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Electron spin-echo-detected excitation spectroscopy of manganese-doped Ba3(VO4)2:
Identi6cation of tetrahedral Mn'+ as the active laser center
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Electron-spin-echo spectroscopy on the lowest 'A2 state of Mn'+ ions in Ba3(VO4)2 in combination
with pulsed laser excitation at 1176.6 nm proves that the laser activity in this material derives from the
'E~ A2 transition of the Mn + ion. This result is corroborated by Zeeman experiments on the
'E~ A2 emission line, which further reveal the Zeeman splitting of the 'E state.

INTRODUCTION

In recent years several potential solid-state-laser ma-
terials have been developed that luminesce in the near in-
frared, and are therefore particularly interesting for use
in fiber-optic communication. This development was
spurred by the discovery of chromium-doped forsterite
(Cr:Mg2SiO„). The active optical center in this crystal
was identified, by a combination of optical Zeeman and
electron-paramagnetic-resonance (EPR) spectroscopy, as
Cr +, a 3d ion, incorporated at tetrahedral sites in the
host lattice. This assignment led to an increased interest
in analogous Cr + systems including YAG, Y2Si05, as
well as other 3d ions, in particular Mn +, which can be
doped into a variety of lattices. For instance, Mn + is
well stabilized at tetrahedral sites occurring in phos-
phates and vanadates.

Materials doped with manganese that have been under
examination recently include Srs(P04)3C1 and Ca2P04C1
(Ref. 6) and Ba~(PO„)3C1 and CazVO&C1. Near-infrared
emission was observed in these crystals and it was as-
signed to the 'E~ A2 transition of a Mn + ion located
at tetrahedral sites. More recently Mn:Ba3(V04)2 has
been investigated by Merkle et al. , who reported a simi-
lar optical spectrum. More significantly, they also re-
ported laser oscillation at room temperature under pulsed
592-nm excitation. The stimulated emission occurs at
1181 nm with a threshold of 0.3 J/cm . The strong ab-
sorption bands and 0.43-ms room-temperature lifetime
make this system very promising for Aash-lamp or
Al Ga& As-diode pumping.

In all of these studies the optical center has been
identified as a Mn + ion at a tetrahedral lattice site. Re-
cently however, Whitmore, Verdun, and Singel have
shown by EPR spectroscopy that Mn:Bas(V04)2 laser
crystals contain not only Mn + but also a S =

—,
' center at-

tributed to Mn +. The Mn"+ centers, also incorporated
at the tetrahedral vanadate site, could presumably yield ir
laser luminescence. To determine unambiguously wheth-

er the Mn + or Mn + is the laser active ion we undertook
experiments in which electron-spin-echo-(ESE)-detected
EPR spectroscopy is combined with optical excitation.
In these experiments we use the transient, ESE-detected
EPR signal to selectively monitor the Mn + center.
Then, we examine the wavelength-dependent inQuence of
a laser prepulse on the EPR signal intensity. We find
unambiguously that the laser action in Mn:Ba3(V04)2
derives from the Mn + (3d ) ions. We also confirm this
result with optical Zeeman spectroscopy, which provides
additional insight into the electronic structure of the
Mn + ion in Ba3(V04)2.

THE LOWEST ELECTRONIC STATES IN Ba3(VO4 )z

Ba3(V04, )z belongs to the space group R32/m and has
trigonal symmetry. ' The trigonal axis is the crystallo-
graphic c axis. The crystal consists of discrete vandate
tetrahedra that are linked by barium ions. The unit cell
contains two tetrahedra which both have one trigonal
axis coincident with the c axis. The tetrahedra are slight-
ly distorted by compression along the c axis and the point
group of the tetrahedron is C3, instead of Td. The dis-
tortion however is small (0.01 A on a V-0 distance of

0
1.70 A) and it is reasonable to assume tetrahedral sym-
metry in first approximation.

For the description of the lower excited states of the
Mn04 guest complex we use the molecular-orbital (MO)
model of Ballhausen and Liehr for the metal tetroxo
anions. " The MO's are constructed from 3d and 4s
atomic orbitals (AO's) of Mn + and from the 2s and 2p
AO's of the four 0 ions. The latter are combined into
o. and ~ orbitals belonging to the irreducible representa-
tions (IR's) of Td.

The two highest occupied MO's are t, (m. ) and e(vr).
The MO t, (m) exclusively consists of the m(t, ) AO's on
the 0 ligands. The higher-lying MO e(m) is a linear
combination of 3d(e) AO's (3d ~ and 3d, 2) of Mn +

and ~(e) AO's of O . The lowest unoccupied MO is
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t2(o, vr) and is constructed from 3d (t2} AO's

(3d„,3d„, 3d, ) of Mn + and m(t2) AO's of 0 . Up to
t, (m) all the Mn04 orbitals are filled with 24 valence
electrons of the complex. The two remaining electrons
occupy the e (~) orbital which is half-filled. The three al-
lowed states which derive from this ground configuration
are ' A „32,and 'E. Crystal-field theory of a d ion in a
tetrahedral field predicts that the A2 state is the lowest

in energy. The 'E is the first excited state followed by the
'W, state. "

The lowest excited states which can be obtained by
one-electron excitations are those corresponding with the
configurations t, et&, t je and t &e t2. They result in T2
and T~ states. T2 is the lowest in energy and lies be-
tween 10000 and 12500 cm ' above the ground state.

T& lies between 12500 and 16700 cm ' above A2. The
'E state which arises from the e -ground configuration
lies somewhat below T2 and T&.

EXPERIMENTAL

The homebuilt, homodyne electron-spin-echo (ESE)
spectrometer used in the experiments operates at a fre-
quency of 9.35 GHz. ' The ESE signal is generated by a
m. /2- and vr-pulse sequence with pulse lengths of 40 and
80 ns, respectively, and separated by a time interval
~=550 ns. The apparatus allows for alignment of Bp in

any orientation in the crystal frame.
EPR spectra of Mn + in the Ba&(VO4)2 sample were

recorded by measuring the electron-spin-echo (ESE) sig-
nal following a m. /2-r-m. microwave pulse sequence as a
function of the magnetic field Bp. The repetition rate in
this experiment is 10 Hz.

In the optically modulated ESE (OMESE) experiments
the magnetic field is first tuned to a resonant transition of
the Mn + ion. The intensity of the ESE signal is then
monitored as a function of the wavelength of a laser
pulse, preceding the m/2 r rimicrow. av-e -p.ulse sequence
by a time td=1 ps. The spectrum so recorded is called
the OMESE spectrum.

The laser prepulse is generated by a Nd: YAG-pumped
dye laser in combination with a Raman shifter. This Ra-
man shifter is a tube filled with Hz gas at a presSure of 40
bar. It produces side bands which are shifted with
respect to the incoming dye-laser pump beam by an in-
teger number times the vibrational frequency of 4155
cm ' of Hz. By employing Rhodamine-B in the dye laser
and by taking the second Stokes-shifted output of the Ra-
man shifter we obtain output pulses of about 1.3 rnJ with
a duration of 8 ns, which can be varied between 1110and
1187 nm by scanning the dye laser.

In addition to the ESE experiments we performed opti-
cal Zeeman experiments in the presence of a magnetic
field. This magnetic field could be varied between 0 and 5

T and was aligned either with the crystal a or c axis. In
this case the sample was irradiated at 700 nm with a cw
Ar+-ion-pumped dye laser with a bandwidth of about 1

crn '. The luminescence was dispersed by a SPEX 1704
1-m monochromator with a grating blazed at 1000 nm
with 1200 lines/mm. The slit width was 20 pm and the
height of the slit was 1 mm. The laser beam was ampli-

tude modulated at about 87 Hz by an optical chopper.
The detector consisted of a cooled North-Coast Gerrnani-
um photodetector connected to a lock-in amplifier. All
experiments were carried out at a temperature of 1.2 K.

The sample, a single crystal of Ba3(VO4)2, was grown
by the laser pedestal growth method under an oxidizing
atmosphere by Dr. H. Verdun of Fibertek, Inc. The melt
contained 0.25 wt % manganese. The color of the sample
is aquamarine and its shape is cylindrical with a diameter
of 1.5 mm and a length of 4 mm.

RESULTS

In Fig. 1 the ESE-detected EPR spectrum of the
Mn:Ba3(VO4)z sample is shown for BOIIc. The EPR lines
consist of six components which are typical for a
hyperfine interaction with the Mn (I =

—,
' } nuclear spin.

Two strong sextets are present at Bp=0. 137 T and 0.535
T and a weaker, nominally forbidden transition at
Bp =0.169 T typically for a S = 1 triplet spin system with

gII
= 1.9608,g~ =1.9722 and a zero-field splitting parame-

ter D =5.81 GHz. These parameters are in agreement
with the values reported earlier by Whitmor, Verdun,
and Singel for Mn +. Note however that the signal of
Mn + observed by these authors around g =2 is almost
unobservable in our spectrum. We think that this is re-
lated to our ESE detection protocol which is much less
sensitive for rapidly relaxing spin systems.

The relation between the Mn + ion and the reported
emission line at 1181 nm was probed by an ESE-detected
optical excitation experiment. We subject the crystal to
the pulsed output of the laser system and monitor the
ground-state ESE signal as a function of the excitation
wavelength. A change in the ground-state triplet sublevel
population by resonant optical excitation alters the echo
height. We tuned the magnetic field to a hyperfine com-
ponent of the high-field EPR transition with BOIIc to pro-
duce the two-pulse ESE signal. Then we applied a vari-
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FIG. 1. The ESE-detected EPR spectrum of Mn:Ba3(VO4)2
with BeIIc.
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FIG. 2. The ESE-detected EPR signal intensity as a function
of the wavelength of the excitation laser. The value 1.00 along
the vertical axis indicates the echo intensity without the preced-
ing laser pulse, Be~Ic.
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able wavelength laser prepulse before the microwave
pulse sequence (see Fig. 2). The OMESE spectrum ob-
tained by monitoring the echo signal as a function of the
laser wavelength is displayed in Fig. 2.

The spectrum in Fig. 2 shows a remarkable structure.
Starting at low wavelength we first see a small decrease in
intensity, then a larger decrease and finally an increase to
a level which even exceeds the echo intensity without
laser excitation. The change in amplitude is of the order
of S%%uo. The spacing of the three lines is 0.3 and 0.7
cm, respectively, whereas the width of the lines is 0.66
cm '. By scanning the excitation wavelength over a

FIG. 4. The emission spectrum of Mn:Ba3(VO4)2 recorded
for several values of the applied magnetic field Bole.

broader wavelength region three additional (negative)
peaks at 1134.8 1137.5, and 1141.0 nm were observed (see
Fig. 3). They correspond to an energy shift with respect
to the 1176.6-nm signal of 313, 292, and 265 cm ', re-
spectively.

We note that the center of the OMESE spectrum in
Fig. 2 is at 1176.6 nm, significantly different from the
wavelength of 1181 nm reported for the emission of
Mn:Ba3(VO4)2. We calibrated our laser wavelength via
a monochromator with a neon calibration lamp and
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FICx. 3. The ESE-detected EPR signal intensity as a function
of the wavelength of the excitation laser recorded in a wave-

length region larger than in Fig. 2.
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FIG. 5. The splitting of the emission line in Mn:Ba, (VO4)2
with Bole as a function of the intensity of the applied magnetic
field. The solid lines represent the calculated splittings with
D = —5.81 GHz and gz =1.9722.
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4.58 T

present at 1176.6 nm which splits almost linearly with the
applied magnetic field (see Fig. 5). The width of the lines
in Fig. 4 at BO=5.48 T are 0.80, 0.53, and 0.50 cm ', re-
spectively, starting from the left side. For Bc~~c an addi-
tional splitting on each of these lines is visible (see Fig. 6).
The corresponding diagram in Fig. 7 shows that this ad-
ditional splitting is also linear with the magnetic field.

DISCUSSION
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confirmed that our observed wavelength of excitation is
precise within 0.2 cm . Simultaneously we determined
the bandwidth of the laser as being about 0.25 cm

To elucidate the difference between the emission wave-
length of 1176.6 nm found by us and that reported in the
literature we derided to measure also the emission spec-
trum of our Mn:Ba&(VO4)z sample. This emission spec-
trum was recorded in zero field as well as in the presence
of a magnetic field up to 4.58 T. In Fig. 4 the spectrum is
shown with Bole. In zero field a single emission line is

FIG. 6. The emission spectrum of Mn:Ba3(VO4)2 recorded
for several values of the applied magnetic field Bo~~c.

It is clear that the centers of the emission with BO=O
in Figs. 4 and 6 and of the absorption line in the excita-
tion spectrum of Fig. 2 coincide within 0.1 nm, at the
value of 1176.6 nm. These lines are related to the
'E~ A 2 transition of Mn +. First we consider the shape
of the ESE-detected excitation spectrum. This shape can
be explained if we assume that the laser selectively excites
population from the Zeeman sublevels of the A 2

ground-state to the 'E state of Mn + (see Fig. 8). Excita-
tion from the upper Zeeman level (longest wavelength)
gives rise to an increase in the population difference be-
tween the upper two levels which are in resonance with
the pulsed microwaves. The observed echo intensity is
proportional to this population difference and conse-
quently will also increase. Excitation from the middle
level has the opposite effect and causes a decrease in in-
tensity. Excitation from the lowest level gives rise to a
decrease of the population difference of the upper two
levels by a spin-lattice relaxation process which restores
the Boltzmann distribution. The result is a decrease of
the ESE signal intensity. We note that this analysis is
based on the assumption that the zero-field splitting pa-
rameter D (0 in the A2 ground state. The distances be-
tween the peaks of 0.3 and 0.7 cm ' are in excellent
agreement with the values calculated for the separation
of the Zeeman levels in the applied magnetic field of
0.561 T parallel to the crystal c axis and with D = —5.81
GHz= —0. 19 cm

It is remarkable that the Zeeman splitting of the A2
ground state is visible in the excitation spectrum (see Fig.
2), which is taken in a magnetic field of only 0.561 T.
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FIG. 7. The splitting of the emission line in Mn:Ba3(VO4}2
with B&&~~c as a function of the intensity of the applied magnetic
field. The solid lines represent the calculated splittings with
D = —5.81 GHz and gii =1.9608 and (L, ) =(0.3920.01).

FIG. 8. A schematic representation of the pulsed-laser exci-
tation from the A~ ground state to the 'E excited state of the
Mn + ion in Ba3(VO4)2 in the presence of a magnetic field of
0.561 T parallel to the crystal c axis.
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This indicates that the 'E~ A2 transition is very nar-
row, in the order of 0.7 cm '. The results of the emission
experiments are in agreement with this estimate. For in-
stance in a magnetic field of 0.7 T the Zeeman splitting of
the A2 ground state is also visible in the emission (see
Fig. 4). Presumably this narrow linewidth refiects the
fact that the optical transition occurs within the e-
electronic configuration which is relatively insensitive to
lattice distortions.

The three additional negative peaks in the ESE-
detected excitation spectrum of Fig. 3 at wavelengths
shorter than 1176.6 nm are assigned to transitions to vib-
ronic levels, a suggestion which is mainly based on the
size of the frequency interval. A tetrahedral molecule has
four vibrational frequencies which can be classified ac-
cording to the IR's of Td. Two the vibrational modes
transform as the T2 representation, one as A

&
and one as

the E representation. ' In the crystal discrete, isolated
VO4 and guest Mn04 are present. If the vibrations
are localized on these tetrahedra, energies of the order of
several hundred wave numbers are expected. Kingsley,
Prener, and Segall' found for the E mode (which is a
bending mode) of Mn04 doped in Ca2PO4C1 a value of
245 cm ' and for P04, 363 cm '. More recently Her-
ren et al. studied Mn04 doped in various phosphates
and vanadates. For Mn04 doped in vanadate crystals
they found a value of roughly 310 cm ', and 350 cm
for Mn04 -doped phosphate crystals. These vibrational
modes can show a fine splitting due to lattice vibrations
of the order of ten wave numbers. We tentatively assign
the line at 265 cm ' above the 'E state to an E mode of
Mn04, while the two lines at 292 and 313 ' cm ' could
correspond to the 265-cm ' vibration coupled with lat-
tice vibrations. The fact that the three lines are broader
than the vibrationless 'E~ A z transition is attributed to
the short lifetime of the vibrationally excited states.

The field-dependent emission spectra further confirm
the results of the ESE-detected excitation experiments
and moreover give us information about the zero-field
splitting and the orbital angular momentum of the 'E
state. With Bale we can easily distinguish the transitions
from 'E to the three Zeeman components of the Az
ground state (see Fig. 4). This again indicates that the
width of these levels is less than 1 cm '. From the asym-
metry in the Zeeman splittings (Fig. 5) we also derive that
the zero-field splitting parameter D & 0 in the A z
ground state. With Ba~~c the field couples to an orbital
angular momentum L, associated with the 'E state. As a
result this twofold degenerate state will undergo an orbit-
al Zeeman splitting and since emission from these two
sublevels to the three Zeeman components of the A2
ground state is allowed we observe an additional splitting
in the spectra. This additional splitting enables us to cal-
culate the expectation value of the orbital angular
momentum L, . Using the expression kg&@&8(L, ) with

g&
= 1, for the shift of the levels we find

(L, ) =(0.39+0.01). In the simplified situation, in which
we only consider the d 2 and d 2 2 AO's of the Mn ion,z x —y
we expect to find a value equal to zero. The fact that we
observe a nonzero value for the angular momentum

shows that spin-orbit coupling with excited T& and T2
states which are near in energy should be considered. In
addition, we have to take into account the vibronic
Jahn-Teller interaction which leads to a reduction of the
angular momentum because it couples the electronic and
vibronic wave function. In our particular case we deal
with the so-called Ee Jahn-Teller problem with E the
representation of the electronic wave function and e the
representation of the vibronic wave function. The lowest
energy state in this coupled representation is again an E
state for which the expectation value of the orbital angu-
lar moinentum is P„„«(P«~L,~P«). Here P„„,i is called
the orbital reduction factor which depends only on the
nuclear part of the mixed wave function. Without fur-
ther knowledge it is not possible to calculate the precise
value of P„„,& which lies between 0 and 1. '

Finally we remark that the zero-field splitting of the 'E
state is exceptionally small (smaller than 0.1 cm '). A
splitting of the 'E state arises when the symmetry is
lower than C3, . For instance, in Mn:Ca2VO4C1 the aver-
age deviation of the six 0-Mn-0 angles of the regular
tetrahedron value of 109.5' is 6.9 and the orbital splitting
is 363 cm '. ' In our Mn:Ba3(VO&)2 system the actual
symmetry of the Mn04 tetrahedron is almost perfectly
C3 Therefore it is not unreasonable that the orbital
splitting is close to zero. On the other hand it is not ex-
cluded that a dynamic Jahn-Teller effect averages the
splitting to zero.

CONCLUSION

The results of the experiments demonstrate that the
laser emission observed in Mn:Ba3(VO&)z at 1176.6 nm is
related to the presence of Mn + (31 ) ions, which substi-
tute into the lattice at the vanadium site. The ESE-
detected excitation spectra show that the EPR signals,
originating from Mn +, correspond to the optical transi-
tion between the A2 ground state and the 'E excited
state of this ion. This conclusion is further confirmed by
the Zeeman effect on the emission line. The latter experi-
ment allows us not only to observe the Zeeman splitting
in the A2 ground state but also to determine the value of
the orbital angular momentum associated with the excit-
ed 'E state. An interesting finding is that the 'E state
shows a zero-field splitting close to zero ((0.1 cm ').
This is not unreasonable in view of the small distortion of
the Mn04 tetrahedron.
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