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Abstract. The complex absorption spectra of ¥tin YAG, LiNbO3 and YLF, three important

laser crystals, are analysed in terms of electron—phonon coupling effects. The local symmetry for
Yb3* in these crystals is noncentrosymmetric allowing the coexistence of several electron—phonon
coupling mechanisms in the formation of vibronic spectra. The shape of sevetaalorption

lines is interpreted in terms of the near resonant electron—phonon coupling theory. The computer
modelling, by taking into account more phonons in the resonance region enables the assignment
of crystal-field levels of the Y& 2F5/2 multiplet and an estimation of electron—phonon coupling
strengths. The phonons involved in the near resonance processes were observed in Raman spectra
too. For YAG the modelling with a phonon density with four peaks in the near resonant region is
made and it gives a good description of the complex experimental pattern. In the cas¥ @i Yb
LiNbO3 and YLF the use of polarization data evidences also the symmetry characteristics of the
electron—phonon coupling.

1. Introduction

The recent interest in investigation of electron—phonon interaction 8t ({b3) ion in various
materials presents a fundamental character in connection with the elucidation of the nature of its
strong coupling with the lattice phonons and a practical one due the importance of thision as a
laser active centre for1.0 um emission or as sensitizer for emission of other rare eartA*(RE

ions. In its 473 configuration YB* has only two multiplets, &F;/, ground state and %Fs,

excited state that are split in local crystal fields. Though the electronic structure of this ion is
simple, the optical spectra are rather complex, in connection with vibronics. The investigation
of vibronics provides information on the strength of electron—phonon coupling, important also
for multiphonon relaxations and phonon assistance of energy transfer phenomena involved in
sensitization.

For a noncentrosymmetric local symmetry at the*RBns the optical transitions are
dominated by electric-dipole-induced transitions. Three possible contributions to the intensity
of vibronic sidebands were discussed in the literature [1]: Franck—Condon and Hertzberg—
Teller mechanisms that are connected to the diagonal and nondiagonal respectively matrix
elements of even electronic part of the linear vibronic coupling operator, and the Van Vleck
mechanism that contains the odd part of the vibronic operator. The appearance of phonon
replicas is a direct proof of the Franck—Condon mechanism, while the near resonant electron—
phonon effects could be connected with the Hertzberg—Teller mechanism.

Since the Stark splittings of the REions in crystals are of the order of the lattice optical
phonons, besides the usual effects of electron—phonon coupling, near resonant processes could
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appear: if the vibronic states connected with one electronic level are in near resonance with
another electronic nondegenerate level, the electron—phonon interactions can couple these
states and creates new vibronic states. This induces modification of the optical spectral
lines (broadening, asymmetries, splittings) or temperature-dependent effects on zero-phonon
lines. Due to these effects the assignment of the crystal-field electronic levels is sometimes
ambiguous. The attempts to obtain reliable experimental electronic energy level diagrams for
some RE* ions have revealed a series of anomalies in the spectra. At least two conditions
are necessary to have intense near resonant effects: rather strong electron—phonon coupling
and sharp peaks in the phonon density in the resonance region. We quote some of the
relevant reported experimental data on resonance effects in ionic compounds [2—10] that refer
especially to C& (4f1), Pr* (4f2), Tm3* (4f12), YB3 (4f3) and Tnt* (4f13), i.e. RE* ions
at the beginning and the end of lanthanide series that present rather strong electron—phonon
interaction, as discussed recently [11, 12].

The paper discusses some aspects of the electron—phonon coupling observed in optical
spectra of YB* doped in several important laser crystals such @130, (YAG), LiNbO;
and LiYF4 (YLF). The shielding of 4f electrons by 5s and 5p, which shows a gradual decrease
along the lanthanide series and has a minimum foi Y@ 6), was considered as the main factor
for surprisingly large electron—phonon coupling strength [12] of this ion. The local symmetry
at the YB™* ion in all these crystals is noncentrosymmetric. Attention is paid mainly to near
resonant effects. Data are analysed with a theoretical treatment of near resonant electron—
phonon effects that extends the previous approaches [13—-18] to describe various effects such
as the lineshape in the case of near resonant coupling with more phonons or the one-phonon
contribution to temperature effects of zero-phonon lines.

2. Experiment

The crystals under study were grown by pulling from the melt by the Czochralski method. The
Yb3* concentration in the melt was5 at% in YAG, 0.2 at.% in stoichiometric LiNb@and

20 at.% in YLF. The transmission measurements under lamp pumping have been measured with
a set-up including a computer-contrallé m GDM monochromator, an; hotomultiplier

and a multichannel MCS analyser.

3. Theoretical background

The lineshape of a transition from an initial pure electronic isolated §tate a final state

| f), that is separated by another electronic levelith A;, = E; — E, > 0 such thatA s,

is nearly equal tav, a peak in the phonon spectrum, is calculated taking into account the
near resonant electron—phonon interaction. The electron—phonon interaction Hamiltonian is
considered in the linear approximatiéf), = ), Vi Ok, with O, a normal vibration modg

andV, the electron—phonon coupling operator. The lineshape for a transition induced by light
of frequencys2 takes the form [15]

1 . Y+ ()
F(Q) == d|f)P
(@) n;m e —a, — 5, @P+ Iy + T, @

)

where|(i|d| f)|? is proportional to the intensity of the zero-phonon line in the absence of near
resonant electron—phonon interactiahnis the effective operator of the optical transitign,

is the electronic linewidth§2 ;; is the electronic transition energy in the absence of electron—
phonon coupling and the analytical expressionsX¢f2) andI"(£2) for the resonant case are
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obtained [13—15] by considering an effective phonon density).

r@ = Z/O A @)p(@){[n(@) + 18(Q — Qi + Ay, — w)

n(@)8(Q2 — Qpi + Ay, + o)} do )
2@ =5 Y P [ Ao |ga it O do. (3
= h2 - 0 rlw)p(w Q— Qf,i + Afr —w Q— Qfl + Afyr fo w.

The matrix elements of the electron—phonon coupling operator are containgd iy
[(f|Vi|r)|? that could be estimated in various approximations, or enter as adjustable
experimental parameters(w) is the phonon occupation number aRgignifies the principal

value of the integral. The temperature dependence of the linewidth and the position of a level
f is obtained in the one-phonon approximation frbn2) andrl™ (3) with Q@ = Q;.

To account for the coupling with more phonons in the resonance region, the problem
must be solved numerically. For this purpose the relations (1)—(3) are used by considering the
phonon density (w) in the resonance region as a weighted sum of Lorentz peaks:
1 o;

p(@) =Y aivi(w) With v; () = 4)

T (0 — )2 +a?

whereg; is the contribution of phonohande; is the halfwidth of the phonon peak.

4. Results and discussion

4.1. YB* in YAG

Yb** replaces in YAG the ¥ ions in dodecahedral sites of,Docal symmetry and its

two multiplets, 2F7,, ground and®Fs, excited state, are split into four and respectively
three Stark doublets. Figure 1(a) presents the absorption spectrum at 10 K, corresponding
to 2F7/2(1) — 2F5/2 transitions of YB* (5 at.%) in YAG. The measured complex spectra
were connected to electron—phonon interaction effects, but the assignments of the electronic
Stark levels were contradictory [19-25], especially as concerri&themultiplet. While the
2F;/2(1) — ?Fs)2(1) transition was identified at 10 327 crh(line A), the main problem was

to assign the other two ‘pure’ electronic lines from the three main features,(B8) Bat 10 624,

10679 and 10912 cr, respectively (figure 1(a)). If in [20] and [21] the choice was B, B

the crystal field calculations [23, 24] suggest the presence of the third electronic level in the C
region, but the ambiguity in the assignment of BJiBes still remained.

In our previous reports [26,27] we have proposed a simplified model to assign the
electronic levels of YB' in YAG based on near resonant effects. Thus, B ahtinBs are
considered as the split components of the second Stark velf 2F5/2 due to resonant
coupling with a phonon of 326 cm, while C and Clines correspond to the splitting of the
third Stark levelEs, the phonon involved being of 600 crh Although this model describes
the main features of the spectra, the details observed for lines B’amelrB neglected.

To account for the complex observed structure in the Bre§ion of the absorption
spectrum at 10 K, the phonon densjiyw) in the resonance region is taken as a weighted
sum of Lorentz peaks and a computer fitting of the spectra is performed. The result of the
numerical modelling of absorption by using equations (1)—(3) and taking into account only near
resonant coupling with four phonons in the Bagd one phonon in C,'@egion is presented in
figure 1(b), where the estimated positions of crystal field leizeisf 2Fs/, are marked and the
best fit parameters are given in table 1. This table contains the position of split electronic level
E; as determined from fitting, the width of the electronic linghe resonant phonon energy
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Figure 1. (a) Absorption spectrum of Y& (5 at.%) in YAG at 10 K2F7/(1) — 2Fs)» transition.
(b) Theoretical modellingE; are the Stark levels c?iFs/z.

Table 1. Parameters used for modelling the lineshapes of sevefdlatisorptions in near resonant

coupling.
Yb3* level  Phonon Crystal
Yb* level linewidth energy Phonon Coupling  phonon peaks
Crystal E; (cm™1) yem)  weml) linewidth A(w)*a (Raman)
289 3 20 290
300 4 60 305
YAG E>—10646 5 327 18 700 325
344 1 20 340
E3—10914 14 599 10 140 600
LiINbO3 E»—10462 50 232 5 90 232
270 8 150 270
YLF E3—10559 10 272 5 50 273

phonon halfwidthy;, coupling parameted (w)*a and vibrational data obtained for the given
crystal by Raman or i.r. One can see (table 1) that fof"¥b YAG the main contribution

to the splitting in the B, Bregion comes from the coupling with the phonon 327 ¢nas
expected, while the details of the spectrum are given by the phonons located at: 289 cm
300 cn! and 344 cmit. Phonons with frequencies close to these have been observed in the
Raman spectra or phonon sidebands [28, 29]. The electronic crystal-field energy levels in YAG
obtained from this fitting are 10 327, 10 646, 10 914 ¢ras illustrated in figure 1(b). Since in

D, the Stark components afg Kramers doublets, group symmetry tables [33] show that no
symmetry restrictions could be imposed on the phonon coupling. Most of the other vibronic
peaks observed in the absorption spectrum of YWAG (figure 1(a)), which are not involved

in resonance, could be associated with line A [22, 26].
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Aredthermal shift of line Ais observed. In order to describe the experimental temperature
dependences of linewidth and the shift of the zero phonon line A the contribution of initial and
final levels involved in the transition should be considered. Since up to 300 K the population
of the second Stark level of the ground multifiE# -, situated at 565 cmt, can be neglected,
one could consider only the one-phonon processes involved in the uppeEievbdhest/z
Yb®* multiplet, i.e. the contribution coming from B, Biear resonance. If the broadening
can be rather well described with the coupling parameters from table 1, the thermal shifts are
systematically smaller, suggesting the contribution of other processes too.

4.2. YB* in LiINbO3

Since LiNbQ is a uniaxial crystal of space groug@he absorption measurements, unlike the
previous reported ones [30], were performed in two polarizations. The previous report'on RE
ions in LiNbQ; led to the conclusion that they can replacé and the charge compensation

is nonlocal [30]. Several slightly different REcentres were observed [31, 32] in the case of
Nd®*, Er**, PP*. The local symmetry at the REion is Gy, or C;. Since the octahedral sites

in LINbO3 present a small departure from,Cone could consider this symmetry as a good
approximation in the analysis of Ybspectra.

Theo (E L C3)andr(E || C3) absorption spectra at 10 K for a sample of Y{0.2 at.%):
LiNbO3 are presented in figure 2. Thespectrum (figure 2(a)) is complex, but shows three
clear features A, B and C, while in the spectrum only the A line has significant intensity,

B is missing and C has a very low intensity (figure 2(b)). For low concentration samples, no
evidence of more Y8 centres in line A is given by the resolution of our experiment. A blue
shift of this line A with increasing temperature is observed. The anomalous shape of line B and
the other features of the spectrum will be analysed in terms of electron—phonon coupling.
For Ggy symmetry the two Y& multiplets2F;, and?Fs, are split into Stark doublets

0.8 A

LINbO,:Yb**
10K, &

0.6 B

Absorption

LINbO,: Yb**
2+ 10K, =

Ll A

10200 10400 10600 10800 11000
E(cm™)

Figure 2. The polarized absorption spectra of3ftn LiNbO3 at 10 K.
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characterized by the irreducible representatibpand (I's + I'g): 2F7/2 — 34+ (T'5+Te)
and2F5/2 — 2I'y + (I's + Tg), respectively [33]. The selection rules for the electric—dipole
transitions inthiscase afley, @ 'y = 1+ + 13, T4 ® (5, g) = '3, 's ® I's = I'y,

I'e ® I's = I'y andTI'; transforms ag, I's as(x —iy) and(x +iy) andI"; as S,. Group
theory together with polarization spectra can be used in the attempt to assign the irreducible
representations to Stark levels. Since the local symmetry is a trigonally distorted octahedron
one could start from the splitting dfmultiplets in octahedral symmetry. The cubic octahedral
field of O, symmetry splits the uppéiFs,, multiplet into two levels whose wave functions
transform ag™; andl'g, the last level lying at lower energy. The ground multiglet; is split
intoT'g, I'; andl'g , with T’y the lowest Stark level anid; in the middle. In Gy, the doublets

I's, I'; correspond td's, while I'y is split into the doublet§, and(I's + I's). The order of

Stark doublets obtained froiiy; cannot be distinguished without a crystal-field calculation.

If the axial symmetry leaveE, as the ground level of thé&,, multiplet, the polarization
results (lines A and C are observedrdrpolarization and lines A, B and C in thespectrum)

could be explained if one assumes that the three Stark levels of the excited mEﬂ?ts_i,;zgestre
E1—T4, E;—(I's + I's) and Ez—TI'4. The splittings of the ground sta%ém 0, (260, 437),

763 cni ! [30] and excited statéFs/, (10 201.5, 10 462), 10 882 crh (this work), where the
levels associated with the parent electronic skgteare in parentheses, suggest a dominance

of the octahedral crystal field over the axial one. If the data are analysed in terrgsaufaC
symmetry the polarization characteristics of the spectra are not changed. This can be easily
observed if the compatibility representation tables gf&hd G and selection rules for electric
dipole transitions are used [33]. For the sake of simplicity the vibronic data are analysed in
terms of G, symmetry.

The complexs spectrum of YB' in LiNbO3 could be explained in terms of vibronic
transitions and near resonant effects. The space group character table $bio@s that the
i.r. and Raman active phonons foe= 0 are reduced [33, 34] in local symmetry,®f the RE*
ionto A;(T";) and EI'3) modes, while A(I";) modes are inactive Raman or i.r. To explain the
shape of the spectrum in the B region we assume a near resonant electron—phonon coupling
betweenE; andE; levels. The symmetry selection rules for resonant coupling are contained
in the matrix elements of the electron—phonon coupling opergter |( f|Vi|r)|?, where| f)
and|r) are electronic wavefunctions. The symmetry characteristiés @ind £, suggest that
a coupling between them is possible witilg) phonons sincé’y ® (I's, I's) = I's. More
E(T'3) type phonons with energies closefip — E; were observed in Raman spectra [35], but
the coupling only with two, 232 and 270 crh is considered. A modelling of the spectrum
in the B region is presented in figure 3(b) and the fitting parameters are given in table 1. We
should mention that the rather large width of the central peak could be connected either with
the coupling with other phonons [35] or with the presence of different \dentres. The
presence of several structural ¥tcentres is possible, but one should expect to observe it in
line A (fairly narrow) too; however we did not detect any structure for this line in the limits
of the resolution of our experiment. Taking into account the compatibility tables betwgen C
and G representations [33], AA; — A and E— E and the fact that Amodes are inactive,
this analysis is valid in €symmetry too.

To explain the other phonon sidebands we have compared the vibronics with Raman or
infrared data [34, 35] of LiNb@The comparison ot ando spectra suggests that the phonon
sidebands observed in tleespectrum must be connected with the level. The main two
vibronics observed in the spectrum (figure 2(a)) are at 247 and 276 énfrom E, (as
determined from resonance data) while the Raman data [35] at 10 K showstplaofsons at
~250 and~270 cnt!. Phonons of similar energies 248 and 274 ¢éwere observed in i.r.
spectra too [34].
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Figure 3. (a) Part of the absorption spectrum of %kin LiNbO3 at 10 K and (b) Theoretical
modelling of the lineshape.

The blue thermal shift of line A in the case of ¥tin LiNbO3 imposes the consideration
of the one—phonon contribution of the lower level of ﬂfe/z multiplet too, since its Stark
components are in the range of the phonon spectrum and near resonance effects are possible.
The one-phonon contributions [14] can have different signs and an accurate estimation is
difficult. Our estimations show, however, that the blue shift must come from a lower level
contribution.

4.3. YB*:YLF

Theo andr absorption spectra of ¥bin YLF are presented in figures 4(a), (b). ¥beplace

in YLF Y3 sites of S local symmetry. For $symmetry the free ion multiplets are split
as follows [33] 2F7/2 — 2(I's +T'g) + 2(I'7 + T'g) and2F5/2 — 2(I's +T'g) + (I'7 + T'g),
respectively. The selection rules for electric—dipole transitions can be deduced from the
direct products:T'sg ® I'sg — 21 + (4 +T'3), 56 ® '78 — 2I2 + ('3 + T'y), and
['78® 78 — 2I'1 + ('3 +'4), knowing that the representatidi transforms as(k —iy), I'4
as—i(x+iy) andl'; asz. In order to explain the polarization spectra, the following assignment
is proposed: the ground Stark levela®%,; is I's 6, as given by EPR data [37], and the order
of excited Stark levels o?Fs/z is's6, '78, ['s 6. This would give a B line polarized and

7 and A, B and C lines polarized. The presence of the A line in the spectrum could be
determined by depolarization in measurements.

From the shape of the lines and the i.r. and Raman spectra [38, 39] one could consider that
the shape of the line C, observed in thepectrum, involves a resonance process betwigen
andE; Stark levels of an excited multiplet with a Raman phonon [39] of 273%having A
(T'1) symmetry. Indeed the symmetry characteristic& ofl's ) and E>(I's g) suggest that a
nonvanishing coupling given by, ~ |(f|Vi|r)|? is possible with phonons f; (A) or ', T's
(E) type. The analysis of the shape with resonance relations (1)—(3) gives the electronic level
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Figure 4. The polarized absorption spectra of Y120 at.%) in YLF at 10 K.

Es at 10559 cmt and the involved phonon energy is 272 thitable 1). Thus, the electronic

Stark levels 012F5/2 multiplet are 10290, 10418, 10559 cfn Since line C is missing in

the s polarization along with other features at higher energies one can assume that these are
vibronics connected with th&s level. The assignment of these lines and other vibronics
observed inr spectrum is given in figure 5, where the spectrum is normalized to line A. These
phonons have been observed in Raman [39] (182—B, 278&mAl)) or i.r. [38] (143—E,
173—A, 195—A, 224—Acm™1)) spectra. The most intense phonon sidebands observed in
the spectra (figure 5) could be connected with i.r. phonons, suggesting the predominance of
the Van Vleck mechanism [1].

5. Conclusions

This paper analyses the complex low temperaturd"Wsorption spectra in several laser
crystals:, BAls0;,, LINDO3; and LiYF,. The common features of these crystals are the
noncentrosymmetric local symmetry at the©n that allows more mechanisms for vibronic
intensity and the existence of rather sharp peaks in the lattice phonon density. The Stark
structure of YB* overlaps with phonon spectra and could determine near resonant electron—
phonon effects, the creation of mixed electron—phonon states, that can determine the splittings
of electronic levels and redistribution of intensities.

The experimental data are analysed by using the lattice phonons given by Raman and i.r.
measurements or from vibronic data reported for othet*Réhs. Since YB" in YAG and
YLF replaces Y¥*, with similar ionic radius, the vibrational properties of the surroundings are
not expected to be changed by substitution and the vibronic energies are almost identical with
peaks in the host lattice phonon spectrum. In the case of LiNth@ugh YB5* substitute for
Li*, the vibronic data are also well described by using the phonon energies determined at low
temperatures by Raman or i.r. data.
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Figure 5. The assignment of phonon sidebands fordhebsorption spectrum of ¥ in YLF.

The shape of several absorption lines is interpreted on the basis of a theoretical treatment
of the near resonant electron—phonon coupling between two Stark electronic levels, in near
resonance with more phonon peaks. The phonons involved in the near resonance processes
have been observed in Raman spectra (table 1). As the theory and fittings show, the position
of electronic levels estimated in the near resonance cases do not coincide with the maxima
observed in the structure of absorption lines. In this study a simulation of the complex low
temperature absorption spectra oY YAG was performed. In the case of Yhin LiNbO5
and YLF the polarization data and group theory arguments are used in an attempt to assign
irreducible representations to the Stark levels and the symmetry characteristics of the electron—
phonon coupling. Other vibronic lines are also assigned.

In conclusion, for all these three important laser crystals the electron—phonon interactions
could account for the complex ¥boptical spectra and for several regions the spectra are
modelled on the basis of the near resonant coupling theory that allows the estimation of the
positions of the crystal-field Stark levels, that cannot be obtained directly from measurements.
The electron—phonon coupling strength estimations show a tendency of increasing from
fluorides to oxides.

Note added in proofOne of the referees has drawn our attention to a paper dealing with polarized optical spectra of
Yb3* in LiNbO3 published very recently, 1999, ih Phys.: Condens. Mattdrl 311, where the electronic structure

is analysed in terms of 3symmetry. Our analysis is compatible with the results of this paper, with slight differences
in the values of electronic level position.
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