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Time resolved electron paramagnetic resonance~EPR!measurements on a photoexcited chromium
doped forsterite~Cr:Fo!single crystal are reported. The spectral changes with time, magnetic field,
crystal orientation, microwave power and, in particular, photoexciting wavelength, provide a
selective picture of the various chromium dopants and the absorption–relaxation cycle associated
with each optical excitation. Both Cr14 ions lodged at tetrahedral~Td! and octahedral~Oh! sites as
well as Cr13 ions are detected. In particular, the laser-EPR technique enabled us to monitor the spin
dynamics associated with the lasing center~Cr14/Td! in the time regime of 200 ns–100 ms
following a selective photoexcitation of the crystal between 532 and 1064 nm. The transient EPR
signals associated with the lasing Cr14/Td ions, exhibit a noticeable dependence on even small
changes~;0.5 nm!in the exciting wavelengths that correspond to the visible3A2→3T1 and the near
infrared 3A2→3T2 transitions. The transient magnetization associated with each
absorption–relaxation cycle is quantitatively analyzed in terms of site selectivity due to the narrow
band~i.e., low intensity!microwave detection following a narrow band optical excitation. Given this
observed selectivity, it is suggested that laser-EPR may be employed to study intersite interactions
and site structure versus optical function relationships in forsterite as well as other solids doped with
transition metal ions. ©1995 American Institute of Physics.
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I. INTRODUCTION

Tunable solid state lasers, such as chromium doped
sterite~Cr:Fo!, derive their broad luminescence and abso
tion bands from the interaction between the doped transit
metal ion and the crystal field. However, owing mainly
this interaction the optical spectra of such lasers often la
the resolution required for diagnostic characterizations l
dopants and sites determination. It is not surprising thou
that electron paramagnetic resonance~EPR!has had an im-
portant role in recognizing the unique lasing center in Fo
Cr14 ions substituting, as believed, Si14 ions in tetrahedral
sites.1–3 Further, EPR studies indicated an inhomogeneity
the tetrahedral sites, which was attributed to distortions
duced by the chromium insertion.4 Considering the complex-
ity of the forsterite system we further aim to establish a sp
cific correlation between the excited lasing states and
EPR signals, and to closely monitor the spin dynamics as
ciated with the lasing action by applying time-resolved op
cal EPR techniques. The EPR of photoexcited systems~laser-
EPR! introduces a time-resolved detection of short-live
paramagnetic species in various spin states.5,6 In addition,
this technique often provides valuable information on tra
sient phenomena such as spin polarization and cohere
and enables magnetophotoselectivity.5,6Thus, laser-EPR may
serve as a complementary method whenever the optical te
niques result in broad overlapping signals which make
difficult to identify the various species involved in comple
systems such as Fo. Time-resolved direct detection E
studies of excited states in transition metal ions are virtua
nonexistent and would be expected to be especially challe

a!Author to whom correspondence should be addressed.
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ing considering the number of the paramagnetic levels
Cr:Fo, and their fast relaxation rates, especially since so
of them are fluorescent.7,8

In the present work we employed pulsed laser excitati
combined withX-band EPR direct detection of a Cr:Fo
single crystal at liquid helium temperature. This techniqu
enabled us to monitor the spin dynamics associated with
lasing center in the time regime of 200 ns–100 ms followin
a selective photoexcitation of the crystal between 532 a
1064 nm. The technique also facilitates a selective transi
detection of the other Cr species in Fo, very likely includin
light-induced Cr14 ions occupying octahedral~Oh! sites
which were not identified unambiguously by any othe
method.4,9 In other words, the characterization of the variou
Cr species by the laser-EPR method becomes feasible du
their completely different dependence on both the excitati
wavelength, the detection time scales, and the microwa
power. In particular, the transient EPR signals associa
with the lasing Cr14 ions lodged in tetrahedral~Td! sites,
exhibit a conspicuous dependence on the exciting wa
length both in the visible and near-infrared~NIR! regions
that correspond to the3A2→3T1 and

3A2→3T2 optical tran-
sitions, respectively. The transient magnetization associa
with each absorption-emission cycle is quantitatively an
lyzed in terms of the ability of the narrow band microwave
to selectively detect particular sites, following a narrow ban
optical excitation.~More precisely, by narrow band micro-
waves we refer to the weak microwave magnetic fields
discussed in Sec. III.!

In Sec. II we give experimental details. The theoretic
model for analyzing the time-resolved optical EPR signals
given in Sec. III. The results and discussion are given in S
IV with a summary in Sec. V.
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5316 A. Regev and J. H. Freed: EPR of chromium doped forsterite
II. EXPERIMENT

The Cr:Fo single crystal used in this study was grown
M. Higuchi ~Department of Materials Science and Engine
ing, Cornell University!, by the floating zone method in a
atmosphere of 83% oxygen and 17% argon. The precu
powder of 0.01 Cr/Si was prepared by J. L. Mass~Depart-
ment of Chemistry, Cornell University!. The chromium co
centration of the single crystal was 310 ppm~4.2631018

cm23! as determined via a neutron activation analysis. T
crystal appears green, blue, and purple when viewed a
the a, b, andc crystallographic axes, respectively. The d
tailed description of the crystal growth and characterizat
was published elsewhere.10–13

The Cr:Fo crystal~93432 mm3! was mounted onto a
Supersil quartz holder, with the crystal axisa ~Pbnmnota-
tion! parallel~by eye!with the holder long axis. Rotation o
the crystal about itsa axis allowed the external magnet
field,B, and the light propagation axis to be aligned in thebc
plane. Thus, at zero rotation the crystalb axis is parallel toB
and the laser light propagates parallel to thec axis. Most of
the experimental data presented in this work was recor
while the angle betweenb andB was kept at 60°. At this
orientation theXY transition of Cr14/Td has its resonance a
about 1300 G, which is well separated from signals ass
ated with the other dopants.

The temperature was maintained at 3 K, using a conti
ous flow cryostat~Oxford Instruments ESR 10!. The crystal
in the microwave cavity was photoexcited at the fundame
~1064 nm,,1 cm21 bandwidth!and at the second harmon
~532 nm,,0.2 cm21 bandwidth!of a Nd:YAG laser~Quanta
Ray DCR-1A, repetition rate 10 Hz,;10 mJ/pulse!. Photo
excitation at 550–900 nm~,0.2 cm21 bandwidth!was car-
ried out with a dye laser~Quanta Ray PDL-1!pumped by the
second harmonic of the Nd:YAG. The excitation wav
lengths correspond to transitions from the ground state,3A2 ,
into the 3T2 and 3T1 excited manifolds of Cr14/Td in
forsterite.14,15

Laser excitation time-resolved cw-EPR direct detect
measurements were carried out on a Bruker ER-200D S
spectrometer with the field modulation disconnected. T
EPR signal was taken from the preamplifier just after
diode detector and fed into a digital oscilloscope~Tektronix
TDS 520!synchronized with the laser.16 Kinetic traces from
each magnetic field position were acquired and stored.
transient spectra at different times after the laser pulse
with respect to the external field were constructed from th
kinetic profiles.16 By subtracting the signal prior to a lase
pulse the contribution from any cw signal is removed. T
repetition rate was adjusted so that the signal had returne
equilibrium prior to the next laser pulse. The spectra w
compared, on-line, with the corresponding steady-state E
spectra~with the field modulation connected! to confirm
resonance positions and stability. Site selective spectra w
acquired by fixing the magnetic field on one of the Cr14/Td
resonance peaks at a certain orientation, while scanning
dye laser through a definite range and monitoring the tr
sient magnetization obtained at each wavelength. The re
ducibility of these excitation spectra was checked by e
ploying various scanning rates and by scanning the dye l
J. Chem. Phys., Vol. 103,Downloaded¬25¬Jan¬2010¬to¬128.253.229.158.¬Redistribution¬subjec
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grid back and forth through the desired range. The excitatio
spectra were also compared with the distinctive kinetic trace
acquired at each pumping wavelength.

III. TEMPORAL ANALYSIS

A. Qualitative description

Tentatively, the temporal behavior is described in term
of spin polarization and the excitation–emission cycles a
each wavelength~cf. Fig. 1, Scheme I!. This scheme reflects
the effect of the crystal field variation among different sub
sets of ions on the inhomogeneous laser excitation. Such
effect was previously demonstrated for Cr14 in forsterite by
the occurrence of multiple lines in the NIR fluorescence lin
narrowing ~FLN! spectra obtained via Zeeman optica
measurements.3,17,18Although the exact nature of the tetrahe-
dral site distortion is not completely clear yet,4,15 we will
adopt here the notation ofC2v orthorhombic distortion.15

The effect of theC2v distortion is to split the excited states
such that the second excited state,3T1 , for instance is split
into 3A2 ,

3B1 , and
3B2 . Due to the spin–orbit interaction

each triplet is further split into three components. The energ
associated with the components of the first two excite
states, namely;3T2 and

3T1, was estimated from the absorp-
tion site selective spectra, and is given in Refs. 14 and 15.
should be noted that according to the Tanabe–Sugano ene
level diagram of Cr14 ~3d2! in a tetrahedral crystal field, an
excited 1E level, insensitive to the crystal field, is lying
above the3T2 state at intermediate and low crystal field sites
The exact position of the1E state with respect to the3T1 in
the lasing centers of Cr:Fo is not clear yet, probably due
the low probability of the interconfigurational transition:
3A2→1E. However, it is generally accepted that the1E state
is not higher than the3T1 state.

14,15,19

At 9.4 GHz we essentially detect a two-level system du
to the large ZFS parameterD564.26GHz.4 Before the la-
ser pulse, the system is thermalized, but upon firing the las
the spin polarization emerges as a result of the selection ru
associated with the optical pumping and the decay process
According to Scheme I two main processes, direct and ind
rect, should be taken into account regarding the spin pola
ization and the evolution of the transient magnetization:

~i! The direct depopulating process of the detectedX and
Y ground state sublevels: In the case considered
Scheme I, an immediate~on the EPR time scale! spin
polarization emerges due to the selective photoexcit
tion to the higher triplet~3B2! of the second excited
state~3T1!.

~ii! The delayed indirect populating process of the de
tected levels: Within a few nanoseconds after the las
excitation pulse, the photoexcited3T1 state relaxed
nonradiatively to the lower excited triplet state~3T2!,
and from there via fluorescence~t f>30 ms at 10
K!15,20,21or nonradiative processes back to the groun
state. Therefore, according to this scheme the detect
X andY sublevels may be repopulated via at least si
different such routes~possibly associated with differ-
ent rates!. The final detected population may hav
originated from two distinct sources, i.e., the origina
No. 13, 1 October 1995t¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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FIG. 1. Scheme I represents the excitation and decay cycles as detected by EPR following laser excitation~about 560 nm!of Cr14/Td ions doped in forsterite.
The direct and indirect processes involved with the transient EPR signals are indicated. Scheme II is a simplified presentation of Scheme I, which des
the kinetic processes that occur at times longer than the laser excitation pulse~10 ns!. The1E level is not shown~cf. Sec. III!.
l
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-
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X andY sublevels, and also theZ ground state sub-
level. It is anticipated that the effects of site variatio
in the ground state will mainly show up in the signa
arising via the indirect process, since only this proce
will involve the Z level, which should be most sens
tive to the crystal distortions.4,21,22Due to the Boltz-
mann distribution at 3 K, which preferentially popu
lates the groundZ level ~sinceD;3 K! the route
originating from theZ ground state sublevel proceed
ing via the indirect process into the detected leve
becomes even more important.

B. Quantitative description

Using Pedersen’s modified Bloch equation formulatio
the temporal behavior of the magnetization,M (t), which in-
cludes spin relaxation and polarization effects as well as
optical relaxation, is given by23

Ṁ ~ t !5LM ~ t !1F~ t!, ~1!

where

L5 S 2T2
21 Dv 0

2Dv 2T2
21 2v1

0 v1 2T1
21
D ,

F~ t !5S 0
0
f ~ t !

D ,
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and f (t) depends essentially on the instantaneous spin con
centration,n(t), and will be discussed in detail below. All
the other terms have their usual meaning. Formally, Eq.~1! is
similar to the case of ‘‘slow radical decay’’ of Pedersen and
hence can be solved by separating the magnetic and kineti
effects by the use of a Laplace transformation.23 Therefore,
for the short laser pulse case, i.e.,tpulse!T1 , there will be a
nonequilibrium initial value ofMz5m0 , and they compo-
nent ofM will be given by

My~ t !5m0gy~ t !1 f ~ t !* gy~ t !, ~2!

wheregy(t) is the solution of the magnetic part in Eq.~1!
@i.e., when only the first term on the right-hand side of Eq.
~1! is kept#, andf (t) represents the kinetics of the Cr:Fo
according to Scheme I as discussed below. The asterisk in
Eq. ~2! implies a convolution. Given the observed oscillatory
behavior of the transient magnetization of the Cr14/Td ions,
the termgy(t) is given in terms of Torrey’s underdamped
solution of the Bloch equations24

gy~ t !52
v1

V
exp~2bt!sin~Vt !, ~3!

where

b5
1

T2
S 12

1

2 S v1

V D 2D
and

V5Av1
21Dv2,
No. 13, 1 October 1995t¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5318 A. Regev and J. H. Freed: EPR of chromium doped forsterite
and Dv5v2v0, with v the applied microwave frequency
and v0 the resonance frequency. Implied in Eq.~3! is an
assumption typical of the solid state thatT1@T2 . Indeed,
typical T1 values for octahedral Cr

13 ions doped in various
crystals at helium temperature are between 1 and 500 m25

Our steady-state measurements on forsterite show that at
experimental temperature Cr14/Td is saturated at much lower
microwave powers than even the Cr13/Oh. Thus, the tempo-
ral behavior of the transient magnetization should main
depend onT2 . Since the Cr14/Td signals return to equilib-
rium within a few milliseconds~T1 mechanism!it could be
safely assumed thatT2,100 ms. AssumingT2.1/2v1 ~un-
derdamping!, the lower limit forT2 is 0.7ms.

The actual expression forf (t) could be obtained from
the appropriate rate equations. Considering the relativ
slow EPR time scale and neglecting any excited state abso
tion effects, Scheme I may be simplified as shown in Sche
II ~Fig. 1!. According to Scheme II att5tpulse'01 both the
ground and the lasing state sublevels are spin polariz
These spin polarized populations depend on the initial Bo
zmann factors of the ground state sublevels, the relev
transition probabilities for absorption, and the relevant inte
nal conversion rates. Therefore, the rate equation for the
direct path populating thepth ground state from theqth ex-
cited state sublevel is given by

ṅp~ t !5(
q

kp
qnq~ t !, ~4a!

where the depopulation of theqth lasing state sublevel is
given by

ṅq~ t !52S (
p
kp
qDnq~ t ![2kT

qnq~ t !, ~4b!

wherekp
q51/tp

q. The solution of Eq.~4b! is

nq~ t !5nq~0!exp~2kT
qt !, ~5!

and the rate at which the buildup of the population differen
for the EPR detectedX–Y transition occurs is

f ~ t ![ṅY~ t !2ṅX~ t !5(
q

nq~0!~kY
q2kX

q !exp~2kT
qt !.

~6!

Inserting Eq.~6! into Eq. ~2! we get

My~ t !5m0gy~ t !1(
q

gy~ t !* @nq~0!~kY
q2kX

q !

3exp~2kT
qt !#. ~7!

Since the various preexponential parameters in Eq.~7! are
indistinguishable experimentally, the transient magnetizati
will be calculated according to

My~ t ![m0gy~ t !1(
q

gy~ t !* @Aq exp~2kT
qt !#. ~78!

The typical linewidth in solid state EPR is often compa
rable to or even larger than the microwave fieldB1. In such
a case the microwave irradiation is often considered as
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narrow band excitation over the broadened line, and the e
pression for the transient magnetization may be obtained b
summing over all contributions24,26

I ~ t !5E
2`

`

h~v0!My~ t,v0!dv0 , ~8!

whereh(v0! represents the cw spectral lineshape, and tha
My(t,v0! depends onv0 via Dv5v2v0. The exact effect of
inhomogeneity depends however, on the particular line
shape. In the limit of a very large linewidth and excluding
very short times, i.e.,Vt>1, an analytical solution was in-
troduced via a damped Bessel function of zeroth order.24,26

Alternatively, the explicit lineshape,h(v0!, can be inserted
into Eq. ~8! and I (t) is then computed numerically. In the
actual calculation the effects of site distribution on both the
ground and excited states were further taken into account,
will be discussed in Sec. IV. The best fit procedure utilized a
nonlinear minimization function that is based on a principa
axis method.27 In this way the gradients of the various func-
tions were not required.

IV. RESULTS AND DISCUSSION

For a coherent presentation we first show a typical cw
EPR spectrum of Cr:Fo at 3 K~Fig. 2!. The spectrum con-
sists of a broad signal located around 1700 G, which at th
experimental crystal orientation is typical of Cr14 ions lo-
cated in tetrahedral~Td! sites, with narrower signals associ-
ated with the Cr13 ions, as well as weaker unresolved sig-
nals. Due to the long spin relaxation times of the
paramagnetic ground states at helium temperature such sp
tra suffer from saturation effects resulting in distorted ab
sorption and dispersion signals which further complicate
their analysis. However, the transient EPR spectra obtaine
via the optical EPR technique are quite different, as can b
seen from Eq.~3!.

FIG. 2. First harmonic representation~dx9/dB! of a typical cw spectrum of
Cr:Fo single crystal oriented with itsb axis rotated 70° from the external
magnetic field,B at 3 K. Field modulation 100 kHz, modulation amplitude
1 G, field scanning time 200 s and time constant 160ms.
No. 13, 1 October 1995¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5319A. Regev and J. H. Freed: EPR of chromium doped forsterite
A. Dopant selectivity

Figures 3 and 4 show the time evolution of the EP
spectra of Cr:Fo selectively excited at 532 and 1064 nm
two crystal orientations. These are much simpler spectra t
the conventional steady-state ones observed at helium t
perature~Fig. 2!. In particular, the transient spectra only co
sist of signals associated with the optical excitation. No
that the absence of signal at 100 ns after the laser puls
due to a combination of the dead time, and the natural tim
takes to build up a transient nutation@cf. Eq. ~3!#. The strong
and broad signals observed at the higher fields@about 1300 G
in Figs. 3~b!and 4~b!#and the higher field portion of the
signal in Figs. 3~a! and 4~a!are associated with the Cr14

lasing center. The signals at lower fields@around 1115 G in
Figs. 3~b!and 4~b!and the lower field portion of the signal in
Figs. 3~a!and 4~a!#are tentatively attributed to Cr14 ions
located at octahedral sites, due to their dependences on
temperature, microwave power, the crystal orientation w
respect to the external magnetic field, and the excit
wavelength.28 Comparison of cw spectra prior to and afte
laser irradiation, revealed that the signals attributed
Cr14/Oh are induced by the laser at low temperatures. Ho
ever, once formed, these signals are persistent for even

FIG. 3. Time evolved EPR spectra of Cr:Fo single crystal oriented with
b axis rotated 0°~a! and 60°~b! from the external magnetic field,B ~cf.
experimental!at 3 K. The spectra at 20 mW microwave power are an av
age of 20~a! and 10~b! kinetic traces obtained after the laser excitatio
pulse~10 ns, 10 mJ! at 532 nm.
J. Chem. Phys., Vol. 103,Downloaded¬25¬Jan¬2010¬to¬128.253.229.158.¬Redistribution¬subjec
R
at
an
em-
-
te
e is
it

the
ith
ng
r
to
w-
an

hour after the laser is turned off, and they disappear upo
warming the sample to room temperature. In this paper w
focus on the signals from the Cr14/Td ions, and the charac-
terization of the other Cr14 species will not be dealt with in
this report. However, it is very clear from the figure that in
addition to their different dependence on the crystal orienta
tion they exhibit distinct dependence on the exciting wave
length. Whereas the signal associated with the Cr14/Td cen-
ters are stronger when employing NIR excitation~l51064
nm!, those attributed to the Cr14/Oh ions are better detected
following visible excitation~l5532 nm!. Moreover, the two
types of signals are characterized with a different tempor
behavior, as will be discussed below. On employing lowe
microwave power and longer detection times after the las
excitation pulse at 532 nm, the Cr13 spectrum is obtained
~not shown!. In other words, the laser-EPR technique enabl
a selective transient detection, hence it facilitates the chara
terization of the various Cr species in forsterite, due to the
distinctive dependence on the excitation wavelength, the d
tection time scales, and the microwave power.

B. Site selectivity

We shall confine our attention to the Cr14/Td lasing cen-
ters, for which the transient spectra reveal a noticeable d

its

r-
n

FIG. 4. Time evolved EPR spectra of Cr:Fo single crystal oriented with it
b axis rotated 0°~a! and 60°~b! from the external magnetic field,B ~cf.
experimental!at 3 K. The spectra at 20 mW microwave power are an aver
age of 10 kinetic traces obtained after the laser excitation pulse~10 ns, 10
mJ! at 1064 nm.
No. 13, 1 October 1995t¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5320 A. Regev and J. H. Freed: EPR of chromium doped forsterite
pendence of both the lineshape and the temporal beha
upon the exciting wavelength. Specifically, a phase invers
is detected about 1ms after the laser pulse at 1064 nm, whic
is not observed at 532 nm. Such an inversion may imply
oscillatory behavior as is indeed expected under certain c
ditions from the transient magnetization followin
photoexcitation.29 We attribute the oscillatory behavior ob
served at short times~within the first 2ms after the laser
pulse! to the direct depopulating mechanism, according
Eq. ~3!. Given, the lack of additional phase inversions,
spite of the weaker oscillations observed at longer times~not
shown! this longer time behavior is ascribed to the delay
indirect populating process@cf. the second term in Eqs.~7!#.

Previous cw EPR work indicated an inhomogeneity
the tetrahedral sites, which was attributed to distortions
duced by the chromium insertion into the lattice.4 In order to
relate the site distribution with the lasing tunability of Fo
and to exploit the selectivity of the laser-EPR technique,
monitored the dependence of the transient magnetization
sociated with the Cr14/Td ions upon the excitation wave
length. However, optical measurements had previously in
cated that even a narrow band visible excitation to t
second excited state of the lasing center did not yield lin
narrowed fluorescence essential for the analysis
excitation-emission cycles.3,17,18The observed broadening o
the fluorescence was attributed to a loss of the site cha
terization during the nonradiative relaxation.3,30 We discuss
below why we believe the optical EPR technique provid
site selectivity.

In the present work the external magnetic field was fix
on one of the Cr14/Td resonance peaks, and the depende
of the transient magnetization on the exciting waveleng
was monitored while scanning the wavelengths of the d
laser through the3A2→3B2 ,

3B1 ,
3A2(

3T1!, and 3A2

→3B2(
3T2! spectral ranges~Figs. 5, 6!. Unlike the previous

optical studies, a conspicuous dependence of the trans
magnetization on the exciting wavelength is observed on
citing from the ground state level3A2 to either the3B2 or
3B1 levels of the second excited electronic state,3T1 @Figs.
5~a! and 5~b!, respectively#. The dependence on exciting
either the3A2(

3T1! or
3B2(

3T2! levels is less noticeable bu
is evident with a careful examination@Figs. 6~a!and 6~b!,
respectively#. Similar measurements were carried out for
EPR signals associated with the other chromium spec
Whereas the Cr14/Oh signals show some dependence up
the exciting wavelength, we could not detect any appar
wavelength dependence of the signals associated with C13

ions that were detected for the longer times. It should
pointed out that the Cr13 ions were not observed at sho
times ~within 3 ms! after the laser excitation pulse, possib
indicating that they are indirectly sensitized. However, w
could not find any correlation between the wavelength d
pendence observed for the lasing center and the other c
mium species that might imply any interaction between the
within the detection time scales at 3 K. Alternatively, if Cr13

transient nutation signals do not obey Eq.~3!, i.e., they are
overdamped, then the transient nutation could take longe
develop. Further measurements are required to fully add
this issue.
J. Chem. Phys., Vol. 103,Downloaded¬25¬Jan¬2010¬to¬128.253.229.158.¬Redistribution¬subjec
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The dependence of the transient magnetization asso
ated with the lasing centers upon the optical exciting wav
length can be further studied by analyzing the temporal
sponse of the magnetization at each wavelength~Fig. 7!. It is
evident from Fig. 7 that the dependence on the exciti
wavelength is quite apparent even over the series tha
shown, which for display purposes employs a very limite
pumping range. In particular, a change of the excitatio
wavelength by less than a nanometer already manifests it
in the magnetic resonance response, as can be seen by
paring the profiles obtained at 572 nm~1.7483104 cm21!
and 572.5 nm~1.7473104 cm21!, i.e., a difference of;15
cm21 ~Fig. 7!. Thus, the laser-EPR technique introduces e
hanced selectivity, and the relatively broadband laser exc
tion that was used~;0.2 cm21 bandwidth!is more than ad-
equate. Combining this selectivity with the nutationa
behavior observed at the shorter times after the laser excit
pulse, provides one with a sensitive spectroscopic tool. F
example, the phase inversion of the first nutation observed
570 nm ~Fig. 7!, is indicative of an abrupt increase in th
transition strength for absorption of the ground state suble

FIG. 5. Time evolved EPR spectra of Cr14/Td ions in forsterite photoexcited
at two visible spectral regions according to the optical transitions~indicated!
of the orthorhombic distorted tetrahedral sites~Ref. 15!. The spectra, at 3 K
and 80 mW microwave power, were recorded at the resonance field of
Cr14/Td ~1426 G!, when the crystal oriented with itsb axis 60° fromB and
while scanning the dye laser grid with rates of: 0.09~a! and 0.19 nm/s~b!,
and averaging 10~a!, 22~b! kinetic traces at each wavelength.
No. 13, 1 October 1995t¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5321A. Regev and J. H. Freed: EPR of chromium doped forsterite
X as compared to the absorption from theY sublevel. It is
tempting to assume that a mixing of the3T1 manifold with
the close lying1E level ~in tetrahedral symmetry, cf. Sec. III
is responsible for the sudden phase inversion, especi
given that such an inversion only occurs when exciting to t
3B2(

3T1! or
3B1(

3T1! levels, as can be seen in Fig. 5. Indee
the energy of the1E level was estimated to lie between th
levels 3B2(

3T1! and 3B1(
3T1!,

14,15 and similar inversions
were not detected when exciting either the3A2(

3T1! or the
3B2(

3T2! levels.
Analogous to the FLN technique, which introduces s

lectivity due to a very narrow photoexcitation, the laser-EP
method must be gaining its selectivity from the narrow m
crowave detection. The obvious comparison between the
tical and microwave source linewidths, e.g., the laser ba
width of 1022 cm21 employed in FLN studies as compare
to a microwave field of;1025 cm21, could be expected to
account for the enhanced resolution of the latter. Note t
the laser bandwidth employed in the current site select
measurements, i.e., 0.2 cm21, must be adequate for exciting

FIG. 6. Time evolved EPR spectra of Cr14/Td ions in forsterite photoexcited
at a visible and a NIR spectral regions according to the optical transiti
~indicated!of the orthorhombic distorted tetrahedral sites~Ref. 15!. The
spectra, at 3 K and 80 mW microwave power, were recorded at the re
nance field of the Cr14/Td ~1426 G!, when the crystal oriented with itsb
axis 60° fromB and while scanning the dye laser grid with rates of: 0.10~a!
and 0.19 nm/s~b!, and averaging 36~a! and 18~b! kinetic traces at each
wavelength.
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mainly one ground state sublevel at each site, since the Z
between theXY levels is greater than 0.3 cm21.1,4 Thus, it is
not surprising that the direct depopulating mechanism~opti-
cal excitation!is very site selective, as reflected by the phas
inversion observed at short times. Nonetheless, the select
ity detected at longer times is less obvious and could eas
be lost during the nonradiative relaxation between the3T1
and3T2 levels. Indeed, optical excitation of the

3T1 and
3T2

levels, employing the same bandwidth for both~or even a
broader bandwidth for the3T2 level!, yielded a FLN signal
only when the3T2 level was directly pumped.1,3,17 It has
been suggested that the loss of site characterization, wh
pumping the3T1 state and observing the nonresonant fluo
rescence from the3T2 level, could be either due to the in-
creased linewidth associated with nonresonant vs resona
fluorescence, or due to energy migration between differe
sites.3,31 This extra linewidth is believed to arise from the

ns

so-
FIG. 7. Comparison of the temporal profiles of the magnetization,My(t), of
Cr14/Td ions in forsterite photoexcited to3B2(

3T1! at different wavelengths
~indicated!. All other experimental conditions were kept constant: Temper
ture 3K; Magnetic field 1426 G; Microwave power 20 mW; Laser pulse: 10
ns, 10 mJ and bandwidth less than 0.2 cm21. Laser pulse position is indi-
cated by an arrow. The dotted lines superimposed on the experimental tra
~solid lines!are best fit results according Eq.~9! with the parametersT2 ,
t T
q, andDv listed in Table I.
No. 13, 1 October 1995t¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5322 A. Regev and J. H. Freed: EPR of chromium doped forsterite
different dependences of the3T1 and
3T2 energy levels on

the various site-dependent crystal field distortions. Howev
in our EPR experiment the linewidth depends only on th
site distribution of the ZFS of theXYground state sublevels,
and not upon the excited state broadening. Given the we
B1 field we use we are able to be very selective. As far
energy migration is concerned, our time-resolved resu
showing selectivity over longer times~;2–20 ms! would
indicate this is not an important factor.~Note that the FLN
experiments were not time resolved, or else they should ha
been able to rule out the role of energy migration!. This last
conclusion is in line with the splitting in the luminescenc
spectra reported at zero magnetic field which indicates t
direct pumping of the laser level,3T2 , preserves the site
characterization.1,3,17Further evidence for the site isolation is
demonstrated by the quantitative temporal analysis at e
exciting wavelength.

C. Quantitative temporal analysis

The analysis of the kinetic traces is based on the nu
tional response observed at short times after the laser pu
Also, both the nutation frequency and the initial amplitud

FIG. 8. Microwave dependence of the kinetic profiles of Cr14/Td in forster-
ite photoexcited at 567 and 570 nm. Laser pulse position is indicated by
arrow. All experimental conditions are as in Fig. 7.B1 was estimated from
the incident microwave power,P, considering a rectangular cavity with
Q;1000 by:B1 ~Gauss!50.03AQP(Watts) ~Ref. 32!. The dotted lines
superimposed on the experimental traces~solid lines! are best-fit results
according Eq.~9!.
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r,
e

ak
s
lts

ve

at

ch

a-
lse.
e

depend on the microwave power~Fig. 8!. Although the fre-
quency of oscillations generally corresponds to the expect
transient nutations at the applied microwave field, a clos
inspection of the traces obtained, especially for those usin
high microwave power, reveals that the nutation frequency
slightly time dependent. Thus, attempts to fit the experimen
tal curves according to Eq.~78! resulted only in a general fit,
especially at the higher microwave powers. At this stage w
consider how to further include the effects of site distribution
into our simulations.

When considering site distributions in photoexcited
Cr:Fo, one needs to consider the distinct characteristics
the ground and excited states. Also, the site distribution e
fect may reflect the anisotropy of the sublevels with respe
to the crystal distortions. The effect of site distribution on th
ground state sublevels may be directly accounted for by sum
ming the contributions from different sites to the observe
magnetization. The site distribution in the excited stat
should be characterized in terms of a distribution of the ex
cited states lifetimes as well as their relative contributions.

We first consider the contribution of the site distributions
upon the ground state transient EPR signal. The relative
broad linewidth of the Cr14/Td transient peaks, e.g., 35 G at
half-maximum when taken within a fewms after the laser
exciting pulse, is most likely due to the effects of exciting
many sites via theZ level. For example, introducing a broad
distribution in the second term of Eq.~7! for q5a substan-
tially improves the fit. This appears to imply that many site
in the groundX or Y levels are populated by the indirect
mechanism after photoexciting from the groundZ level. This
suggests that it would be appropriate to replace thegY(t) in
the second term by the damped Bessel function24,26for q5a,
and this was found to be the case. However, only a poorer
was obtained when the direct depopulation of the detecte
transition, or the population originating from theX or Y
ground state levels@corresponding to the terms in Eq.~7!
where q5b or c# were described in terms of the Besse
solution. Likewise, summing numerically over a Gaussia
lineshape~for q5b or c! improved the fit only when very
small linewidths were introduced. We conclude therefore
that the site distribution in the ground state mainly contrib
utes to the observed signals via the indirect process, presu
ably since the ground stateZ sublevel is the most susceptible
to the crystal distortions.4,19,22As to theX andYground state
sublevels, the results suggest that the observed linewid
consists of contributions from many sites such that sma
difference in their EPR frequency implies only small differ-
ence in their overall optical and EPR properties. In othe
words, the observed EPR transients behave as a collection
isolated single lines. This is in line both with the observe
wavelength selectivity as well as the microwave power de
pendence~see below!. In addition, the anisotropy of the
ground state sublevels with regard to the inhomogeneo
broadening is in accordance with the cw EPR measuremen
at 34 GHz; whereas the peaks associated with theXY transi-
tion were found to be quite narrow when employing the
higher microwave frequency, theZX peaks, which are ob-
served only at 34 GHz, were much broader.4

The effects of site distribution on the excited states wa

an
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TABLE I. Best-fit values of the ground state magnetic parameters~T2 andDv! and excited state lifetimes~t i
q! of Cr14/Td ions photoexcited to the3B2(

3T1!
level at 20 mW microwave power. Thet i

q5b,c ( i51,4!denote thetT
q parameters in Eq.~9!with q5b or c and are presented in order of decreasing magnitude

Thet i
q5a ( i51,2!denote thetT

q parameters in Eq.~9! with q5a, that were obtained using a Bessel function instead ofgy(t), and are presented in decreasing
order.

ms/nm 557 558.2 560 561.5 567 570 572 572.5

T2 1.02 2.34 0.70 5.00 0.70 0.70 0.70 2.05
t1
q5b or c 29.76 30.74 1.79 32.33 28.07 0.97 32.15 36.98

t2
q5b or c 29.65 30.01 1.10 32.26 18.44 0.94 32.14 36.78

t3
q5b or c 16.28 18.15 0.99 4.06 18.42 0.32 4.67 1.87

t4
q5b or c 15.41 11.79 0.94 2.91 1.05 0.20 3.53 0.20

t1
q5a 0.54 3.37 10.75 31.64 31.11 0.47 2.06 0.84

t2
q5a 0.48 0.20 4.55 4.78 4.73 0.20 1.94 0.69

Dva 0.07 b 0.11 b 0.07 b 0.06 b

aIn Gauss.
bLess than 1% of the estimatedB1•B1 was estimated considering a rectangular cavity withQ;1000 ~cf. caption of Fig. 6!.
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checked by assuming additional contributions from eit
several discrete sites or from a continuous distribution. T
best fits were achieved by assuming at least two distinct c
tributing sites for each excited state sublevel with a sm
Gaussian distribution over their lifetimes and a broa
Gaussian distribution of the relative contributions from ea
site. Thus, the best fit curves superimposed on the exp
mental traces in Fig. 7 are a result of computer optimizat
of the following expression derived from Eq.~78!:

I ~ t !5m0gy~ t !

1(
q

S gy8~ t !* (
i51,2

E
2`

`

G~Aqi
!E

2`

`

G~kT
qi !

3exp~2kT
qit !dAqidkT

qi D , ~9!

where

gy8~ t !5H gy~ t !, q5b,c

2pv1h~vMW!J0~v1t !exp~2t/2T2!, q5a
,

and*2`
` G(v)dv represents a Gaussian distribution inv.

The parameters in Eq.~9! were restricted during the
analysis to be within certain ranges. However, these range
best could only be estimated due to the lack of independ
information about most of the parameters. The lower lim
for the relaxation timeT2 was set according to the require
ments presented in Eq.~3! for an oscillatory description o
the transient magnetization at the lowest microwave po
employed, i.e.,T2>0.7ms. On the other hand, the only re
restriction on the upper limit is thatT1@T2 . Since all experi-
mental transients decayed within a few milliseconds, we fi
arbitrarily set an upper limit ofT2<100ms. However, since
most of the actual values obtained via the NLS fitting cor
spond toT2,5 ms, we later restricted the upper limit to 5ms.
Twice the estimated rise time of the spectrometer, i.e.,;200
ns, was set as the lower limit of the time constants of
indirect processes,tp

q. Setting the upper limit for the rate o
these processes needs some further considerations. Bas
the detailed kinetic analysis was carried out on the transi
detected within the first 20ms after the laser excitation pulse
However, strong transients could be detected over a m
extended time scale up to a few milliseconds. The sign
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observed in the millisecond time scale are similar to thos
reported previously by EPR relaxometry measurements.33

Setting a few milliseconds as the upper limit for the indirec
time constants yielded satisfactory fits. Inspection of the
best-fit values obtained revealed though, a very wide rang
of lifetimes of the excited state sublevels, spanning indirec
populating processes with rate constants between the low
limit ~200 ns! through time constants on the order of the
fluorescence lifetime measured at 10 K, i.e., 30ms,15,21 and
up to a few milliseconds. A simple model of close-lying en-
ergy levels associated with neighboring sites~cf. Fig. 1! can-
not reasonably account for such a wide range, especially
the limit of the very long times. Possible mixing of the3T1
levels with the closely lying1E level could account for long
lifetimes, due to the spin forbidden transition fromE1 to the
ground state. We tend however to eliminate this explanation
since to the best of our knowledge optical measurements d
not reveal any clear indication for a1E→3A2 transition, in
spite of several reports on such transitions in other Cr14

doped media.34,35 Moreover, it seems that the EPR signals
we observed over the millisecond time scale at 3 K originat
from Boltzmann equilibration~T1 mechanism!together with
possible saturation effects from the cw microwave field
Therefore the best fit results summarized in Table I wer
obtained after restrictingtp

q to an arbitrary maximum value
of 40 ms. It should be pointed out that the fits were compa
rable to those obtained when the parameters were less
stricted. The reasonable fits allow us to draw some qualita
tive conclusions.

Inspection of Table I shows two main ranges for thetp
q

values. The best-fit results of the preexponential paramete
Aq are not shown since we cannot separate the physical
significant components of theAq that appear in Eq.~7!. The
longer times~20–30ms! shown in Table I, are in accordance
with the fluorescence times reported at 10 K.15,21 However,
additional processes associated with much shorter time
~0.2–10ms! seem to contribute frequently to the transient
EPR traces. There are some indications of two types of NIR
fluorescence, characterized by different lifetimes, in two
other Cr14/Td doped crystals.36,37In particular, time-resolved
fluorescence measurements reveal a temporal dependence
the relative intensity of the zero phonon line and the spectra
No. 13, 1 October 1995t¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5324 A. Regev and J. H. Freed: EPR of chromium doped forsterite
structure observed at lower energy, following pumping
Cr:Fo at 532 nm.36 Additionally, the luminescence observe
after pumping at 1064 nm showed a nonexponential deca36

Such findings are in accordance with the additional high
rates found in the present work. Alternatively, the high
rates obtained via the temporal analysis may be associ
with nonradiative processes, which may explain the wea
fluorescence yield reported for pumping the Cr:Fo at 532
as compared to 1064 nm, especially at high temperatures.36,38

The existence of long lifetimes of the excited states of t
order of the radiative lifetimes may be indicative of ver
slow spectral diffusion between different sites, as was m
tioned above. It is possible that spectral diffusion would
manifest for higher chromium concentrations and that t
could be further addressed by laser-EPR measurements.

Despite the clear dependence of the nutational beha
upon the microwave power, the curve for each power w
fitted separately. Unsatisfactory fits were obtained when t
ing to simultaneously minimize several experimental s
that were recorded under different microwave power follo
ing a similar optical excitation. This may suggest that t
selectivity induced via the microwave irradiation may be r
duced, e.g., higher powers sample more sites. For instan
was found that shorterT2 values are required for fitting the
transient magnetization profiles obtained under higher mic
wave power, e.g.,T250.76 and 2.26ms for 80 and 8 mW,
respectively. Another indication for site discrimination by th
microwave detection is the different off resonance contrib
tions, reflected by theDv parameter~Table I! that were
found at each wavelength. Although most of the kine
traces could be reasonably fit with negligible off resonan
contributions, much better fits were sometimes obtain
when allowing for excitations that were off resonance. Ho
ever, we could not find any correlation between theDv val-
ues and the experimental microwave power as would be
pected for a broad EPR line which consists
nonoverlapping contributions as mentioned above.

Finally, the advantage of utilizing two exciting paths fo
each ground state sublevel over employing one broad e
tation, and the lack of substantial improvement when furth
increasing the number of paths deserve a few words. M
surements of effects of uniaxial stress on the NIR fluore
cence of Cr:Fo demonstrated pseudospectral splitting i
two groups, indicative of Cr14 ions located in two equivalent
sublattices.19,39Those results further implied that the two su
blattices are characterized with differently oriented dipole
neither parallel to each other nor to any crystal axis.19,39 It
might be expected that magnetophotoselection meas
ments, utilizing different light polarizations with respect t
the crystallographic axes and the external magnetic fi
while detecting the transient nutation, would allow us to d
termine whether the two-site behavior observed in t
present work is indeed related to the double sublattice str
ture. However, the preliminary measurements we have p
formed were not conclusive in that no significant effec
were observed, possibly because of the crystal orienta
used and/or the nonradiative relaxation processes involv
which could reduce the polarization effects. Careful magn
J. Chem. Phys., Vol. 103,Downloaded¬25¬Jan¬2010¬to¬128.253.229.158.¬Redistribution¬subjec
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tophotoselection measurements utilizing a range of cry
orientations may be required to address this point.

V. SUMMARY

This work shows the feasibility of transient EPR dete
tion of photoexcited chromium doped forsterite. The spec
changes with time, magnetic field, crystal orientation, micr
wave power and in particular photoexciting wavelength, p
vide a selective picture of the various chromium dopants a
the absorption–relaxation cycle associated with each opt
excitation. Focusing on the lasing centers, small chan
~less than a nanometer! in the exciting wavelength reverse
the relative absorption cross section of the detected gro
state sublevels, and was clearly reflecting changes in the
cay of the excited states. The analysis, in its prelimina
stages, related the changes in the transient EPR signa
variations in the tetrahedral sites of the Cr14 ions, and pro-
vided radiative as well as nonradiative time constants as
ciated with the emission of Cr:Fo. Moreover, it was show
that optical depopulation of the detected levels is a sensi
probe for the site selective ground state absorption. In t
regard, laser-EPR complements the optical measuremen
resonant FLN effects which involve weak spectral intensit
due to the relaxation of the excited states being monitore3

Similarly, the indirect repopulation processes as detected
EPR do not suffer from scattering effects associated with
pumping laser beam, which complicate the analysis in F
studies.3 As to what extent laser-EPR measurements could
employed in studying chromium–chromium interaction b
tween different sites, and in associating a specific site str
ture with the excited state decay, is a subject for more
tailed and comprehensive studies. It is conceivable that
laser-EPR technique may be also applicable for other tra
tion metal ions doped in optically active materials.

It could also be of value to employ spin–echo detecti
techniques to complement the transient nutation detec
used in the present work.6,40,41 In this work bothT2 and the
kinetic parameters were obtained from simultaneous le
squares fits. In spin–echo detection one can separate thT2
measurement from that of the kinetic parameters. On
other hand, the transient nutation provides a time depend
signal from each laser pulse, whereas the usual spin–e
methods just give a single datum, viz. the echo height. Al
one must use very weak microwave pulses to preserve
site selectivity.
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