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Abstract 
We report transient spectral-hole-burning studies of the R2(±1/2) line in 130 and 20 ppm 
ruby between 2.4 and 70 K. The homogeneous linewidth r h, is found to be 142 ± 6 MHz 
at 2.4 K for both 20 and 130-ppm ciystals; this value is in agreement with the T1 value of 
1.1 ns = 1/27rTi=140 MHz) for the 2A state obtained by Rives and Meltzer who used 
pulsed, non-selective laser excitation. The linewidth is dominated by a direct one-phonon 
relaxation process 2A --> E up to 50 K whereas at higher temperatures two-phonon 
Raman scattering becomes dominant. Cross-relaxation and spin-lattice relaxation films 
significantly affect pseudo-CW experiinents. 

1. Introduction 
Ruby (A1203:Cr(III)) has served as an archetypal system for the development of optical 
and laser spectroscopy of irnpurity ions in insulators over the last 140 years. 
Luminescence based on the R-lines (4A2 k-2E) transitions was reported by Becquerel as 
early as the second half of the nineteenth century [1]. In the high impact paper by Tanabe 
and Sugano, ruby was employed as the model system in the development of a detailed 
ligand field theory in the 1950s [2]. In 1960 Maiman deinonstrated the first laser action 
using a ruby rod at the Hughes Aircraft research laboratories [3]. Kurnitt, Abella and 
Hartman conducted the first photon echo experiment in ruby [4]. Then in the beginning 
of the 1970s Szabo reported the first luminescence line narrowing and the first transient 
spectral hole-burning experiinent in the solid state [5,6] einploying the RI-line of ruby. 
Szabo et al continued to refine the hole-burning work on the Ri-line and a series of 
detailed investigations has been published over the last three decades [7-11]. In another 
major inilestone McFarlane et al demonstrated photon-echoes in the superhyperfine limit 
[12]. In an early and highly influential paper on thennal broadening and shifts of 
electronic transitions of irnpurity centres in the solid state, McCumber and Sturge 
investigated and analysed the R-lines of ruby [13]. Their data analysis was limited to 
temperatures above 78 K since the inhoinogeneous broadening is the dominant 
contribution to the linewidth at lower temperatures. 
We have recently undertaken tirne-resolved transient hole-burning experirnents on the R1
line in ruby with chrornium(III) concentrations of 20 and 0.6 ppm. In a 20 ppm crystal 
cross-relaxation is still a dominant effect, limiting the lifetime of the spectral hole. 
However, a 0.6 ppm ruby crystal, in a low magnetic field of a few inT parallel the crystal 
c-axis, exhibits hole lifetimes given by the spin lattice relaxation time [14]. 
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Somewhat surprisingly, it appears that the R2-line has not been investigated in detail by 
spectral hole-burning. The present paper reports transient spectral hole-burning results for 
130 and 20 ppm rubies. At low temperatures the linewidth of the 12, line is limited by a 
direct one phonon relaxation process from the upper to the lower 2E level (2A —> E); in 
some early work the time Ti for this process was indirectly (from spin-lattice relaxation 
experiments) deterrnined to be 0.3 ns [15]. In contrast, Kumitt et al determined a 
relaxation time of 2.75 ns for this process, a value that may have been affected by a 
phonon bottleneck that develops due to the high powers used in the photon echo 
experirnent [16]. In more recent work, Rives and Meltzer determined the relaxation time 
to be T1=1.1 ns by direct measurements, employing pulsed laser excitation [17]. The 
current paper investigates hole-burning properties of the R2 line, providing an accurate 
way of determining Ti. The temperature dependence of the R2 line is reinvestigated by 
hole-burning experiments up to 70 K. It is also shown that cross-relaxation significantly 
affects pseudo-continuous wave (CW) experirnents. 

2. Experiment 
Ruby boules, grown by the Verneuil (flarne fusion) process, were provided by Hrand 
Djevahirdjian SA, Monthey, Switzerland. The crystals were cut and polished parallel 
and perpendicular to the crystal c-axis with diamond-impregnated tools. 
Spectral hole-burning experiments were conducted with a temperature and current 
stabilised diode laser (Hitachi HL 6938MG). The temperature and current were 
controlled by a Thorlabs TCLDM9 TEC mount in conjunction with a Thorlabs TEC2000 
temperature controller and an 1LX Lightwave ultralow-noise current source model LDX-
3620. 
The current of the laser was kept constant during the burn period and then rapidly 
scanned with a triangular ramp with a period of 400 as. A Stanford Research Instruments 
synthesized function generator model DS345 was used for the current modulation. 
In pseudo-continuous wave (CW) hole-burning experiments, the laser frequency was kept 
constant for —1 ms and then scanned by a triangular ramp within 400 us over 5-40 GHz at 
a repetition rate of 1 kHz. 
Pulsed (8 rns pulse width; 1 Hz pulse repetition rate) experirnents were conducted by 
passing the laser through a mechanical shutter (Vincent Uniblitz VS14S1TO) that was 
controlled by a Uniblitz VMM-T1 driver/timer. The laser frequency was kept constant 
during the initial phase of the pulse (1.2-6 ms) and then swept over —5 GHz within 400 
us. In all experiments the laser was focussed onto the sample after attenuation by a 
polarizing film and a neutral density filter with OD=1. The effective power level at the 
sample was thus ca. 300 µW. 
The samples were cooled by a Janis/Sumitomo SH1-4.5 closed-cycle refrigerator capable 
of reaching 2.5 K. The crystals were embedded with cry-con grease on the cold finger. 

3. Results and Discussion 
Polarized absorption and transient hole-burning spectra, obtained under pseudo-CW 
(steady state conditions), are illustrated in Figure 1. The inhomogeneous width of the 
R2(±1/2) transition is about 9 GHz for the 130-ppm and 20-pprn samples and about 6 
GHz for a 0.6 ppm sample. This is about 4-6 times wider than the width observed for the 
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R-lines in Czochralski grown crystals [8]. Figure 1a hows polarized absorption spectra 
for the R2 line in a 20-ppm ruby. The effect of hole-burning into the R2(±112) transition 
of a 0.6-ppm sample in a polarization is illustrated in Figure Ol vhere a significant 
reduction of the absorbance A across the entire absorption profile is observed; indeed this 
reduction is larger than the depth of the resonant hole. In Figure C)the unpolarized 
absorption spectrum, with and without hole-burning into the R2(±1/2) transition, is shown 
for a 20-pprn sample. A pronounced drop in absorbance over the entire profile of the 
R2(±1/2) line and an increase in absorbance across the inhomogeneous lineshape of the 
R2(±3/2) transition is observed. The depth of the resonant hole and the sidehole is mu 
less than the change of absorbance in the overall absorption profile. Finally, Figure 
shows the unpolarized hole-burning difference spectrum, AA(v), for a very shallow hole 
in the R2(±1/2) transition of a 130-ppm ruby sample. AA(v)=loglo(Inb(v)//b(v)) where 
Inb(v) and ./b(v) are the transrnitted laser intensities without and with a burn period, 
respectively. 
The transient hole-burning experirnents are strongly affected by cross-relaxation between 
resonant and non-resonant ions in the 4A2 ground state and this leads to a decrease and 
increase of the entire inhomogeneously broadened R2(±1/2) and R2(±3/2) lines, 
respectively, upon hole-burning into the R2(±1/2) line. The cause for this behaviour is the 
effect of cross-relaxation together with the long spin-lattice relaxation time at 2.5 K 
[6,8,14]. Upon burning into the R2(±1/2) line about two thirds of the excited ions are 
deactivated by Ri(±3/2) luminescence, ending in the ±3/2 spin level of the 4A2 ground 
state; cross-relaxation between the resonant and non-resonant ions then occurs and thus 
the population of non-resonant ions in the ±3/2 Krarners doublet of the 4A2 ground state 
increases significantly over the entire inhornogeneous distribution, depleting the ±1/2 
spin state. Spin-lattice relaxation is too slow to counteract this build-up of non-
therrnalised ±3/2 population. The resonant hole in the R2(±1/2) line and the associated 
side-hole at +11.3 GHz in the R2(±3/2) line are obscured by this effect, and are only 
rninor dips on top of significant changes in the overall absorption profile. The resonant 
hole (at zero offset) and the sidehole (at +11.3 GHz) of the resonant ions are indicated by 
arrows in Figures 1 c and d. We have previously shown by hole-burning experiments in 
the R1 line, that cross-relaxation even occurs in 0.6 ppm ruby but can be eliminated by 
the application of a (low) external rnagnetic field Bl lc in such dilute samples [14]. 
Figure 2 shows temperature effects in pseudo-CW experiments in cornparison with 
pulsed measurements. It is obvious that the effective hole-depth in pseudo-CW 
experirnents is strongly ternperature dependent between 2.5 and 10 K. Again, this is due 
to the depletion of the overall absorbance; at 10 K spin-lattice relaxation is fast enough to 
counteract this effect. The pulsed experiments are not affected by cross-relaxation at the 1 
Hz repetition rate since the system has enough time to thermalise. 
Figures 3 and 4 illustrate spectral holes in the R2(±1/2) line at 2.4 K as obtained by 1 Hz-
pulsed experirnents with burn periods ranging from 1.2 to 6.3 rns. The holewidth 
increases with increasing holedepth as is expected. This is illustrated In Figure 4b. We 
have conducted this experiment between 2.5 and 70 K and have obtained the 
homogenous linewidth as a function of temperature by extrapolation to zero holedepth for 
all temperatures. At 2.5 K we obtained a homogeneous linewidth of 142±6 MHz; this is a 
lifetime limited linewidth and provides directly a value for the 2A —> E relaxation time 
Ti via the simple expression (1). 

Riesen et al Chemical Physics Letters 3 



(1) 

The linewidth corresponds to a value of T1=1.12+0.04 ns which is in perfect agreement 
with the value of 1.1 ns obtained by Rives and Meltzer [17]. 
The temperature dependence of the homogeneous linewidth is summarised for the 20 and 
130 ppm samples in Figure 5 where we also show the early data of McCumber and 
Sturge [13]. 
Hsu and Skinner have refined a nonperturbative approach for the broadening of the zero-
phonon linewidth of impurities in crystals caused by quadratic electron-phonon coupling 
[18]. Approximating the density of acoustic phonon states by the Debye model, and using 
the expression for a direct one-phonon relaxation process following temperature 
dependence results for the R2 linewidth 

exp(A IkE T) -1) 

2 \ -1 

(.0 1 exp(xT, IT)  x 
)+ f Aln1+97t7147 2X6 1+ 11/(1+ 3x2 + —3 x3 ln 1  + W 2 9'r. x6 

LIA 2 0 (exp(xT, IT)- 1)2 2 1+ x 4 

(2) 
where W is the quadratic coupling constant, TD is the Debye temperature, kB is the 
Boltzmann constant, ha), = kE T , and [ 10 =112aT (Ti is the lifetime of the 2A level). Tn 
the weak coupling lirnit, W«1, the second term reduces to the well-known T7
expression given in the original paper by McCumber and Sturge [13], and the expression 
(2) simplifies to 

1 

1 TD IT 

= rD(i+  pqw n7,37 f d+6  exp(x) 

exp(A, lk,T) — I) 4 (exp(x) —1)2
(3) 

The data in Figure 5 is well described by using equation (2) with the parameters W=-
0.277, TD=935 K and F0=142 MHz. A reasonable fit is also obtained by using W=+1.01. 
We note here that values of W-0.282 or W=1.39 were reported in reference [18]. The 
Debye temperature To=935 K is the value obtained from heat capacity measurements 
[19]; in contrast, a significantly lower value TD=760 K has to be applied when equation 
(3) is used to fit the data in Figure 5 [13]. 
The linewidth is dominated by the one-phonon relaxation process up to 50 K. Above this 
temperature two-phonon Raman scattering processes become dominant leading to a rapid 
increase of the width. The two contributions are individually plotted in Figure 5. 

4. Conclusions 
Spectral hole-buming work has generally been conducted on the lowest-excited state over 
the last 30 years and higher-lying excited states of transition metal ions and complexes 
were only the subject of a few investigations [20]. Higher-lying transitions are usually 
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subject to fast direct relaxation processes [21] and hence display rather broad hole-
widths. Nevertheless, the present work illustrates that valuable information on higher-
lying states can be obtained by hole-burning experiments. Transient spectral hole-burning 
experiments conducted in the present work provide an accurate determination of the 
2A —> E relaxation time. The resulting value of T1=1.12 ns at liquid helium temperatures 
is in perfect agreement with previous measurements by pulsed non-selective laser 
excitation. 
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Figure Captions 

Figure 1 0 Polarized (solid line: o-polarized; dashed line: It-polarized) absorption 
0 spectra, A(v), of the R2 transition m mm of 20-pp ruby (5 crystal) at 692 nm 6 R7(±1/2) 

transition of 0.6 ppm ruby (9 mm crystal ) in a polarization with (solid line) id without 
(dashed line) hole-burning;OUnpolarized R7 absorption spectra of a 20-ppm ruby (5 rnni 
crystal) with (solid line) and without (dashed line) R?(±1/2) hole-burning. The arrows 
indicate the resonant hole and the sidehole at +11.3 GHz of the resonant ions. The insert 
shows the region of the resonant hole;g Unpolarized hole-burning difference spectrum, 
AA(v), for a 130-ppm ruby sample. Arrows indicate the resonant and sidehole of the 
resonant ions. Hole-burning in b-d was conducted under pseudo-CW conditions 
(repetitive 1 rns bum period followed by a 400 !As readout period). 

Figure 2 Temperature dependence (dashed line: 2.5 K; dash-dot line: 5 K; solid line 10 
K) of o-polarized hole-burning spectra, AA(v), in the R,,(±1/2) line of 130 ppm ruby 
under a) pseudo-CW excitation (repetitive 1 ins burn period followed by a 400 ',is readout 
period) and for b) pulsed experiments (1 Hz pulse repetition rate; 3.5 ms burn pulse; 400 
IAS readout period). In the pseudo-CW experiments of a) the background absorbance is 
severely diminished and the plot in Fig 2a shows AA relative to the background depletion 
(AA at low energy side of resonant hole offset to zero). 

Figure 3 Pulsed a-polarized transient hole-burning in the R2(±1/2) line of 130 ppm ruby 
at 2.4 K with burn periods of 1.3, 2.6, 3.8, 5 and 6.2 rns (1 Hz repetition rate; 400 ms 
readout period). 

Figure 4 a) Pulsed o-polarized transient hole-burning, AA(v), in the R2(±1/2) line of 20 
ppm ruby at 2.4 K with burn periods of 1.1, 2.6, 3.7, 5 and 6.2 ms (1 Hz repetition rate; 
400 [is readout period). Panel b) shows the homogeneous linewidth (Fh=1/2Fhoic-Fi nstr, 

rinstr= 2xlaser linewidth=40 MHz) as a function of the relative holedepth AA/A. 

Figure 5 Temperature dependence of the hornogeneous linewidth, F1 aom, of the R2 line in 
ruby. The triangles and crosses display the results for the 130 and 20 ppm ruby samples, 
respectively, obtained by the transient hole-burning experiments of the present work. The 
squares show data from Figure 2 of reference 13 corrected for the low temperature 
residual (inhomogeneous) width. The solid line is calculated by using equation 2 with the 
parameters W=-0.277, TD=935 K and Fo=142 MHz. The dashed and dash-dot lines show 
the contributions by the direct and Raman processes, respectively. 
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