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A good quality (5 at.% Yb:GdScO3) single crystal of @30 mm x 37 mm was grown successfully by the Czochral-
ski method. Its structure is studied by the x-ray diffraction (XRD), and its atomic coordinates are obtained by Rietveld
refinement. The crystal field energy level splitting of Yb3t in GdScOj is determined by employing the absorption and
photoluminescence spectra at 8 K. Only 2F, /2(4) is far from the ground state 2F, ,2(1) by 710 cm~! among the crystal field

energy levels split from 2F; /2, 80 it is more easier to realize the laser operation of 2F; /2(1)—>2F7 /2(4) with wavelength
1060 nm. The spin—orbit coupling parameters and intrinsic crystal field parameters (CFPs). The intrinsic crystal field pa-
rameters By (k =2, 4, 6) of the crystal were fitted by the superposition model. The CFPs evaluated with By and coordination
factor are taken as the initial parameters to fit the crystal field energy levels of the crystal, and the crystal field parameters
B’; are obtained finally with the root-mean-square deviation 9 cm™!. It is suggested that the ligand point charge, covalency

and overlap interaction are slightly weaker than charge interpenetration and coulomb exchange interaction for Yb>* in
GdScO3. The obtained Hamiltonian parameters can be used to calculate crystal field energy levels and wave functions of
Yb:GdScO3 to analyze the mechanism of the luminescence or laser.

Keywords: rare earth scandate, crystal field, photoluminescence, laser crystal

PACS: 76.30.Kg, 75.10.Dg, 78.55.-m, 42.55.Tv

1. Introduction

Rare-earth scandate crystals (REScO3;, RE=rare earth
ions) are promising candidates to replace SiO, in Si-based
metal-oxide-semiconductor field effect transistors (MOS-
FETs) because of their high dielectric constants, high proton
conductivity, large optical band gaps (> 5.5 eV) and good ther-
modynamic stability compared to silicon.!!) Rare earth scan-
dium is ferroelastic, as opposed to LaAlO3z or BaTiO3 sub-
strates, and growth of ferroelastic domains is a unique advan-
tage of existing rare earth scandate substrates. It is mainly
used in epitaxial growth of multiferroic, ferroelectric and su-
perconducting perovskite materials. Understanding of func-
tional ABO3 perovskite-type oxides is an active research area
with relevance to both fundamental and application-related
issues.[19171 A special aspect of perovskite is its ability to
incorporate almost all elements in the periodic table into its
structure, resulting in a large number of observed structural
distortions, which in turn lead to an extraordinary abundance
of physical properties in the perovskite family.[!8]

Gadolinium scandate (GdScOj3) crystal is perovskite
structure (GdFeOs3 type) and belongs to an orthorhombic sys-
tem with space group of Pnma (No. 62). This crystal is a
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promising efficient laser host and can be grown by the con-
ventional Czochralski method.[!°->! Firstly, GdScO3 crystal
has stable chemical properties, high thermal conductivity and
excellent mechanical properties. Secondly, the site symme-
try of Gd** is low, which is beneficial to removing the parity
transition prohibition in 4f configuration of rare earth ions and
improving the luminescence efficiency. Thirdly, the crystal
has large birefringence effect. When pumped by a high power
laser diode, its natural birefringence is much larger than ther-
mal birefringence and dominant, which can eliminate the ad-
verse effects caused by thermal birefringence such as thermal
depolarization loss.I*®! Lastly, the crystal has a lower phonon
energy of 452 cm™! in comparison with other oxide crystals,
such as YAG (860 cm’l), which is beneficial to reduce the
probability of multi-phonon relaxation.[?’-31]

Yb3* has a typical f—f transition with good lumines-
cence characteristics, which has ground multiple state *F; /2
and excited multiple state Fs /2 with the interval of about
10000 cm~".3%) Tt has no excited state absorption, upconver-
sion and cross relaxation, resulting in the high efficiency and
low thermal load during the laser operation. 33491 In addition,
its broad absorption band from f—f transition matches well

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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with the emission wavelength of 900-1000 nm of commercial
InGaAs laser diodes (LDs), which make it possible to develop
high power solid state laser.[*!=** It has been reported that
Yb:GdScOs is a high-efficiency laser material and it achieved
13.45 W continuous laser output at 1063.9 nm.*3! However,
its structure, crystal field splitting and Hamiltonian parameters
have not been reported. In this work, 5 at.% Yb:GdScOs single
crystal was grown by the Czochralski method and its structure
is determined by Rietveld refinement to its x-ray diffraction
(XRD). Crystal filed energy splitting of Yb>* in GdScO3 host
is obtained with the photoluminescence and absorption spectra
at the low temperature. In addition, Hamiltonian parameters of
Yb3* in the crystal is fitted, which can be used to investigate
the luminescence mechanism such as optical transition proba-
bility.

2. Experiment
2.1. Crystal growth

In the experiment, 5 at.%Yb:GdScO3 single crystal was
grown by employing the Czochralski method with an Ir cru-
cible in N atmosphere. Raw materials are Sc;03 (99.9995%),
Gdz03 (99.995%), and Yby O3 (99.995%). The raw materials
were weighted with the following stoichiometric ratio:

(1 —x)Yb203 +xGdr03 + Scr, 03 — 2Yb(1,x) Gd,ScO3, (1)

where x = 0.05. The raw materials were mixed thoroughly.
In order to reduce the volume of the raw materials, the mix-
ture was pressed into disks of about @55 mm x 20 mm, and
calcined at 1250 °C in a box furnace for 24 h in atmosphere
to form polycrystalline through solid state reaction. After cal-
cination, the polycrystalline disks were taken out and loaded
into an iridium crucible of @60 mm x 60 mm for crystal
growth in a Czochralski furnace JGD80, made in the 26™ Insti-
tute of CETC. After thermal insulators and single crystal seed
with (100) orientation were installed, the furnace was cleaned,
closed and vacuumed up to 1-10 Pa, then nitrogen was filled to
protect iridium curable from oxidation during crystal growth.
Then the material is heated by intermediate frequency induc-
tion supply. After the material is completely melted, the seed
crystal is dipped into melt slowly when the melt surface center
temperature was adjusted to the melt point of GdScO3; melt,
then pulled up with pull rate of 0.2—-0.8 mm/h and rotating rate
of 5-10 rpm. Crystal growth control software is CZControl
XE, developed by Anhui Institute of Optics and Fine Mechan-
ics of CAS, were used to grow it. The obtained boule diameter
and length of Yb:GdScOj3 crystal are 30 mm and 37 mm, re-
spectively, as shown in Fig. 1.

2.2. Sample performance characterization

A crystal disk was cut from the as-grown crystal and
ground into powder for powder x-ray diffraction (XRD) mea-

surement. The powder XRD measurement was carried out at
room temperature with the X pert Pro XRD of Philips com-
pany in the Netherlands. The x-ray was Cu K|, radiation, the
tube voltage and current were 40 kV and 40 mA, respectively.
The scanning mode was continuous scanning mode with scan-
ning step of 0.033°, and scanning range of 10°-90°. In order
to obtain good-resolution emission spectra to determine crys-
tal field splitting, the emission spectra of the crystal were mea-
sured under the excitation of 940 nm LD by Edinburgh FLSP-
920 spectrometer at temperature 8 K. The absorption spectrum
of Yb:GdScOjs crystal was measured by PE Lambda 950 spec-
trophotometer in the range of 250-3000 nm at temperature of
8 K.

3. Results and discussion
3.1. Structural characterization

The as-grown Yb:GdScOs crystal is shown in Fig. 1. It
is light yellow and smooth on its surface. The whole crystal is
transparent and crack-free.

Fig. 1. Photograph of the as-grown GdScO3 single crystal.
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Fig. 2. Rietveld refinement results of the Yb:GdScOs3 crystal obtained
from the XRD data, with the difference between observed data and cal-
culated data.

The powder x-ray diffraction of Yb:GdScOj3 is shown
in Fig. 2. Because of the same chemical valence and sim-
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ilar ion radius (the radius of Yb*t is 0.0985 nm, Gd37 is
0.1053 nm, and the coordination number of Gd3*/Yb>* is 8),
Gd3* is easily replaced by Yb**. Rietveld refinement was
performed to its XRD with software package GSAS. The lat-
tice parameters, atomic coordinates, and temperature factors
of Yb?T:GdScO3 were refined. The refined residuals Rp and
Rwp are 3.48% and 4.71%, respectively, which means that
the calculated results are in good agreement with the exper-
imental data. The fitted results are shown in Fig. 2, and the

structural parameters are listed in Table 1. The cell parame-
ters are fitted to be a = 0.5734355 nm, b = 0.7912412 nm,
¢ =0.5467406 nm, and o = § = v = 90°. The cell volume
is V = 0.248052180 nm?> and the calculated crystal density is
p = 6.701 g-cm~3. The unit cell parameters of GdScOj3 are
a = 0.5750224 nm, b = 0.7936361 nm, ¢ = 0.5485421 nm,
and the unit cell volume V = 0.250331367 nm?>. It can be seen
that the parameters and cell volume of Yb:GdScOs decrease
slightly.

Table 1. Structural parameters from the Rietveld refinement of Yb:GdScOs.

Atom Multiplicity Wyckoff letter X y z Occupancy Usiso
o1 4c 0.482677 0.250000 0.074549 1.1586 0.01713
Scl 4b 0.000000 0.000000 0.500000 1.0121 0.02462
02 8d 0.160949 0.552658 0.182700 0.9975 0.02136
Gdl 4c 0.438608 0.750000 0.482152 0.9468 0.02548
Ybl 4c 0.440948 0.750000 0.469675 0.0412 0.01989

Lattice parameters

a=0.5734355 nm, b = 0.7912412 nm, ¢ = 0.5467406 nm, p = 6.701 g-cm 3, V = 0.248052180 nm?

Space group: Pnma (No. 62). R factors Ry, = 3.48%, Ry, = 4.71%

3.2. Fluorescence spectrum and crystal field energy split-
ting
In order to describe crystal field splitting of Yb** in
GdScOs, the crystal field energy levels split from term 2Fs 2
are labeled as 2Fs 5(1), *Fs »(2) and *Fs 5(3), from term *F7
are labeled as *F75(1), 2F;/5(2), *F7/5(3) and ?F75(4) from
the low to high energy, respectively.
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Fig. 3. Absorption spectrum of Yb:GdScOs3 at 8 K.

The absorption spectrum of Yb3*:GdScO; at 8 K is
shown in Fig. 3. Three absorption peaks at 924.2 nm,
9572 nm and 984.8 nm are corresponding to the
*F;/2(1)—?Fs(2)  and
’F, /2(1)—>2F5 /2(3) respectively. Therefore, the correspond-
ing energy levels of 2Fs;>(3), ?Fs/5(2) and *Fs)(1) are
10820 cm~!, 10447 cm~! and 10154 cm™!, respectively.

The emission spectrum of Yb3*:GdScO; excited by
940 nm at 8 K is shown in Fig. 4. It can be observed that
there exists a strong emission peak at 997.7 nm. The emis-

transitions 2F7/2(1)%2F5/2(1),

sion spectrum can be fitted by eleven Lorentz peaks, which

are 968.7 nm, 988.1 nm, 993.0 nm, 994.7 nm, 997.7 nm,
992.2 nm, 1004.7 nm, 1009.4 nm, 1026.8 nm, 1033.6 nm,
and 1058.8 nm, respectively. The emission peaks at 986.7 nm,
997.7 nm, 1026.8 nm and 1058.8 nm are corresponding to the
transition energies of 10135 cm™!, 10023.1 cm™!, 9739 cm ™!,
and 9445 cm™!, respectively. Because the energy gaps among
crystal field energy levels split from 2Fs /2 are very small (less
than or nearly equal to the phonon energy), the photolumi-
nescence transition from 2Fs /2(3) and ’Fs /2(2) cannot be ob-
served due to rapid phonon relaxation process to the lowest
crystal field split energy 2Fs /2(1). The sharp peak at 997.7 nm
should be assigned to the transition between the lowest crystal
field energy level 2Fs »2(1) and ’F, /2(2). The transition en-
ergy of 997.7 nm is 10023.1 cm™!, so the energy level po-
sition of °F; /2(2) should be 131 cm~!. The emission peaks
at 1026.8 nm and 1058.8 nm, whose transition energies are
9739 cm~! and 9444.7 cm~!, should be attributed to the
higher and highest crystal field levels of *F; /2, Which are la-
beled as ?F; 12(3) and ’F, /2(4), and their energy position can
be determined to be 415 cm ™! and 710 cm™!, respectively.

In a word, the crystal energy splittings of Yb3*:GdScO;
are 10154 cm™!, 10447 cm™!, 10820 cm™" for ?Fs,, and
0cm~!,131em™1,415e¢m™!, 710 cm ™! for 2F7/2. The energy
level splitting of Yb3T:GdScOs is shown in Fig. 5. The energy
level splitting is slightly smaller than that of Yb:YAG (°Fs e
10930 cm™!, 10624 cm™', 10327 ecm™'; 2F;5: 0 em™ ',
564 cm~!, 606 cm~!, 787 cm™1).[40]

The crystal field energy level structure of >F; /2 can affect
the population inversion property greatly. It is helpful to com-
pare it with Yb:YAG. The crystal energy splittings of *F; /2 in
Yb:YAG are 0 cm™!, 564 cm~!, 606 cm~! and 787 cm™!. It
can be seen that the energies of >F; 12(2), ’F, 12(3), ’F, /2(4) are
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much higher than those of 2F, /2(1), which means that it is eas-
ier to realize the population inversion of Fs»(1)—?F7/5(2),
’F, 12(3) and ’E, /2(4) during laser operation. For Yb:GdScOs3,
’F, 12(2) and ’F, /2(3) are closer to the ground state ’F, 12(1),
so it is difficult to realize population inversion, and it is more
easier to realize the laser operation from 2Fs /2(1)—>2F7 2(4)
with wavelength around 1060 nm.
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Fig. 4. Emission spectrum of Yb:GdScOj3 excited by laser diode of 940 nm.
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Fig. 5. Energy level splitting in cm™! of Yb*>*:GdScOs.

3.3. Determination of Hamiltonian parameters of Yb

The crystal field at a magnetic ion can be expressed as a
simple sum of separate contributions from each of the ligand
ions by superposition mode,*”) and crystal ﬁeld_ parameter B’;
calculated by intrinsic crystal field parameter By (Rp), ligand
factor gy 4(6,, ¢.), and power #; (usually 7 is taken as k + 1),
Ry )fk

Bg :ng(RO)gk,q(eL,(bL)(E 2)

where Ry is the shortest distance between the magnetic ion and
all of ligands, R; represents the distance of the L-th ligand, 6,
and ¢, are the angular position of the L-th ligand.!*”]

The electronic configuration of Yb3t is 13, and its conju-
gate state is f'. The Hamiltonian in GdScO3 can be expressed
as

H=Ey+Y si-li+Y BiCh, (3)
i k,q

where E,, is the kinetic energy of f electrons and the Coulomb
interaction between them and the electrons in the nucleus and

full shell, and the second term stands for spin—orbit coupling,
s; and [; are spin and angular momentum operators of i-th f
electron, { is the spin—orbit coupling parameter. The third
term stands for the crystal field interaction, B’(; is the crystal
field parameter, and CI(; is the angular partial operator of the
crystal field. The site symmetry is mirror symmetry m or Cj
normal to the orientation [010], a transformation operation M
is applied on X = (x,y,z)T to get X' = («,y’,7)T so that the
normal orientation of mirror symmetry is [001],

x xj 001
yl=m|y]|, M=|100]|. 4)
z z 010

The origin of X and X' is the site of Gd/Yb.

For C,; symmetry of Yb>* replacing Gd>* in GdScOs, the
(k, g) values of non-vanished B’; can be taken as (2, £2), (2,
0), (4, £4), (4, £2), (4, 0), (6, £6), (6, +4), (6, £2), and (6,
0). Three BY values are real, six B (q # 0) values are complex
with 12 real variables, and there are 15 independent crystal
field parameters totally.

In order to obtain the Hamiltonian parameters, firstly, the
Hamiltonian matrix elements of Yb*t in GdScO3 were calcu-
lated in the space spanned by the base vectors [f'>SLJM) of
Yb3T, where S = 1/2,L=3,J=7/2and 5/2; M = +7/2,
+5/2, £3/2, £3/2 when J =7/2; M = £5/2, +3/2, +3/2
when J = 5/2. Secondly, three intrinsic crystal field parame-
ters By (k = 2,4,6) were fitted to the energy levels obtained
from absorption and emission transitions. Thirdly, the ini-
tial crystal filed parameters Bf; were calculated from the in-
trinsic B; obtained in step 2 and coordination factors, and
would be used as initial values to fit the experimental en-

[46-49

ergy levels, !'in which the energy derivative is calculated

by [46-49]

JE _ D[y PjO;+(Pi+€)Oi|-D[Y ;4 PjO;+(P,—¢€) O]
oP, 2e ’
)

where P, is the i-th Hamiltonian parameter, and O; is the ma-

trix corresponding to the i-th Hamiltonian parameter, D stands
for the matrix diagonalization to obtain eigenvalue; € is a very
small quantity. The final step of D operation is to rearrange
eigenvalues from the lowest priority to the highest.

The fitting parameters of the superposition model include
Ea, &, By, By, and Bg, whose initial values are 0 cm™!,
2900 cm~!, 200 ecm™!, 200 cm~!, and 200 cm !, respectively.
If the principal of m symmetry is [010], all of B’; computed
from coordination factor g , are real, and only B’(‘) will be real
and B’;(q # 0) will be complex if the site symmetry principal
axis is in the direction of [001]. The fitting error is smaller
when the principal axis is [010], so the intrinsic crystal pa-
rameters were fitted under the principal axis [010] of Cy sym-
metry. The fitting results are insensitive to the initial values
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of B,, B4 and Bg, which indicates that the fitting is reason-
able. The orthogonal coordinates of coordination oxygen are
shown in Table 2, which is used to calculate coordination fac-
tor gy ,. After 19 iterations, the root-mean-square deviation
cis27cm ! [0 = V/Yi(Eexpi — Ecar,))? /N1, where Ecyp; and
E¢q1,; stand for the i-th experimental and calculated energy lev-

els, N is total number of fitted energy levels, and the relative
residual factor R is 0.31%. The obtained Hamiltonian param-
eters Eay, {, B2, B4, and Bg are 4668, 2899, —4812, 3681, and
—637 in cm™!, respectively. The crystal field parameters B];
computed from By and coordination factor g , with principal
axis [010] and [001] are listed in Table 4. BS with symme-
try axis [001] were used as the initial parameters for further
energy level fitting, where E,y, { and Bf; are variable. After
16 iterations, the root-mean-square deviation o is 9 cm™!, the
relative residual factor R is 0.6%. The calculated and experi-
mental energy levels are consistent very well with each other,
and the final crystal filed parameters are listed in Table 3.

It can be seen that Bg changes from —87 cm™! to
155 ecm™!, B} from (26 +232I) cm™! to (=5 +455) cm™!,
Bg from (45 —291) cm ™! to (—42 — 114I) cm™', the signs of
the other B’; are the same as those computed from By. Based
on this case, the real parameters Bz computed with By, of sym-
metry axis [010] were used to analyzed further, among which,
except B3, B and B with positive values, the other B are neg-
ative and the absolute maximal value is 1566 cm™—!, which in-
dicates that the ligand point charge, covalency and overlap in-

teraction are slightly weaker than charge interpenetration and
Coulomb exchange. The Bz values of Yb:YAG have also been
listed in Table 4, only B2, Bg and Bg are negative among nine
crystal field parameters, the others are positive, indicating that
the ligand point charge, covalency and overlap interaction are
important in YAG.

Table 2. The ligand coordinate data of Gd/Yb in GdScOs.

AtomGd/Yb (x,y,2z) in A ,y,7)inA

Gd/Yb 0,0,0 0,0,0

010 —0.7821, 2.4753, 1.1447 1.1447, —0.7821, 2.4753
02 —1.4069, 1.4877, —1.5963 1.5963, —1.4069, 1.4877
03 1.4641, 1.4877, —0.9681 —0.9681, 1.4641, 1.4877
04 1.4641, —1.4877, —0.9681 —0.9681, 1.4641, —1.4877
05 1.4069, —1.4877, —1.5963 —1.5963, —1.4069, —1.4877
06 0.7821, —2.4753, 1.1447 1.1447, —0.7821, —2.4753
o7 0.6315, 0, 2.1709 2.1709, 0.6315, 0
08 —2.2395, 0, 0.7467 0.7467, —2.2395, 0

Table 3. The experimental, calculated energy levels Eexp, Eca and their
difference (A) of Yb:GdScOs.

Table 4. The crystal field parameters of Yb:GdScO3 and Yb:YAG. 46!

Yb:GdScO3

Bl/em™! (SM) Bl/em™! (SM)

Yb:GdScOs/cm ™!
Eexp Eca (SM) A (SM) Ecq (CFP) A (CFP)
0 —25 25 -1 1
131 125 6 132 -1
415 440 -25 418 -3
710 715 -5 716 -6
10154 10189 —37 10156 -2
10447 10428 19 10444 3
10820 10803 17 10813 7
R=031% o=2lecm™! R=006% oc=4cm!
Yb:YAG

Bt/cm~! (CFP)

k.q . : . : . ) Bfjem™! (SM) Bfjem™! (CFP)
with symmetry axis [010] with symmetry axis [001] with symmetry axis [001] 4 a

2,2 —307 —11-43I —223 - 5271 244 269
2,0 191 —12 —896 —200 585
44 —1566 2642321 —5+44551 180 —740
42 122 —52—1341 —34— 1361 575 285
4,0 —372 —91 —183 1028 1585
6,6 —206 —35+201I =73+ 311 —1436 —44
6,4 416 —218+3I —18+471 9.4 677
6,2 —206 45 —291 —42—1141 —968 —67
6,0 —773 —87 155 1507 1387

4. Conclusion and perspectives

In this work, (5 at.%)Yb:GdScO3 single crystal is grown
by the Czochralski method, its structure parameters are fitted
to XRD by Rietveld refinement, the unit cell parameters and
atomic coordinates are obtained. Its crystal filed energy level
splitting of Yb:GdScOs is determined by the absorption and
photoluminescence spectra at 8 K. Among its crystal field en-
ergy levels from *F; 5, only 2F7/5(4) is far from the ground
state °F, 12(1) by 710 ecm~!, so it is more easier to realize the
laser operation of *Fs >(1)—?F75(4). The spin—orbital cou-
pling parameters, intrinsic crystal field parameters, and crystal

field parameters of Yb:GdScOj3 are fitted to its crystal field
energy splitting. B’; of the symmetry principal [010] indi-
cates that the ligand point charge, covalency and overlap in-
teraction are slightly weaker than charge interpenetration and
coulomb exchange for Yb*>* in GdScO3, which is in contrary
to Yb:YAG.
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