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Chromium-doped forsterite single crystals grown under conditions that produce a high Cr4+/Cr3’ 
ratio were examined by electron paramagnetic resonance (EPR) at 9.6 and 34 GHz. The crystals 
were grown in 2-3 atm of oxygen by the floating-zone method starting from polycrystalline 
chromium-doped forsterite powder synthesized via a sol-gel method. Three crystals with chromium 
concentrations of 110,300, and 390 ppm were studied. At 34 GHz, transitions are observed for the 
laser-active tetrahedral Cr4+ species that are not observable at 9.6 GHz, which improve the 
resolution and accuracy with which the magnetic parameters can be measured by EPR. In addition, 
peaks for a non-Kramers species appear at 34 GHz that were not observed at 9.6 GHz. These peaks 
are not analyzed in detail, but are tentatively ascribed to Cr4’ inthe octahedral substitution sites of 
the crystal. At the highest chromium concentration, the C?’ spectra show evidence of direct 
interaction with Cr4’. A global least-squares fit of the combined 9.6 and 34 GHz data for the 300 
ppm crystal gives 0=64.26+0.18 GHz, E=-4.619k0.009 GHz, g,=1.955?0.009, 
g,=2.005~0.040,g,=1.965+0.006,andplaces themagneticzaxisintheabplaneatanangle 
of 43.820.3” from the b crystallographic axis (in P ,,,,,,,). A method for accurately measuring the 
Cr4’/Cr4’ ratio using EPR line intensities is given. The EPR linewidth of the Cr4’ center exhibits 
a strong orientation dependence that is well-modeled by including site variations in the D and E 
zero-field splittings and in the orientation of the z magnetic axis. The linewidth analysis reveals a 
high degree of correlation between the distributions in D and E, and a somewhat weaker correlation 
between E and the z axis orientation. These results are interpreted to suggest that the tetrahedral 
Cr4+ sites vary mainly in the degree of compression of the tetrahedral cage along the a 
crystallographic axis. The Cr4+ EPR linewidths increase significantly at higher chromium 
concentration, but maintain the same qualitative orientation dependence. The EPR data indicate that 
the major contribution to inhomogeneity in the tetrahedral site, which may be related to the tunable 
range of the Cr4’ laser center, is distortion induced by chromium substitution into the crystal lattice 
rather than direct chromium-chromium interactions. 

I. INTRODUCTION 

Chromium-doped forsterite (Cr:Mg,Si04) is an optical 
lasing material with tunability at around 1.2 pm, a wave- 
length that is near optimal for use with fiber optical materi- 
als. The forsterite host crystal belongs to the orthorhombic 
Pbnm space group, and has three nonequivalent sites that may 
be occupied by dopant cations.’ The chromium dopant can 
replace magnesium in either of two sites with pseudo- 
octahedral symmetry; M 1, which has a mirror plane, and 
M2, which possesses inversion symmetry. In addition, chro- 
mium may substitute in the silicon site, which has pseudo- 
tetrahedral symmetry. 

Since the tunable laser activity of Cr:forsterite was first 
reported in 1988,2 the material has been studied intensively. 
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Electron pammagnetic resonance (EPR) has proved to be a 
particularly valuable tool for characterizing the ground states 
of various paramagnetic dopant cations in forsterite, includ- 
ing CP+,3T4 Cr4+ (and possibly C?‘) (Refs. 5-9), and Cr-Al 
centers, lo as well as Fe3+,‘*,12 Ni2+,13 and Mn’+.t4 Efforts to 
understand the physical origin of the tunability of Cr:forster- 
ite have raised questions about the identity of the active las- 
ing ion and its occupation site within the host crystal. In 
particular, EPR studies of Cr:forsterite have produced a va- 
riety of results that appear to reflect differences in the 
method of preparation. Most chromium-doped crystals have 
been prepared by the conventional Czochralski method, in 
which a reducing or inert atmosphere is needed to protect the 
crucible from oxidation.15 The reducing environment most 
likely produces a low Cr4+/Crs’ ratio, which may account 
for the absence of any significant Cr4’ peaks in the earliest 
studies of Rager, in which Crs+ occupying the ml and M2 
octahedral sites was characterized.3*4 More recently, crystals 
grown in oxidizing environments have yielded significant 
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amounts of Cr4’ and permitted this species to be character- 
ized as well.‘6,‘7 

At present, Cr4’ occupying the tetrahedial site is gener- 
ally accepted as the lasing center. The most unambiguous 
evidence for this assignment comes from a comparison of 
field-dependent narrow-line fluorescence wavelengths with 
the EPR parameters of this site,6*7 and its close similarity 
with the EPR properties of the tetrahedral Cr4’ center in 
hermanite.8*‘8 However, the importance of other chromium 
species in the crystal for tunable laser activity remains un- 
clear. Some recent studies have concluded that the presence 
of CI?’ in the octahedral M 1 and A42 ‘sites adversely affects 
the laser performance. Other studies have suggested that in- 
teractions between Cr3’ and Cr4’ are needed for laser 
tunability.” 

Given the good control over the concentration of the 
chromium dopant and the CrSf/Cr3+ ratio afforded by the 
combination of sol-gel synthesis and the floathig zone crys- 
tal growth method, it’ would be desirable to utilize EPR as a 
high-resolution analytical method for investigating the de- 
tailed effects of chromium substitution on the local site sym- 
metry as well as on the nature of local site inhomogeneities 
that may be related to laser~tunability. Unfortunately,. conven- 
tional EPR near 9 GHz lacks resolution for the details that 
are of greatest relevance to. the photophysics of the Cr4’ 
center. The major obstacle is that Cr4’ is a non-Kramers ion 
with a large D zero-field splitting parameter. Because of this, 
only one of the three possible spin state transitions is visible 
at frequencies near 9 GHz, where this center has been stud- 
ied. This significantly limits the resolution available from 
EPR at conventional frequencies. 

In addition, there remains the possibility that other occu- 
pation sites for Cr’” exist (i.e., the octahedral. sites) which 
may not be observable near 9 GHz owing to-the large zero- 
field splittings expected for Cr” in this symmetry.20 Al- 
though the identity of the lasing center is fairly clear at this 
point, the nature of its interactions with the crystal lattice as 
well as with nearby dopants in the Ml and M2 sites, and 
their effects on laser performance, has not been fully eluci- 
dated. 

II. EXPERIMENTAL METHODS 

A. Crystal growth 

Single crystals of chromium-doped forsterite used in this 
study were grown in an oxygen atmosphere by the floating 
zone method. Single crystal growth starting from a mixture 
of metal oxides was unsuccessful because of incomplete re- 
action among the metal oxide particles due to slow diffusion 
and the volatility of chromium oxide at high temperatures. 
To overcome these problems, the feedstocks for single crys- 
tal growth were prepared from polycrystalline, chromium- 
doped forsterite powder synthesized by the sol-gel 
method.” In this method, all the elements are homoge- 
neously mixed at the molecular level, which eliminates the 
necessity of long-range diffusion. Briefly, the previously 
published sol-gel synthesis of pure forsterite22 was modified 
by introducing chromium as follows. After a solution of 
magnesium methoxide and tetraethylorthosilicate was par- 

tially polymerized by controlled hydrolysis and condensa- 
tion, chromium (II) acetate was introduced, and the polymer- 
ization was completed. The sol was dried into a xerogel, and 
heat-treated to calcine all the organic groups, and produce 
polycrystalline chromium-doped forsterite. Cylindrically 
shaped feedstocks with a length of 10 cm and diameter of 1 
cm were prepared from the polycrystalline powder by press- 
ing and subsequent sintering at 1300 “C in air. The feed- 
stocks were melted by a focused beam in an elliptical mirror 
furnace without a crucible at 1900 “C, and single crystals 
were grown by controlled cooling of the melt under a stream 
of oxygen gas as described in detail elsewhere.23 In order to 
enhance the ratio of Cr4’ to C?, the crystals were grown 
under 2-3 atm of oxygen instead of the 1 atm reported by 
Higuchi et ~1.“~ 

The single crystals appeared blue when viewed along the 
a crystallographic axis, and violet when viewed along each 
of the other two axes. The colors differed appreciably from 
the greenish-blue color (from C?‘) of crystals grown under 
a reducing atmosphere, suggesting that the Cr4’/C?+ ratio is 
generally higher. The three crystals used for this study had 
chromium cbncentrations of 110, 300, and 390 ppm, as de- 
termined by electron microprobe wavelength dispersive 
spectroscopy (WDS) and inductively coupled plasma mass 
spectroscopy (ICP/MS) analysis. The crystals were oriented 
by real-time, x-ray Laue backscattering techniques, and were 
cut along the directions of the crystallographic axes into ap- 
proximately cubic shapes. The final sizes of the samples 
were 5.0X1.8X1.2 mm3, 2.5X1.8X1.5 mm3, and 2.0X1.5 
X1.0 mm3 for the lowest, intermediate, and highest chro- 
mium concentrations, respectively. 

.i 

6. EPR spectroscopy 

EPR experiments were performed using a Bruker ER- 
200 series spectrometer with either a Bruker ER-044 X-band 
bridge or a Bruker ER-053 Q-band bridge, using standard 
100 kHz field modulation. The X-band measurements were 
made at 9.6 GHz utilizing a Varian rectangular TE103 optical 
transmission cavity, and those at Q-band using a Bruker cy- 
lindrical TE cavity. Most spectra were obtained at room tem- 
perature; when lower temperatures (down to - 125 “C!) were 
required, cold dry nitrogen gas was flowed over the sample. 

The crystals were mounted using rubber cement or con- 
tact adhesive onto a quartz rod that had a flat surface ground 
onto it. For’rotation about each of the crystallographic axes, 
the selected crystal axis was aligned with the rotation axis by 
eye. Small ‘crystal alignment errors were resolvable in the 
experimental crystal rotation curves, which could be taken 
into account’by the nonlinear least-squares fitting procedure 
used (see below). EPR spectra were measured for crystals 
with chromium contents of 110 ppm and 300 ppm as a.func- 
tion of rotation angle, rotating the field direction in the -ab, 
bc, and ca planes at each of the two frequencies used. The 
field was swept from 0.15 to 12.0 kG for the 9.6 GHz spec- 
tra, and from 3.00 to 14.0 kG for the 34 GHz spectra; each 
sweep range was separately calibrated with a Bruker ER- 
035M NMR gaussmeter. 
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FIG. 1. Examples of EPR spectra of Cr:forsterite single crystals (a) Bollb at 
9.6 GHz and 300 ppm chromium; (b) same orientation and frequency with 
390 ppm chromium; (c) B, in ab plane at an angle of 43” from b, at 34 GHz 
and 110 ppm chromium. M 1 and M2 identify peaks from octahedral Cr”. 

Ill. RESULTS 

For each of the crystals studied, several sets of EPR 
signals were observed both at 9.6 GHz and at 34 GHz. Rep- 
resentative spectra obtained at selected orientations, frequen- 
cies, and chromium concentrations are shown in Fig. 1. The 
major signals could be identified as the tetrahedral Cr4+ spe- 
cies that has been observed at X-bandse9 and the Crs3’ ions 
occupying the A4 1 and M2 octahedral sites, which have been 
thoroughly characterized by Rager and co-workers.3.4 Figure 
l(b) illustrates one of the effects of high chromium concen- 
tration that was most immediately evident from the single- 
orientation EPR spectra. In the crystal with 390 ppm chro- 
mium, the main spectral lines of the Cra’ exhibited a 
resolvable splitting, which most likely reflects electron spin- 
spin interactions between chromium centers at this concen- 
tration [cf. Fig. l(b)]. However, because of the complicated 
pattern of overlapping peaks observed at most orientations of 
this crystal, a full analysis of the crystal rotation patterns was 
not undertaken for the present work. In addition to the peaks 
just mentioned, several peaks with significant intensity and 
linewidths comparable to those of the tetrahedral Cr4’ ap- 
peared in the 34 GHz spectra. Finally, several very minor, 
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FIG. 2. Tetrahedral Cr4’ resonance field positions measured at 9.6 GHz as 
a function of single crystal orientation for rotation of B. in the (a) ab plane; 
(b) bc plane; and (c) ca plane. Lines represent nonlinear least-squares fit to 
the experimental data as described in the text. No peaks were experimentally 
observed in the ab rotation because of the small transition probability at 
these orientations. 

narrow-lined signals were observed, one of which could be 
identified as Mn2+ from its distinctive six-line hyperfine 
pattern,14 but these were not analyzed in detail. 

Figures 2 and 3 show combined results from the single 
crystal rotation studies of the tetrahedral Cr4’ center at both 
9.6 and 34 GHz. The solid lines plotted in Figs. 2 and 3 are 
the calculated rotation patterns derived from the best-fit spin- 
Hamiltonian parameters as described in the next section. The 
crystals were mounted with a slight (2” or less) misalignment 
between the nominal axis of crystal rotation and the goniom- 
eter axis. This misorientation resulted in a doubling of the 
peaks for each rotation pattern of both Cr4+ (apparent in 
Figs. 2 and 3) and Cl’ (data not shown). Each pair of peaks 
corresponds to sites that are related by C2 symmetry about 
the nominal axis of crystal rotation. In order to obtain more 
accurate measurements of the Cr4’ linewidth (discussed be- 
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FIG. 3. Tetrahedral Cr4+ resonance field positions measured at 34 GHz as a 
function of single crystal orientation for rotation of B. in the (a) ab plane; 
(b) bc plane; and (cj ca plane. Lines represent nonlinear least-squares fits to 
the experimental data as described in the text. Peaks without lines corre- 
spond to additional strong peaks observed that could not be assigned to 
tetrahedral Cr4+ or octahedral C?+; arrows indicate orientations of spectra 
shown in Fig. 4. 
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FIG. 4. Individual 34 GHz EPR spectra obtained for different orientations of 
Ba in the ub plane [indicated by arrows in Fig. 3(a)]. (a) one of the broad, 
unassigned peaks described in the text, and (b) a peak from the tetrahedral 
CI& center. Arrows indicate positions of minor side-peaks that may reflect 
hyperfine interaction with the 9% abundance s3Cr nucleus (1=3/Z). 

low), no attempt was made to align the crystals further. Even 
very small misalignment angles would have resulted in an 
increase in the apparent Cr4+ linewidths due to unresolved 
peak doubling. Therefore, EPR measurements and subse- 
quent analysis were carried out on the resolved pairs of peaks 
for each rotation pattern. 

At 34 GHz, signals appeared that do not correspond to 
any previously reported chromium species, as shown by the 
symbols without an accompanying curve in Fig. 3. In Fig. 4, 
the spectrum of one of these peaks is compared with that 
from a peak assigned to the tetrahedral Cr4’ species; these 
two spectra were taken at the orientations indicated by the 
arrows in the Fig. 3. As can be seen from Fig. 4 the peaks 
from the two species are quite comparable; both are rather 
broad, with linewidths on the order of 20 G. Careful small- 
angle rotation studies of both peaks with slow field scans 
were conducted in an effort to isolate the peaks from any 
background interference and resolve any observable nuclear 
hyperfine splittings. For both tetrahedral Cr’” and the uni- 
dentified species, two small shoulders were observed that 
tracked with the major peaks, shown by the arrows in Fig. 4. 
In both cases, however, the four hyperfine peaks expected for 
the 53Cr isotope (I=$), which is present at approximately 
9% natural abundance, could not be observed. 

The tetrahedral Cr4+ peaks have a nearly Gaussian line 
shape at most of the orientations sampled at 9.6 GHz, with 
some distortions in the wings of the peaks. The distortion 
was most pronounced at the very lowest fields in the bc and 
ca rotations, where the peaks appeared skewed to the lower 
field side. In general, the line shapes observed at 34 GHz 
were quite Gaussian, excepting the very broad (AB,)>160 
G) peaks near 11 kG in the ab rotation [middle curve, Fig. 
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FIG. 5. Derivative peak-to-peak linewidths of selected tetrahedral Cr4+ lines 
as a function of rotation angle. (a) High field transitions in the nb rotation at 
34 GHz, (b) and (c) low field transitions in the bc and ca rotations at 9.6 
GHz, respectively. Lines indicate theoretical orientation dependence of the 
linewidths calculated using the statistical model described in the text. The 
two peaks in the low-field rotations result from the slight crystal misalign- 
ment discussed in the text. 

3(a)]. Because of their weak intensity, these peaks suffered 
interference from background peaks (mostly Mn2+) in the 
g=2 region, preventing an accurate determination of their 
true shapes and widths. 

A striking orientation dependence for the linewidths of 
the Cr4’ peaks was observed for the samples containing 110 
and 300 ppm chromium, which is shown in Fig. 5 for the 300 
ppm crystal. The linewidths were determined by nonlinear 
least-squares fitting% of a Gaussian line shape function to the 
lines observed at 9.6 GHz in the bc and ca rotations. Because 
of the interference from background peaks, the linewidth of 
the higher-field transition in the ab rotation at 34 GHz could 
not be measured in this manner. Instead, the linewidths were 
determined by measurement of the derivative peak-to-peak 
distances directly from the spectra. 

In the bc rotation at 9.6 GHz [Fig. 5(b)], the peak-to- 
peak derivative linewidth starts at about 40 G when Bollb, 
and grows as the resonance field increases with increasing 
rotation angle. At an angle of approximately 70”, the line- 
width goes through a maximum and decreases dramatically, 
although the resonance field continues to increase with rota- 
tion angle. This effect results from a “level crossing” be- 
tween the two upper spin sublevels at this particular orienta- 
tion; it was not possible to observe this effect in the 34 GHz 
bc rotation because the rotation curves could not be followed 
to sufficiently high field. The peaks observed in the bc and ca 
rotations at 34 GHz were significantly narrower than those 
observed at 9.6 GHz. 

The Cr4’ linewidth was also observed to depend upon 
chromium content, as shown in Fig. 6. This figure compares 
the linewidths obtained for the bc rotation at chromium con- 
centrations of 110 and 300 ppm; the lower-field of the two 
peaks produced by crystal misalignment have been omitted 
for clarity. The same qualitative orientation dependence is 
evident in both crystals; however, the linewidths measured at 
the lower chromium concentration are consistently smaller. 
The lines shown in Figs. 5 and 6 were calculated using a 
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FIG. 6. Dependence of tetrahedral Ci’+ EPR linewidths on chromium con- 
centration. Lmewidths were measured at 9.6 GHz for rotation of B, in (a) 
the bc plane and (b) the ca plane and for chromium concentrations of (A) 
300 ppm and (0) 110 ppm. For clarity, only the widths of the lower-field of 
the pair of peaks produced by crystal misalignment are plotted. 

simple statistical analysis assuming Gaussian distributions in 
the magnetic parameters of the Cr4’ center , as discussed in 
detail below. 

The positions of the lower-field peaks assigned to the 
tetrahedral Cr4’ site (i.e., those peaks observed at orienta- 
tions near B,ljb and ~~11 ) a were observed to shift to higher 
field with decreasing temperature, as has been previously 
reported.7,8 The resonance field of the low-field peak mea- 
sured at 9.6 and 34 GHz for B,llb is shown as a function of 
temperature in Fig. 7; the peaks at both frequencies shift by 
approximately +60 G upon going from 25 “C to -125 “C. 

IV. ANALYSIS OF RESULTS 

A. Analysis of single crystal rotation curves 

All of the-measured field vs rotation angle curves were 
analyzed using a modified Levenberg-Marquaxdt nonlinear 
least-squares algorithm25 based on calculations using the 
spin Hamiltonian 

-150-100 -so 0 50 
Temperature / ‘C 

FIG. 7. Temperature dependence of the peak positions of the two low-field 
transitions of tetrahedral Cr4’ measured at (a) 34 GHz and (b) 9.6 GHz with 
B,llb and 300 ppm chromium. The two peaks in at each orientation-result 
from the slight crystal misalignment discussed in the text. 

H=p,S.g.Bo+D(S2-~~‘)+E(S~-Sy2), (1) 

and an effective electronic spin S= g (for Cr3+) or S= 1 (for 
Cr4+). Peak positions were calculated from the spin Hamil- 
tonian matrix using the eigenfield method described by Bel- 
ford et al.26 

Before any attempt was made to analyze the results for 
tetrahedral Cr4’, the well-characterized C? dopant was 
used as an internal standard for measuring the crystal mis- 
alignment angles accurately. The misalignment angles are 
defined as follows: first, the crystal is rotated through a “fa- 
cial misalignment” angle ‘17 about the field direction, fol- 
lowed by a “lateral alignment” angle $ about the axis that is 
perpendicular to both the field and goniometer axis. (The 
third possible misalignment angle corresponds to an error in 
the zero of the goniometer rotation, which could be deter- 
mined by inspection of the crystal rotation patterns.) Since 
the principal magnetic axes of C? in the M2 octahedral site 
lie nearly along the unit cell axes, this species did not exhibit 
any resolvable doubling of the resonance peaks with misori- 
entation, and was not used in the following analysis. 

The experimental peak positions of the C? in the Ml 
octahedral site were fitted by a nonlinear least-squares pro- 
cedure using the magnetic parameters and principal axis ori- 
entations that have been previously measured by Rager,’ and 
varying only the misalignment angles 7 and s defined above. 
Allowing the magnetic parameters of the Cr3+(M 1) to vary 
did not significantly affect the misalignment angles obtained 
by this method, although it did yield D and E values slightly 
different from those reported by Rager. The procedure was 
carried otit for the ab, bc, and ca crystal rotations at both 9.6 
and 34 GHz. The misalignment angles’ determined in this 
maiiner were then set at fixed values for the subsequent 
analysis of the Cr4+ rotation patterns. 

The combined 9.6.and 34 GHz data shown in Figs:2 and 
3 were fit globally by varying the spin Hamiltonian param- 
etersIDI,IEI,g*,gy,andg,, and the Euler angles cr, p, and 
y (defined using the convention given by Zare27) that specify 
the orientation of the magnetic axes X, y, and z relative to 
crystallographic’ a, b, and c. The results of the least-squares 
analysis, including the misalignment angles determined from 
the C? data, .are given in Table I for the crystal containing 
300 ppm chromium. The uncertainties reported for each pa- 
rameter in Table I were obtained from the formal tovariance 
matrix of the least-squares fit, ~assuming normally distributed 
errors in the experimental data. It should be noted that the 
Euler angles given in Table I correspond to the magnetic axis 
labeling convention used by Hoffman et aL6 in which the 
axis constrained to lie along crystallographic c is defined as 
magnetic x. This convention also defines E to be negative, 
given the result D >O from temperature studies of the EPR 
intensities.6 The simulations shown in Figs. 2 and 3 therefore 
assumed D > 0 and E-C 0, although these signs were not de- 
termined from the rotation data. 

B. Orientation dependence of Cr4+ linewidths 

The orientation dependence of the tetrahedral Cr” 
linewidths shown in Fig. 5 is amenable to a simple statistical 
analysis that reproduces the observed rotation curves reason- 
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TABLE I. Magnetic parameters of the tetrahedral Cr4’ center in a Cr:for- 
sterite crystal containing 300 ppm chromium and a Cr4+/Crs+ ratio of 14.5. 
Parameters were determined from a global nonlinear least-squares fit to 
resonance field vs angle EPR data measured at 9.6 and 34 GHz and ambient 
temperature 

Crystal misalignment angles 
ab rotation bc rotation CII rotation 

34 GHz II 1.8" 0.6" 2.20 
s 1.4” -0.9" -0.5" 

9.6 GHz I 1.7” 0.6" 3.4" 
s -1.2" 2.7" -0.1” 

Magnetic parameters 
Euler angles of magnetic axes (x,y,z) in (a,b,c) frame 

46.220.3' 
90.0~0.2" 

Y o.oco.2" 

Principal g-values 
2.00.5~0.040 
1.955+0.009 
1.965kO.006 

Zero-field splittings 
64.2620.18 GHz 

4.619k0.009GHz 

ably well. Given that the experimental peaks have approxi- 
mately a Gaussian line shape, the linewidth may be ex- 
pressed as a statistical distribution of resonance fields such 
that the variance a” in the resonance field is equal to iABfp, 
where AB,, is the first derivative peak-to-peak width of the 
line. If the dominant contributions to c? are from site varia- 
tion in the spin Hamiltonian parameters, and if the param- 
eters also have normal statistical (i.e., Gaussianj distribu- 
tions, then the variance of each resonant field position, B, , 
may be expressed in terms of the partial derivatives of Bi 
with respect to each of the variable parameters xj ,28 

2B,'x Cjk 

j,k 
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TABLE II. Variances and covariances for site distributions in the D and E 
zero-field splittings and the (Y Euler angle specifying the orientation of the z 
magnetic axis of the tetrahedral 4+ Cr site in Cr:forsterite at two different 
chromium concentrations. 

RI @pm1 
CDD (GHz? 
Cm @Hz') 
C,, (deg’) 
Cm (GHz’) 
CD, GHz ded 
CE~ @Hz deg) 

110 300 

3.2X lo-’ 5.3x10-2 
7.8X 10-s 9.9x lo+ 
3.4x10-4 1.8X1O-3 

-2.6XlO-3 -2.3X1O-3 
. . . - 1.0x 10-s 

8.9X10-' 9.9x10-5 

namely that they IUUSt be Symmetk (cjk" ckj) and positive 
definite (Cjj>O;C,jk- -= [ CJjCkk] 1’2). To accommodate these 
reS&ktiOnS, the cjk coefficients were determined by a 
Levenberg-Marquardt nonlinear least-squares algorithm 
combined with a penalty function to enforce the appropriate 
constraints. 

The partial derivative functions with respect to the 
g-tensor parameters were negligible compared to those with 
respect to the Euler angles and the D and E zero-field split- 
tings, as might be expected from the predominance of zero- 
field interactions at the magnetic fields used in this work. 
Site variations in g-values were consequently dropped from 
consideration. Further simplification resulted from the fact 
that the magnetic x: axis is constrained by symmetry to he 
along the c crystallographic axis, so that variation in the B 
and y angles could also be neglected. Thus, the linewidth 
analysis included only statistical distributions in D, B, and 
the cy Euler angle, which determines the orientation of the 
magnetic z axis in the bc crystallographic plane. This re- 
duced parameter set required the determination of only three 
variances, CD,, CEE, and C,, , and three covariances CD,, 
CD&r ami c,,. 

The matrix of coefficients cjk is simply the covariance ma- 
trix for the parameters {Xj}, SO that Cjj is the variance Of the 
parameter X~ and C&k is the covariance between the distribu- 
tions in xJ and xk . 

In order to determine the C matrix for a given set of 
variables from the experimentally measured cii, it is first 
necessary to obtain the partial derivatives of the field posi- 
tion of each resonance peak with respect to each of the vari- 
able parameters. Partial derivative functions were calculated 
using a forward-differences approximation starting from the 
parameter values given in Table I (and the signs for D and E 
noted above:) by introducing a relative step of 10V4 in each 
parameter. From Eq. (2) it is clear that the linewidth is a 
simple linear combination of the squares and cross-products 
of the numerically estimated partial derivative functions. In 
principle, the coefficients cjk may be determined directly by 
a linear least-squares fit to a set of experimental cri, values; 
however, in practice, the solution is complicated by con- 
straints arising from the properties of covariance matrices, 

An initial estimate of each of these parameters was re- 
quired for the nonlinear least-squares procedure. The initial 
values of the covariances were taken to be zero. Keasonable 
estimates of the variances CDD , C,, , and C,, were ob- 
tained by scaling the appropriate partial derivative function 
to match selected regions of the experimental rotation curves 
in which the peak position depends predominantly on only 
one magnetic parameter. Specifically, CD, was estimated 
from the linewidth at the minimum in the high-field curve in 
the 34 GHz ab rotation [Fig. 3(a)], C,, from the linewidths 
measured in the tlat low-field part of the rotation patterns in 
the bc and ca rotations obtained at 9.6 GHz, and C,, from 
the average of the maxima in the linewidth curves in the 9.6 
GHz bc and ca rotations. 

The variances and covariances determined by the con- 
strained nonlinear least-squares procedure are given in Table 
II for the crystals containing 110 and 300 ppm chromium. 
For the 110 ppm chromium crystal, the variances in D and E 
correspond to standard deviations of 0.18 GHz and 0.0088 
GHz, or approximately 0.28% and 0.19%, respectively. At 
300 ppm chromium, the standard deviations of D and E are, 
respectively, 0.23 GHz and 0.0099 GHz, or approximately 
0.36% and 0.21%. The standard deviations in the a Euler 
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angle for the crystals containing 110 and 300 ppm chromium 
are 0.02” and 0.04”. 

A very significant feature of the data that is reasonably 
well reproduced by thisanalysis is the marked asymmetry 
between the bc and the cu rotation curves at both 110 and 
300 ppm chromium (cf. Figs. 5 and 6). Some difference be- 
tween these two rotation curves might be expected as a result 
of the slight displacement of the z magnetic axis towards the 
h crystallographic axis (cf. Table I and Discussion below). 
The calculated derivative functions, particularly ( dBildD)2 
and (dBilda)2, did exhibit very small differences between 
the bc and the ca rotations, but these differences could not 
account for the very pronounced asymmetry apparent in 
Figs. 5 and 6. In fact, the experimental results could only be 
reproduced with a significant covariance between (Y and the 
zero-field splitting parameters. Thus, the large difference in 
linewidths.between the bc and the ca rotations at both 110 
and 300 ppm. chromium provides a clear experimental indi- 
cation that there exists a high degree of correlation between 
the magnetic z axis orientation and the zero-field splittings. 

C. EPR determination of relative site populations 

Once the magnetic parameters and principal axes are 
known for Cr3+ and Cr4’ in each of the occupation sites in 
the crystal, the single-crystal EPR line intensities may be 
used to estimate the relative amounts of chromium in each 
oxidation state. However, before a comparison of line inten- 
sities from different species is possible, it is necessary to take 
into account the different spin state population distributions, 
spin-lattice relaxation times, and transition probabilities for 
each paramagnetic center, all of which will depend in general 
on temperature, orientation, or both. 

For comparison with the Cr4’ signal, only the higher- 
field (i.e., --1$++1$) transitions of both the Ml and M2 
octahedral Cr? sites were used. Two factors led to this 
choice. First, the - I$-+ + I$) lines have significantly higher 
transition probabilities than the - I$)-, + I$) transitions, giv- 
ing intense signals that can be reliabIy integrated. Second, 
the -I$-++l$tr ansitions for both the M 1 and the M2 sites 
saturated at significantIy lower microwave power than the 
-I&++ Ii) transitions. Thus, to avoid artifacts due to spin- 
lattice relaxation, the -13-t + I$) lines were omitted from the 
analysis and the microwave power was attenuated by 20 dB 
relative to the point at which the maximalsignal was ob- 
served for the -I$-+ + I $} lines. 

Figures S(a), 8(b) and 8(c), 8(d) show the calculated ra- 
tios of the total peak intensities for the Cr4+/Cr3’( M 1) and 
Cr3’(M1)/Cr3+(M2) pairs, respectively. Here, “total peak 
intensity” for a given transition refers to the sum of intensi- 
ties of that transition for all of the symmetry-related sites of 
a given species (i.e., if four different resonance fields are 
found for the transition at a given crystal orientation, the 
intensities of all four peaks are added together). The curves 
in Fig. 8 were obtained using the calculated transition prob- 
abilities and spin state population differences for each of the 
symmetry-related sites at each crystal orientation. Transition 
probabilities were calculated as described by Belford et aL,26 
and population differences were calculated utilizing a Boltz- 
mann equilibrium distribution for the experimental tempera- 
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FIG. 8. Theoretical ratio of EPR peak intensity [peak volumes) for Cr4’ to 
C?(Ml) as a function of B, orientation in the (a) bc plane; (b) ca plane 
and for Crsf(M1)/CrsC(M2) as a function of B, orientation in the (c) bc 
plane and (d) ca plane, assuming equal populations of all three species. Only 
peaks corresponding to the -I$)++]$ transitions are included for the C2+ 
species. 

ture of 293 K, assuming that no excited electronic states of 
any center are significantly populated at this temperature. 
The signs of D that have been determined previously for 
each species3V6 were used in the calculation. 

The peak intensity ratios shown in Fig. 8 were calculated 
for equal populations of Cr4+ , C?+(Ml), and C?(M2). 
Thus, the ratio of the populations of each pair of species in a 
given crystal may be determined by dividing the experimen- 
tal ratio of integrated peak volumes for the pair at a selected 
orientation by the appropriate value plotted in Fig. 8. At the 
orientation with B. in the ac plane at an angle of 10” from 
the a axis, peaks from C? in the Ml and M2 octahedral 
sites, as well as the broad peaks from Cr4’ in the tetrahedral 
sites are present and well-separated in the 9.6 GHz spectrum. 
For the crystal containing 300 ppm of chromium, the doubly 
integrated peak volumes for the low-field Cr4’ transitions 
and the -I&++]$ t ransitions of both Crs’ species gave 
relative populations of 0.93kO.04, 0.050+0.002, and 0.015 
+O 002 for tetrahedral Cr4’, octahedral Cr3+(M l), and oc- - . 
tahedral C!?(M2), respectively. 

A. Determination of Cr4’ magnetic parameters 

V. DISCUSSION 

As is evident in Figs. 2 and 3, the rotation patterns mea- 
sured at 34 GHz reveal additional details of the tetrahedral 
Cr4’ site symmetry that are not resolvable at 9.6 GHz. Most 
significantly, whereas no transitions are observable at 9.6 
GHz for the ab rotation because of their near-zero transition 
probability, three new curves appear at 34 GHz, which may 
be assigned to Cr4’ in the tetrahedral site. At the higher 
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FIG. 9. E n e r g y  level  d i a g r a m  for the three Cr4’ sp in  sub leve ls  as  a  funct ion 
of f ield st rength w h e n  B ,,llz, i l lustrat ing the t ransi t ions observed  at 9.6 G H z  
a n d  at 3 4  GHz.  

resonance  f ields co r respond ing  to 3 4  GHz,  the app l ied  m a g -  
net ic f ield mixes the zero- f ie ld states sufficiently to confer  a n  
apprec iab le  probabi l i ty  on to  the transit ions. 

T h e  a p p e a r a n c e  of the m idd le  curve in  the 3 4  G H z  a b  
rotat ion [Fig. 3(a)],  wi th a  m i n i m u m  at abou t  10 .9  kG,  is 
part icular ly impor tant  because  it permi ts  the D  zero- f ie ld 
spli t t ing pa ramete r  to b e  direct ly a n d  accurate ly  m e a s u r e d  by  
E P R . This can  b e  s e e n  f rom Fig. 9, wh ich  shows  a n  ene rgy  
level  d i ag ram i l lustrat ing the two transi t ions that occur  at 3 4  
G H z  w h e n  B , is d i rected a long  the m a g n e tic z axis a n d  B , 
a long  m a g n e tic X . This or ientat ion cor responds  to the rota-  
t ion ang le  (about  4 7 ”) at the m in ima  of the lower  two curves 
in  Fig. 3. A t zero  field, the sp in  sublevels  a re  split into a  
doub le t  a n d  a  singlet  separa ted  by  a n  ene rgy  D, wi th a  split- 
t ing of 2 E  be tween  the doub le t  levels. T h e  peaks  at lower  
f ield co r respond  to the transi t ion be tween  the u p p e r  two en -  
e rgy  levels observed  n e a r  9  GHz,  whe reas  the h igher- f ie ld  
t ransi t ions occur  be tween  the lower  two sublevels  a n d  thus 
s p a n  the ma jo r  zero- f ie ld spli t t ing D. Consequent ly ,  D  can  b e  
ob ta ined  qui te  accurate ly  f rom the 3 4  G H z  data.  

A  second  feature that is apparen t  in  the 3 4  G H z  a b  ro-  
tat ion [Fig. 3(a) ]  is its asymmetry ,  for example ,  the lowest  
CrJf t ransi t ion f ield for Bo l la  is somewha t  h igher  than  that 
for B ,,llb in  this rotat ion. This effect cannot  b e  d u e  to the 
sl ight crystal misa l ignment  present  du r ing  the crystal rota-  
t ion. In fact, a l ignment  er rors  of 3 ” o r  less d o  not  p roduce  
p e a k  doub l ing  o r  any  reso lvab le  shift of the resonance  f ields 
in  the a b  rotat ion, s ince the x pr inc ipal  m a g n e tic axis of the 
C P +  is para l le l  (or  near ly  so)  to the axis of crystal rotat ion. 
Thus,  the asymmetry  must  reflect the or ientat ion of the y a n d  
z pr inc ipal  m a g n e tic axes  of the Cr’+ . T h e  asymmetry  can  
a lso b e  s e e n  in  the inequ iva lence  of the -34  G H z  bc  a n d  cu  
rotat ions in  Figs. 3 (b )  a n d  3(c).  A l though  the crystal mis-  
a l ignments  d o  p roduce  p e a k  doub l ing  in  these two rotat ion 
patterns,  it is still ev ident  that the curves represent ing  the 
ave rage  posi t ion of e a c h  pa i r  of peaks  in  the bc  a n d  ca  rota-  
t ions a re  not  symmetr ic.  

O u r  results therefore p rov ide  a  sl ight re f inement  of p re -  
v ious E P R  studies n e a r  9  GHz,  w h e r e  the apparen t  equ iva-  
lence  of the bc  a n d  ca  rotat ion curves [cf. Figs. 2 (b )  a n d  2(c)]  
wou ld  suggest  that the z m a g n e tic axis exact ly bisects the a  
a n d  b  crystal lographic axes.  T h e  results p resen ted  in  Tab le  I 
a re  c loser  to the f luorescence l ine na r row ing  measu remen t  of 

Hof fman et al.,” wh ich  p lace  the z m a g n e tic axis somewha t  
c loser  to b. A l though  the d i f ference be tween  these two or i -  
entat ions is qui te  sma l1  (only  abou t  1 .2”), it still p roduces  a  
signif icant asymmetry  that is observab le  in  the 3 4  G H z  data.  
T h e  in f luence of this smal l  d isp lacement  has  m o r e  p ro found  
impl icat ions in  the interpretat ion of the or ientat ion-  
d e p e n d e n t  l inewidths m e a s u r e d  in  the bc  a n d  ca  rotat ions at 
9 .6  GHz,  as  d iscussed be low.  

It wou ld  b e  interest ing to obta in  a  fur ther E P R  charac-  
ter izat ion of the te t rahedra l  C r 4 +  center  by  de te rmin ing  the 
hyper f ine  tensor  of the 5 3 C r  nuc leus  ( I= $),  as  has  b e e n  d o n e  
for the C r 3 +  dopan t  ions.4 G iven the la rger  i n h o m o g e n e o u s  
l inewidths of the Cr4’ species,  accurate  measu remen t  of the 
o r ien ta t ion-dependent  hyper f ine  spli t t ings wou ld  requ i re  
crystals d o p e d  with ch romium enr i ched  in  53Cr .  

B . Identi f icat ion of the addi t ional  peaks  at 3 4  G H z  

A l though  n o  defini t ive- ident i f icat ion of the addi t ional  
peaks  observed  in  the 3 4  G H z  spectra (symbols  wi thout  
curves in  Fig. 3 )  can  b e  m a d e  at present ,  severa l  observat ions 
suggest  that these peaks  m a y  b e  at t r ibutable to s o m e  k ind of 
C r 4 +  species.  First, the l ines a re  signif icantly m o r e  in tense 
than  any  of the o ther  unass igned  l ines a p p e a r i n g  in  the spec-  
tra. B e c a u s e  of the careful ly cont ro l led condi t ions in  the syn-  
thesis of the sol -gel  p recursor  a n d  the use  of a  crystal 
g rowth  m e thod that d o e s  not  requ i re  a  crucible,  contaminants  
shou ld  b e  present  in  on ly  very smal l  quant i t ies,  suggest ing  
that the extra peaks  most  l ikely co r respond  to the in tended  
dopan t  cat ion. Fur thermore,  e lementa l  analys is  by  ICP/MS 
shows  that ch romium is the on ly  ma jo r  dopan t  in  the crystal, 
s t rongly suppor t ing  this suggest ion.  T h e  a p p e a r a n c e  of hy-  
per f ine structure simi lar  to that of te t rahedra l  C r4’ (cf. Fig. 
4 )  offsers s o m e  addi t ional  cor robora t ion  for this conclus ion.  
Final ly,  the l inewidths of the addi t ional  peaks  a re  signif i-  
cant ly b roade r  than  any  of the m inor  spectral  l ines. A s  dis-  
cussed above,  this feature is character ist ic of a  n o n - K r a m e r s  
ion  such  as  Cr4+,  for wh ich  the E P R  l inewidths direct ly re-  
flect site var iat ions in  the zero- f ie ld parameters .  In contrast,  
most  of the ma jo r  expec ted  contaminants  such  as  M n ”” a n d  
F e 3 +  a re  K m m e r s  ions in  wh ich  the l inewidths a re  relat ively 
unaf fected by  site var iat ions. 

These  cons iderat ions a re  consistent  wi th the al ternat ive 
ass ignment  of the extra l ines to C!?‘, however ,  this possibi l -  
ity is unl ikely for two reasons.  First, the crystal was  g r o w n  in 
a  h igh ly  ox id iz ing a tmosphere ,  wh ich  shou ld  r e m o v e  any  
C ? +  that cou ld  h a v e  b e e n  present  in  the precursor  sol-gel .  
Second ,  absorp t ion  spectra ob ta ined  f rom larger  crystals 
g r o w n  u n d e r  the s a m e  condi t ions as  those u s e d  for E P R  
s h o w e d  n o  absorp t ion  peaks  character ist ic of Cr*‘. These  
observat ions a re  consistent  wi th the results of Y a m a g u c h i  
et al.‘6T1f  that n o  CI?’ is observed  w h e n  the crystal is g r o w n  
at part ia l  oxygen  pressures  a b o v e  0 .01  atm, wel l  be low  the 
pressures  u s e d  in  this work.  

O n e  difficulty wi th the ass ignment  of the addi t ional  
peaks  to oc tahedra l  C r4’ is that e lementary  crystal f ield 
theory2’ predicts a n  orbi tal ly degene ra te  g r o u n d  state (3T1)  
for a  d 2  ion  in  a n  oc tahedra l  f ield. S t rong coup l ing  be tween  
degene ra te  o r  nea r -degenera te  states cou ld  l ead  to fast sp in  
re laxat ion that obl i terates the E P R  s ignal  at r o o m  tempera-  
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ture. Similar arguments apply to Cr’?‘, a d4 ion for which the 
ground state is orbitally degenerate in both octahedral and 
tetrahedral crystal fields. If Cr4’ (or Cr2’) is present in the 
octahedral sites of the crystal, its crystal field would have to 
be highly distorted in order to remove the ground state de- 
generacy sufficiently to make it EPR-visible at higher tem- 
peratures. Alternatively, the additional signals may reflect a 
subpopulation of the tetrahedral Cr” species that is under- 
going a strong electronic interaction with a neighboring dop- 
ant ion. In any case, it is clear that the extra peaks observed 
in this work do not correspond to the laser-active center. The 
zero-field splittings that have been determined from studies 
of the Zeeman effect on the narrow-line fluorescence wave- 
lengths of the laser centers’* are clearly inconsistent with the 
partial rotation curves shown in Fig. 3, whereas they are 
fully consistent with the EPR parameters determined for the 
tetrahedral Cr”. 

C. Source of EPR line-broadening in CP’ 

odomain crystal; nor was there any evidence of polycrystal- 
linity in the other EPR signals. However the appearance of 
the splittings with higher chromium content is quite sudden, 
whereas there is no evidence of any spin-spin interactions at 
300 ppm chromium, after an increase of only 30% in chro- 
mium content, the entire population of Ml octahedral C?’ 
exhibits the splittings [cf. Figs. l(a) and l(b)]. The appear- 
ance of a small number of distinct splittings also suggests a 
specific relative orientation of the species that is coupled to 
Crsf. If the occupation of nearby sites by other dopant ions 
were completely random, one would expect a gradual broad- 
ening of the peaks as the chromium concentration is in- 
creased, or at least the appearance of a large number of split- 
tings. These observations suggest a cooperative substitution 
of specific chromium pairs in the crystal lattice at high chro- 
mium concentrations; however, further studies of the 
orientation-dependent splittings will be required to elucidate 
the nature of such pairs. 

The nearly Gaussian shape of the Cr4’ EPR peaks pro- 
vides a good indication that the linewidth arises from statis- 
tical variation among the chromium substitution sites. In 
principle, such variations can occur in any of the magnetic 
parameters of the Cr” center, including the orientations of 
the magnetic axes. One possibility that occurs very com- 
monly in transition metals is site variation in the effective 
g-factor, or so-called “g-strain.” However, as noted in the 
Results section, g-strain appears to be relatively unimportant 
in the present case, since the EPR linewidths are much less 
sensitive to variations in the g-values than to variations in the 
zero-field splittings and magnetic axis orientations. Unrea- 
sonably large distributions in the g-values would have been 
required to reproduce linewidths of the observed magnitude. 
These observations are consistent with the proximity of the 
principal g-values of the Cr4’ center to the free electron 
g-value since the g-values of Cr4+ are not significantly in- 
fluenced by the crystal field, they should be quite insensitive 
to small site variations within the crystal. 

The analysis of the Cr4’ linewidth results clearly shows 
that the major source of the EPR linewidth variation are site 
distributions in D, E, and the z axis orientation. This inter- 
pretation is fully consistent with previous studies of EPR 
linewidths in non-Kramers ions.“9*30 The best evidence for 
this conclusion is the very distinctive orientation dependence 
shown in Figs. 5 and 6, which cannot be reproduced by 
dipolar broadening mechanisms or by any combination of 
distributions in the g-values. Another good indication that 
g-strain and dipolar broadening can be neglected is the sub- 
stantial narrowing of the peaks in the bc and ca rotations 
upon going from 9.6 to 34 GHz. Whereas spin-spin coupling 
should be frequency-independent, and g-strain should pro- 
duce linewidths that increase at higher frequency, the 
linewidths of the peaks near the orientations Bo]]b and Bo]]c 
actually decreases from about 30 G at 9.6 GHz to less than 
20 G at 34 GHz in the 300 ppm sample. 

Another possible source of line broadening is interaction 
among the paramagnetic chromium substituents (including 
both C?’ and Cr4’) in the crystal lattice. Indeed, as shown 
in Fig. l(c), splittings attributable to spin-spin couplings do 
appear in the spectra of the Ml octahedral CP’ in the 
sample containing 390 ppm chromium. Because of the pre- 
ponderance of Cr4’ in the sample, this splitting most likely 
arises from CP+/Cr4+ interactions. Splittings of this magni- 
tude could therefore also be present in the Cr4’ peaks in this 
sample, but would be unresolvable because of the much 
larger linewidth of this species. Although linewidth contribu- 
tions from spin-spin interactions cannot be ruled out, such 
contributions apparently constitute at most only a fraction of 
the overall Cr4’ linewidth, even at the highest chromium 
concentration studied. 

The multiple peaks observed in the spectra from the M 1 
octahedral Cr3+ at the highest chromium concentration [cf. 
Fig. l(c)] exhibit some unusual features that deserve some 
further comment. There was no evidence that these peaks 
arose from polycrystallinity in the sample; both x-ray Laue 
backscattering and polarizing microscopy showed a mon- 

In sum, the results presented here suggest that the inho- 
mogeneity observed in the EPR transitions of Cr4+ are domi- 
nated by site variations in the crystal field, rather than from 
direct chromium-chromium interactions. By analogy, the re- 
sults presented here also imply that the optical transition 
linewidths of the Cr4’ center, which determine the tunability 
of its laser activity, could be more significantly influenced by 
site inhomogeneity than by chromium-chromium interac- 
tions. Since the EPR linewidths increase with increasing 
chromium concentration, it appears that the site inhomoge- 
neities result from distortions induced by chromium substi- 
tution into the crystal lattice. In fact, preliminary results from 
this laboratory” suggest a more specific effect. In a crystal 
grown under a reducing atmosphere to produce a low 
Cr4+:Crs+ ratio (0.02:0.98 as measured by EPR), the experi- 
mental Cr4’ linewidths are approximately 3 G for ~~]]a and 
~,]]b (data not shown). These linewidths are quite narrow 
compared to those observed for Cr4+ at the same crystal 
orientations in the present study (over 30 G, cf. Figs. 5 and 
6). This apparent reduction in the tetrahedral site inhomoge- 
neity at a low Cr4+:Crs+ ratio suggests that the lattice distor- 
tions arise specifically from Cr4+ substitution at the tetrahe- 
dral site. 

Presumably the inhomogeneity that is evident in the tet- 
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FIG. 10. Projection of the experimentally determined magnetic z axis (solid 
line) onto the tetrahedral cage occupied by Cr4’ in the forsterite crystal, as 
viewed along the c crystallographic axis. Dashed line indicates the orienta- 
tion of the line connecting the midpoints of opposite sides of the tetrahe- 
dron. Arrow indicates likely direction of cage distortion that produces site 
variation at the Cr4+, as discussed in the text. 

rahedral site of forsterite is also present in the adjacent octa- 
hedral sites. X-ray crystallography of a series of olivines has 
revealed significant distortion in the crystal lattice as the 
fraction of iron substituted into the octahedral sites of the 
forsterite host increases, particularly for the Ml site.’ How- 
ever, even if the Crs’ dopants do undergo site variation in D 
and E, the widths of their EPR peaks will be affected to a 
much smaller degree than those of Cr4’, since the transitions 
occur between Kramers, doublets in the case of Cr?. 

D. Geometric interpretation of EPR results 

A comparison of the experimental zero-field axes with 
the atomic coordinates of the tetrahedral cage’ enclosing the 
Cr4+ yields some insights into the nature of the local crystal 
field of the lasing center. The major zero-field axis, z, is 
expected to adopt an orientation that depends upon the sym- 
metry of the dominant type of distortion in the tetrahedron. 
For trigonal CC,,) distortions in which one of the Cr-0 
distances is altered, z might be expected to lie along the axis 
of the altered bond, which becomes an axis of threefold sym- 
metry. Alternatively, if the dominant distortion is tetragonal 
(C,,), corresponding to elongation or compression along an 
axis connecting opposite edges of the tetrahedron, z should 
again be aligned with the symmetry axis. The crystal struc- 
ture of forsterite suggests the first of these possibilities, .since 
the Si-O(1) bond along crystallographic a is appreciably 
shorter than the other Si-0 bonds in the tetrahedron. How- 
ever, the measured zero-field axes are more consistent with 
the latter type of distortion. Figure 10 depicts the experimen- 
tally determined z axis (solid line) relative to the Cr4’ tetra- 
hedron as viewed along the c crystallographic axis. The 
dashed line shows the direction of the axis connecting the 
midpoints of the 0(3)-O(3)’ and 0(1)-O(2) edges of the 
tetrahedron (using the notation of Birle et al.‘), which lies in 
the ab plane at an angle of 38” from b. It should be noted that 
this direction was derived from atomic coordinates for the 
SiO, tetrahedron, which may not be strictly comparable to 
the chromium-substituted tetrahedron. Nevertheless, the 
main conclusion from Fig. 10 is that the dominant type of 
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distortion is neither purely trigonal or tetragonal, but prob- 
ably represents an asymmetric elongation of the tetrahedron 
approximately along z. 

The correlations between the distributions in D, E, and LZ 
may also be interpreted in terms of a simplified geometric 
model for distortions in the local crystal field of Cr4’. Spe- 
cifically, the large negative covariance CDE found for both 
110 and 300 ppm chromium give correlation coefficients of 
-0.95 and -0.96, respectively, indicating that the distribu- 
tions in the zero-field splitting parameters are strongly corre- 
lated in both samples. More specifically, higher D values are 
correlated with more negative E values, i.e., larger I ~1. The 
covariance CEa is also significant at both concentrations, 
yielding correlation coefficients of 0.55 and 0.45 for 110 and 
300 ppm, respectively. Thus, more positive E values (smaller 
/El) tend to be correlated with larger cy values, i.e., a smaller 
angle between magnetic z and crystallographic b. In combi- 
nation, these results suggest a picture in which compression 
of the tetrahedral cage along crystallographic a (cf. Fig. 10) 
leads to (i) a displacement of z towards b; (ii) a reduction in 
D due to the increased strength of the crystal field; and (iii) a 
partial restoration of axial symmetry, reflected in a reduction 
of IE(. 

This model is consistent with the observed temperature 
dependence of the low-field peak positions of Cr4+ near 
B,((b (cf. Fig. 7). The shift in resonance field with tempera- 
ture must. be due almost entirely to changes in 1 El, since the 
resonance field at this orientation is insensitive to the 
g-values and nearly independent of D. The fact that similar 
peak shifts are observed for Bollb and ~,/]a rules out the 
possibility of any rotation of the z magnetic axis in the ab 
plane with decreasing temperature. Thus, the increase of ap- 
proximately +60 G in resonance field corresponds to a de- 
crease in IEI of about 0.17 GHz upon going from 25 “C! to 
- 125 “C. According to the correlations inferred from the 
linewidth data, a smaller 1 El reflects a more compressed and 
axially symmetric tetrahedron, consistent with the notion that 
the tetrahedral cage of the Cr4’ ion is simply contracting 
slightly at lower temperatures. These temperature-dependent 
changes in the crystal field of Cr4’ although small, may still 
significantly affect the laser perfoimance of Cr:forsterite at 
lower temperatures. 

VI. CONCLUSION 

EPR spectroscopy at 9.6 and 34 GHz has been applied to 
chromium-doped forsterite in conjunction with a strategy of 
precursor synthesis and crystal growth that affords good con- 
trol over the concentration and Cr4’/Crs’ ratio of the chro- 
mium dopant ions. Three single crystals were studied with 
chromium contents of 110, 300, and 390 ppm, respectively. 

At 34 GHz Cr”‘” transitions appear that are unobserv- 
able at the moie conventional frequency of 9.6 GHz. The 
additional information available at 34 GHz improves the ac- 
curacy with which the zero-field splittings and the directions 
of the zero-field magnetic axes of the tetrahedral Cr4+ center 
may be determined. Specifically, a global least-squares fit of 
the combined 9.6 and 34 GHz data for the 300 ppm crystal 
gave g,= 1.955?0.009, g,=2.005-+0.040, gZ= 1.965 
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20.006, 0=64.26+0.18 GHz, E=-4.619-f-0.009 
GHz, and an orientation for the magnetic z axis in the ab 
plane at an angle of 43.820.3” from b. 

Significant changes appear in the EPR properties of the 
tetrahedral Cr4’ center as a function of chromium concentra- 
tion and temperature. The EPR linewidth is strongly 
orientation-dependent, which was attributed to site variation 
of the D and E zero field splittings and the orientation of the 
z magnetic axis, The distributions in these parameters all 
increase with increasing chromium concentration, indicating 
that the inhomogeneity in the tetrahedral site arises from 
distortions induced by chromium substitution into the crystal 
lattice, rather than from direct chromium-chromium interac- 
tions. The significant correlations among the distributions in 
D, E, and z qis orientation were interpreted in terms of a 
simple geometric model in which the tetrahedral cage of the 
Cr’+ ion is compressed by a variable degree along the a 
crystallographic axis. The correlations inferred from the line- 
width data are also consistent with the observed reduction in 
1 E 1 at lower temperatures. 

An EPR method was presented for determining the 
Cr4’/Crs’ ratio and fractional occupation of each of the 
chromium substitution sites in forsterite based on the known 
magnetic parameters of the different chromium species. For 
the 300 ppm crystal, the method gave relative populations of 
0.94, 0.050, and 0.015 for tetrahedral Cr4’, octahedral 
Cr3+(M 1 ), and octahedral Crs*( M2), respectively. 

Taken together, the results presented here demonstrate 
the sensitivity of EPR to a variety of factors that are directly 
under synthetic control, and which report at least indirectly 
on the optical properties of the Cr4+ center. Thus, EPR prom- 
ises to be a useful analytical tool for guiding synthetic strat- 
egies towards improving the laser performance of Cr: forster- 
ite. Future studies in this laboratory will be directed towards 
establishing a more direct correspondence between the ob- 
servable magnetic and optical properties of the Cr4+ center. 
Particularly promising will be combinations of EPR with op- 
tical methods, such as GDMR, which will allow one to relate 
site inhomogeneities observable by EPR directly to the opti- 
cal properties of the sample. 
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