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Abstract. The R; line of Cr* in an antiferromagnetic garnet crystal GdySczAl;Oyp
(GsAG) is broadened inhomogeneously and homogenecusly. Site-selective technigues, such
as fluorescence line narrowing (FLN), can remove the inhomogeneous broadening created
by strain and compositional disorder. The FLN spectruin then refiects the broadening due
to processes including spin-spin exchange interaction between Cr’+ jons in octahedral
positions and Gd*t jons in dodecahedral positions in the 68aG unit cell. A magnetic
field can remove the homogeneous broadening due to antiferromagnetic exchange.

The Ry line is associated with the spin-forbidden 2E — 1A, transition. In general,
the selection rule on the R, line breaks down through spin—orbit interaction on the Cr3+
ion. Simulations of the FLN spectra of Cr*t:Gsac as a function of both temperature and
magnetic field have been used to estimate the magnitude of the spin-spin exchange
coupting comstant, J ~ 0.25-0.33 cm~!. Such simulations also show that for the
2E _ 4A, transition to antiferromagnetic GsAG the Gd* spin in the Cr+-Ga+
spin exchange system is conserved in the presence of a magnetic field (B > 2 T),
whereas the selection rule breaks down in the absence of a magnetic field.

L. Introduction

There has been much interest in Cr3+-doped oxide garnets in view of their potential
as tunable laser media [1]. In oxide garnets with unit cell structure corresponding to
the chemical formula C;A, D, 0,,, the large rare-earth jons (Y3+, Gd3*, La*t) occupy
the dodecahedral C sites, and the smaller metal ions (AI*+, Ga3t, Sc*) occupy the
octahedral A and tetrahedral D sites. Laser-active Cr**+ ions preferentially occupy
the octahedral A sites. The pure Gd-based garnets Gd,GasOy, (GGG), Gd;Sc,Al, O,
(GsAaG), and Gd;Sc,Ga; O, (GSGG) are antiferromagnetic materials and suitable for
laser host crystals because they are transparent in the visible and near infrared regions.

The homogeneous broadening of the R, line of Cr** in antiferromagnetic GAAIO,
crystals by spin-spin exchange interaction was reported by Murphy and Ohlmann
[2]. Recently, Monteil and co-workers have discussed the homogeneous broadening
of the R, line of Cr** in GGG [3,4] We have reported experimental studies of
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inhomogeneous and homogeneous line broadenings of R, lines by compositional
disorder and by spin-spin exchange interaction between Cr** and Gd** ions,
respectively, in GSAG, probed using fluorescence line narrowing (FLN) in the absence
and in the presence of a magnetic field [5]. The experimental results have shown that
the linewidths associated with the inhomogeneous and homogeneous broadenings
of the R, line are approximately equal and about 13-19 cm~!. Furthermore the
homogeneous broadening is reduced by a magnetic field, giving rise to resolvable
splitting into three sharp Zeeman lines at B = 3.5 T The energy separation
(8.7 cm~!) between the three Zeeman components, being larger than the Zeeman
energy (3.2 cm~}!) at B = 3.5 T, was used to estimate the spin-spin exchange coupling
constant 0.25 cm~1.

This paper reports calculations of the FLN lineshapes of Cr3+:GsaG as functions
of both temperature and magnetic field, taking account of the selection rule of the
transition from the lowest excited *E state of Cr* ions to the A, ground state, in
the presence of exchange coupling between the electronic spin of the central Cr3+
ion and the neighbouring Gd>* ions. The calculated lineshapes agree fairly well with
the FLN spectra observed in the ranges of B=0-35T and T = 1.6-12 K

2. Theory

2.1. The spin Hamiltonian of Cr+

The spin Hamiltonian of Cr*t in antiferromagnetic crystals in the absence of a
magnetic field is given by

H=H,+H, M

where H_, is the spin-orbit interaction, L and S, are fictitious angular and spin
momenta of Cr3t, ) is the effective spin-orbit coupling, and H_, is the spin-spin
exchange interaction between Cr’* and the nearest neighbour Gd>* jons. The
spin-orbit interaction mixes the *T, second excited state into the 2E lowest excited
state and allows the spin-forbidden transition to the ground state, 2E — 4A;. The
effective spin-orbit coupling, ), is about 100 cm~! and much larger than the spin—
spin exchange coupling (~ 0.3 cm~!) {5]. The spin state of the lowest excited state
of Cr** including the spin-orbit interaction is written

1Se(Ts)) = 1Se(E)) + {{Se: CENHoo| S (*T2)) /[ ECE) = E(*T)]H S (*Ty))
3

where T'g is the irreducible representation of the lowest excited state mixed with 2E
and *T,, and E(2E) and E(*T,) are energy levels without the spin-orbit interaction.

Murphy and Ohlmann [2] proposed an isotropic spin-spin exchange interaction
between Cr*t and Gd3* jons in GdAIO, in order to account for the observed R,
Jineshape, which was composed of four quasi-continuous bands at low temperatures.
This paper extends their phenomenological model to the Cr3t:GsAG system. The
isotropic spin-spin exchange interaction is given by

H,=-JS5-§ C)
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where Sg, = % in the A, ground state and S, = 1,2 in the 2E, *T, excited states,
respectwe]y The total spin of the six interacting Gd*t ions, S = 25_1 S; where
S; = 4, takes integral total spin values rangmg t'rom zero to 21. If the cxchange
oonstant J is small, each of the My = 3,1,-1,-2 levels of the S, = 3 ground
state is split into a quasi-continuous band of exchange coupled sub- levels havmg total
spin quantum numbers S given by S =S+3,85=5+1,5=15-1,3=15-1|.
In the garnets the 2E state is split by the spin—orbit coupling and tngonal dlStOIth]'l
into 2A and E levels, of which E is the lowest. In this 2E(E) level there are two
sub-bands, one corresponding to § = S + 1 and the other to § = |5 — }|. The
spin-spin exchange interaction Hamiltonian is diagonal in §, Mg, S and Sg,. The
expectation value of equation (4) for states defined by the quantum numbers 3, Mz,
S and S, is given by
(35, M5, S, Se.| Hatl 5, M, S, S¢) = ~(J/2)[S(5 + 1) — (S +1) = S S + 1]
©)
and is independent of Mz. Figure 1 shows the electron spin density of the S = %
ground state as a function of energy, split by the spin-spin exchange interaction
(equatxon (4)) assuming that the exchange couplmg constant is posmve The bars
in figure 1(a) indicate the degeneracy of the spin states with total spins S and S,
defined as (2§ + 1)Ng. The total number, Ng, of ways of forming a state of
total spin S of Gd** is calculated in the same way as by Murphy and Ohlmann |2]
and is listed in table 1. We assume that each line is represented by a Gaussian,
exp[—(E — E;z)?/2+?] where E; is equal to the expectation value of equation (4)
and - is the width. Figure 1(b} shows the spin densities with a parameter J and
v = 1.5 cm~1, The shape with the value of J < 0.3 cm™! is nearly a Gaussian,
whereas those with the value of J > 0.4 cm~! are resolved into four bands. The
spin-density spectrum is associated mth homogeneous broadening, resulting in the
broad FLN spectrum.

Table 1. Total number Ng of vectors of length & formed by adding together six vectors

of length 3

) Ng S Ng
0 20 11 911
1 756 12 685
2 1190 13 489
3 1534 14 330
4 1770 15 210
5 1890 16 126
6 186 17 T
7 1800 18 35
8 1624 19 15
9 1400 20 5

0 155 21 i

When a magnetic field is applied to the Cr3*:GSAG system, the Zeeman interaction
term is added to the spin Hamiltonian, equation (1). The isotropic Zeeman
interactions of Cr** and Gd** ions are

H, = gc#tsScc* B+ ggaupS - B = gympS - B (6)
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Figure 1. Spin degeneracy of the ground state as a function of energy, split by spin—spin
exchange interaction (equations (4) and (5)). The lines have (g) no width, () a widih
of 15 em—1.

where ge =~ gy = gg = 2.00, pp is the Bohr magneton, B is an external magnetic
field and S is a good quantum number represented by S = S+ 5. In the presence of
an applied magnetic field, the spin degenerate |S, Mz, S¢,, S) state splits into 25 +1
magnetic sub-levels. The lowest *A, ground state is |S =21+ %, Mz = —(21 + 3),
8 =121,8¢ = 3.

2.2. Optical transition between the ground and lowest excited states of Cr*t in the
exchange system

The ground and excited states, respectively, consist of four and two quasi-continuous
bands created by spin-spin exchange between Cr** and Gd** jons. The ground states,
denoted as gr, gry, gr,, gr3, ..., have degeneracy d,;,d;,d,,d,,.. ., corresponding
to states with different values of S for |S, M, 5, Sc,} with degeneracy (25 + 1) N,
and the excited states ex, ex,, €x,, eX;, ... have degeneracy f;, fi, f2) f3..... The
spontaneous transition probability, A from the excited state ex, to the ground
state gr,. is defined as [6]

ex’l-'grm *

Acxogr,, & do (g0 |1lex, ) Y

where p is the electric or magnetic dipole operator. The absorption and emission
transition probabilities are

Wgrm—-a,, = (fn/dm)Aun-ng:,,‘ n, (8)
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Weaop, = Actnmgr, (1 +100) ®)
where n, is the photon occupancy in the mode at transition f:requency w. The
absorpnon coefficient for the photon energy Aw corresponding to W, LS

gy ex, (W)X Ny Wi _ox, x Ny [y l(grmlpzlt’ﬂin)l2 (10)

where Ng the number densny of Cr** centres in the ground state gr,,, 18
determined by the Boltzmann factor. Assummg that the thermal population of the
excited state s negligibly small, the number N, is given by

Ny = Ny(dp, [dw) xp[—(Ey — Eg )/ kpT] (11)
Bpopal = zdkcxP (E - B, )/kBT] (12)

in terms of the total number of Cr** jons in the crystal, N, and the energy, E .
of the ground state gr, ..

Next consider the luminescence intemsity [,,(w) emitted in the ex, — gr..
transition at the photon energy fiw:

Im(w) = Aex“—vymNexuﬁm x Nex..denglMexn)lz (13)

where N, is the number density of Cr*t centres in the excited state ex,,, defined
in the same way a8 the ground State occupancy, assuming that the electron excited
in the optical absorption transition relaxes and is thermalized in the relaxed excited
state before the radiative de-excitation to the ground state.

2.3. Selection rule of the ransition between the ground and excited states in the exchange
system

The selection rules of optical transitions between the ground and excited states of
Cr*+ in GSAG include the effect of spin-spin exchange between Cr3+ and the six
nearest-neighbour Gd*+ jons. Because the electric and magnetic dipole operators, g,
do not include spin operators (see equation (7)), the total spin 5, the total spin S of
Gd3+, and the Cr3t spin S, should all be conserved. The spin wave function of the
ZE(TI'g) excited state used in the spin Hamiltonian, equation (1), including the effects
of spin-orbit and spin-spin exchange interactions, is modified using equation (3) and
(3) to

15, M, 8, Sc,(T)) = 15, M3, S, S CE)) + &', M5, S, Sa(*Ty)) (14

where o is the mixing coefficient of the *T, second excited state with the same Gd>*
spin S as 2E. As a consequence, the selection rule for the total spin, 5, and the Cr**
spin, Se,, breaks down, although that of the Gd** total spin, S, is conserved. At low
temperatures, only the lowest level with $ = 21 of the quasi-continuous band of the
ZE excited state is populated. Transitions to the lower § = 21 levels of three *A,
quasi-continuous bands then occur in accordance with the selection rule that the total
spin of the Gd** ions is conserved. In consequence, three sharp lines are expected.
The selection rule on the total spin of the coupled Gd** ions may be removed by [2]:

(i) Gd-G4d interaction;

(ii) anisotropic exchange interactions.
As a consequence transitions between the different total spin states of Gd>* may
occur, thereby giving rise to homogeneous broadening of R lines. Thus, the selection
rule for the Gd** total spin S is very important in calculating the FLN lineshape.
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24. Calculating the FLN lineshape

The linewidths of the R, lines of Cr**.doped Gd-based garnets are broadened
inhomogeneously by the random Jocal electrostatic crystal field of several different
Cr3t sites and homogeneously by the spin-spin exchange interaction between
Cr’t jons and the six nearest-neighbour Gd** jons. High-resolution site-selective
spectroscopy, such as FLN, is sufficiently powerful to resolve the line structure. If the
linewidth of a laser beam resonant with the transition is less than the homogeneous
linewidth, the FLN line refiects the homogeneous linewidth. For the quasi-continuous
bands in a magnetic field, the Zeeman energy is much larger than the exchange
energy, and the FLN line is split into Zeeman components with linewidths comparable
with the laser linewidth. The FLN lineshapes are separately caiculated in the absence
and the presence of a magnetic field.

The resonant excitation produces transitions into the quasi-continuous band of
the 2E excited state. The number of Cr3+ sites excited by the resonant excitation
hw, corresponding to the transition gr., — e€x,, is proportional to an absorption
coeflicient o, _. (w) (equation (10)) assuming that the absorption coefficient is
fairly small. The excited electron on the Ct3t site relaxes to the lowest excited level
atDT = 0 without energy transfer to other Cr** sites. The lowest excited energy,
I8

Egl—tn = fiw + (Egm - Eyo) - (Eexn - s:n) (15)

where Aw is the resonant excitation energy. The distribution of excited Cr** sites
with the lowest excited energy, EC ., is given by

m-——+il

Pr(BY D Y 0 e, (W)6(E~ ES ). (16)

The luminescence intensity of the transition ex, — gr . is given in equation (13).
The lineshape of an intrinsic luminescence from a single Cr*+ site is defined as

Pe(E) % 33" Io(w)6(E — Ee, + By ) %)

m n
where
w=(Ey — Eg )/h. (18)
The calculated FLN lineshape including the excitation and emission processes is

the convolution of the distribution of the excited states and the intrinsic luminescence
lineshape:

SB) = [ Puul B) P~ E') 2" (19

When a magnetic field is applied, the spin-degenerate states, |$, Mg, S, S¢,), split
further into (25 + 1) magnetic sub-levels, the Zeeman energy being gy Mg B,. The
optical transitions occur between these magnetic sub-levels.
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3. Comparison of the theory with the experimental results

Details of our experimental studies of FLN in the R, lines of the Cr*t jon in GSAG
at temperatures in the range 1.4-15 K and at magnetic fields up to 3.5 T have been
reported [5]. Figure 2(a) shows the FLN spectra measured with excitation wavelength
69248 nm at T = 1.6 K, 42 K and 8 K in the absence of a magnetic field. At
T = 1.6 K the FLN peak is shifted to 692.7 nm and the lineshape is asymmetric,
having a pronounced long-wavelength tail. As the temperature is increased, the FLN
peak and the tail are shifted to shorter wavelengths. Above 8 K, the peak is resonant
with the excitation wavelength, The spectra are enhanced on the shorter-wavelength
side due to thermal population, thereby becoming more symmetric.

When a magnetic field is applied at 1.6 K, the asymmetric FLN spectrum is split
into three Zeeman components as shown in figure 3(z). The applied field also causes a
marrowing of each Zeeman component. When with the field at 3.46 T the temperature
is increased above 1.6 K there is a gradual broadening of each Zeeman line, two non-
resonant Zeeman lines are shifted to shorter wavelength, and components appear at
higher energy than the excitation energy as a consequence of thermal population of
excited states (figure 4(a)).

In order to explain these results, we have calculated the lineshapes of the FLN
spectra of Cr*t in the exchange-coupled system as a function of temperature and of
magnetic field. The g-value of the %E excited state affects the Zeeman pattern and
the linewidth of each Zeeman component. Optically detected magnetic resonance
(ODMR) studies have been used to measure the 2E excited g-values of Cr3+:AlLO,
(gy = 2.44 and g, = 0.06) [7]. The g-value of Cr3+:GSAG is assumed to be equal
to 2

3.1. In the presence of a magnetic field

As discussed in section 2.3, if the total spin of the Gd*t ion, S, and the magnetic
quantum number, Mg, are not conserved in a transition between the magnetic sub-
levels of the *A, ground and %E excited states, many Zeeman lines should be observed
at low temperatures and at high field. However, the FLN spectrum observed at
T=16K and at B = 3.46 T in figure 3(a) consists of only three sharp lines. This
result indicates that the Gd>* total spin S and magnetic quantum pumbers M are
conserved in the presence of the applied field. The three sharp lines are due to the
transitions 2E(T'g) — *A;:

1§ = (21 + 1), Mg = —(21+ 1), 8 =21, §,(’E) = 1}
—15= @49, Ms = -Q1+3),5=21,5c('4) = P: Py = Ry
—18 =2+ 1), Mg =~(214 1), =21, 5c(*A) =} : Pl = R,
8= (21, My =15 = 2L S = B Py = B
~18= (-3, Mg =~(21-§),5 =21, Sq (") = }): Py =0.
(20)

The relative intcgréted intensities of the three Zeeman component lines can be used
to estimate R;: Ry: Ry = 1:0.5:0.3. The energy separations between the three
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Figure 2. (g) Temperature dependence of the FLN spectra in the absence of a magnetic
field: the origin of energy is equal to the resonant excitation of 69248 nm. The
dotted and dashed curves arc calculated using equation (I9) with the intemsity ratio
Ry:Ry:R3 = 1:0.5:0.3, the exchange coupling constant J = 0.33 cm~!, and the
width v = 2.5 em~! assuming that the Gd*t total spin S is conserved or not,
respectively. () Lineshapes of the FLN spectra calculated using equation (19) with
Rj: Ry Ry = 1:05:0.3, J = 0.33 cn~], and + = 2.5 cm—! assuming that the Gd
total spin S is not conserved through the transition.
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Figure 3. (2) Magnetic field dependence of the ¥N spectra at T = 1.6 K the origin
of energy is equal to the resopant excitation of 692.48 nm. (%) Lineshapes of the FLN
spectra calculated using equation (19) with the intensity ratio R;: Ry: B3 = 1: 0.5: 0.3,
the eichange coupling constant J = 0.25 cm—!, and the width v = 2.5 cm™! assuming
that the Gd*¥ iotal spin 5 and magnetic quantum number Ms are conserved through
the transition.

Zeeman components are both equal to 87 cm~!. Taking into account that the
Zeeman energy at B = 3.5 T is 3.2 cm™~!, and that zero-field splitting is less than
1 cm™!, the large energy separation, 8.7 cm™}, may be the sum of the Zeeman and
exchange energies [5]. The energy separations between transitions, equation (20), are
then represented by

El-23)-E(l-i)=2ugB+22.5J

21

El -1 -E(}—~-1)=2upB +21.5J. @
The measured energy separation 87 cm~! can be used to estimate the exchange
coupling constant, ie. J = 0.25 cm~1L.

First, we calculate the FLN lineshapes as a function of temperature at high
magnetic field B = 3.5 T using equation (19), with R;: Ry Ry = 1:0.5:0.3,
J = 0.25 cm~!, and the width v = 2.5 cm~! and assuming that the Gd** total spin §
and magnetic quantum numbers Mg are conserved. As the temperature is increased,
the higher-energy spin states of the quasi-continuous bands of the ground and excited
states are thermally populated. The higher levels have large degeneracies as table 1
shows. The transitions from the higher-energy levels of the ground state produce line
broadening of each Zeeman line, and shift the peak to shorter wavelength. Above
8 K, the components higher than the excitation energy are enhanced remarkably. The
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Figure 4. (4) Temperature dependence of the FLN spectra at B = 3.46 T the origin
of energy is equal 1o the resonant excitation of 692.48 nm. {b) Lineshapes of the FLN
spectra calculated using equation (19) with the intensity ratio By: Ry: Ry = 1:0.5: 0.5,
the exchange coupling constant J = 0.25 cm~!, and the width v+ = 2.5 cm—! assuming
that the Gd*+ total spin $ and magnetic quantum number Mz are conserved through
the traasition.

FIN lineshapes calculated in figure 4(b) agree fairly well with the experimental data
in figure 4(a).

Next, we calculate the magnetic field dependence of the FLN lines at fixed
temperature T° = 1.6 K using the same values of the parameters as those in
figure 4(b). The FLN lineshapes calculated at magnetic fields below about 2 T in
figure 3(b) disagree with the experimental data in figure 3(z). The calculated FLN
lineshape at B = 0 is nearly symmetric and the resonant component is strong. The
experimental FLN spectrum at B = 0 T is asymmetric with a large linewidth. The
discrepancy suggests that the selection rule on the total Gd** spin breaks down.
This effect is caused by Gd-Gd interaction and anisotropic exchange interaction as
discussed in section 2.3. The former is associated with the Néel temperature Ty of
the antiferromagnetic material. For GsaG T is not expected to be very different from
that for GGG (T = 0.5 K). The former interaction may be negligible in Cr*+:GsAG in
the ranges of T = 1.4-12 K and B = 0-3.5 T, and the Gd*>* jon may be regarded as a
paramagnetic ion at temperatures above 1.6 K. In consequence, the latter interaction
may be dominant because the octahedron surrounding Cr*t ion is distorted trigonally.

3.2. In the absence of a magnetic field

The dotted and dashed curves in figure 2(a) are calculated using equation (19) with
R;:R,: Ry = 1:0.5:0.3, J = 0.33 cm~!, and v = 2.5 cm~! and assuming that the
Gd3* total spin S is conserved or not, respectively. The former is symmetric and the
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peak is nearly equal to the resonant excitation, whereas the peak of the latter curve
is shifted from the resonant excitation to lower energy. When the exchange coupling
constant J is increased, the peak energy is shifted towards lower energy and the
linewidth is much broader as shown in figure 1(b). The curve with J == 0.45 cm™}
fits the observed FLN spectrum at T = 1.6 K except that the peak is located at
lower energy than the resonant excitation. We prefer the exchange coupling constant
J = 0.33 cm~! because it is close to that (J = 0.25 cm~!) estimated from the
FLN spectrum at B = 3.46 T Figure 2(b) shows the FLN lineshapes calculated using
equation (19) with Ry;: Ry: Ry = 1:0.5:0.3, J =033 em™}, and v = 2.5 cm~'. As
the temperature is increased, the peaks of the FLN lineshapes are shifted towards the
resonant excitation and the linewidth is broadened. The calculation can explain the
behaviour of the temperature dependence of the FLN observed in figure 2(a).

4. Conclusions

The R, line of Cr®t in an antiferromagnetic garnet crystal Gd;Sc,Gaz;0,, (GSAG)
ondergoes both inhomogeneous and homogeneous broadenings.  Site-selective
techniques, such as fluorescence line narrowing (FLN), can remove the inhomogeneous
broadening created by strain and compositional disorder. The FLN spectrum
then reflects broadening processes including spin-spin exchange interaction between
the Cr** and Gd3t jons in GSAG. A magnetic field can remove this source of
homogeneous broadening. The broad line is split into three sharp Zeeman lines
at B = 3.5 T Simulation of the FLN spectra of Cr**:GsAG as a function of both
temperature and magnetic field may be used to estimate the spin-spin exchange
coupling J ~ 0.25-0.33 cm~'. The selection e for the 2E — “A, tramsition is that
the C3+ and Gd3* spins in the Cr3+-Gd*t spin-spin exchange system should be
conserved. The selection rule on the Cr3* spin is broken by the spin-orbit interaction
of the Cr3* ion. Simulation of the FLN lineshapes indicates that the selection rule on
the Gd>* spin is conserved in the presence of a magnetic field (B > 2 T), whereas
it is broken in the absence of a magnetic field. The latter effect may be produced by
anisotropic spin-spin exchange interaction in low-symmetry crystals.
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