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Abstract

Doubly resonant Raman electron paramagnetic transitions in ruby (Al,O3: Cr’") have
been investigated using dye laser excitation tuned across the range of the Zeeman
components of its well known R; emission line. With magnetic field B normal to
¢, the optic axis of ruby, it is seen that the Raman-EPR lines exhibit significant
intensity enhancements due to the simultaneous occurrence of “in-resonance”
and “out-resonance”, as visualized in the Kramers-Heisenberg formalism of inelastic
light scattering. The specific Raman-EPR features observed in the present study,
together with their resonances, however, differ markedly from those observed in our
previous investigation with B || ¢. These differences can be traced to level mixing

effects within the Zeeman multiplet of the “4, ( ground ) state, on the one hand, and
the negligible value of g, for the £ (excited) state of the R; emission line, on the
other. Furthermore, we note that with B_Lc and under resonant conditions, the

experimentally observed Am == 1 pair of Stokes/anti-Stokes Raman lines are not

connected by time reversal symmetry.



I. INTRODUCTION

The presence of transition metal ions in dilute concentrations as substitutional
impurities in ALL,O; , MgO, and MgAl,0O4 leads to many fascinating physical properties,
thanks to the unique electronic levels associated with them'™. For example, the deep red
color of the celebrated gemstone ruby (ALOs:Cr’ "), and its atomic-emission-like sharp
fluorescence lines known as R; and R,, are a direct result of the site symmetry and energy
level structure of the Cr’* ion, when it randomly replaces AI’* in the sapphire (ALO3)
lattice™. The large lifetime of the excited ( £ ) state of the R, line was successfully
exploited by Maiman® in the invention of the very first laser in 1960. Studies of the
absorption and photoluminescence spectra of ruby, and their Zeeman effect, have also
yielded a wealth of information concerning the energy levels of Cr’" ion in the presence
of an external magnetic field B. These include the precise understanding of the evolution
of the Zeeman split levels of the ground and excited states of the R; line with B, their g
factors’'°, and possible level mixing effects within the Zeeman multiplet of the ‘4,

ground state.

We recently reported'’ the Raman electron paramagnetic resonance (Raman-EPR)
within the Zeeman multiplet of the “4, (ground) and E (excited) states of the R; line in
ruby. This paper ( hereafter referred to as Paper I ) was mainly devoted to our results with
B || ¢, the optic axis of ruby. In this geometry, the Zeeman split states of the “4, ground
state remain pure spin states since there are no level mixing effects. This facilitated the
assignments and interpretation of the observed Stokes and anti-Stokes Raman-EPR

transitions, according to the normal selection rules, Am =+ 1, + 2. We also demonstrated



in Paper I that the Raman-EPR lines experience pronounced double resonances when the
incident photon energy ( hey ) alone is tuned across the region of the Zeeman
components of the R; line, with B held constant. These double resonances arise because
the Kramers-Heisenberg conditions'*"® for both “in-resonance” and “out-resonance” are
simultaneously fulfilled for selected Raman-EPR lines, whenever the incident laser
photon energy (hw; ) coincides with any of the six Zeeman components (PL,, n=2 to 7)
of the R; emission line. We explicitly showed in Paper I that the doubly resonant Raman-
EPR lines obey the selection rules implicit in the Kramers- Heisenberg picture for both

the incident photon (h; ) and the scattered photon ( hws).

In the present study, we explore how the Raman-EPR of Cr’” in ruby, in particular

the resonance enhancements, reflect the Zeeman splittings and their magnetic field
dependence for B_Le¢, in contrast to those for B || ¢: in the former geometry, level mixing

effects occur within the Zeeman multiplet of the 4, ground state, with sublevels no
longer being pure spin states. This feature relaxes the Am selection rules of Raman-EPR

lines mentioned above for B || ¢. Furthermore, the g factor of the excited ( £ ) state of R;
becomes negligible for B¢, with consequences clearly manifested in the Raman-EPR

spectra as well. The present paper explores these aspects in detail, leading to a
comprehensive understanding of the Raman-EPR spectra of ruby and their double

resonances in both geometries.



II. RESULTS AND DISCUSSION
Experiments were performed in the right angle scattering geometry, with B_Le.

All other details of the samples, Fabry-Perot and grating spectrometers, superconducting
magnet cryostat, and lasers used for excitation are described in Paper I. We first consider
the Zeeman components of the R; photoluminescence, since these are essential for
understanding the Raman-EPR spectra. The expected Zeeman transitions of R; for both
orientations of B are shown schematically in Fig. 1(a) and 1(b). Here, we have included

the diagram of the transitions for B || ¢ from Paper I, in order to contrast it with the case
of B.ec. Note that six distinct Zeeman components occur for B || ¢, labeled PL, (n =2

to 7), in the order of increasing energy. The magnetic field dependence of these six

components is consistent with the following g factors™'": g (“4;) = 1.984+ .0006;
g (E)=2.445£0.001. In contrast, for B_L¢, we expect eight Zeeman components, as

shown in Fig. 1(b). This is due to level mixing effects within the Zeeman split levels of
the “4, ground state, which are hence no longer pure spin states. Thus, the selection rules
for dipole transitions (Am = 0, = 1 ) are now relaxed, and these transitions can occur

between each of the £ (+1/2) excited states and all four sublevels of the “4, ground

state. Furthermore, we note’'° that g, (E) = 0.05, while g, (“4;) = 1.9867+ 0.0006. The

resulting negligible splitting of the £ (£1/2) levels, in turn, must give rise to four distinct
components of the photoluminescence of R;, each of which is itself a closely spaced
doublet. In the order of increasing energy, we label each of these doublets as (PL,, PL’}),
n =1 to 4. Figure 2(a) shows these eight components clearly resolved at 6 Tesla with a

high spectral resolution of ~ 0.4 cm™ — a resolution which is accessible in PL



experiments, given the very large intensity of these PL features. However, at a lower

resolution and/or magnetic field, each doublet merges into a single line, which we shall
henceforth label as PL,*. Thus, for B¢, effectively there are just four PL,* lines, n =
1 to 4, in the order of increasing energy. Given the negligible splitting of the E excited
state, in the following discussion, we will hence assume that the £ (+1/2) states are

degenerate. The magnetic field dependence of the (PL,, PL’,) pairs is depicted in Fig.
2(b). The solid lines are calculated using the spin Hamiltonian in Ref. 9 and the known
g1 values of the ground and excited states of the R; line. Figure 3 shows the calculated
magnetic field dependence of the Zeeman levels of the ‘4 ground state. It should be
noted that the sublevels labeled here as -3/2, -1/2, 1/2 and 3/2 are no longer pure spin
states’ because of level mixing. At any B, the experimentally observed Raman-EPR
features, and their shifts, can be independently identified using Fig. 3. Further, it should
be noted that whereas Fig. 2(b) depicts the energies of the (PL,, PL’},) pairs of

luminescence transitions with B, Fig. 3 shows the evolution of the “4, ground state
sublevels with B. The latter, together with the negligible value of g; for the £ (£1/2)

states, accounts for the slopes seen in Fig. 2(b) for all values of B.

Next, we consider the Stokes and the anti-Stokes Raman-EPR spectra associated
with the Zeeman multiplet of the ’4, ground state for B.Le. Figure 4 (a) shows the
spectrum obtained with hop = 14395 cm™ and B = 6 T. Given the proximity of this hey

to the Zeeman components of R;, the intensity of the Raman-EPR spectrum in Fig. 4(a) is

already enhanced by near-resonant conditions. Indeed, as mentioned in Paper I, lowering



hop by just ~ 20 cm™ decreases the intensity of the Raman-EPR spectrum to such an
extent that it becomes unobservable. On the anti-Stokes side, we clearly observe two
lines corresponding to Am = - 1 and - 2. These have their counterparts on the Stokes side,
with Am=+1 and + 2 . In addition, on the Stokes side, we also see a line at ~ 17 cm’!
shift corresponding to Am = + 3; it is not surprising that the anti-Stokes intensity of this
feature is too weak to be seen. The assignments of the observed Stokes and the anti-
Stokes lines to specific transitions between the Zeeman levels of the ‘4 , state is based on
the fact that at B=6 T and T =5 K, the 4, (-3/2) state is the lowest and most populated
level. A simple analysis involving the Zeeman split levels of the £ and the “A; states in
Fig. 1(b) shows that explicitly including the very small splitting of the E (£1/2) states will
not, in any case, alter the Raman-EPR features observed in the non-resonant or the
resonantly enhanced spectra. A comparison of the spectrum in Fig. 4(a) with the
corresponding results in Fig. 3(a) of Paper I, under near resonant conditions for B || c,
reveals the following important differences: (1) for B || ¢, a total of five distinct Raman-

EPR lines occur (one of which is clearly resolved only under exact resonant conditions),

whereas for B_L¢ only three are seen. (2) With B || ¢, three different Raman-EPR

transitions exist for Am ==+ 1, and two for Am = £ 2. In contrast, with B_L¢, there is just

one Raman-EPR line corresponding to each of these cases. (3) The feature with Am =+ 3
is absent for B || ¢, since it is forbidden by selection rules. However, level mixing effects
relax this selection rule in the present case, since the Zeeman split levels of the 4,
ground state are no longer pure spin states. The magnetic field dependence of all three
Raman-EPR lines is shown in Fig. 4(b). The calculated results based on Fig. 3, shown

here as solid lines, agree closely with the experiments.



Results in Paper I clearly demonstrated that when hy is tuned within the PL,
range, the most relevant intermediate states for the resonantly enhanced Raman-EPR
spectra of ruby are the £ ( + %2) excited states of R;. Strong, doubly resonant
enhancement of a pair of Raman-EPR lines was observed for B || ¢, whenever the
incident photon energy hm; coincides with a PL,. Then, specific scattered photon
energies (hws ) automatically coincide with two different PL,, features, causing both “in”
and “out” resonances for the pair of Raman-EPR lines involved, in accordance with the
Kramers-Heisenberg picture of inelastic light scattering. It was also emphasized in Paper
I that the doubly resonant scattering is a two-step process; specifically, there is no matrix
element involving an intermediate step, such as electron-phonon interaction'* or spin-
exchange'” interaction, that separates the transitions corresponding to hewy and hos, and
hence these are both energetically related. Furthermore, the selective occurrence of
double resonances for both Stokes and anti-Stokes lines, as hoy is tuned within the PL,

range, was pictorially depicted in Fig. 5 of Paper I. In the same spirit, Fig.5 below
illustrates the specific double resonances that will occur for B_Le. The energy levels
involved for all such double resonances are summarized in Table 1. It shows that a

coincidence of hw with a specific PL,* results in three distinct scattered photon

energies, each one automatically coinciding with one of the other three PL,*. Thus, with
B_L¢, both in-resonance and out-resonance occur simultaneously for three different

Raman-EPR lines. This contrasts with the results for B || ¢, where two, rather than three,
distinct Raman-EPR lines undergo simultaneous double resonance whenever hm,

coincides with a specific PL, . As shown in Table 1, depending on which PL,* fulfills the



in-resonance condition, the three different Raman-EPR lines which undergo such double
resonance can belong to one of the following combinations: (a) anti-Stokes lines only, (b)
Stokes lines only, (c) one anti-Stokes and two Stokes lines, (d) one Stokes and two anti-
Stokes lines. Thus, a total of twelve such double resonances of Raman-EPR lines will
occur as hay is tuned across the entire range of PL,*. Amongst these, there are three
different Stokes transitions with Am = +1, whose Raman shifts are nearly the same within
the resolution of our measurements, even at B= 6 T. Hence, the hws line in Fig. 5
(labeled as 1) corresponding to these Am = +1 Stokes transitions , viz.,{ ‘As (-32) >

‘Az (-1/2); *As (-1/2) — Az (1/2); *As (1/2) — *A5 (3/2)}, can be considered as a
superposition resulting from three closely spaced, and unresolved lines. This also applies
to their counterpart, anti-Stokes transitions { ‘Az (-1/2) = Az (-3/2); Az (172) —

*As (-1/2); *As (3/2) — *A5 (1/2) }, and the has line in Fig. 5 (labeled as 1a)
corresponding to Am = -1. Considering the Am = + 2 Stokes transitions in Table I, viz.,
{*A; (-3/2) - *A; (1/2); *A; (-1/2) —>*A, (3/2) }, and its corresponding has line in Fig.

5 (labeled as 2), we note that they are to be considered as a superposition of two closely
spaced, but unresolved lines. Again, this situation applies to their anti-Stokes counterparts
with Am = - 2, viz.,{ *A; (1/2) — *A; (-3/2); *A; (3/2) — *A; (-1/2) }, and its hog line in
Fig. 5 (labeled as 2a). Finally, we note that the Am = + 3 transition { ‘A, (-3/2) —

*A; (3/2) }, and the Am = - 3 transition { *A, (3/2) — *A, (-3/2) } in Table I and their
respective hws lines, labeled as 3 and 3a in Fig. 5, are free of any such superposition ,

since there is just one unique Raman transition possible for each of these cases.



Following the approach described in Paper I, in Fig. 5 here the ordinate
corresponds to hms and the abscissa to hmy, Since the energies of the photoluminescence
lines are independent of hwy utilized in the Raman experiment, the positions of PL;* -
PLs* appear in the figure as four horizontal lines parallel to the abscissa. Also, the
diagonal line labeled hay in this plot, corresponding to incident photon energy, serves as
a reference line (i.e., zero-frequency shift line) for locating hws, the Stokes and the anti-
Stokes shifts for a given hy. the hws’s lie on lines parallel to hap. The energies of the
Raman lines with Am = £ 1, £ 2, and + 3, as a function of the tunable dye laser photon
energy (hmp), are also depicted on this plot; thus one can discover unambiguously the
hmy ’s at which the resonant enhancements of the Raman-EPR transitions occur. The four
intersections of the horizontal PL lines with the line labeled hw, denoted by full red
circles, identify the four incident photon energies for which the conditions for in-
resonance are fulfilled. Simultaneously, in each such case, there are three distinct
Raman-EPR lines which fulfill hws = E (PL,*), i.e. out-resonance. These out-resonances
are signaled by the intersections of the hwg lines with the PL lines (located on the vertical

dashed lines passing through the corresponding full circle).

Two illustrative examples of the expected double resonances of Raman-EPR lines
for BLe are shown in Fig. 6(a) and 6(b). In the former, with hw;, = PL,*, three distinct
Raman-EPR lines are observed with strong resonant enhancement — two anti-Stokes
and one Stokes. The corresponding scattered photon transitions are PL4*, PL3*, and PL;*,
as shown in the accompanying level diagram. Here, the two hws transitions causing the

anti-stokes Raman-EPR lines are indicated as down arrows in blue, whereas that leading
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to the Stokes Raman-EPR line is indicated in dark brown. Note, each Raman-EPR
transition is indicated by a green arrow. This is indeed confirmed in Fig. 6(a), where we
clearly observe two anti-Stokes Raman transitions corresponding to Am = -1 and -2, as
well as one Stokes Raman transition corresponding to Am = +1. The Stokes counterpart
of the Am = -2 anti-Stokes line is invisible, on the intensity scale here, since it cannot
experience double resonance. A reversal of the spectral features seen in Fig 6(a) is
evident in Fig. 6(b), where hwp = PL3;*. We now expect to see two doubly resonant
Stokes Raman-EPR lines, and one doubly resonant anti-Stokes Raman-EPR line; the
allowed hwg correspond to PL;*, PL,*, and PL4*. These, in turn, cause the doubly
resonant Raman-EPR transitions corresponding, respectively, to the Am = +1 and +2
Stokes features and the Am = -1 anti-Stokes feature. Again, the spectrum of Fig. 6(b)

clearly confirms these predictions.

It is also worth noting that in each spectrum discussed above, the Am =+ 1 lines
are not related by time-reversal symmetry, although their frequency shifts are nearly
identical. A pair of Stokes/anti-Stokes Raman lines are connected through time reversal
symmetry, only if interchanging the initial and final states of one line leads to the other.
In the present case, these lines originate from the same initial state, and terminate on
different final states. Notably, the results and analysis in Paper I show that for B || ¢, the
pair of resonantly enhanced Raman-EPR lines with Am = +1 and Am = -1 which can
simultaneously undergo double resonance, possess measurably different Raman shifts;

hence they cannot be misconstrued as a Stokes:anti-Stokes pair. When haoy, lies well

outside the range of exact resonant conditions, in both B || ¢ and B_L¢ geometries, as in
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Fig. 4(a), the ability to precisely select and identify the initial and final states is absent,
and hence we can expect that time reversal symmetry would apply to the Stokes/anti-

Stokes pair of lines seen in the non-resonant spectrum.

ITII. CONCLUDING REMARKS

The present study has elucidated the Raman-EPR transitions of Cr’* in ruby for
B_L¢, under both resonant and non-resonant conditions. The observed Raman-EPR lines,

and the specific characteristics of their double resonances, differ markedly from the

results reported in our previous study of ruby with B || ¢. These differences can be

clearly understood on the basis of level mixing effects which occur for B_Le within the

ground state (“4,) Zeeman multiplet of Cr*" in ruby, and the very small value of g, for

the £ intermediate states which participate in the Raman scattering process.

Raman scattering from electronic levels has a rich history'®, which precedes the
use of lasers for the study of Raman spectra. Since tunable lasers became available, it has
also been possible to explore their resonant effects and excitation profiles in detail,
leading to studies of “in” and “out” resonances in condensed matter systems; typical
examples include ErPO, study by Williams'” e.al., and diluted magnetic semiconductors
study by Peterson et.al"” . In most such cases, in-resonance and out-resonance are
decoupled from each other; i.e. in-resonance does not automatically guarantee out-
resonance. Ruby offers a unique and remarkably different system in this regard; viz., due
to the absence of spin-exchange or electron-phonon interaction while the electron is in

the intermediate state, in-resonance automatically causes out-resonance for specific
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Raman-EPR features, at any magnetic field. This clearly differs from other typical

18, 19 .
*” wherein,

instances of double resonances of Raman features observed in the solid state
in addition to the tuning of hwy in order to realize in-resonance, simultaneous and
specific tuning of another experimental parameter (e.g., temperature, pressure, magnetic
field etc.) is needed in order to make the scattered photon energy (hws) coincide with a
different electronic transition of the medium.

Studies of EPR transitions of Cr’™ in ruby were reported by some authors®*** in
recent years, by employing the technique of direct microwave absorption coupled with
Raman heterodyne detection. Specifically, the optically detected EPR transitions they
observe in ruby (a) occur only at specific values of B, since the microwave field is of a
fixed frequency, and (b) do not replicate the highly resolved, Stokes and anti-Stokes
Raman-EPR signatures we clearly observe for different possible Am values, including
+ 3. Furthermore, direct Raman spectroscopy has allowed us to discover their distinct
double resonances at any B field, and exploit them in order to unambiguously assign all
of the observed features. Hence we note that in various crucial aspects, including the
underlying technique, process, selection rules, and observed spectral features
corresponding to different possible Am values, our Raman experiments have generated

results which are distinctly different from their work.

In summary, ruby offers a unique solid state system wherein clearly resolved, double
resonances of both Stokes and anti-Stokes Raman-EPR spectral features are realized

solely by tuning hwy . The electronic Zeeman levels of Cr’” in ruby, through its R;
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transitions, have generated a unique opportunity in the context of Raman spectroscopy at
its microscopic level: as formulated in the Kramers-Heisenberg theory of Raman
transitions, these levels admirably fulfill the roles of “initial, intermediate, and final”
states. These exceptionally sharp levels of R; presented a unique opportunity to discover
all the Raman-EPR transitions, and their doubly resonant characteristics. These results for
B || c and B | ¢, while being equally impressive, clearly differ significantly in the

underlying physics, as demonstrated in this paper.
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Figure Captions

Fig. 1. (Color online) Zeeman components of the R; emission line of ruby (a) B || ¢, PL,
(n=2-7),and (b) BLe, (PL,, PL’,), (n=1-4).

Fig. 2. (Color online) (a) The photoluminescence spectrum of the (PL,, PL’, ) doublets
observed at 6T . (b) The magnetic field dependence of (PL,, PL’,) doublets. Dots denote
experimental data and the solid lines are calculated using the known g, values of the

ground and excited states of the R, line. Note that there are two nearly overlapping lines
corresponding to each (PL,, PL’,) doublet, reflecting the very small splitting between the

E (£ ') excited states of R;.
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Fig. 3. (Color online) Calculated magnetic field dependence of the Zeeman sublevels of

the 4, ground state for B_Lc.

Fig. 4. (Color online) (a) Raman-EPR spectrum of Cr’" in ruby for B_Le. The Stokes and
the anti-Stokes Raman-EPR shifts recorded with incident photon energy hoy, = 14395.0
cm” ,B= 6T, and T = 8 K. (b) The Raman-EPR transition energies as a function of B.
The solid lines are calculated results using the spin-Hamiltonian for B_Lec.

Fig. 5. (Color online) Graphical illustration of the occurrence of double resonances when

hoy is scanned across the spectral range of PL,* with B_L¢. Scattered photon energies

hws of Raman-EPR lines are parallel to the diagonal line labeled hw;.. The simultaneous
coincidence of hwmr and hws for different PL,* is depicted at B =6 T. The Raman
transitions corresponding to each hws line (1a - 3a and 1- 3) are given in the text. The
photoluminescence lines PL;* — PL4*, being independent of hwy, appear in the figure as
horizontal lines parallel to the abscissa.

Fig. 6. (Color online) Doubly resonant Raman-EPR spectra of ruby for Ble, B= 6 T,
and T = 8 K. In the insets, scattered photon transitions causing anti-Stokes lines are
shown as blue vertical lines, while those causing Stokes transitions are the dark brown
vertical lines. The net Raman-EPR transition in each case is indicated by the green

arrows. In part (a) hop = PL,*, and in part (b) hop = PLs*
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Table 1: Selection Rules for Double Resonance of Raman-EPR Lines ( B L ¢)

Am
hop hos [Raman Transition]
E (£172) > A, (12) Am= -1
= PL,* [*A; (312) = *A; (1/2)]
"Ax(3/2)— E (£ 1/2) | E (£ 1/2) >*A, (-1/2) Am= -2
= PL* = PL;* [ ‘A2 (3/2) = *Ay (-1/2)]
E (£1/2) >%A, (-3/2) Am= -3
= PL,* [*As (3/2) — *A; (-3/2)]
E (£172) > A, (3/2) Am = +1
= PL;* [*A; (172) = *A; (3/2)]
‘Ax(1/2)— E(£1/2) | E (£12)— *A, (-1/2) Am= -1
= PL,* = PL;* [*A; (1/2) = %Ay (-1/2)]
E (£1/2) »*A; (-312) Am= -2
= PL,* [*A; (172) > *A; (-3/2)]
E (x1/2) - *A> (3/2) Am = +2
= PL* [*As (-1/2) = *A; (3/2)]
*Ay(-1/2)>E (#112) [E *1/2) = A, (172) Am= +1
= PL3* = PL,* [*As (-1/2) = *A; (1/2)]
E (£1/2) > *A; (-312) Am= -1
= PL,* [*As (-1/2) = Az (-3/2)]
E (12)— ‘A, (32) Am = +3
= PL;* A, (-3/2) = *A, (3/2)]
‘Ax(-3/2)-E (£1/2) | E (£172) > A, (1/2) Am= +2
= PL,* = PL,* [ YA (-3/2) = Az (1/2)]
E (£1/2) —> ‘A, (-1/2) Am= +1
= PL3* [*A2 (-3/2) = Az (-1/2)]
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