PHYSICAL REVIEW B 81, 045113 (2010)

High-resolution optical spectroscopy of Tm>* ions in LiYF,: Crystal-field energies, hyperfine
and deformation splittings, and the isotopic structure
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High-resolution optical Fourier spectroscopy was used to study the energies and widths of the crystal-field
(CF) levels, hyperfine and deformation level splittings, and isotopic effects in the LiYF,: Tm3* single crystals.
We present the corrected sets of the CF levels and CF parameters for the Tm3* ion in LiYF,. The observed fine
structure of spectral lines is shown to be caused by the hyperfine interaction, random lattice deformations, and
isotopic disorder in the lithium sublattice. From a comparison between the observed and calculated fine
structures we determine the characteristics of the random lattice deformations in highly diluted activated
crystals and obtain an estimate of the fluorine displacements (~3 X 10 nm) in the nearest surrounding of the

mass defect at the lithium site.
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I. INTRODUCTION

Recently, the Tm3* ion was discussed in connection with
quantum memory in rare-earth (RE) doped inorganic
crystals.! Information can be stored in the two selectively
populated long-living hyperfine sublevels of the Tm3*
ground state. Excitation and probing can be accomplished
via the third level (a three-level A system) within reach of a
narrow laser line. Such a scheme has been successfully real-
ized in Tm**:yttrium aluminum garnet (YAG) under an ex-
ternal magnetic field, using a single mode stabilized-cavity
semiconductor laser.” The ground state of the Tm?* ions in
YAG is an electronic singlet. The hyperfine interaction be-
tween the 4f electrons and the nuclear magnetic moment (the
only thulium isotope '“Tm has the nuclear spin /=1/2) re-
sults in the two degenerate electron-nuclear states. This de-
generacy is lifted by the external magnetic field. The most
evident shortcoming of this particular material, YAG, is the
existence of six differently oriented Tm** centers that dem-
onstrate different splittings under the action of the magnetic
field. Even under the most favorable orientation of the mag-
netic field, at least 1/3 of the Tm** dopant ions are not in-
volved in the quantum information processing.” Therefore, it
is relevant to investigate Tm** doped crystals with magneti-
cally equivalent positions for the RE ions. Among such crys-
tals, the LiYF, crystal having the scheelite structure (the
space group Cgh) is of special interest because, first, a broad
experimental and theoretical information is available on the
properties of this crystal that served as a model system for
studying many phenomena and, second, LiYF, has excellent
mechanical, thermal, and optical properties which is impor-
tant for applications. For example, LiYF,: Tm** crystals are
known as efficient media for multifrequency and upconver-
sion lasers (see, e.g., Ref. 3).

In LiYF,, the Tm** ions substitute for the Y>* ions at the
two magnetically equivalent positions with the S, point sym-
metry. In these positions, the electronic wave functions of
RE ions with even number of electrons (as in the case of
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Tm?*) transform according to the I'; and I', nondegenerate
and the I'5, doubly degenerate irreducible representations of
the S, point symmetry group. The ground state of Tm3* in
LiYF, has been identified as I',, the next ones lying at 30
and 56 cm™! higher are a I'y, doublet and a I'; singlet, re-
spectively, separated by more than 200 cm™' from other
crystal-field (CF) sublevels of the *Hg ground multiplet.>

The energy levels of Tm** in LiYF, (derived from the
analysis of the absorption and luminescence spectra regis-
tered at a rather poor spectral resolution of 1.5-4 cm™'), the
CF parameters and the magnetic g factors (derived from cal-
culations) were first published in Ref. 4. Later, the optical
spectra of LiYF,: Tm’>* were measured at a better resolution’
and analyzed to get corrected sets of CF parameters and g
factors.3> The parameters of the electron-deformation inter-
action in the LiYF,: Tm** (1 at. %) crystal were determined
from piezospectroscopic studies in Ref. 6. The nonlinear
Zeeman and parastriction effects in the luminescence spectra
of LiY,_,Tm,F, (0.02=x=1) crystals were studied in Ref.
7. Surprisingly, the optical spectra of LiYF,:Tm*" have
never been published. The thermal broadening of several
spectral lines of LiYF,:Tm* was measured in Ref. 8 to
study electron-phonon interaction but any information on the
low-temperature linewidths and shapes is absent.

The inhomogeneous width of the spectral lines in
LiYF,:RE crystals is known to be as small as 0.007 cm™
(Refs. 9 and 10) and even 0.0003 cm™' in some special
cases.!! This fact offers a possibility to study the ion-lattice
relaxation processes at low temperatures as well as a fine
structure of spectral lines, using high-resolution optical spec-
troscopy. Earlier, we have performed high-resolution spec-
troscopic investigation of the hyperfine interaction and iso-
topic effects in LiYF,:Ho’* (Refs. 9 and 12-14) and
LiYF,:Er**.1%15 We also studied the electron-phonon inter-
action in LiYF,:Er’*, by comparing the measured low-
temperature homogeneous linewidths and the calculated one-
phonon relaxation rates.'

In this paper we present a detailed study of the high-
resolution polarized temperature-dependent absorption spec-
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tra of LiYF,: Tm3* single crystals. We find the energies and
symmetries of 41 CF levels and, where possible, measure
their low-temperature widths and a fine structure. The CF
parameters are corrected by fitting the results of calculations
to our precise set of CF energies. The calculated magnetic g
factors and hyperfine splittings are given and, when possible,
compared with experimental data. We discuss manifestations
of the random crystal fields and of isotopic disorder within
the lithium sublattice. The preliminary experimental results
of this work have been published in Refs. 16 and 17.

II. EXPERIMENTAL PROCEDURE

LiYF, crystals doped with Tm3* (0.1, 0.5, 1, and 2 at. %)
were grown by the Bridgman-Stockbarger method, as de-
scribed in Ref. 10. We also used the holmium doped
(0.1 at. % Ho*) samples  of  Liyg; 'LigosYF,,
®Liyo "LigYF,, and of isotopically pure "LiYF, with Tm>*
present as a trace impurity (at the level 0.2, 0.3, and 0.5 ppm,
respectively). The thulium concentration was determined
from integral intensities of the Tm>* spectral lines. The spec-
tra of Ho®* and of Er** (present as a trace impurity) in these
samples have been reported in our earlier works® and Ref.
10, correspondingly. The crystals were oriented by the x-ray
diffraction method. Polarized high-resolution (up to
0.005 cm™') transmittance spectra were measured in a broad
spectral (5000-23 000 cm™') and temperature (4.3-300 K)
range using a Fourier spectrometer Bruker IFS 125HR and
either a closed-cycle cryostat Cryomech ST 403 or a helium-
vapor cryostat. The temperature was stabilized within
*0.2 K. The absolute precision of the wave-number scale
was 0.02—-0.002 cm™!, depending on the spectral resolution
used. In contrast with high-resolution grating or tunable laser
spectrometers, a Fourier-transform technique ensures an
equally high resolution in a broad spectral range and a high
absolute precision of the wave-number scale.

To obtain information on the level symmetry or on the
electric dipole and the magnetic dipole contributions to the
transition intensity, we registered all the spectra in the fol-
lowing three polarizations, « (kllc;E,H1c), o
(kLc;ELc,Hlc),and 7 (k Lc;Elc,H1c).

III. RESULTS AND DISCUSSION

A. Energies and symmetries of the Tm3* crystal-field levels in
LiYF,

The electronic and spin-orbit interactions within the 4f'2
configuration of the free Tm** ion result in many energy
levels spread over approximately 37 500 cm™.!® The first
column of Table I lists the Tm>* free-ion levels with energies
less than 27 000 cm™' and shows how they are split by the
crystal field of the S, symmetry. For the free-ion levels, the
LS coupling states *S*'L; (Ref. 19) giving the largest contri-
bution are indicated. As in the RE ions the LS coupling is not
a good approximation, a considerable admixture of other LS
states with the same value of J can take place. Thus, the
Tm?* free-ion level at about 5800 cm™' has almost equal
contributions of the *F, and *H, LS states*2° which leads to
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its different labeling, i.e., either *H, (Ref. 18) or °F,.>* Here
we follow Refs. 3 and 4.

The spectra of all the measured multiplets are presented in
Fig. 1. We have found that a- and o-polarized absorption
spectra of LiYF,: Tm3* almost coincide for all multiplets ex-
cept the *Hs one. Figures 1(b) and 1(a) demonstrate the spec-
tra of this multiplet and, for a comparison, of the 3F4 one in
all the three studied polarizations, «, o, and 7. For all other
multiplets only o- and 7r-polarized spectra are presented [in
Figs. 1(c)-1(f)]. It is easy to find from Table II summarizing
the selection rules that a coincidence of the « and o spectra
announces a dominance of the electric dipole transitions.
Thus, the electric dipole contribution dominates in the spec-
tra of LiYF,: Tm>*, with the exception of the *Hg — *H tran-
sition that is allowed as the magnetic dipole one in the free
Tm3* ion. In Fig. 1, the absorption spectra of LiYF,:Tm
(0.1 at. %) are shown at the two temperatures, 4.3 and 70 K,
together with spectral line identification. CF levels of the
ground 3H6 multiplet are numbered 1, 2, 3, etc., while those
in each excited multiplet—A, B, C, etc., in the sequence of
increasing energies.

On the example of Fig. 1(a) presenting the first excited
multiplet °F,, we show how the application of the selection
rules helps one to find the level symmetries not only for an
excited multiplet but also for the ground-state multiplet.
First, at low temperature when only the ground level is popu-
lated, we observe five spectral lines, three of them are m
polarized while the rest two are o (and «) polarized (we
denote this fact as 377+20¢). Taking into account the selection
rules for the electric dipole transitions (Table II) and the
number of the CF levels of different symmetries for the Sy
site (31" +2I",+2I'5,, see the first column of Table I), we
conclude that the ground state is I',. If it were '3, or I'y, one
would observe 2m+50 or 27+20 lines, respectively, which
is not the case. We also assign immediately the irreducible
representations I'; and I's, to the terminal levels for the -
and o-polarized lines, respectively (see the second column of
Table I). Because of our highly precise wave-number scale,
we were able to set the correct sequence for the close levels
5756.5 cm™! (I's,) and 5759.5 cm™' (I';) and to correct
some data of Ref. 3 that basically agree rather well with our
data. The remaining two I';—1I', transitions within the
3He(1) — °F, spectral multiplet are forbidden in the electric
dipole approximation, they are absent in the low-temperature
spectra. To find the energies of the I', levels, we raise the
temperature and observe the spectral transitions from the ex-
cited CF sublevels of the ground multiplet. Again, using the
selection rules of Table II, we find from the spectra at 70 K
the lowest excited CF levels 29.8 cm™' (I'y;) and 55 cm™!
(T';) and situate precisely the two I', levels of the *F, mul-
tiplet at 5822.3 and 5966 cm™! thus correcting the data of
Refs. 3 and 4, by more than 20 cm™! for the last figure. The
high-frequency wing of the line 1G (5973 cm™') comes,
probably, from vibronic transitions associated with other
lower lying crystal-field levels. Indeed, the level G is sepa-
rated by 374, 217, 214, and 151 cm™!, respectively, from the
four lowest levels in the °F, multiplet. These frequencies
correspond to an appreciable density of phonon states of the
LiYF, lattice.?!

Table I summarizes our experimental data on the energies,
symmetries, and also low-temperature widths of the Tm3*
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TABLE 1. Energies E, symmetries I', and half widths 6E of the CF levels, g factors g, and hyperfine

splittings Ayp in LiYF,: Tm3*.

Experiment Theory
E SE E Agr
Free-ion level and CF sublevels for S, site r (ecm™)  (em™)  (em™) 8l (102 cm™)
Hg, 30, +40,+30 3, 2 (1) 0 0
34 (2) 29.8 294 0.494 0.268
1) 55 59.0
2 (4) 275 275.4
2 (5) 305 301.6
1 (6) 347.2
34 (7) 344 361.2 10.98 6.116
34 (8) 3952 3.506 1.968
1(9) 403.7
2 (10) 420.8
3F,, 3T, +2T,+2T3, 1(A) 55988 0011  5597.7
34 (B) 5756.5 1.8 5754.6  0.0324 0.022
1 (0 5759.5 1.33 5766.3
2 (D) 5822.3 5820.3
2 (E) 5966 5950
1 (F) 5968 5965.4
34(G) 5973 6.97 59713  4.508 2.637
3Hy, 30, +20,+3T 3, 2(A) 82836 0.008 82854
34(B) 8299 0.088 8301 0.151 0.065
1(C) 8319 1.05 8321
34(D) 84995 3.2 8503.5 10.09 7.276
2 (E) 8511 4.07 8548.3
1(F) 8518 8541.2
34(G) 8553.7 4.054 2.963
1 (H) 8535 8564.2
Hy, 30 +20,+20y, 2 (A) 12598 12600
1 (B) 12623 0.045 12622
34(C) 12643 0.088 12636 0.0736 0.019
1(D) 12744 28 12745
1 (E) 12801
34(F) 12834 2.89 12842 3.816 3.346
2 (G) 12889 12916
3F,, Ty +2T,+2 3, 34(A) 14518 0.014 14511  4.644 2.829
2 (B) 14546 14539
34(C) 14593 0.357 14584 0.505 0.019
2 (D) 14595 14583
1 (E) 14605 0.313 14600
3By, [ +20,+ 5, 2(A) 15093 15098
34(B) 15202 1.58 15198 1.256 1.991
2 (C) 15231
1 (D) 15280 15272

CF levels in LiYF,. As it has already been discussed in Ref.
4, because of the proximity of the actual S, symmetry space
structure of the two first coordination shells of a RE ion in
LiYF, to a higher D,y symmetry structure, some spectral

lines have very small intensities or are absent. At low tem-
peratures, the lowest levels in the multiplets separated by a
sufficiently wide energy gap from the lower lying multiplet
are inhomogeneously broadened. This inhomogeneous
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TABLE 1. (Continued.)
Experiment Theory
E SE E Ayr
Free-ion level and CF sublevels for Sy site r (ecm™)  (em™)  (ecm™) g (102 cm™)
IG,, 3T, +2T,+2Ty, 1 (A)  20970.5 20970
34(B) 21183 1.15 21176 0.294 0.230
2(C) 21267 21260
1 (D) 21296 8.98 21298
2 (E) 21507 21470
34(F) 21550 9.82 21531 4.126 3.415
1(G) 21560 21525

A very weak line at 15250 cm™! in o polarization was used to determine the energy of the I';(D) level.

broadening amounts to 0.008-0.014 cm™!, the same as in
LiYF,:Ho and LiYF,:Er crystals studied by some of us
before.”!%!> (compare with the homogeneous linewidths of
107%/1077 cm™! as measured by two-pulse photon echoes for
the lowest level in the *H, multiplet in several Tm>* doped
crystals??). Higher lying levels in the multiplets are homoge-
neously broadened due to the ion—Ilattice relaxation pro-
cesses.

B. Crystal-field calculations

The energy levels of Tm** in the S, symmetry crystal
field in LiYF, can be calculated as eigenvalues of the Hamil-
tonian

H:HFI+HCF+HHF‘ (1)

Here Hpy; is the free-ion Hamiltonian acting in the space of
91 states of the ground 4f!% configuration, defined by the
Slater parameters F?=101576, F*=71602, and F®
=50 563 cm™! of the electrostatic interaction between the 4f
electrons, the spin-orbit coupling constant £=2630 cm™,
two-particle parameters «a=17.26, [=-624, and 7y
=1820 cm™' of the electrostatic configuration interaction
and parameters P>=650, P*=300, P°=70 and M°=3.81,
M?=2.13, M*=1.18 cm™! of correlated spin-orbit and spin-
spin interactions, respectively.?* The next term in Eq. (1),

Her = ByCy + BoCo + BCo+ By(C2y+ C)) +iB,(Cy - C))
+B3(CO, + CY) +iB°,(C%, - CY), (2)

is the CF Hamiltonian (CZ are the electronic spherical tensor
operators) represented in the crystallographic system of co-
ordinates (with the z axis along the crystal ¢ axis) by the
seven real CF parameters Bf. Values of the CF parameters,
Bj=342 (276), Bj=-664 (=616), BS=-72 (-24), Bj=
—-626.3 (=612), B*,=—640.6 (-658), B$=-484.6 (-473),
B®,=-352 (=365) cm™', as well as of the free-ion Hamil-
tonian parameters presented above, were determined by
variation in the results of calculations and of the literature
data to get the best fit between the calculated and measured
CF energies. In brackets, there are CF parameters calculated
in the framework of the exchange charge model,?* taking
into account interactions of the 4f electrons with point

charges of the lattice ions and with exchange charges defined
by the squares of the overlap integrals of 4f(Tm>*) and 2s,
2p(F7) wave functions with the factors G;=G,=8.86 and
G,=6.23 (see Ref. 24). The last term in Eq. (1),

1
a[lk—sk+3%], (3)
T 14

Hyg=2upymmid 2
k Tk k

describes the magnetic dipole hyperfine interaction, here up
is the Bohr magneton, yr,=—2m7X3.24 MHz/T is the gy-
romagnetic ratio for the 19Tm isotope (100% abundance),?’
r; is the radius vector of the 4f electron with the orbital and
spin moments [, and s, respectively. The matrix of Hamil-
tonian (1) was calculated in the basis of 182 electron-nuclear
states and numerically diagonalized. The average value of
=3 for 4f electrons, (r3)=11.7 atu, was taken from Ref. 26.
The calculated energy levels, magnetic g factors g
=2[(Tsy, =[Sl +25;)| Ty, )| (here |Tay, =) are eigen-
functions of the z component of the magnetic dipole opera-
tor) and hyperfine splittings Ay of I'54 doublets are given in
Table I. The calculated CF energies agree satisfactorily with
the experimental data, the most remarkable differences be-
tween the measured and calculated CF energies of the upper
sublevels of the 'G, multiplet are caused by a neglect of
interactions between the ground and excited electronic con-
figurations. It is worth noting that the hyperfine splitting of
the ground multiplet calculated for a free ion (&
=0.08425 cm™') agrees well with the value of the corre-
sponding hyperfine constant A(*Hg)=-0.0132 cm™' pre-
sented in the literature?’ [6=-6.5-A(°Hg)].

C. Hyperfine and deformation splittings

It follows from Table I that the hyperfine splittings Ay of
the I's, energy levels of Tm3* in LiYF, are rather small, they
do not exceed several hundredths of wave number. To com-
pare, Ayp for Ho** in LiYF, amount to 0.14-0.20 ¢cm™'.1%13
As the ground state of Tm** in LiYF, is an electronic singlet
(I',) and, as it follows from calculations, the hyperfine split-
ting of the first excited I';, doublet is well within the inho-
mogeneously broadened spectral lines (Apr<<0.003 cm™,
see Table I), the search for a resolved hyperfine splittings is
confined to the transitions from the ground singlet to the final
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FIG. 1. (Color online) Absorption spectra of the (a) °F,, (b) *Hs, (c) *Hy, (d) *Fs, () °F,, and (f) 'G, multiplets in LiYF,:Tm>" at the

temperatures 4.3 and 70 K for different polarizations of the incident light. In each figure, the sequence of icons from bottom to top
corresponds to the o, 7, and a [shown for Figs. 1(a) and 1(b)] polarizations. Asterisks mark lines of some uncontrollable impurities.
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TABLE II. Selection rules for optical transitions in Sy site. Notations d;(u;), i=x,y, or z refer to the
components of electric (magnetic) dipole moment. Notations for the light polarization are explained in the

text.

Sy r, I, Iy

r, /Lz(o'm) dz(ﬂ-e) dx’dy’:ux’ My (ae’o'e; am’ﬂ-m)
1—‘2 dz(ﬂ'e) Mz(o'm) dx,dy,,le, My (ae’a'e;am’ﬁm)

F34 dx,dy,,vauuy (ae’a-e;am’ﬂ-m)

dx’dy’:U*x’:U“y (ae’a-e; CVm’ﬂ-m)

d;, p (e, o)

I';, states that are not too high from the lowest-energy level
in a given multiplet and, thus, do not suffer from a relaxation
broadening due to the electron-phonon interaction. Inspec-
tion of the energy levels together with their symmetries
(Table 1) delivers only two “candidates” for the observation
of hyperfine splittings, namely, the lowest I'y, level in the F;
multiplet at 14 518 cm™! and the 'y, level at 8299 cm™! that
lies at 16 cm™! above the lowest level in the *Hs multiplet.
Figures 2 and 3 demonstrate resolved spectral doublets at
both 14 518 and 8299 cm™! in the absorption spectrum of
the isotopically pure crystal 'LiYF,:Ho (0.1 at. %) and
Tm3* (0.5 ppm) at 4.3 K. While the observed splitting of
0.039 cm™! of the 14 518 cm™' spectral line is in a reason-
able agreement with results of calculations (see Table I), a
drastic discrepancy is present for the line 8299 cm™' (the
measured splitting of this line 0.028 cm™' is about 40 times
larger that the calculated hyperfine splitting).

A reason for such an unexpectedly large splitting of the
level 8299 cm™! could lie in a different nature of the ob-
served splitting, e.g., due to low-symmetry components of
the crystal field induced by random lattice deformations. To
check this idea, we have measured absorption spectra of
LiYF,: Tm** samples in different experimental conditions
(Fig. 3). The narrowest lines and a clear splitting
(0.028 cm™') of the level 8299 cm™' were registered for a
bulk sample with the trace impurity of thulium (data 1). An-
other sample, LiYF,: Tm3* (0.1 at. %), was subjected to me-
chanical treatment (cut and polished to the thickness of
90 wm). It was placed free into a helium vapor in the

Optical density (arb. units)

14518.0

14518.2
Wave number (cm")

14518.4

FIG. 2. (Color online) Measured (1) and calculated (2) line
shapes for the transition I'y(1,°Hg)—T34(A,%F;) in the
"LiYF,:Ho(0.1 at. %) sample containing Tm as trace impurity. T
=4.3 K, o polarization.

helium-vapor cryostat. The spectrum showed practically no
splitting and the linewidth of 0.12 cm™' (data 2). In these
experimental conditions, neither a temperature gradient
along the sample nor a mechanical stress due to different
thermal expansion of the sample and of the sample holder
were present but the lattice deformations could be induced
by the cutting and polishing processes. When this same
sample was glued along its perimeter to a cold finger of the
closed-cycle cryostat, a line splitting up to 0.5 cm™' ap-
peared and each component of the split line was broadened
to ~0.3 cm™' (data 3). In this second case, a difference in
the thermal expansion between the sample and the cold fin-
ger caused additional strains. These examples show qualita-
tively that the lattice deformations induced during the pro-
cess of the sample preparation and/or its attachment to a
mount can result in broadening and splitting of spectral lines
that terminate at a non-Kramers doublet.

A non-Kramers I'5, doublet splits under the lattice defor-
mations of the I', symmetry determined by the deformation
tensor components e;(I';)=e,,—e,, and e,(I';)=2e,,. In the
crystallographic system of coordinates, the Hamiltonian of
the electron-deformation interaction reads

Hy= 2 VieyTy), V=2 B\ CY. (4)
A=12 v

The eight complex coupling constants B, [N=1,2; B
:(—l)qB’{;;\] were obtained earlier from piezospectroscopic

Optical density (arb. units)

e
8299.75

i I A
8299.25 8299.50

Wave number (cmrl)

8299.00

FIG. 3. (Color online) Measured (1-3) and calculated (4) line
shapes for the transition I'»(1,Hg) — '34(B,*Hs) in the Tm?* ion
in LiYF, (7 polarization, magnetic dipole transitions). (1)—the
"LiYF,:Ho(0.1 at.%), Tm (0.5ppm) bulk sample (8.8 mm), (2)—
the "Lig o3 ®Lig07YF,:Tm (0.1 at. %) sample (90 wm) placed free
into a helium vapor in the helium-vapor cryostat, and (3)—the
sample (2) but glued along its perimeter to a mount. 7=4.3 K.

045113-6



HIGH-RESOLUTION OPTICAL SPECTROSCOPY OF Tm...

measurements:®?® B3 | =1.63-1.76i, B; | =—1.04-2.84i, BS |
=-0.34+0.48i, BS l=—0 79+0.94i, B3,=3.2+0.58i, 3‘2‘2_
—2.72-2.05i, Bzz=—0 9+1.08i, and B22=—1 4+1.73i
(10* cm™). Using the perturbation theory, we derive the fol-
lowing expression for energies of the sublevels of a fixed I'54
doublet split by the hyperfine and electron-deformation inter-
actions:

hw.(er,e)) = E(T'3y) = [(Ayp/2)” + 1,

(5)

where vy =(I34,+|V\|['34,—) and E(T'3,) is the corresponding
eigenvalue of the Hamiltonian Hg+ Hcp. The spectral distri-
bution of the absorption is given by a convolution

[vie) +vaey)

I(M)=JJ{S[‘U—(U—(€1»€2)]

+S[w— w,(e),e))]}g(e).e5)de de,, (6)

where g(e,,e,) is the distribution function of lattice deforma-
tions and S(w) is the spectrometer shape function. We as-
sume S(w) to be a Gaussian with the dispersion of
0.0035 cm™'. In the framework of an elastic isotropic con-
tinuum approximation and in the case of low concentration
of lattice defects, the distribution function of lattice deforma-
tions has the following form:°

gley,ep) = (61 + ez 1—~2)—3/2’ (7)
where the width I is proportional to the concentration of the
point lattice defects. We used the distribution [Eq. (7)] to
simulate the line shapes for the transitions I'5(1, Hg)
—T3,(B,*Hs) and T',(1,%Hg) —T34(A,°F;) in the isotopi-
cally pure sample 'LiYF, considering the width I" as a fitting
parameter. As it is seen in Figs. 2 and 3, where the results of
simulations are compared to the measured spectrum, both
resolved spectral doublets are well reproduced when using
the same width T'=8.5X 1075, The doublet I'3,(B,*Hs) at
8299 c¢cm™! is strongly affected by internal residual strains
(v,=567-604i, v,=420-387i cm™!) and its splitting is
caused entirely by the random crystal fields. From the ob-
served splitting ~0.5 cm™' of this doublet at the liquid-
helium temperature in the glued sample LiYF,:Tm
(0.1 at. %) (data 3 in Fig. 3), it follows that internal strains
induced by the inhomogeneous lattice contraction are in the
range 8-28 MPa. The deformation potentials of the
I'34(A,°F;) doublet at 14 518 cm™" are about three to four
times less (v,=145+182i, v,=166+138 cm™') and its
splitting increases only by 38% due to random strains in the
"LiYF, sample (up to 0.039 cm™! as compared to theoretical
value Agr=0.0283 cm™).

D. Isotopic structure in optical spectra of LiYF,: Tm>*

Earlier, a specific fine structure in the optical and electron
paramagnetic resonance spectra of Ho’* and Er** ions due to
isotopic disorder in the lithium sublattice of the LiYF, host
matrix was observed.”!%3 It was shown that this structure is
mainly caused by the dependence of the static crystal field
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FIG. 4. (Color online) Fragment of the LiYF,:Tm lattice
structure.

for a given impurity RE ion on the lithium isotopic compo-
sition in the nearest neighborhood. Each RE** ion (placed at
the origin of the crystallographic system of coordinates) has
four nearest Li* ions (Lil) in the vertexes (*a/2 0 c/4),
(0 =a/2 —c/4) of a tetrahedron at the distance 0.3824 nm
and four next-nearest Li* ions (Li2) in the corners of a square
(£a/2 *a/2 0) at the slightly different distance 0.3853
nm (a and c are the lattice constants, see Fig. 4). The prob-
ability to find n, isotopes °Li in the first position and n,
isotopes °Li in the second one in the sample °Li, 'Li,_ YF, is
given by the formula

I_‘)nln2 = CZICZZ)C"1+112(1 _x)S—(n]+n2)’ (8)
where Cj are the binomial coefficients.

In the case of small concentration x of °Li (or 1—x of
"Li), isotopes °Li ("Li) can be considered as isolated mass
defects. A mass defect perturbs the lattice structure at low
temperatures due to anharmonic character of lattice vibra-
tions. The first coordination shell (four fluorine ions) of the
light °Li isotope expands.’! Displacements of the fluorine
ions from equilibrium positions in the perfect-crystal lattice
bring about shifts of CF energy levels of impurity RE ions.
The largest shifts in the spectrum of a RE ion are induced by
the nearest-neighbor fluorine ions that push off from the
mass defects in the Lil and Li2 positions.

The observed spectrum can be simulated as a superposi-
tion

I(w) = 2 S(w_ wnln2)Pnln2 (9)
Illilz
of spectral lines with frequencies wnln2=wo+n1Aw10

+mAwy;, where Aw;q and Aw,; are the changes of the tran-
sition frequency o, in the perfect lattice due to a single mass
defect in the Lil or Li2 positions, respectively.

In the absorption spectra of LiYF,:Tm?* samples, only
the most narrow spectral lines exhibit resolved isotopic
structure. Figure 5 shows a fine structure within the singlet-
to-singlet T',(1,°H¢) —T,(A,’F,) spectral line in the
SLi, "Li,_,YF,:Tm* (0.1 at. %, x=0.0742) crystal with
natural abundance of lithium isotopes. The observed struc-
ture is reasonably explained by isotopic disorder in the
neighborhood of the Tm?3* site. This particular line presents
an example when the spectral components connected with
®Li isotopes in the Lil and Li2 positions are shifted in op-
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FIG. 5. (Color online) Measured (symbols) and simulated (solid
curve, Awy;=0.0269 cm™!, Aw;;=—0.0353 cm™') isotopic struc-
ture of the transition I'y(1,*Hg) —T;(A,%F,) in the LiYF,: Tm?
(0.1 at. %) sample (7 polarization) with the natural abundance of
lithium isotopes "Li (92.58%) and °Li (7.42%).

posite directions from the main line. Figure 6 gives another
example of the isotopic structure and a direct evidence of the
origin of this structure. The spectral line corresponding to the
magnetic dipole transition I'5(1,°Hg) — T',(A,*Hs) does not
exhibit any structure in the isotopically enriched sample
'LiYF, [see Fig. 6(b)]. However, in the samples
"Li,_, 6LixYF4 containing mass defects of different signs in
the lithium sublattice, Am=—1 for x=0.0742 [Fig. 6(a)] and
Am=+1 for x=0.9 [Fig. 6(c)], well-resolved satellites shifted
in different directions from the main line are observed.

The data of measurements can be used to estimate the
displacement vector AR of the fluorine ions in the first coor-
dination shell of a mass defect in lithium sites. Derivatives of
the CF parameters in respect to the AR components were
computed in the framework of the exchange charge model
approbated by calculations of the CF energies (see Sec. Il B
above). Next, the AR components were considered as fitting
parameters in the simulations of spectral envelopes, Eq. (9).
Rather good agreement between the simulated and measured
spectra was achieved when using the displacement vector
AR=(-0.331,-0.247,0.061) X 10™* nm of the fluorine ion
with coordinates (0.146, 0.085, and 0.087) nm relative to the
unit mass defect (Am=+1) in the lithium site (see Figs. 5 and
6). Displacements of the other three nearest-neighbor fluo-
rine ions can be easily obtained by S, symmetry operations.
The calculated intervals in the isotopic structures of the
I',(1,°Hg) —T(A,F,) and T,(1,°Hs) —T'5(A,*Hs) transi-
tions are presented in the figure captions.

It should be noted that the simulated envelope in Fig. 6(c)
corresponds to the concentration x=0.82 instead the nominal
x=0.9. The obtained displacement vector agrees qualitatively
with the results of calculations [AR=(-0.324,-0.098,
-0.014) X 107 nm at 4.2 K] based on the rigid-ion model of
LiYF, lattice dynamics.?!3!

The isotopic structure was also observed within the
singlet-to-doublet transition I'y(1,°Hg) —T'34(A,°F;) in the
LiYF,:Tm* (0.1 at. %) sample with the natural abundance
of lithium isotopes. The calculated shifts of the satellites
Awy=0.0225 cm™ and Aw;(=0.008 cm™! from the main
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Optical density (arb. units)

Wave number (cm’l)

FIG. 6. (Color online) Measured (symbols) and simulated (solid
curves) spectral lines corresponding to the transition I'»(1,Hy)
—>F2(A,3H5) of the Tm3* ions (o polarization) in the
6Lix 7Li1_XYF4 samples with different isotopic composition in the
lithium sublattice: (a) x=0.0742, Awy;=0.016 cm™!, and Aw;(=0;
(b) x=0; and (c) x=0.9, Awy;=-0.016 cm™, and Aw;(=0.

lines agree satisfactorily with the measured shape of the
spectrum.

IV. CONCLUSIONS

The temperature-dependent polarized optical-absorption
spectra of the LiYF,: Tm3* single crystals were studied by
high-resolution Fourier spectroscopy. Several important cor-
rections were introduced into the previously established?
scheme of the crystal-field energy levels. This precise set of
CF energies was used to correct the CF parameters. Experi-
mental data on the low-temperature linewidths are presented.
The inhomogeneous broadening is on the order of
0.01 cm™'. Fine structure of the spectral lines was observed
and analyzed using the results of our CF calculations. It was
shown that the observed splitting (0.028 cm™') of the I's,
doublet at 8299 cm™! is caused by random lattice deforma-
tions while the dominant contribution to the splitting
(0.039 cm™") of the 14 518 cm™' doublet comes from the
hyperfine interaction. Simulation of the observed doublet
line shapes enabled us to determine the characteristics of the
random lattice deformations in highly diluted activated crys-
tals and to estimate internal strains induced by the inhomo-
geneous lattice contraction for a sample glued along its pe-
rimeter to a cold finger of a cryostat (8—28 MPa). Isotopic
structure of the spectral lines due to the 'Li-°Li isotopic
disorder in the neighborhood of the Tm** site was found and
simulated in the framework of the exchange charge model
approbated by calculations of the CF energies. This gave an
estimate of the fluorine displacements (~3 X 10~ nm) in the
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nearest surrounding of the mass defect at the lithium site.
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