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Transient spectral hole-burning experiments, using diode lasers, in minute external magnetic fields of

mT are reported for the lower-enerdly — *A, spin-flip transition of NaMgAl(oxalatg)9H,O/Cr(lll). Ground-

and excited-statg factors can be accurately determined by an analysis of multiple side holes observed in the
selective hole-burning experiments of thgR3/2) and R(+1/2) transitions wittB||c andBlc. The observed

g factors,g7(Ri) = 1.38+ 0.04,g7(Ry) = 2.00+ 0.08, andgy’(R:) = 1.82+ 0.08, imply a large variation

from trigonal behavior that is caused by a low-symmetry component of the ligand field. The zero-field hole
widths in a 0.5% crystal are’19 + 5 MHz and 23+ 5 MHz for holes at the low-energy edge of the-R
(£1/2) line and the high-energy edge of thgR3/2) transitions, respectively. Upon application of a magnetic
field of B||c = 7 mT, a substantial narrowing of the hole width is observed for tl{g-R2) transition, with

an upper limit for the homogeneous line width oL MHz. The present work illustrates the potential of
diode lasers in the determination of the magnetic properties of transition-metal complexes by transient spectral
hole-burning experiments in low magnetic fields.

1. Introduction transitions are relatively strong, and the inhomogeneous broad-

Persistent and transient spectral hole-burning experimentsenlng in dilute crystals is low.
have been applied, with great success, to a wide range of The crystal structures of NaMgAl(oxalagedHO and
problems in the optical spectroscopy of the solid t&tsince NaMgCr(oxalatey9H;O are isomorphous. Early structure de-
their first demonstratiorfs® almost 30 years ago. Spectral hole- terminations indicated that the systems crystallize in either the
burning can overcome the inhomogeneous broadening of opticalP3cl or P3cl trigonal space group with six formula units per
transitions in crystals and glasses by the depletion of optical Unit cell?* Six magnetically inequivalent chromophores were
centers in resonance with the laser frequency. The simplestindeed observed in EPR wofk.It appears that the six sites
mechanism for transient spectral hole-burning is provided by a consist of two sets of three, with an angle of T70T rotation
metastable excited state with a lifetime long enough to probe around thec axis between the two sets. The three members of
the selective ground-state depletion. Excited states of transition-each set are rotated from each otheet#y2(> around the crystal
metal complexes involving d electrons typically have radiative ¢ axis. Thex axes of the ground-statg tensor of the six
lifetimes in the 10#s—10-ms range. The frequency of conven- chromium(lll) complexes assume angleste8.85, 120+ 8.85,
tional single-frequency dye laser systems can be scanned onlyand 240+ 8.85 with the crystala axis in the basal plane.
relatively slowly. Thus, often two lasers are required to measure  Recently, the crystal structure was reinvestigated, and it was
transient spectral holé8, or the readout is conducted by found that the space group is indeB8c1.23 On the basis of
Stark112 or Zeema®® modulation of the electronic transition  this space group it was concluded that the crystal may contain
of the sample with the laser kept at a constant wavelength. In 10 water molecules of crystallization. However, elemental ana-
contrast, laser diodes can be rapidly scanned, allowing simple|ysis performed by several groups is in the best agreement with
hole-burning experiments to be conducted using the same lasehine water molecules of crystallizatidh2224It is possible that
to burn and read the hoté. *® not all positions for the water molecules are occupied in the
We have recently reported the temperature dependence ofp3¢1 space group, leading to disorder.
transient and persistent nonphotochemical hole-burning in
NaMgAl(oxalate}-9H,O/Cr(l1l).1>8Whereas nonphotochemical
hole-burning is a common phenomenon in amorphous hosts,
?hr;lsye?féi\t,¥7—(:2rg .Srtr?g"[]g r(s gf;g{‘;]gaggrﬁéiz irsgzrﬁi;gt;;gb't spll_t?r;lg is relat!vely Iarge_, _1:6 cm, and the?E splitting is 20
. - ol - cm~1.2 Magnetic susceptibility measurements showed that the
complex, and rigorous investigations of its laser spectroscopy 1£3/2 Kramers doublet of théA» around state is lower in
are warranted since relatively little work has been done in the 5 - 29 . ;
class of coordination compounds. The title system lends itself energy: 4The a::)sorptlog spectAra n the' region of the spin-
to detailed studies of théE < 4A, transitions by laser allowed *Tz == *A; and *T, == *A, transitions are strongly
spectroscopy; compared to other chromium(lll) complexes, thesepol_anzed. T_hls_lndlcate_zs some trlgon_al behavior of the molecular
anion despite it$C, point symmetry in thé?3cl space group.
* Corresponding author. E-mail: h.riesen@adfa.edu.au. Fax61- Trigonal behavior is also indicated in the relatively large zero-
(0)-2-6268-80-17. field splitting (zfs) of the*A, ground stat@®

The early EPR work established the presence of a low-
symmetry field by the observation of a nonzdtqgarameter
(0.0306 cn?) in the spin Hamiltoniad? The“A; ground-state
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In the present work, we explore the effects of minute external 70 T I I
magnetic fields B||c and Bc) on thetransienthole-burning
spectra of the title system using free-running and pseudo-external
cavity diode lasers. It is shown that tiggensor of the lowest
excited state deviates strongly from trigonal behavior. We have
previously reported some preliminary results regarding the
observation of multiple transient holes in thelRe of NaMgAl-
(oxalate}-9H,O/Cr(lll) 1% in B||c = 15 mT?’

2. Experimental Section

NaMgAl(oxalate}-9H,0O and NaMgCr(oxalatg)9H,O were l | | l
prepared as described in the literattd€® Mixed crystals 0.0 0.1 02 0.3 04
containing 0.5-1% chromium(lll) were grown from aqueous
solutions by slow evaporation at room temperature. The crystals
grow as hexagonal prisms along the crystakis. The crystals
were used as taken from the mother liquor and had a typical b) -
thickness of~2 mm. FSR=300 MHz

The samples were mounted on a sapphire window on the
coldfinger of a closed-cycle refrigerator (Janis/Sumitomo SHI-
4.5). Good contact with the coldfinger was achieved by
embedding the crystal in heat-conducting grease (Cry-con).

Luminescence spectra were excited by ar &488-nm line;
Spectra Physics Stabilite 2017) or a-Hee (632.8 nm) laser.
The light was collimated and then modulated (Thorlabs MC1000
optical chopper) and finally dispersed by a single monochro-
mator (Spex 1704) equipped with 1200 grooves/mm holographic Frequency
gratings. In the conventional transmission experiments, the rjgure 1. (a) Power dependence of the line width of a Hitachi
sample was exposed to the white light of a 150-W halogen lamp HL6738MG laser diode at 55C. (b) Line width of a pseudo-external
filtered through a 694-nm interference filter with a 10-nm cavity laser based on the HL6738MG and a 1200-grooves/mm 750-
bandwidth. The transmitted light was analyzed in the same way hm blaze grating as measured by a scanning confocal Féegot
as in the luminescence experiments. interferometer with a FSR of 300 MHz and a finesse of 320. The

The light was detected by a cooled photomultiplier (RCA wavelength of the laser was692 nm.
31034C), and the photocurrent was converted by a cutrent

voltage preamplifier (Products-For-Research PSA). The signal optical feedbacR®3° For the present work, we have built

was then processed by a lock-in amplifier (EG&G 5210). pseudo-external cavity lasers by using the optical feedback of

For the hole-burning spectra, the current and temperature of 5 1500 grooves/mm, 750-nm blazed grating in Littrow geometry.
a 690-nm laser diode (Hitachi HL6738MG laser diode in a The grating was mounted on a 24°4Bedge in a piezoelectric

Thorlabs TCLDM9 thermolelectric mount) were stabilized by inematic mirror mount (Thorlabs KC1-PZ/M), allowing the
using appropriate controllers (Thorlabs LDC500 and Thorlabs first.order diffraction of the grating to be reflected back into
TEC2000). The frequency of single-mode laser diodes can be e giode laser. The mirror mount was fixed to the thermoelectric
tuned by varying the injection current. Mode-hop free scans of qqjer mount (TCLDM9) using (Thorlabs) cage assembly rods.
~40 GHz are possible for the diodes used in the presenttne |ength of the external cavity was25 mm. Figure 1b
experiments, and the frequency/current tuning ratio is-@s illustrates a line-width measurement of this laser using the
GHz/mA. The current controller (Thorlabs LDC500) allows for spectrum analyzer with a 300-MHz FSR. The line width of 4
the external modulation of the injection current. In the transient |_ 1 MHz is most likely limited by the mechanical and thermal
hole-burning experiments, the current was kept constant for afctuations of the simple cage assembly, which is not temper-

time period in the 10@is—1-ms range and then rapidly  4pre-stabilized. The frequency/current tuning ratio of a pseudo-
modulated by a triangular ramp provided by a wave function eyernal cavity laser is dramatically reduced in comparison with

generator (Stanford SRS DS345). A voltage amplitude-0 that of the free-running laser: the lasers used in the present
mV corresponds to a current modulationsed.5 mA, translating experiment showed tuning ratios 6300 MHz/mA.

to a frequency scan of c&1.25 GHz. The scans were calibrated  gyternal magnetic fields were applied by a pair of Helmholtz
by Coherent model 240 spectrum analyzers with free spectral ojs pyilt in the laboratory. Water-cooled coil formers of 250-
ranges (FSRs) of 1.5 GHz and 300 MHz. Hole-burning spectra ,m giameter were used. Each coil contained 250 turns of 1.08-
were measured in transmission, and the laser light was detecteqym copper wire. Two power supplies (Hewlett-Packard 6269B)
either by the photomultiplier/monochromator system described ¢onnected in series provided currents of up-®A at voltages
above or by a silicon photo detector (Thorlabs PDASS-EC). The ot g0 v/, The dependence of the magnetic field on the current

signal was averaged on a digital oscilloscope (Tektronix 4¢ ine coils was 18.3 G/A as measured by a calibrated
TDS210) in the hole-burning experiments. gaussmeter.

The line widths of the laser diodes were measured by using
a spectrum analyzer (Coherent model 240) with a FSR of 300 3. Results and Discussion
MHz and a finesse of 320. The line width of free-running single-  3.1. Polarized Luminescence and Absorption Spectra of
frequency laser diodes is inversely proportional to the optical the R Lines. In Figure 2, the polarized 2.5-K luminescence
power, as is shown for an HL6738 laser diode in Figure 1a. and absorption spectra of the Rne of NaMgAl(oxalate):
The laser diodes used in the present experiments had typicalOH,O/Cr(lll) 0.5% are shown. When analyzing the absorption
line widths of ~20—40 MHz under the operating conditions.  spectra, one has to take into account the Boltzmann population

Laser linewidth I/MHz

-1
Inverse Power/mW

Intensity (arb. units)

The line width of diode lasers can be drastically reduced by
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Figure 2. Polarized luminescence and absorption spectra of the R of the R line in NaMgAI(ox_aIatea-9H20/Cf(|II) l%. at2.5K. The top
line of NaMgAl(oxalate}-9H,O/Cr(Ill) 0.5% at 2.5 K. The dashed and trace shows the hol_e-burnlng spectrum in zero fleld_; the bottom traces
solid lines showr- and o-polarized spectra, respectively. The lower OMpare the experimental ho_Ie-burnlng spectrunBlie = 15.3 mT
inset shows the polarized absorption spectra for both R lines. The upperVith 2 fit by a sum of Lorentzians (smooth line) usifgo)/Aw(o) =
inset shows an energy-level diagram for the Fe with the 33,9, = 1.99;g," = 1.42,I'n = 76 MHz, I's, = 84 MHz. The inset
predominant polarizations. The vertical bars indicate the zfs ofgpe ~ Summarizes the hole shifts as a functiorBpt in the range of 1616

ground state. The asterisk denotes a transition of a minority site. ~ MT- Theo-polarized laser light was detected by a photomultiplier. The
spectrum is the average of 2056 readouts (0.5-ms readout period, 1-kHz

factor at 2.5 K for thet1/2 level since the zero-field splitting repetition rate of burn-read cycle).

is comparable to the temperature (zfsl.6 cnt?). In contrast, TABLE 1: Trigonal Transition Dipole Strengths for the [3E,
the luminescence spectra display the neat intensity ratios. ItMs, M| — B3A;, M4| Transitions3?
follows that the R transition from thet3/2 spin level of the

4A, ground state is predominanthy-polarized. The transition Ms M, M= 12, —12,u- —12,u+ 1/2,u—
from the+1/2 level is polarized to a lesser extent but shows a
strongo component. Importantly, the ground-state splitting of ~ 3/2 /2 o+12
1.6 cntt is clearly visible in the absorption spectra. The 1/%/2 (H_—;g (H_—;g nf/s U/_6/3
observedlE splitting is 20 cm?, in agreement with previous _ g g bl T
3/2 72 o—12

reportst>16.21 N

The integrated oscillator strength of the R lines is largerin ~ The asterisk in Figure 2 denotes a feature that must be due
polarization than iy polarization. This can be expected since 0 @ minority site that is not part of the six magnetically
the 4T, — 4A, transition is stronglyr-polarized and théE — inequivalent sites. Further work is needed to determine the

%A, transitions gain intensity by the spirbit coupling of the ~ Nnature of this feature. , ,
2E and*T, states. For example, by using eq 1, relatively high  3-2. Transient Hole-Burning Spectroscopy with BJ|c.
oscillator strengths of1 x 107 and 8x 107 are obtained Although the zero-field splitting of th&A, ground state is not

for the 7 component of the Rand R lines, respectively. complete]y T?SOWGd in the al?sorption. spectrum of tll‘l]dj@, .
the polarization allows selective transient hole-burning experi-

5 o ments. When the laser light ispolarized and at the red edge
f=43x10"° [ dv 1) of the R line, the sample gets predominantly excited via the
R1(£1/2) transition (originating from the-1/2 spin level in the

These values are approximately an order of magnitude higherground state); when the laser light is at the blue edge and
than those commonly observed for e “A; transitions of m-polarized, the R£3/2) transition is selected. This selectivity
chromium(ll1) coordination compoundThe relative transition simplifies the side-hole patterns observed in the Zeeman hole-
dipole strengths for the R lines are given in Table 1 for trigonal burning studies, as is discussed below.
symmetry32 Although some aspects of Table 1 are observed in  Figure 3 shows transient hole-burning spectra in zero field
the polarized absorption spectrum, the overall agreement is poorand for B||c = 15.3 mT at the red edge of the; Rne in a
For example, a ratio of 3:1 is expectedrirpolarization for the NaMgAl(oxalate}-9H,O/Cr(Ill) 1% crystal. The laser light was
two lines. This is not observed. In particular, the tRansition o-polarized and hence selects thg(R1/2) transition(s). The
dipole strengths deviate from any predicted pattern. spectrum in 15.3 mT shows four pairs of side holes. These side
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7V +e TABLE 3: Patterns of AA for Multiple Holes in an External
‘e - ‘e e Magnetic Field for the Ry(£3/2) and Ry(+1/2) Lines in
i A A A A Terms of Transition Dipole Strengths A (AMg = 0), Ay
5 r W y W (AMg = £1, Ri(£1/2)), A'1 (AMs = £1, Ry(£3/2)), and A,
, (AMs = £+2)
5 g a|bfc dle| f g|hlfi k|1|m
&: hole shift AA Ry(£1/2) AA Ry(£3/2)
+g +g 0 (resonant) B2+ 2A2 2A' 2+ 2A7?
+a/2 A A
-9 -9 +g +9 812 20A 2A'A,
-9 -9 :|:j//2 2A0A; 2A1A,
Figure 4. Schematic energy diagram for the ®ansitions from the +0/2 As? A?

4A; Ms = £1/2 orMs = £3/2 levels in an external magnetic field. The

ground- and excited-state magnetic spin quantum numbers are denotedhat hole-burning is a sequential two-photon experiment. The
as=+g and=+e, respectively. The laser is in resonance with four subsets first photon is used to burn the hole, and the second photon is
of chromium(lil) complexes. used in the readout process. The absorbance changes are

TABLE 2: Notation for Energy Splitting of Side-Hole Pairs expressed in terms of transition dipole strength parameters for
- AMs = 0, 1, and+2.

g % i ggéﬁggdsf;fées;ﬁtlt'mgq excited-state splitting) An excellent fit of the hole-burning spectrum in Figure 3 is
y 2 x ground-state splitting provided by a sum of nine Lorentzians using the parameters
0 2 x (ground-state splitting- excited-state splitting) = 1.99,¢5* = 1.42, andAy(0)/Ao(o) = 0.30, whereAy (o) and

) N ~ Ay(0) are theAMs = 1 and 0 transition dipole strengths dn
holes arise from the Zeeman splittings of the ground and excited polarization, respectively, and a width for the resonant hole,
states and can be rationalized by the four-level diagram shownt, — 76 MHz, and for the side holeEs, = 84 MHz. The side

in Figure 4. _ . holes are about 8 MHz broader than the resonant feature. We
In particular, _S'de holes are _expected on bOth sides of the assign this difference tg strain, that is, some inhomogeneous

resonant hole with frequency shifts corresponding to the ground- gistribution of theg factors. Both the excited-state and the

state splitting (transitions b, f, i, and m), the excited-state ground-statey strain are likely to contribute to the extra width.

splitting (c, e, h, and k), and the sum (transitions a and |) and ~ e jnset of Figure 3 summarizes the observed splitings
difference (transitions d and g) of the two splittings. The energy of all side-hole pairs with linear fits, providing an averagé
splitting of each pair is denoted (see Figure 3) according to factor of 1.38+ 0.04 '

Ta‘lt'):]eezéffective spin Hamiltonian for tA» around state of By using Table 1, a ratio of the transition dipole strengths
chromiamil) s g‘i’v on by eq 33 29 Ay(0)/Ao(0) of 0.5 iis predicted if the 2AKramers doublet is the
’ lower 2E level, whereas for thE level noo intensity is expected
1 for the AMs = %1 transitions. Thus, the observed ratio indicates
H= D’§ - §S(S+ 1)] +EES — S) +ugB-gS+1-A-S that the lowerE level has some 2Aarentage. The deviation
(2) from the predicted patterns indicates again that the low-
symmetry field must strongly influence tRg — “A, transitions.
The observed hole widths in Figure 3 are dominated by the
laser line width. Figure 5 shows transient hole-burning spectra
measured with a pseudo-external cavity laser with a line width
of ~4 MHz. The zero-field hole width is-27 MHz, whereas
. 2 2172 the narrowest resonant holes in 15.3 mT observed in single-
E(+1/2)= F12ugB g, — (D T ugBg)" + 3577 (3) shot experiments are8 MHz. Because of the two-photon nature
— 2 2\1/2 of the hole-burning phenomenon, the observed hole width is
E(£3/2) = +1/2u5B,0, + (D + ugB,9)" + 3E)™ (4) composed of twice the “homogeneous” line width and the laser
whereug is the Bohr magneton anB, is the strength of the line width, Thoie = 2l homogeneoust 2Liases if the line shapes of
magnetic field along the axis. For the present system, the t_he transitions a_md the laser are Lorent_2|an. Hence, the_ zero-
parameterd = —0.7786 cmt and E = 0.0306 cm were f|gld hole width is~19 MHz afte_r corrgcuo_n for t_he laser line
determined by EPR spectroscopy and magnetic susceptibilityw'dth' and the homogeneous line V\."dth In a field of 15.mT
measurement®:25 The rhombic parameter is relatively small, must be less tharyl MHz. The zero-field width of 19 MHz is

and its effect on the eigenvalues4€.5%. Thus, the eigenvalues ;lcj)bl\s;ltgnt:‘ally n4a});rowerttt|1an otlhfopl\r/lel—\{ 'O;JSW rlegorted%gﬁgggs of
in a small external magnetic field are well approximated by z lora 4% crystal an z lora 17 Crystal.

In the following equations, we neglect the hyperfine term in
eq 2 since 90.5% of the stable chromium(lll) isotopes have no
nuclear spin. The eigenvalues of the Hamiltonian in eq 2 for
magnetic fields parallel to the moleculaiaxis are given by

; > N2 The crystal used in the experiments illustrated in Figure 5 had
eqs 5 and 6, whergzfs| is 2(0° + 385" ~ 2iD|. a chromium(lll) concentration of 0.5%. The concentration
E(+£1/2) ~ +1/2ugB,g, + |2fs|/2 (5) dependence indicates that indirect electron sgjpin interac-
tions make a substantial contribution to the hole width for higher
E(£3/2) ~ £3/2uzB,g, — |zfs|/2 (6) concentrations. It is possible that this is still the case in the
0.5% crystal (9.4x 108 chromium(lll) centers/ci).3435
The excited-state splitting of the lowéE level is given The lower panel in Figure 5 shows that a minute magnetic
by usB.9;". Thus, side holes are expectedtatsB,g, for i, m, field of Bj|c = 2.2 mT is sufficient to resolve all side holes
b, and f ¢ pair); at+ugB.g:* for e, k, ¢, and h £ pair); at fully in these higher-resolution experimenésgair not shown).
+upBAg; + ¢3) for I, a (6 pair); and attusB,(g, — o) for g Transient spectral hole-burning experiments in magnetic fields

and d @ pair). The change in optical density of each member Bj|c at the blue edge of the;Rine are illustrated in Figures 6
of a side-hole pair in comparison with the resonant hole is and 7. The energy spacings in the side-hole pattern are quite
parametrized in Table 3. This parametrization takes into accountdifferent in comparison with red-edge excitation since the R
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light wasz-polarized and detected by a Si photodiode. The spectra are
the average of 2056 readouts (0.2-ms readout period, 3-kHz repetition
rate of burn-read cycle).

Figure 5. Transient spectral hole-burning in NaMgAl(oxalatéH,O/
Cr(lll) 0.5% at 2.5 K using a pseudo-external cavity diode laser at
692.33 nm (red edge of the;Mine) in o polarization. In the upper
panel, spectra are shown for zero field aBfjc = 7.3 mT. The
frequency of the laser was tuned over 180 MHz by modulating the T r I T T T I T I
injection current. The transmitted laser light was detected by a Si
photodetector. The smooth lines in the upper panel are Lorentzian fits

with hole widths, e, Of 27 and 12 MHz for the zero-field and 7.3-

mT data, respectively. The laser scan was calibrated using the positions
of the side holes in the 7.3-mT spectrum. The lower panel shows a
180-MHz scan irB||c = 2.2 mT. The spectra in the upper and lower
panels are the averages of 16 and 1024 readouts, respectively (0.2-ms
readout period, 1-kHz repetition rate of burn-read cycle).
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of nine Lorentzians with the paramete® = 1.40,g, = 1.92, Figure 7. Transient spectral hole-burning in NaMgAl(oxalat8H.0/

I'n = 63 MHz, andTs, = 76 MHz. A ratio Ao()/A'1(7) of Cr(ll) 0.5% at 2.5 K with a pseudo-external cavity laser at 692.26 nm

: . . . f blue edge of the Rine) in x polarization. Spectra are shown for zero
.0'24.IS obtained by a no_nllnear least-squares fit. The dlfferenc_egield anng||c = 1.56 m)T an(?are the averalljges of 2056 readouts. The
in width between the side holes and the resonant hole againfequency of the laser was tuned ove#00 MHz by modulating the
implies the presence of some inhomogeneous distribution in theinjection current. The transmitted laser light was detected by a Si
g factors. The insert in Figure 6 summarizes the data of the photodetector. The smooth line (zero-field spectrum) is a fit to a
pair splittings with the exception af, which in this case is  Lorentzian with a hole width ofhye = 35 MHz.
hard to measure because of the low transition dipole strength
involved. From this data, an averagg factor of 1.38+ 0.04 The average ground-stagefactor observed in these experi-
results in agreement with the analysis of the hole spectra in thements is 1.94t 0.04. The hole-burning experiments in the R
Ri(+1/2) line. We note here that trigonal selection rules are (+1/2) line, as summarized in Figure 3, indicate a ground-state
severely violated by the nonzerdMs = +2 transition dipole value of 1.96+ 0.04. Although these values are in reasonable
strengthAy(7). agreement with the reported room-temperatactor of 1.98
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nm) of the R line in NaMgAl(oxalate}-9H,O/Cr(lll) 0.5% at 2.5 K
using a pseudo-external cavity laser. The zero-fieldBidd(¢ = 60°)

= 15.3 mT spectra are compared. The fit is the sum of three Lorentzians
with a 30-MHz width and a ground-state splitting of 66 MHz. The
laser light wasrt-polarized and detected by a Si photodiode. The spectra
are averages of 2056 readouts (0.2-ms readout period, 3-kHz repetition
rate of burn-read cycle).

In principle, the spectrum can be analyzed in terms of the

are averages of 2056 readouts (0.2-ms readout period, 3-kHz repetitionschematic diagram shown in Figure 4. Since the ground-state

rate of burn-read cycle).

obtained by EPR work it is possible that thg tensor is slightly
temperature-dependent.

Figure 7 displays the results of experiments with a pseudo-
external cavity diode laser at higher resolution. The narrowest
hole widths observed in zero field and 15.3 mT were:23
MHz and 14+ 5 MHz, respectively (corrected for the laser
line width). In comparison with the results for the(R1/2)
transition, these holes are significantly broader. This may be
due to the larger magnetic dipole interactions associated with
the +£3/2 spin components.

3.3. Transient Hole-Burning Spectroscopy with BOc.
Figure 8 illustrates transient spectral hole-burning experiment
at the blue edge of the ;Rine in external magnetic fields
perpendicular to the axis, Blc. The crystal was mounted on
a (1100) face, resulting in an angle between the magnetic field
and the crystah axis, ¢, of 6(°. In contrast to the experiments
with BJ|c, we have to take into account that there are, in
principle, six magnetically inequivalent sites. By applying the
spin Hamiltonian of eq 2 with the experimental geometiry«
90°, @ = 60°), it follows that there are three pairs of
chromophores with the same ground-state splitting. The ground-
state splitting is not a linear function of the magnetic field for

splitting is only about 50 MHz, each side hole observed in
Figure 8 is composed of nine transitions (three side holes for
each magnetically inequivalent chromophore; 3, and 9).
Because the line width of the laser used for these experiments
was~50 MHz, the ground-state splitting was neglected in the
fit of the data. The hole-burning spectrum is then the sum of
the spectra of the three pairs of chromophores whose effective
excited-statey factor is given by eq 7:

g™ (@) = ((60)? cos(¢) + (&) sir(g )™ (7)

whereg' = (—68.85, 68.85), (—51.15, 51.15), or (171.15,
188.85) is the angle between the magnetic field andxlaeis
of the ground-state tensor in the basal plane of the crystal.
Each pair of chromophores will lead to side holestagf-
(¢")usBUOc(¢"). Since the ground-state splitting is neglected, the
ratio of AA of the resonant hole and each side hole is 2:1 for
each chromophore. The hole shapes in Figure 8 are again
approximated by Lorentzians. The data do not allow unambigu-
ous discrimination betweeg}” andgy". From the fits displayed
in Figure 8, we obtairg;" = 2.02+ 0.07 andgj* = 1.80 +
0.07, or vice versa. The indicated error is a conservative
estimate, taking into account experimental uncertainties in the

these experiments since the Zeeman interaction terms are off{aser frequency scan and the magnetic field strength. The widths

diagonal in the matrix given by eq 2. The splitting for th&/2
spin level is very small, wittBlc ~ 15 mT. Applying g«
1.9822,g,=1.9812D = —0.7786 cm?, andE = 0.0306 cm?,
which are values determined by EPR wétkhe splitting of

the £3/2 level is calculated to vary from 49 to 51 MHz (in
15.3 mT) for the three pairs of chromophores in the experimental

for the central hole and the side holes are 85 and 95 MHz,
respectively. Again, the extra width of 10 MHz of the side holes
is assigned tq strain in the ground and the excited states.
Higher resolution hole-burning spectra, using a pseudo-
external cavity laser, are shown in Figure 9. The ground-state
splitting of the+3/2 level is clearly observed in a field of 15.3

geometry. Consequently, the side holes that are well separatednT. Since this splitting varies only by1 MHz for the three

from the resonant hole in the experimental results shown in
Figure 8 must be due to the excited-state splitting, and thus
g®0c = 0. For a trigonal species, there would be no excited-
state splitting in first order since the Zeeman operator has only
matrix elements between the Zid Elevels; these levels are
separated by 20 cr in the title system. Thus, it follows that
low-symmetry fields govern thg factors of the’E levels. The
shifts of the side holes as observed in Figure 8 indicate that
g®c~ 1.9+ 0.2. The line shape of the side holes also indicates

that there is~10% anisotropy, implying" = g7’

pairs of chromophores, the spectrum is well described by a
resonant hole and two side holes. The observed splitting&

MHz, whereas the parameters determined by EPR spectroscopy
predict a splitting o~~50 MHz for the+3/2 spin levels in 15.3

mT (see above). This variation may be due to a minor
misalignment of the crystal with respect to the external magnetic
field. For example, using the EPR parameters, a splitting of 66
MHz is calculated when the magnetic field is out of the basal
plane by 2. However, we cannot fully exclude the possibility
that theg tensor and the zfs parameters are slightly temperature-
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Frequency Shift /MHz Figure 11. Transient spectral hole-burning at the red edge (692.38

nm) of the R line in NaMgAl(oxalate)-9H,O/Cr(lll) 0.5% at 2.5 K

using a pseudo-external cavity laser. The zero-field spectrum is
compared with the spectrum obtained in a magnetic fillit(¢p =

60°) = 1.85 mT. The laser light was-polarized and detected by a Si
photodiode. The spectra are averages of 2056 readouts (0.2-ms readout
é)eriod, 3-kHz repetition rate of burn-read cycle).

Figure 10. Transient spectral hole-burning at the red edge (692.38
nm) of the R line in NaMgAl(oxalatey-9H,O/Cr(lll) 0.5% at 2.5 K.
The zero-field spectrum is compared with the spectrum obtained in a
magnetic field oBlc(p = 60°) = 15.3 mT. The fit (smooth line with
offset) is discussed in the text. The laser light wapolarized and
detected by a photomultiplier. The spectra are averages of 2056 readout ) o .
(0.2-ms readout period, 3-kHz repetition rate of burn-read cycle). ~ Shot experiments again indicate, as in tBgc = 7 mT
experiments, that the hole width is basically limited by the laser

dependent and thus different from those observed in the room-line width.
temperature EPR work. For example, an increase of the rhombic .
parameteiE by 35% leads to a splitting of the:3/2 level of 4. Conclusions
~65 MHz in 15.3 mT using the samg factors. At room Transient spectral hole-burning experimentsinuteexternal
temperature E is relatively small (0.0306 cm), and it is magnetic fields allow for the determination gffactors of the
possible that the contraction of the lattice with decreasing |ower-energy level of th8E muiltiplet in the title compound.
temperature increases the lower-symmetry field. Of course, bothFor example, the;, factors of the ground and first excited states
factors may contribute to the variation of the splitting. can be fully determined from the observation of multiple holes

The transient hole-burning spectra wigilc are somewhat  in a field as low a$||c = 2.2 mT. Theg factors withBLc are
different for red-edge excitation, as is illustrated in Figure 10 close to spin-only and hence indicate that the electronic structure
where the magnetic field was applied in the direction of the of the intrinsically trigonal [Cr(oxalatg)®~ complex is subject
light propagation; that is, the angte betweenBlc and the  to a significant low-symmetry perturbation. The pattern of
crystala axis was 150. In the simulation of these experiments, multiple holes can be well simulated by a four-level model.
we have to take into account the relatively large ground-state We note here that Zeeman experiments of thdife would
splitting of the+1/2 level. The angleg' between thex axis also be feasible. However, for this transition, a magnetic field
and the magnetic field[lc of the three pairs of equivalent  approximately 10 times stronger would be required since the
chromophores are{158.85, —21.15), (—141.15, —38.85), transient hole width is substantially largér.
and (81.18, 98.85). In Blc(¢') = 15.3 mT, ground-state Upon the application of low magnetic fiel@|c, a significant
splittings of 888, 862, and 802 MHz, respectively, result for narrowing of the R(+1/2) transitions results, and the observed
these pairs. The analysis of the hole-burning data follows the hole width is basically determined by the laser line width; it
procedure as outlined above for tBgc experiments, but the  follows that the homogeneous line width of these transitions
spectrum is the sum of the contributions of the three pairs of must be less tharn1 MHz in 15 mT. In comparison, zero-field
chromophores with individual ground-state splittings. The widths of 19 and 23 MHz are observed for thg(R1/2) and
factorsgy* = 1.98+ 0.08 andg;” = 1.84+ 0.08 are obtained  R,(+3/2) transitions, respectively. The magnetic field effect
from the nonlinear least-squares fit displayed in Figure 10. This shows that the hole widths are governed by magnetic dipole
is in good agreement with the results for the(R3/2) interactions. The concentration of the chromium(lil) centers in
experiments discussed above. Furthermore, this experimentthe present experiments was still relatively high (S.410%/
appears to distinguish betweef and g Again, the indi- cm), and thusndirect electron spir-spin interactions may well
cated error is a conservative estimate taklng into account thebe a major factor for these width$3>However, it is also very
experimental accuracy. likely that superhyperfine interactions with téAl and H

A ratio of the intensitieA\o(0)/Ai(c) = 12 results from the nuclear spins will contribute to the residual hole widths. We
fit of the data in Figure 10. This is in accord with a simple are currently addressing this question by investigations of
model calculation using the eigenvectors in the magnetic field deuteration effects and by lowering the chromium(lll) concen-
Blc of the levels involved. trations further. Since the zero-field hole widths are substantially

Figure 11 shows a higher-resolution hole-burning spectrum narrower than in ruby, it is possible that extremely narrow hole
measured with the pseudo-external cavity laser. Selecting thewidths may be observed in moderate fields of several hundred
Ri1(£1/2) transition at the red edge (692.38 nm), a field3ot mT. In comparison with ruby, the advantage of the title system
= 1.85 mT is sufficient to separate the side holes fully from lies in the fact that the chromium(lIl) does not share any ligands
the resonant hole. The observed widths are 27 MHz in zero with the aluminum(lll) ion. Hence, superhyperfine interactions
field and 14 MHz for the resonant hole in 1.85 mT. Single- with 27Al should be reduced.
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The present work establishes the potential of inexpensive
diode lasers in the spectroscopy of coordination compounds in139:
the solid state. Because of their inherent intensity stability, it is
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possible to read out very shallow holes with an extremely good Opt. Soc. Am. B992 9, 946.

signal-to-noise ratio. For example, holes with a change in the

optical density ofAA = 1 x 1073 are readily measurable. The

present work also points to possible applications of the title
system and related compounds in stabilization schemes for

semiconductor lasers by spectral hole-burnihgnd possible
Zeeman scanning of the laser frequefty.
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