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Disorder effects in LaAlOs:Ho>" single crystals revealed by optical spectra
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High-resolution spectroscopic studies of LaAlO; single crystal doped with holmium ions are reported.
Polarized and unpolarized absorption and luminescence spectra were measured in the broad spectral range from
2000 to 23000cm™" at temperatures of 4.5-5 K. Additional measurements were fulfilled using site-selective
laser spectroscopy. Energies and symmetry properties of the corresponding wave functions of crystal-field levels
of Ho*" ions which substitute for La** ions in LaAlO; at sites with the D3 symmetry were determined with
high accuracy, and, on this basis, crystal-field calculations were performed. A thorough analysis of spectral line
profiles with the fine doublet structure corresponding to singlet-doublet transitions in the trigonal crystal field was
made, which showed the existence of the random deformation splitting phenomenon. The value of deformation
splitting lies in the region 0.3-0.8 cm™' that substantially exceeds the widths of the doublet hyperfine splitting.
The observed line shapes were successfully modeled, assuming the interaction of the Ho>" ions with random
deformations of the crystal lattice induced by point defects and ferroelastic domain boundaries.
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I. INTRODUCTION

Crystals with a general formula ABX; and a perovskite
structure have many attractive properties that make them
interesting for both solid state physics and applications. Clas-
sical perovskite is the CaTiO3 mineral; it was discovered in
1839 by Gustav Rose in the Ural Mountains and named after
the amateur mineralogist and minister of this region in the
Russian Empire, Lev Perovski. Depending on the elements
in the structure, synthetic perovskites show ferroelectricity
[1], piezoelectricity [2], pronounced multiferroic properties
[3], giant magnetoresistance [4], and superconductivity [5].
Hybrid organic-inorganic perovskites opened a new era for
low-cost, high-efficiency solar cells [6,7]; they also have a
potential for light emitting diodes [8], lasers [9], photodetec-
tors [10], and thermoelectric devices [11]. There are various
perovskite phosphors with attractive luminescent properties
(see, e.g., Ref. [12], and references therein).

Among other perovskites, lanthanum aluminate LaAlO3
(LAO) stands out for such properties as high dielectric con-
stant [13], broad optical band gap (~5.5 eV [14]), good
thermal stability, and high immunity against environmen-
tal moisture; it finds many applications in various fields
of technology. In particular, LAO is used as substrates for
epitaxial crystal growth, synthesis of thin-film heterostruc-
tures and high-temperature superconducting layers, as gate
dielectrics in various transistors [15,16], and as a catalyst
[17,18]. The discovery of a high-mobility electron gas at the
LaAlO3/SrTiO3 heterointerface [19] has stimulated a lot of
research aimed at using these interfaces in modern technolo-
gies. Recently, over 100-THz bandwidth selective difference
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frequency generation was reported at LaAlO3;/SrTiO; nano-
junctions [20]. Rare-earth (RE) doped LAO crystals can be
used as luminophors [12,21-28] and laser hosts [29].

In the high-temperature phase, the lanthanum aluminate
has a cubic symmetry with the space group Pm3m. The spon-
taneous lattice deformation that mainly involves rotations of
AlQg octahedra around one of the C3 symmetry axes induces
the structural transition into the rhombohedral phase R3c at
the temperature Ts = 813K [30]. In the R3¢ phase, the unit
cell contains six formula units, La’t ions are at the 6a sites
with the coordinates (0,0, 1/4), APt ions at the 6b sites
(0,0, 0), and O* ions at the 18e sites (x, 0, 1/4). There are
120% ions in the nearest surroundings of La*" ions at dis-
tances from 2.516 to 2.814 A [31].

Upon cooling the LAO crystals below Tg, a ferroelastic
twin-domain structure is formed [32]. Twin boundaries are a
source of internal strains in microscopically inhomogeneous
samples and can strongly affect the spectral properties of
impurity centers in LAO.

Optical spectra of LAO crystals doped with RE ions Pr’*
[21,33], Nd** [29], Eu’t [22], Ho*" [23], Er’* [24], and
Tm>* [25], which substitute for La*" ions at sites with
the local D3 symmetry, demonstrate strong inhomogeneous
broadening and contain a large number of spectral lines corre-
sponding to the f-f transitions. The broadening can be caused
by random fields of different nature affecting the 4f elec-
trons, in particular, by random strains in the crystal lattice.
It should be noted that in the case of orbital degeneracy of the
crystal-field (CF) energy levels, random elastic deformations
can induce formation of the fine structure in the optical spectra
of RE ions. The deformation splittings of optical spectral lines
was observed earlier in the high-resolution optical spectra of
RE-doped crystals with the scheelite [34,35], elpasolite [36],
and zircon [37] structures. In [34-37], the observed specific
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profiles of spectral lines were successfully interpreted within
the framework of the deformation broadening and splitting
model, in which point defects act as a source of random lattice
distortions.

Absorption and emission spectra of LAO doped with Ho**
ions were measured at temperatures of 10-300 K and analyzed
in Ref. [23]. A number of the obtained CF sublevels of some
multiplets of Ho*" exceeded the corresponding number of
sublevels allowed by the D3 symmetry, and the CF analysis
was not performed.

In the present work, high-resolution optical absorption and
luminescence spectra of LAO single crystal doped with the
Ho’* ions were measured in a wide range of wavelengths.
For more accurate identification of spectral lines and deter-
mination of CF energies, the methods of site-selective laser
spectroscopy were also used. The analysis of the registered
spectra in the framework of the CF approximation allowed
us to determine CF parameters and successfully describe the
constructed energy patterns of the Ho’* multiplets.

Some of the measured spectral lines of Ho>™ have spe-
cific inhomogeneously broadened profiles with shallow dips
at the line center. We assume that the observed line shapes
are caused by the interaction of 4f electrons with local de-
formations induced by point lattice defects and with internal
lattice distortions caused by the sample microstructure. Due
to markedly different ionic radii of La’* (1.032 A) and Ho**
(0.9 A) [38], the substitution of Ho** for La** is accompanied
by displacements of lattice ions from their equilibrium posi-
tions in the nearest surrounding of the impurity Ho®" ions.
Thus, the impurity RE ions themselves as well as the intrinsic
lattice defects, in particular, oxygen vacancies [39,40], can
be considered as point defects in activated LAO crystals.
To account for the influence of these point defects on the
line shapes, we use the previously developed theory of the
deformation broadening and splitting of spectral lines of op-
tical centers due to point defects in an elastically anisotropic
continuum [36]. The peculiarity of LAO crystals is the ex-
istence of the twin domains below the temperature ~800 K

of the cubic-rhombohedral phase transition. The twin-domain
boundaries serve as an additional source of random lattice de-
formations. Here, we develop an approach to take into account
this source of deformations when modeling the observed line
shapes. We estimate the width of the distribution of local
deformations in the studied sample of LAO:Ho>* using the
obtained spectroscopic data.

II. EXPERIMENT

A LaAlOj; crystal was grown by the Czochralski method
at Union Carbide, USA. The concentration of Ho’T was
0.5 wt %. A sample in the shape of a parallelepiped with di-
mensions 5.0 mm x 4.0 mm x 2.2 mm was cut and polished.

Optical absorption and luminescence spectra in the spec-
tral range 2000—22000cm™" at the temperatures of 4.5-5 K
were measured using a high-resolution Fourier spectrometer,
Bruker IFS 125 HR, equipped with Si and InSb detectors.
The spectral resolution for the absorption measurements was
up to 0.01cm™". To excite the photoluminescence (PL), the
emission of the cw multimode red diode laser (wavelength
635 nm, power 50 mW) was focused on the sample in a spot of
about 0.5 mm in diameter. For low-temperature experiments,
we used a closed-cycle helium cryostat, Cryomech PT403.

A pulsed tunable dye laser (Littrow type oscillator and
amplifier, linewidth of about 0.5 A) pumped by the third
harmonic of a Nd-YAG laser (LQ129, Solar LS) was used for
site-selective spectroscopy. The spectra were analyzed with a
MDR-23 monochromator. Spectral resolution was about 1 A.
The luminescence signal was detected by a cooled photomul-
tiplier (PMT-106 or PMT-83) in the photon-counting mode.
The studied LaAlO3:Ho* crystal was kept in helium vapor at
a temperature of 4.2 K.

III. EXPERIMENTAL RESULTS
A. Crystal-field levels of Ho** (D3-symmetry sites) in LaAlO;

Low-temperature unpolarized transmission and lumines-
cence spectra of LAO :Ho>" in the whole studied spectral
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FIG. 1. Unpolarized (a) transmission and (b) luminescence spectra of the LAO:Ho (0.5 wt %) single crystal at 5 K. The crystal thickness

in (a) was 2.2 mm. In (b), the excitatation wavelength was 635 nm.
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TABLE 1. Allowed ED and MD transitions for ions with even
number of electrons in the case of D; site symmetry. d; and
wi(i = x,y, z), are components of the ED and MD moments, respec-
tively; z axis is parallel to the C; symmetry axis.

D, I, r, s
Iy - dz 2% d,, dy s by
FZ dz Mz - dxv dy My, Ky
F3 dx» d)' Mxs //L_v d,w dy Moxs I\Ly dx’ dy7 dz Mxs /'L_\W M

range are shown in Fig. 1. Numerous narrow absorption lines
correspond to the optical transitions from the ground state to
excited multiplets, indicated in Fig. 1(a). Lines in the lumines-
cence spectra are due to transitions from the lowest CF levels
of the excited multiplets to the lower-lying CF levels.

Multiplets of the Ho®* ion in the crystal field of the Ds
symmetry split into singlets I'; and I, and doublets I'; [here
I'; is the irreducible representation (IR) of the point symme-
try group Ds]. Selection rules for electric-dipole (ED) and
magnetic-dipole (MD) optical transitions between CF levels
are summarized in Table I.

LAO has a pseudocubic structure with four types of twin
domains associated with four [111]-type equivalent C; axes of
the parent cubic phase [32]. Domain boundaries can be seen
by the naked eye. Figure 2 shows a microphotograph of our
sample with clearly visible domains. If there were an equal
number of different domains, no polarization dependence
would be observed in optical spectra. In our experiments, with
a diaphragm 1 mm in diameter, we selected a region of the
sample in which only one direction of the domain walls was
visible. The measured absorption spectra strongly depended
on the polarization of the incident light. Figure 3 presents
examples of the polarized spectra of several multiplets. Some
lines are observed in only one polarization and completely
disappear in the perpendicular, which confirms that we are
dealing with one type of domain.

At 5 K, only the ground state of Ho®* is populated (the
gap between the ground state and the first excited CF sublevel
equals 26 K; see below). However, the number of observed
spectral lines exceeds the maximum number of the CF levels

FIG. 2. Microphotograph of the LAO:Ho sample (a) in the un-
polarized light and (b) between crossed polarizers. Red circle shows
the area for polarized spectroscopic measurements.

allowed by the D3 symmetry, as has already been noted in
Ref. [23]. Evidently, there are additional holmium sites in
the structure. We suppose that the additional spectral lines
in the measured spectra correspond to transitions in strongly
perturbed Ho*" centers located near the ferroelastic twin-
domain walls. Also, local lattice deformations can remove the
selection rules for the D3 symmetry, and some low-intensity
spectral lines corresponding to forbidden I';-I"; transitions are
observed. The site-selective laser spectroscopy allowed us to
identify the spectral lines corresponding to transitions in the
Ho’* ions at the sites with the local D3 symmetry.

Figure 4 compares the low-temperature absorption spectra
in the region of the /s — I transition with the luminescence
and site-selective emission spectra in the region of the >, —
3[; transition. The CF levels of the 3§, and °F; multiplets
(see Table II) were found from the excitation spectrum of
the emission from the lowest S, sublevel registered at the
frequency of 18078 cm™ corresponding to the zero-phonon
transition A S,) — K(°Ig). The emission spectra selectively
excited at the frequencies 18 571 cm™'[ACLg) — A(S»)] and
18661 cm™'[ACK) — BCF,)] were used to construct the
schemes of CF levels in the s and 3;, Iy multiplets,
respectively.

Table II lists the energies of the CF levels of the holmium
ions in LAO. The symmetry properties of wave functions (IR)
of the CF sublevels of the ground and excited multiplets were
determined using the selection rules for optical transitions in
the centers with the local D3 symmetry. The ground state of
the Ho*" ions in LAO is the singlet I';. The set of CF energies
determined in the present work differs markedly from the one
found in Ref. [23].

B. Deformation splittings of the spectral lines

For several transitions between the singlet and the doublet
states of the Ho’" ion, corresponding spectral lines have a
specific line shape with a narrow dip at the center of the line.
These transitions in absorption are shown schematically in
Fig. 5; their energies are listed in Table III, together with the
measured half widths and splittings. The insets of Figs. 3(b),
3(c), and 6 illustrate the discussed line profiles. Such line
shape is induced by random lattice deformations [34-37].
Similar line profiles of the same inverse transitions were
registered in the luminescence spectra, but also additional
lines with a fine doublet and triplet structure were observed
corresponding to the transitions I';(A 5I) = I3(F °F) and
['3(B 3Is) — T'3(C 3I), respectively.

IV. CALCULATIONS OF THE HYPERFINE STRUCTURE
OF SINGLET-DOUBLET TRANSITIONS

The energies of the CF levels of the ground and excited
multiplets of the Ho*>* ions determined from the measured op-
tical spectra were analyzed by making use of the Hamiltonian
operating in the space of 1001 states of the ground electronic
4f1° configuration. The considered Hamiltonian of the Ho**"
ion,

Ho = Hpy + Hcp, (1)
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FIG. 3. The transmission spectra of the 2.2 mm thick LAO:Ho (0.5 wt %) single crystal at 5 K in the region of the transitions from the
ground state to the (a) °F;, (b) 3Is, (¢) °I5, and (d) >Fs multiplets, in the two mutually perpendicular polarizations E||C; (blue curves) and
E_LG; (red curves). Capital letters denote the final energy levels of the transitions in the corresponding multiplets. The insets show lines with
deformation splittings on an enlarged scale. Additional lines corresponding to transitions from the first excited sublevel of the ground multiplet,
B (I'3), are observed, in particular, lines A’, C', and F’ shifted to lower frequencies by 18 cm™ from the lines A, C, and F in panel (d).

contains the energies of a free ion (Hp) and of the interac-
tion with the crystal field (Hcg). The free-ion Hamiltonian is
written in the standard form [41],

A2 N A
He =) Lisital” + BG(Gy) + yG(Ry)
k
+ Y (FIfy+ Plpy + T + M%),
q

(@)

where I; and s; are the operators of the orbital and spin
moments of the 4f electrons, respectively; L = ), I; is the
operator of the total orbital moment; F'¢ are the Slater param-
eters of the electrostatic interactions between 4 f electrons; ¢
is the spin-orbit coupling constant; «, B, y, and 77 are the
parameters of two- and three-particle electrostatic interconfig-
urational interactions, respectively; the parameters P¢ and M7
define the spin-orbit and spin-spin interactions between 4f
electrons, respectively. The operators G, f, p, f, /i are defined
in the literature (see, e.g., [41], and references therein). In
our calculations, we started from the free-ion parameters pre-
sented in Ref. [42] for the impurity Ho>* ions in YAl3;(BO3)4
crystals. Then, these parameters were slightly corrected to fit
the centers of gravity of the studied optical multiplets. The
final set of the free-ion parameters is presented in Table S1 in
the Supplemental Material [43](also see [44-52]).

The Hamiltonian of the Ho>" ion at the La®* site in the
crystal field of the D; symmetry, in the Cartesian system of
coordinates with the z axis along the C3 symmetry axis and the
x axis along the local C, symmetry axis in the crystallographic
ab plane, is defined by six real CF parameters Bf, and has the
following form:

Her = BYOS + BOY + B0; + BYO? + BX0} + BSOS. (3)

Here, Of, are linear combinations of spherical tensor op-
erators [53] (in the space of states with the fixed angular
moment, operators 0’; coincide with the Stevens operators).
To fit the measured CF energies, the initial values of the CF
parameters were estimated in the framework of the exchange-
charge model (ECM) [54] (for details of the calculations see
the Supplemental Material [43]).

The calculated CF parameters (see column 2 in Table IV)
were used as the initial ones in the fitting of the measured CF
levels of the Ho** ground and several excited multiplets. The
fitting procedure based on the numerical diagonalization of
the Hamiltonian Hy [see Eq. (1)] in the total space of states
of the 410 electronic configuration resulted in the set of CF
parameters (see column 3 in Table IV) almost coinciding with
the CF parameters obtained in Ref. [55] for the impurity Er**
ions in LaAlOj3 (see column 4 in Table IV). The CF energies
calculated making use of the final set of the CF parameters and
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TABLE II. Measured and calculated CF energies (cm™") of the Ho>* ions in LaAlO; and calculated g factors of the non-Kramers I'; doublets.

B, IR Expt. Theory g Factor By, IR Expt. Theory g Factor
Sy A T, 0 0 0 5T, A rs 11322.5 11319 0.144
B I'; 18 17.6 8.673 B I, 11332.5 11328 0
C I; 133 136.4 2.509 C I; 11346.8 11344 2.106
D I3 178 181.9 0.140 D ry - 11346 0
E I, 203 204.1 0 E I, 11387.1 11387 4.364
F ry 249 257.8 0 F I'; 11388.2 11385 0
G ry 278 280.7 0 G I'; 11416.5 11413 3.322
H I; 288 298.0 11.068 SFs A I'; 15565 15576 8.901
1 I, 456 460.8 0 B I, 15610 15610 0
J I3 471 475.8 6.320 C I'; 15618 15618 5.076
K I; 493 499.5 13.932 D I - 15627 0
°h A r, 5250.7 5252.9 0 E I; 15628 15627 3.482
B I3 5260.6 5262.9 1.618 F I'; 15662 15662 6.027
C I; 5282.2 5283.6 2.604 G I, 15670 15670 0
D r, 5290.5 5289.8 0 38, A I; 18571 18572 2.192
E I 5299.0 5296.1 0 B I - 18573 0
F I; 5314.4 5314.5 7.164 C I'; 18573 18574 0.648
G r, 53233 5320.9 0 SF A Iy - 18575 0
H I3 5325.4 5323.2 7.845 B I'; 18661 18656 8.094
1 I 5341.5 5340.2 0 C I, 18682 18679 0
J I; 5360.4 5360.4 13.337 D Iy - 18683 0
s A r, 8760.1 8755.7 0 E I'; 18709 18700 0.713
B I; 8765.2 8762.5 2.211 F I'; 18787 18778 1.262
C I 8770.7 8767.4 0 R A Iy - 20695 0
D I3 8778.9 8777.2 2.654 B I'; 20719 20717 0.78
E I 8803.0 8800.4 0 C I, 20756 20747 0
F r, 8822.8 8820.5 0 D I; 20759 20752 2.79
G I3 8829.2 8826.4 4.638 E r, - 20830 0
H I 8847.0 8848.1 0
1 I; 8870.0 8866.6 9.567

presented in Table II agree satisfactorily with the experimental
data. Table II contains also the calculated g factors, which
determine splitting of the I'; doublets in an external magnetic
field directed along the c axis.

The obtained CF parameters are further used to calculate
the hyperfine structure of the CF levels of Ho*" in LaAlO;.
Holmium has only one stable isotope '*Ho (100% abundant)
with the nuclear spin / = 7/2. The total single-ion Hamilto-
nian operating in the space of electron-nuclear states can be
written as follows:

H = Hy + Hupm + Hurg + Hel-ef s 4)

where Huypm and Hyrq are the energies of magnetic and elec-
tric quadrupole hyperfine interactions, respectively, and He|.gef
is the Hamiltonian of the electron-deformation interaction.

The operators Hyrvm and Hyrq are presented in the Supple-
mental Material [43], and the operator Hej ¢e¢ linear in the
crystal lattice deformations is considered in the next section,
Sec. V. At the first step of the analysis of the observed line
shapes, the electron-deformation interaction was neglected,
and the energies of the electron-nuclear sublevels of the >J;
multiplets were computed by numerical diagonalization of the
matrices of the operators Hyrpm and Hypg constructed in the
direct product of the subspace of electronic multiplet wave
functions (i.e., the corresponding eigenfunctions of the Hamil-
tonian Hy) and the subspace of the nuclear states |I = 7/2, L,).

In the first order of the perturbation theory, the magnetic
hyperfine interaction does not change energies of electronic
singlets I} and I';, but splits the I'; doublets into eight
equidistant electron-nuclear doublet sublevels. However, the

TABLE III. Measured characteristics of the spectral lines corresponding to singlet-doublet transitions and the calculated hyperfine splitting

of doublets. All values are in cm™'.

Transition Transition energy Measured splitting Half width Hyperfine splitting (theory)
I'CR) — I':Ch) 5260.6 0.62 1.41 0.11
ICR) — I':Ch) 5282.2 0.27 0.64 0.19
I'CE) — T:Cl) 8765.2 0.38 1.01 0.21
' CR) — I':Cl) 8778.9 0.39 1.00 0.25
I'CR) = ICE) 11322.5 0.09 0.52 0.01
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electric quadrupole hyperfine interaction and the mixing of
the electronic CF states by the magnetic hyperfine interaction
lead to additional shifts of the electron-nuclear sublevels and
the nonequidistant hyperfine structures. The calculated total
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FIG. 5. Singlet-doublet transitions (arrows) with the resolved
fine structure in the absorption spectra of Ho>" ions in LaAlOs
(thin and thick lines correspond to singlet and doublet CF levels,
respectively).

hyperfine splittings of several singlet-doublet transitions are
compared with the measurement data in Table III. The direct
computations have shown that the contributions of the electric
quadrupole hyperfine interaction into the hyperfine structure
of the optical transitions can be neglected for most of the
registered spectral lines. Figure 6, as well as Table III, show
that the total width of the calculated hyperfine structures of
the CF doublets is significantly smaller than the measured
fine doublet structure of the corresponding spectral lines. This
result clearly indicates the necessity to take into account the
electron-deformation interaction.

V. ELECTRON-DEFORMATION INTERACTION

A. Parameters of the electron-deformation interaction

In the linear approximation, the interaction of 4 f electrons
with the crystal lattice deformations is defined by the operator

Hager = Y V(T, Me(T, 2), )
ra

where e(I", A) are linear combinations of the deformation
tensor components that transform according to the line A of
the IR T" of the point symmetry group Ds:

er = e(T}) = (e + €y + )/ V6, 2
= e(I'}) = Qe.. — e — €))/V12, (6)

e3 = e(Fé, 1) =(exx —€y)/2, e4= e(l";, 2) =ey, (7)

es = e(F%, 1) =ey, €= e(F%, 2) = ey, (8)

and the electronic operators are written as follows:

V(T ) =) b, 1ok ©)
pk

The parameters b’;(F, M) of the electron-deformation inter-
action (see Table S2 in the Supplemental Material [43]) were
calculated in the framework of the exchange-charge model
[54] using the same model parameters as in the calculations
of the CF parameters. The fully symmetric e(Fll) and e(Ff)
deformations shift all CF energy levels; the electronic I'3
doublets are split by the deformations e(I"3, A) and e(I'3, 1).
In real crystals, the deformation tensor is nonzero in the
absence of external strains due to imperfection of the crys-
tal lattice (various types of point defects, such as vacancies,
interstitial or impurity ions, dislocations, and microscopic in-
homogeneities). Components of the deformation tensor vary
randomly at the positions of optical centers, and their observ-
able characteristics should be averaged over the random fields
of deformations.

B. Distribution function of random deformations

The distribution function of random deformations induced
by point defects in LAO crystals was derived earlier in the

054103-6



DISORDER EFFECTS IN LaAlO;:Ho*" ...

PHYSICAL REVIEW B 103, 054103 (2021)

184 0.62 cm™
=~ 16+ ] expt.
g 141 ‘ / 8 - - -theory TB
= . ‘“ N T IR - - theory PD
e 121 ‘ ‘ . ' —— theory HF
2 100 |l 7 .
) )M RS
RS e NUYAY AN
S Y.
o
S 4]
O
< 2- ACL)—BCL,)
0_
5258 5260 5262 5264
(a) Wave number «cm™)
_~ 121 .. 77777777777 { 77777 0.38 cm!
S h ‘ A ’ ‘ ‘ ——expt.
S 104 h H H h | | J . - - theory TB
. | ] N
AR N[ e
s 1 Y VUNG : oy
= 67 '
RoR e\ 2 N A
S A A\
wn 2 |
F<% A(5 8)—>B(5 6)
0_

8764 8765 8766

Wave number cm™)

Absorption coeff. cm™)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 0.27cm™!
12 -
A\ ——expt.
10 1 ‘ RIS - - theory TB
84 || \H ‘ N ‘\\- - — theory PD
,‘MJ Y ‘V” I\ ‘ J ‘ :'\ —— theory HF
21 ACL)—>CCL)
0_
5281 5282 5283
(b) Wave number «cm’')
,,,,,,,,,,,,,,,,,,,,,,,,,,,, 0.39 cm™!
'TS 41 —— expt.
3} ‘ ‘ Lo N - — theory TB
i 3 L/ A - — theory PD
85 3 “ JUWUUUE . v —— theory HF
3
o ‘\.
g2 el
o N
S 14— -l
o)
< ACI)—DCLY)
0_

8778 8779 8780

Wave number cm’)

FIG. 6. Measured (solid lines) and calculated (dashed and dash-dotted lines) profiles of spectral lines corresponding to transitions between
the ground singlet and the lowest doublets in the excited multiplets (a),(b) °I; and (c),(d) °Js. The calculated hyperfine structure (HF) is shown
in green in the lowest part of the figures and in the insets on enlarged scales. PD stands for point defects; TB stands for twin boundaries (see

the text).

framework of the statistical theory in Ref. [35]:

( ) 15%'1)1"1
grp(e) = >
83 VR Vi vy
-7/2
v2 &% + &2 e + ¢? e2 + é2
Xrll 2+324+526+Ez )
y[‘l VF% yl"%

(10)

TABLE 1V. CF parameters B}, (cm™) for the impurity Ho** and
Er’* ions in LaAlO;

pk  Ho*' calculated (ECM)  Ho®' experimental ~ Er** [55]
1 2 3 4

20 —100.3 —159 —159
40 394 37.4 36.8
43 896.3 825.3 795.7
60 —56.8 —61.8 —61.8
63 645.3 762.1 762.1
66 —588.2 —585.2 —585.2

The dimensionless parameters vr, = 5.88, yr, = 26.2,
yri =30.7, and yr: =31.2 were found using the elas-
tic constants of LaAlO3 in the rhombohedral phase. The
sample-dependent parameter & = |2|C,; /487 is linear in the
concentration C,; of point defects and the defect strength
Q. The latter can be considered as the change of a unit
cell volume induced by a single defect [36]. Note that the
products £y and & (yr/vr) determine widths of distributions
for deformations e(I"). The components of the deformation
tensor, marked with a tilde, are linear combinations of the
symmetrized components introduced above, transforming ac-
cording to the same IR I';:

= —e; Sinyr + e cos Y,

an

where ¢ = 7.4° [35]. The value of the parameter £ can be
determined from a comparison of the measured and simulated
envelopes and deformation splittings of the spectral lines.
Deformations of the crystal lattice of LAO (compres-
sion along one of the four C; axes) induce four possible
twin-domain states [32]. There are three rhombohedral twin
boundary arrangements in accordance with possible planes of
contact: pure {100} or {110}, and mixed {100}/{110} [56].

éy =ejcosy +eysiny, &
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Let us consider two domains with deformations along two
different C; axes contacting through the {100} plane, i.e., the
face of the parent cubic cell. We can write for each domain
the deformation tensors e,g which transform the crystal from
the cubic into the thombohedral phase in the following form
(in cubic axes) [32]:

0 & ¢ 0 ¢ ¢
er=|¢ 0 ¢ , en=1|¢ 0 ¢ (12)
g ¢ 0 g ¢ 0

The deformation at the twin-domain boundary can be intro-
duced as follows: e™ = (e; + ey )/2. This definition results
in a single nonzero component e[? = elf =& of the de-
formation tensor. We suppose that these deformations also
contribute into the observed deformation splittings of spectral
lines, just like the point defects. In the calculations of the
shifts and splittings of the CF energy levels caused by the
interaction of the Ho** ions with deformations induced by the
twin-domain boundaries, the deformation tensor components
in the Hamiltonian (5), defined in the local Cartesian system
of coordinates with the z axis along the C; symmetry axis,
were expressed through the deformation ¢ introduced in the
global cubic crystallographic axes.

The distribution function of random deformations induced
by the domain walls is approximated by the Lorentz distri-
bution (we assume alternating signs of deformations between
adjacent walls):

grs(e) = ?[(a — @+l (13)

where (g) is the average value of the deformation ¢ in a
domain and yrp is the distribution width determined by com-
paring the simulation results with the measured spectral line
profiles.

VI. LINE SHAPE OF SINGLET-DOUBLET TRANSITIONS

We simulated the observed profiles of spectral lines corre-
sponding to singlet-doublet transitions, assuming broadening
and the formation of a fine doublet structure due to the interac-
tion of the Ho>" ions with random deformations of the crystal
lattice induced by point defects and twin-domain boundaries.

The envelope of the singlet-doublet transition in the ab-
sorption (luminescence) spectrum is calculated by averaging
the form functions y(x) of individual magnetic- or electric-
dipole transitions between the hyperfine sublevels of a CF
singlet and a CF doublet in the field of fixed deformations
e over the distribution function of random deformations:

I(w) = / ge) >

_13
m=3.5,

(o[ — wp) — &7 (e)]

[S]j9)
STEN]

+ hl7i(w — wp) — ') (e)])de. (14)

Here wy is the frequency of a transition between CF levels
in the absence of lattice deformations and

el (e) = mey + mesr = [(Am)* + n3(es + es) + n3(es + e6)

172

+ 2n3ns(eses — eseq) | (15)

) (e) are shifts of hyperfine sublevels of the CF doublet in-
duced by deformations and the magnetic hyperfine interaction
(we neglect here the quasiquadrupole effects). The constants
of coupling with deformations 7y, 1, and n3, ns equal to
matrix elements (s, 1|V (I'})|T'3, 1), (I3, 1|V/(I'?)|T3, 1) and
(I3, 1|V(F§, DIT3,2), ('3, 1|V(F§, 1)|T'3, 2), respectively,
where operators V(I', 1) are defined by Eq. (9), and |I'3, &)
(¢ =1, 2) are the wave functions of the corresponding dou-
blet, built as the eigenfunctions of the electronic magnetic
moment operator projected on the C; axis. The calculated
values of the coupling constants 7, 172, 173, and ns for doublets
with the resolved deformation splitting are presented in Table
S3 in the Supplemental Material [43]. The hyperfine structure
interval A equals |(I'3, 1]|a,|I'3, 1)|, where the operator a, is
the z component of the vector operator @ in the energy of
the magnetic hyperfine interaction Hypy = al (see Eq. (S4)
in the Supplemental Material [43]). The form function of
individual transitions is approximated by the Lorentz distri-
bution Ip(x) = (2 A?)~1/2 exp(—x? /2A?) with the half width
A =0.078cm™.

From the fitting of the measured line profiles by varying the
parameter £ in the distribution function (10) for deformations
induced by point defects, the best results were obtained using
the value of £ = 2.7 x 107. Both types of point defects, i.e.,
Ho’* impurity ions as well as intrinsic lattice defects (IDs),
contribute to this value. Assuming the additivity of these con-
tributions, we obtain the relation

(Cho|RHo| + Cip Q2 ])
487 ’

which allows us to estimate the relative role of intrinsic lattice
defects. In particular, the defect strength for impurity Tm>*
ions substituting for Lu** ions in the oxygen surroundings
in LuPOy crystals has been determined in Ref. [37], Qrpy ~
1 A3. Supposing the linear dependence of the defect strength
on the difference between volumes of the impurity and the
substituted lattice ions, we obtained the defect strength Qy, =
Qrm (Vigorr — Vigs )/ (Vpse — Vio+) = —8.5 A3 for Ho®* ions
in LAO by making use of corresponding ionic radii from
Ref. [38]. The volume concentration Cy, = 1.2 x 107* A= of
Ho’* ions was estimated using the nominal weight concen-
tration. Thus, we obtained the contribution of the impurity
ions into the width of the distribution function of random
deformations &y, = 0.7 x 107°. A comparison of this value
with the total experimental width £ = 2.7 x 107 shows that
intrinsic defects play the dominant role in the deformation
broadening and splittings of spectral lines in the studied sam-
ple of LaAlO3:Ho.

The distribution function of random deformations given
by Eq. (13) was used to account for the strains induced by
boundaries of the ferroelastic domains. As a result of the
fitting of measured profiles of spectral lines, we obtained the
mean value of deformations (¢) = 5 x 10™* and the distri-
bution widths yrg for different singlet-doublet transitions in
the range (3-6) x 10™*. In absolute values, (g) is substan-
tially smaller than the spontaneous strain tensor component
e; =22 x 10 in the rhombohedral phase of LAO at low
temperatures [30].

The two theoretical envelopes of spectral lines in
Figs. 6(a)-6(d) represent the results of modeling in the

§ =8&no+ & = (16)

054103-8



DISORDER EFFECTS IN LaAlO;:Ho*" ...

PHYSICAL REVIEW B 103, 054103 (2021)

frameworks of the approaches based on the averaging
procedures with two different distribution functions for
random deformations induced by point defects and the twin-
domain boundaries. Both approaches allow us to successfully
reproduce deformation splittings (differences of the energies
corresponding to maxima in the profiles of singlet-doublet
transitions) and the total linewidths. The shapes of the spectral
envelopes differ only at the wings of the fine doublet struc-
ture; namely, the envelopes obtained within the point-defect
approach have a more smooth decay and agree better with the
measured line shapes. For more precise estimations of mean
deformations of different symmetry, more elaborated theory
of deformations induced by domain walls and additional stud-
ies of LAO crystals with different concentrations of impurity
ions are necessary.

VII. CONCLUSION

‘We measured high-resolution absorption and luminescence
as well as site-selective laser excitation and emission spectra
of the LaAlO; crystal doped with the Ho*" ions in a wide
range of wavelengths at low temperatures. The analysis of
the high-resolution spectra and of the results of selective laser
spectroscopy allowed us to determine the energies of the CF
levels of the ground and excited °[; (J = 5-8), °Fs, °S2, °F,
multiplets of the Ho®>" ion. The CF parameters are calculated
taking into account the displacements of the ions located in
the nearest environment of the optical center. The results of
calculating the CF structure of the energy spectrum of the
holmium ion in the LaAlOj crystal are in good agreement with
the measured data.

In the optical spectra, the lines of singlet-doublet transi-
tions of holmium ions with a specific doublet structure were
registered. The parameters of the electron-deformation inter-
action in the LaAlOs; crystal, calculated within the framework
of the exchange-charge model, were used to simulate the
shape of the spectral lines. In particular, within the frame-
work of the model of deformation broadening and splitting

of spectral lines caused by random strains of the crystal
lattice, the envelopes of lines corresponding to transitions
from the ground orbital singlet [P (I'))] to doublets I'; of
excited multiplets (° I7.6.5) were calculated. Two mechanisms
of the formation of deformations are considered, namely,
deformations caused by (i) point defects and (ii) stresses
at the boundaries of contacting ferroelectric domains. The
Lorentzian distribution function of random strains induced
by domain boundaries is introduced. The parameters of the
distribution function were obtained from a comparison of the
simulation results and the envelopes of spectral lines observed
in the optical spectrum.

The deformation broadening model made it possible to
estimate the contribution from intrinsic defects to the width
of the distribution function of deformations induced by lattice
defects. The calculation showed that this contribution can
be 75%. This indicates the presence of other than impurity
ion sources of the crystal-structure distortion in the LaAlOj3
crystal, which can be oxygen vacancies and boundaries of
ferroelastic domains.

The results of our research can be applied to quantitatively
estimate the quality of crystals and the contribution of var-
ious types of defects to random lattice deformations. Such
estimates are helpful when choosing optimal materials for
heterogeneous structures in ferroelectric devices, in particu-
lar, containing LaAlOj layers, in modern technologies, e.g.,
quantum information processing and quantum electronics.
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