicé$. Recently, holographic in the Ge sité® and 3+ in the Bi sitel®

gratings have been optically induced in undoped sanfpdes, However, in spite of the role that iron plays on the physi-
well as in samples doped with CRef. 5, Co (Ref. 6, Fe ¢4 properties of BGO, no definite research on the oxidation
(Ref. 7 or Mn (Ref. . state and structural position of this ion in BGO single crys-

The presence of impurities in 6,0,, (BGO) crystals  tals has been reported to date. It has however been assumed
is believed to play a fundamental role on these applicationsn the literature that iron occupies solely the Bi sités.
On the one hand, the usefulness of BGO as a scintillator is |n this work, the EPR spectrum of Feions in Fe-doped
limited by a decrease of the luminescence output induced bBGO single crystals has been observed at RT, 90, and 5 K.
the photons or particles to be measutédlthough the mi-  From the angular dependence of the EPR spectrum at 90 K it
croscopic origin of this effect is still unclear, it has beenhas been ascertained, in contrast to the assumption made in
attributed to small traces of residual impuriti@stin fact, a  the literature'® that F€" ions substitute for G& [hereafter
severe decrease of the luminescence output has been otamed the F& (Ge) centell. Moreover, a detailed analysis
served in crystals containing Fe, Mn, and other cationicof the EPR spectrum of the #&Ge) center has been carried
impurities*>° It should be here remarked that iron is a par-0out and the parameters of the appropriate spin Hamiltonian
ticularly relevant impurity as it is commonly found in nomi- (SH) of tetragonal symmetry have been completely deter-
nally pure BGO crystal$* On the other hand, for optoelec- Mined. o _ _ o
tronic applications, transition-metal-doped samples hav From a basic point of view, the present investigation must

been found to exhibit both photochromic and photorefractive® Of interest to spectroscopists since relatively few EPR
effect®’ Moreover, doped samples present an enhance tudies of F&" in fourfold coordination exist in the litera-

photorefractive response with respect to undoped ones, t erﬁ This is specially true for oxides, where in most cases
enhancement factor being about 30 for the Fe- and Mn: ions appear in sixfold coordination. Even more inter-

estingly, the SH parameters of the’F&Ge) center in BGO

doped sample§.Both phenomena, luminescence decreasz?é(e unusually large values and the cubic zero-field splitting

and enhanced photorefractive response, have been related fo.- \~ten has been determined to be negative. Among the
changes in the oxidation state of the impurities, which would,; <t amount of EPR data f66-state iongmainly Fé" and
act as charge trafs:' However, their electron or hole trap- \in2*) "negative values foa (whenever the SH is expressed
ping character is not yet established. in the appropriate cubic axes systehave been reported in

In order to clarify the role of transition-metal impurities in very few case-?? Furthermore, the possible reasons for
BGO and to optimize the above-mentioned applications, ahese unusual values of the SH parameters are discussed. We
study of the position of doping ions in the host as well ashave found that Newman’s superposition médieloes not
their charge state is relevant. Taking into account the crystalllow us to account satisfactorily for the SH parameters of
structure of BjGe;0,, (see Sec. )Ithe metal impurities are this center. Nevertheless, it has been possible to account for
expected to enter in a cationic site: the octahedral” Bi the negative sign of by means of an approach to the mi-
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FIG. 2. EPR spectra of Fe-doped,Bi8;0;, measured at 90 K
with the magnetic field along thd.00 and(110) crystal directions.
Lines marked by arrows are associated to defects not studied here.

FIG. 1. (a) Partial scheme of the BBe;O,, structure. The en-
vironment of G&" is shown with the four nearest-neighbor oxygens

at distanceéR; and angled; as well as the four next-nearest-neighbor ! : .
oxygens with coordinateR, and 6,. The sixfold environment for Iron doping was achieved by adding £ to the melt. The

one of the BY ions is also showitsee text  (b) Projection along pulling direction was chosen along ti&00) direction. De-

the [001] direction (distortion axi$ of the nearest oxygen tetrahe- tails of the growth procedure are given_elsev_vff@ré’.he _
dron around G¥ showing the rotation angle. blocks were oriented by means of x-ray-diffraction analysis.

Samples 2 mm 2 mmxX8 mm size were cut with their large
faces perpendicular td.00) and (110 directions.

A Bruker ESP300 E X-band spectrometer with field
modulation of 100 kHz was used to record the EPR spectra.
The temperature of the sample was controlled by means of a
Bruker 4121 variable temperature unit or a continuous flow

Il. CRYSTAL STRUCTURE liquid-helium cryostat(Oxford Instruments ESR 900for
AND EXPERIMENTAL METHODS measurements at 90 or 5 K, respectively. Accurate values of
the resonance magnetic fields and microwave frequencies

The crystal structure of BGe;0,, belongs to the cubic were measured with a nuclear magnetic resondhéR)
space gI’OU[j43d, with four molecules per unit cell. In this gaussmeter(Bruker ER 035 M and a frequency meter
structure;’*? known as eulytite, each Bi ion is coordi-  (Hewlett-Packard 53424 respectively. The crystals were
nated by six oxygen ions arranged in a strongly distortednounted on a rotating sample holder for measurements of

octahedron withC; trigonal symmetry, as shown in Fig(@.  the angular variation of the EPR spectra.
The threefold axis is along@11) direction of the cubic cell.

Each G'é+ ion (Fig. 1) is su.rrounded by four oxygen ions IIl. EXPERIMENTAL RESULTS
arranged in a tetrahedron slightly compressed along one of AND IMPURITY LOCATION
its fourfold rotary inversion axes. The distortion axis coin-
cides with a(100 direction of the crystal lattice. The oxy- The EPR spectrum of Fe-doped BGO samples, can be
gens are located at a distanBg=1.739 A subtending an detected from room temperature down to 5 K. Figure 2
angle 6;=58.06° with the distortion axis. The next-nearestshows the EPR spectra recorded at 90 K, with the magnetic
neighbors of Ge are also oxygens. They are arranged in afield H directed along100» and (110 directions. For these
other tetrahedron strongly elongated along the same axispecial orientations, several lines collapse giving rise to a
with R,=3.509 A and¢,=23.50°. This environment yields spectrum simpler than for an arbitrary orientation. The first
local S, symmetry at the G& site. For each100) crystal  derivative lines have peak-to-peak linewidths ranging from
direction there are two different orientations of the*Gsite 50 to 170 G at 90 K. No hyperfine structure was observed
which are distinguished by a rotaticha or —a (=15.69  even at 5 K. Lines corresponding to various defects were
of the nearest oxygen tetrahedron around the common disletected, although a complete study of the angular variation
tortion axis[Fig. 1(b)]. has been carried out only for the more intense lines which

Single crystals of BGO have been grown in our laboratory
by the Czochralski technique using Merck starting powders.

croscopic origin of the SH ofS-state ion&?*~?6recently
developed within the framework of the crystal-fie{@F)
theory.
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20 metry axis, whereaX andY are rotated an angle’ with
respect to the crystallographi@00 axes. It should be re-
marked that the angle’ is expected to be close to the rota-
tion anglea of the first-neighbor oxygen tetrahedr@hig.
1(b)] because these ions are the main responsible for the
crystal field at the impurity site. The e (Ge) model gives
rise to six magnetically unequivalent centers for an arbitrary
magnetic-field orientation as consequence of the six different
orientations of the Ge site in the unit célee Sec. )l This
allows us to explain the angular variation of the lifEgy. 3
in the following way. When the magnetic field is along the
[001] direction, we observe the spectra for two groups of
centers. On the one side, there is a set of two centers with
their distortion axiZ along that directiof6#=0°), having X
andY axes rotated by angles and —a’ aroundZ, respec-
tively (denoted C in Fig. B On the other side, the two sets
which have theirZ axis along[100] and [010Q] directions
(denoted A and B, respectivelyare perpendicular to the
magnetic field #=90°). Each center belonging to set A or B
has itsX andY axes rotated an angkea’ or —a’ around the
commonZ axis. Thus, forHI[001], defects with=a' are
equivalent and only two groups of lin€sarallel and perpen-
[100] [001] (110} diculan are observed in the spectrum. However, when the
Angle (deg) magnetic field is rotated in th@10) plane towards thg100]
direction, the four perpendicular centers are no longer
FIG. 3. Angular variation of the EPR spectrum at 90 K with  €duivalent. Two of thentset B, withZ|[010]) remain per-
lying in planes{100} and{110}. Open circles show the experimental Pendicular toH, but are magnetically unequivalent as the
resonance positions, while the calculated ones are plotted witRngle takes a different value becausehas different sign.
lines. Continuougdashed lines correspond to transitions of high This gives rise to the observed small splitting in the lines
(low) probability. Resonances arising from centers with Zhaxis ~ around 7300 G in Fig. 3. This" splitting is also observed in
along[100], [010], and[001] directions are labeled A, B, and C, Fig. 3 for lines labeled BA23 near 14 300 and 16 500 G
respectively. Transitions are labeled with the numbers of thevhenHI[110].
two levels involved. Numbers 1 to 6 correspond to states/2),

|+5/2), C. ,|+1/2>, respectively, in the low-field limit. IV. ANALYSIS OF THE EPR SPECTRUM
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The appropriate spin Hamiltonian to analyze the EPR
ectrum of a F¥ ion (S=5/2), occupying a cubic site axi-
ly distorted along a tetragonal axi®cal symmetriedD,,

» Do, Dap, Cq, Sy 01 Cyy) i

correspond to the center described here. The angular varig-
tion of the EPR spectrum for that center has been measur
at 90 K forH lying in {100 and{110 planes. The experi-
mental resonance fields have been plotted with open circles®
in Fig. 3. The observed strong angular dependence as well as . R . . 1 .

the presence of loops for some lines reveal a high-spin sys- H=0,BH;Sz+ 9, B(HxSx+HySy)+ 3 bJ09

tem with a large zero-field splitting. These features, the ab-

sence of hyperfine structure and the fact that the spectrum is 1 0ro. iara

detected even at room temperature indicate that it is due to *+ 50 (PaOa+b404), 1)

Fe** ions (3d°, °S;)).

The angular dependence of the spectrum agrees with \@here the first two terms account for the Zeeman interaction.
defect having axial symmetry along tk&00 crystal direc- The fine structure is expressed by means of Stevens operator
tions. As only the G& site has the distortion axis along equivalentsO 3" The b are parameters to be determined
these directiongS, symmetry, we are led to propose that from experiment and are commonly named fine structure or
Fe*" substitutes for GE ions[Fe*' (Ge) centell. This result  zero-field splitting(ZFS) parameters. The axes of the coor-
is somewhat surprising since Fewould be expected to sub- dinate system for the spin Hamiltonian are chosen coincident
stitute for BF", as they have the same charge state. In fact, itvith the X,Y,Z axes of each defect. With this choice the
has been assumed in the literafdrbat Fé" enters the Bi" b, *0;* term in the spin Hamiltonian vanish&%®
site. Moreover, this is the site occupied by all EPR-studied The value forg, can be accurately obtained from the ex-
trivalent impurities reported to date in fe;0,, doped with  pression for the+1/2——1/2 transitiod’ (near 3300 G
Gd, Er, Nd, and Cr(Refs. 31-33, 1p However, F&" has whenH is directed along one tetragondl00 axis. In this
been found by EPR to substitute for Gein Bi;,GeQ,2* case the resonance field i =hv/g,8, thus giving
and for St in Bi},Si0,.%° g,=2.015.

The resonance line positions depend on the magnetic-field As shown by Geschwintf, the anglea’ can be directly
orientation (6, ¢) with respect to the defect principal axes obtained from the position of the turning points in the angu-
(X,Y,2). TheZ axis is chosen along thHd@00) fourfold sym-  lar variation of the lines corresponding to the two defects
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is assumed, a misfit appears between calculated and mea-
sured values fo#=90°. This could only be avoided consid-
ering an anisotropig matrix, as reported for Fé in some
few case$®* The best fit is obtained fa¥' =14+1° and the
parameters given in Table I. The resonance fields calculated
with these parameters are represented as continuous and
dashed lines in Figs. 3 and 4, which show the good agree-
ment obtained between the experimental and predicted reso-
nance fields. This result ensures the validity of the above
spin Hamiltonian and confirms the proposed location of Fe at
the Ge site. Moreover it indicates that the iron center main-
711 7 tains theS, symmetry of the Ge site.
L ] It is interesting to point out the fact that the resonance
100 (o1 [001] fields for transition B34 in Fig. 4 are higher for the magnetic
0 30 60 90 field along the(100 than along thg110 directions. In the
calculations this can only be achieved by taking the same
Angle (deg) relative sign for the ZFS parametes§ andb? in the chosen
) ) ) ) ) system KY 2). On the other hand, it must be noted that the
. FIG. 4. Detailed view of the line B34 in tHd00 angular varia-  fiing provides only absolute values for the parameters to-
tion of Fig. 3. Experimental resonance fields have been decompos ther with the relative signs of tHe™ parameters. In order
into two lines (open squargscorresponding to defects which re- to obtain the absolute signs of these parametgigen in
main perpendicular tél and are rotated angles and —a’. Open Table ), we have carried out measurements at 5 K. After
circles stand for experimental results where the decomposition S L
could not be carried out reliably. Continuous lines show the caIcu-COhSlc.jerlng t.he energy-level scheme, the "?‘bso'”te sign of the
lated resonance fields with the parameters given in Table I. z.erojfleld §pl|ttlng paramgters was determined from the rela-
tive intensities of transitions at 300 and 5 K, abfl was
found to be negative.
] The zero-field splitting is usually described by means of
the parameterD, a, andF. Their values in the present case
are also included in Table | because the discussion in the
next section will also be carried out in terms of these param-
ers. The parameters for other defects of'Retrahedrally
oordinated by oxygen in several hosts have been included in
the table for the sake of comparison.
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whoseZ axis remains perpendicular to the magnetic field.
This is our case for the lines showing a small splitting nea
7300 G when the magnetic field lies i{H0 plane(labeled
B34 in Fig. 3, although for many orientations these lines
appear unresolved. A decomposition of these lines has be
carried out by a deconvolution method and the results arg
shown in Figs. 3 and 4. In this way, a first estimation yields
a'=15° or 30°, each choice giving opposite sign fof.
However, as in the BGO structure=15.6° we choose the

fi_rst value fora', which would indicate that .the.defect prin- V. DISCUSSION
cipal axes are scarcely rotated aroundZhaxis with respect
to the Ged™ tetrahedron in the perfect lattice. First, we point out the striking values for the obtained SH

From those initial values fog, and ' the fitting of the  parameters as compared with those for tetrahedrally coordi-
SH parameters to the angular-variation data was carried outated F&" in other compoundssee Table)L In particular,
by numerical diagonalization of the energy matrix expressedhe parameter®, F, and a take unusually large values,
in the |S,Mg) basis, wheres=5/2. The values to fit are the which are unexpected if one considers the nearly regular ar-
experimental line positions corresponding to defects wllose rangement of the four oxygens around the Ge @te Sec.
axis forms 0°, 45° and 90° with the magnetic field, as well adl). A very remarkable feature is the negative signdoiTo
the splitting between the lines corresponding to the two deeur knowledge, all the previously reported valuesaofor
fects at anglesta’ [lines B34 in(010) and BA23 in(110) tetrahedrally coordinated E& are positive if one takes the
planes in Fig. 3 A grid method was used to obtain the (XY 2) reference system as in this work. In what follows,
best-fit values for the SH parameters. If an isotrapimatrix ~ possible reasons for these unusual values will be discussed.

TABLE |. Best-fit values of the SH parameters forFén Bi,Ge;0;, at 90 K. The ZFS parametefi units of 1074 cm™?) are expressed

in two commonly used notations. The relation between the two notatidds=is3, a= £b3, F=3b3— 2 bj. Values for other defects of
Fe" tetrahedrally coordinated by oxygen in several hosts are also included. Parentheses indicate errors in the last digits.

Material g g, bS=D b3 b F a o (deg a(deg Reference
Bi,Ge&04, 2.0151) 2.0035) —10300(100 10(2) —36Q0(18 247(16) —1447) 14 (1) 15.6 This work
Bi;,GeOy 2.0032) 2.0032) 0 245 1225 0 4®) 0 0 34
Y GaOy, 2.00475) 2.00475)  —8806) 18 155 —385)  624) 165 15.8 39
LusGa0;, 2.0031) 2.0031) —11315) 17 163 —47(5) 65(5) 16 15.2 42
Y 3Als0:5 2.0041) 2.0041) —10285) 1 188 —11005) 75(5) 16 17.9 42

LusAls04, 2.0041) 2.0041) —12495) 7 210 —104(5) 84(5) 16.5 16.5 42
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A. Charge compensation the expression for this ratio given by the SM depends neither

The large values for the ZFS parameters could be relateg" the intrinsic parameters nor on the distanBgs In our
to local charge compensation. In fact, charge compensatiohefect axes system, we obtain
must occur due to the substitution offfdor Ge**. This can 0
be reasonably achieved by oxygen vacandigs A first- by 35 co$6,—30 co$6, +3
neighbor oxygen vacancy would account for the large value bﬁ —35sirf4;
of the parameteD (or bY), which is comparable to those
measured for Fé-V,, centers in perovskiteS.However, this
cannot happen in our case since one of the defect axes sho
then point along the iron-vacancy direction which disagree .
with the determined defect axes. Charge compensation couRf'ons of the_ oxygen_tt_atrahedron_, elther_elongated or com-
also result from some cationic mechanism. For eXammepressed, wh|c_:h are difficult to believe. It is to be noted that
Bi°" substituting for the tetravalent cation as proposed f0|Eq' (3? also g'vfs.' unreasonable valuesggfior tetrahedrally
Bi;,SiO,:F€**.3° However, this should not produce an im- coordinated F¥ in gamets. . .
portant effect at the impurity site because the neareét Ge Now,_the second-ordgr paramete is analyzed with the
site along theZ axis is far away(10.513 A. Alternatively, a  aPPropriate SM expression:
monovalent cation at an interstitial position would compen- o R
sate the charge and could account for the lddgealue if it bg=2b2(R0)(—0
is close to iron along th& axis. However, this possibility R1
can also be ruled out because it would lower the local sym

metry of the center frong, to C, and then additional terms have first used the set of intrinsic parametérs=—0.2058
would be required in the spin Hamiltonian to fit the spectra...i1 for R.=1.8 A andt —6) obtained from tetrahedrally
Therefore, we conclude that charge compensation must b ordinatedo F%.+ in garne2t§4 which seem adequate to our
nonlocal in any case. This implies that the values for the Zngse. However. this set giv,es the unreasonable réga°
parameters result primarily from the arrangement of the OXYThen we have ,tried the commonly used val@§—0.41.2

()

This equation gives two solutions fah which in our case
either=30 or 70°. This is to say, that the SM expressions
f(?fthe fourth-order parameters point to very strong relax-

t
2(3 cog6;—1). (4

To this end, assuming the lattice values Ryr(1.739 A), we

gen ions around iron. cm tatRy,=2.101 A andt,=8 given by Siegel and Mier**
for octahedrally coordinated e The calculation yields
B. Superposition model analysis of ZFS parameters 0,=49°, which is a reasonable value, although it implies a

strong relaxatiorfelongation from the lattice valug58.069
and is very far from the values fof, derived from the
"fourth-order parameters.

Information about the local environment of impurity ions
is frequently obtained by means of Newman’s superpositio
model (SM).2® This model was originally proposed to ex-
press the parametels, ,, of the crystal-field CF) as a sum of

independent axial contributions coming from the nearest-  C- Crysta-field theory analysis of ZFS parameters
neighbor ions(usually named ligandsIn the model, each In view of the inconsistent results provided by the super-
parameteB,,, is written as position model, we have attempted to explain the sign and

value of the ZFS parameters within the framework of a
o R.\Tn crystal-field approach in which the ZFS parameters arise as a
Bam= 2. Bn(RO)(_O) Knm( 6i > i), (2)  consequence of the combined effect of the crystal-field and
i Ri spin-orbit interactions. The dependence of the ZFS param-
etersb on the CF paramete,,,, has been recently eluci-
whereR, , 6, ¢ are the polar coordinates of ligandeferred ~ dated for a 8° ion by Yu and RudowicZ® These authors
to the central ion in the defect axes system, Bng(6;,¢;)  found that eactb|! parameter depends on &l,,, param-
are the coordination factorB,,(Ry) are intrinsic parameters eters. The “cubic” ZFS parameter has two contributions
giving the contribution to the crystal field for a specific a=a.+a;. The componena, comes from the cubic crystal
ligand at distanceR, and T, express the potential depen- field Dq and is always positive. Whereas, the contribution
dence of this contribution in the neighborhoodRy. due to the low-symmetry field componeitstragonal in this
The model was later extended to analyze the ZFS parancase, depends oiB,, andDq similarly to F. Thea, contri-
etersb™ of 5S-state ions and it has been used to obtain in-bution for tetrahedral Pé in garnet$® has been found to be
formation about the crystalline local environment of suchpositive and as large as tlag contribution, explaining satis-
ions. The expressions for thebd' parameters are formally factorily the magnitude and positive sign farin those crys-
identical to Eq.(2) but the values of the intrinsic parameters tals.

b,(R,) and exponents, are very different from those ap- In order to explain the negative sign of our experimental
propriate to theB,,,, parametergtypically t,~8, t,~14 for  a value, thea, contribution should in this case be negative
3d® ions with oxygen ligands and larger tham,. We can estimate; from our experimen-

We have attempted to analyze our ZFS parameters wittal F value taking into account that the crystal-field theory
the SM in order to explain their values and to estimate thepredicts the rati@,/F to be nearly insensitive to all CF pa-
lattice relaxation of the first oxygen shell around the impu-rameters and to range from0.2 to —0.5 for usual values of
rity. First of all, a direct estimation of the relaxed angle  the CF parameter$. From our experimentaF value, the
(Fig. 1) can be made from the experimental value of the raticcited range predicts, values betweer-50 and—123x10*
b%/b%. This is because, in the case®for D,q symmetries, cm *. If we take fora, the value obtained from the purely
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cubic spectrum of tetrahedral ¥e in Bi;,GeO, has been pointed out the importance of odd-parity field com-
(a,=a=49x10"* cm 1), we obtain values fom between ponents which mix the ground configuratiom3with the
—1 and—74x10 “cm L. Itis to say, the crystal-field theory excited configurations of odd parifg.It follows that more
allows us to explain the negative sighafThe experimental theoretical work is needed to fully explain our experimental
ratio a,/F would bea,/F=(a—a.)/F=-0.78:0.08, using data.

the a; value cited above. The fact that this ratio lies outside

the predicted range may be due to unusually large values of ACKNOWLEDGMENT

the CF parameters, expected also from the large values ob-

tained forD andF. Also, one must bear in mind that the CF  This work was partially supported by the Spanish Comi-
theory does not consider the role of covalency overlap andion Interministerial de Ciencia y Tecnol@y(CICyT) under
relativistic effects. Moreover, for tetrahedral environments itProject No. PB94-0147-C02.
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