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Ultra-narrow Optical Hole Burning in Ruby
Alex Szabo
Institute for Microstructural Sciences
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Abstracy

By applying a large magnetic field (~ 3.5T) along the crystal axis, the homogeneous
linewidth of the A5 (-1/2)>E(-1/2) optical transition of Cr3+ in dilute ruby is narrowed due to a
suppression of Cr-Cr electron spin flipping. A holewidth as narrow as 17.9 kHz (FWHM) is
observed using a pump-probe technique. In contrast to earlier low field results which gave strictly
Lorentzian lineshapes, the high field lineshape is Gaussian. Arguments are presented that suggest
the lineshape is determined by coherence rather than by dissipative effects. Achievement of the
latter limit will require improvements in the long term frequency stability of the laser and an

increase in sensitivity to allow pump-probe observations at low Rabi frequencies (< 5§ kHz).




1. Introduction

Optical hole-burning (HB) of inhomogeneously broadened transitions in solids has been a
subject of recent interest both for technological and scientific reasons, The application of HB for
digital (frequency [1] and time domain [2]) and analog [3,4] information storage and processing
[5] is receiving increased attention [6]. In part, this activity has prompted a closer look at the
fundamental origins of the optical dephasing time T2 of impurity atoms and molecules in solids
[7-11}. T2 is important for information storage since it is the ratio of inhomogeneous to
homogeneous width (1/xT ) that determines the storage capacity [1]. Dephasing has, of course,
long been studied in magnetic resonance {12] which is serving as a rich source of insights and
knowlcdgckfor understanding optical dephasing. |

For ionically doped solids, nuclear [9] and electron [11,13] spin flipping have been shown
to ultimately determine both optical and maghetic [12] dephasing at low temperatures. The role
of host nuclear spin flipping has been directly demonstrated by magic angle pumping of the host F
nuclei in P3+:LaF3 and observation [14,15] of a lengthening of the Dy transition dephasing time.
Electron spin flipping effects on the 4A2(—1I2)—)E(—1/2) (hereafter R1(-1/2) etc.) transitibn in ruby
have been dircctly demonstrated using Rz optical pumping [13]. More recently [16], the
suppression of electron spin flipping at high magnetic fields has been studied using photon echoes
for the R; (-3/2) transition in ruby. The latter results suggest the attainment of the
"superhyperfine limit" in which T is determined only by ﬂipping. of distant host lattice Al nuclear
spins and frozen core [12,17] Al spins surrounding the Cr3+ electronic spin. In this paper we
extend earlier homogeneous linewidth studies [18] at low fields (~ 4 kG) to high fields (~ 35 kG)
~ using both frequency (HB) and time domain (free induction decay (FID)) techniques for the R (-
1/2) transition in dilute ruby. It should be noted that the R1(-1/2) transition differs from R1(-3/2)
in two important respects. (1) The ground frozen core for S = -3/2 is much larger [19] (~ 400 Al)
than for § = -1/2 (~ 13 Al) and (2) the R1(-1/2) transition more closely approaches an ideal two
state inhomogeneously broadened system. Since Ry(-1/2) has the same spin value in ground and




excited states, the effect of spin mixing is minimized and the optical transition proceeds

essentially without accompanying Al nuclear flips.

2. Experiment

A pump-probe technique described earlier [18] was used to study HB in dilute (0.0034
Wt% Crp O3 = 0.0023 at. %) ruby. A major requirement for these high resolution experiments
was an ultra-narrow (< 2 kHz peak to peak) dye laser linewidth to allow observation of HB widths
of ~ 20 kHz. This was achieved using a frequency modulation technique [20], Pump and probe
pulsewidths were 50- 100 psec and separated by 10 psec. The probe power was 1-5 % of that of
the pump. A frequency synthesizer-amplifier combination wés used to drive an acousto-optic
(AQ) modulator to provide precise tuning of the probe. The AO pump pulse frequency was
determined by a fixed crystal controlled oscillator. All experiments were done with a sample
temperature of 2 K and in a magnetic field supplied by a split—coil; high homogeneity

superconducting magnet.

3. Results

Fig. 1 shows the holeshape measured for the R(-1/2) line at a field of ~ 35 kG parallel to
the ¢ axis. Regression analysis shows that the lineshape is best fit by a Gaussian rather than the
Lorenztian shape observed earlier [18] at low fields (the Gaussian residual is ~ 3x smaller than the
Lorenztian). A FID intensity decay is shown in Fig. 2. Because of the low Rabi frequency and
the reduced population in the 4A(-1/2) level at high fields, the signal is weak and only about one
order of decay could be measured. Over this range the decay looks exponential with a decay time
Tg = 10.2 psec which, in the standard optical Bloch theory, implies a Tp > 4 Tq = 40,8 psec. A
summary of observed holewidths and shapes for various Rabi frequency-pulse width
combinations is given in Table 1 along with holewidth calculations [21] using a plane-wave
Gauss-Markov [10] model of modified optical Bloch equations (OBE). The rationale for this
choice of model is the observed [20] failure of the standard OBE in describing the power

dependence of optical HB in ruby. For the calculations, a value T2 =41 psec was used as a lower




limit obtained from the FID data of Fig. 2. Also we assumed a correlation time ¢ = T3 as in ref.
20.

4, Discussion

Referring to Fig. 1 and Table 1, the R1(-1/2) hole widths are seen to be smaller (by ~ 2x)
than those obtained at low fields [18]. At low fields, the R1(-1/2) homogeneous linewidth for a
dilute 0.0023 at.% ruby has been shown [18] to be still dominated by the magnetic field
fluctuations produced by Cr-Cr spin flips. Increasing the field to 35 kG eliminates, to a large
extent, Cr spin flipping effects since most (~ 93%) of the Cr ions are in the ground spin state
(4A2(-3/2)) at 2 K. This leaves Al nuclear spins of the host lattice as the only dephasing source,
aside from radiative lifetime effects. Another striking aspect of the high field data is the Gaussian
lineshapes observed for a 50 psec burn time and a Rabi frequency x/2x in the range 5.8 to 11.0
kHz (i.e. pulse angles < ®). While we had earlier speculated [22] that the Gaussian lineshape was
consistent with a spectral diffusion model suggested by the photon echo studies of ref. 16, we now
believe that the lineshape and width are primarily determined by coherence effects and the finite
pump-probe widths. This idea is supported by the theoretical lineshape shown in Fig. 3 which
closely approximates a Gaussian. Also the calculated Voight linewidths in Table 1 obtained by
convoluting the (Gaussian) burn and (Lorentzian) probe widths are, within experimental error, in
good agreement with experimental values. If the normal OBE are used, we obtain for a 50 psec
burn time, a pump width [23] of 21.5 kHz (FWHM) essentially independent of Rabi frequency in
the range 5.8 to 11.0 kHz. This convolutes with a Lorentzian probe width of 21.6 kHz to give a
Voight width of 35.3 kHz - in clear violation of the experimental data.

Numerical studies of the Gauss-Markov OBE show that in order to obtain a linewidth
solely determined by dissipation processes, (1) the burn time should be several times longer than
T2 and (2) the burn power must be low enough so that the pulse angle is much smaller than % over
a time Ty, i.e. T2 << ®. Accordingly the burn time was extended to 100 psec (Table 1). Now we
note that the calculated probe width of 6.4 kHz is mostly determined by T rather than by the
pulse width, However only a ~ 10% reduction of the hole width to 19.6 kHz was observed for




%/2n = 4.8 kHz. For larger ¥, the pulse angles exceed = and theoretical lineshapes of the Bloch
vector w(A) start to show nutation structure [21,24]. Such structure is not seen experimentally,
possibly because (1) it is smoothed out when the probe lineshape is convoluted with the pump
shape, and (2) variation of ¥, over the beam cross section. Longer burn times did not result in
narrower hnewndths, however powcr broadening may have still been present since sensitivity
considerations limited the Rabi frequency to a minimum value of ~ 5 kHz. Also another
parameter that may have affected the results is the long term stability of the laser which becomes
a factor for burn times > 500 psec (possibly as short as 300 psec). Further work on the laser
stability and sensitivity of hole detection is underway to clarify if the hole widths observed in this
paper are dissipation limited. '
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Table 1

Experimental and theorectical linewidths (FWHM) for 0.0023 at%

ruby at 2 K for a field of 35 kG along the ¢ axis.

(a) Pump pulse width = 50 psec

Experimentald Theoretical®
Bum Rabi Hole Voight Pump Probe
Time Frequency Width Convoluted  Width Width
(psec) (kHz) (kHz) Width (kHz) (kHz)
(kHz) '

50 58 - 25.3(G) 19.9 ' 13.7(G) 10.1(L)

50 8.2 25.7(G) 20.8 14.8G)  10.1QL)

50 11.0 22.9G) 21.8 15.5(G) 10.1(L)

(b) Pump pulse width = 100 psec.

100 48 19.65(G) 13.0 9.1(G) 6.4(L)
100 8.2 28.0(-) - 33.44 6.4(L)
100 1.3 26.1() - 30.74 6.4(L)

a  Hole widths are average of 4-6 runs. Typical spread of widths is +2 kHz,
b Plane wave Gauss-Markov model with T = 41 psec = 1.

(L) = Lorenztian lineshape, (G) = Gaussian; (-) neither G nor L.

¢ Narrowest width observed = 17.9 kHz,

d  Pump pulse angle exceeds & and theoretical lineshape shows nutation structure. Widths

defined as in ref, 24,
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Figures

1. Hole shape seen in 0.0023 at% ruby for the 4A(~1/2)—E(-1/2) optical transition at 693 nm.
Field is ~ 35 kG along the crystal axis, temperature = 2.0 K. Regression analysis gives a 3x -
lower residual for Gaussian than for Lorenztian shape.

2. Hole shape calculated from Gauss-Markov modified optical Bloch equations. The population

“term w of the Bloch vector is plotted vs ﬁequency showing an approximate Gaussian

lineshape. Pulse width = 50 pusec and Rabi frequency = 11.0 kHz.

3. Free induction intensity decay in ruby for the parameters given in Fig. 1. A 1/c decay time of

10.2 psec is obtained for a Rabi frequency of 10.5 kHz and pulse preparation time of 50 psec.
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