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Electron paramagnetic resonance and magnetic susceptibility measurements were performed for two
LaszGas.5Tag.5014 single crystals doped with 1.96 at.% of Sm>®* ions and 3.8 at.% of Er®t ions. Two magne-
tically inequivalent sites were found to be responsible for the electron paramagnetic resonance spectra of Sm3*
ions. Both sites reveal a low (at least C2) symmetry with g, ~ 0.46, g, ~ 0.46 and g. ~ 0.52. The symmetry
of isolated erbium ions is higher than C2. From electron paramagnetic resonance and magnetic susceptibility ex-
periments it results that the ground state of Er*" ions is I'® or I'". Below 51 K electronic transitions within I'®
doublets take place. Between 51 and 60 K, I'S to I'? transitions dominate, while above 60 K mainly transitions

within I'7 doublet are active.
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1. Introduction

The LazGas 5Tag 5014 (LGT), is a compound of the
langasite family [1]. It has been established that LGT
forms optically uni-axial crystals belonging to the P321
space group [2]. LGT undergoes no structural phase tran-
sitions up to its melting point (1510°C) [3, 4]. In the cry-
stal structure of LGT two kinds of atoms [Gal and Ta
(0,0,0)] reside on the same (octahedral) site in different
proportions, giving rise to a certain structural disorder.
The local symmetry of the sites is Ds. Besides, there
is one site of C5 [(1/3,2/3,z), Ga2 tetrahedron| sym-
metry and two sites of Cy local symmetry [La (x,0,0),
Thomson cube and [Ga3 (x,0,1/2), trigonal-pyramidal],
where x = 0.42492(7) (La), z = 0.7617(1) (Ga3) and
z = 0.4689(2) [5, 6].

Rare-earth doped LGT crystals are promising materi-
als for high-power solid state lasers, emitting in the 1 pm
range [7]. Yb-doped materials are superior to traditi-
onal neodymium ones. Co-activation of the Yb-doped
crystals with holmium ions leads to appearance of visi-
ble luminescence, which is explained by the Yb3+-Ho3*
stepwise up-conversion mechanism [8-10]. In the pre-
sent work we deal with magnetic properties of the two
other LGT single crystals doped with Sm®* [11] and
Er3*t [12]. In the LGT:Sm3* crystal a visible lumi-
nescence is possible, taking origin from the metastable
4Gs 2 state to SHj o (~ 550 nm), °H; /5 (~ 600 nm) and
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®Hyg/ (~ 646 nm) states [11]. It was found that absorp-
tion and luminescence transitions exhibit strong aniso-
tropy. Inhomogeneous broadening of the spectral bands
was attributed to certain structural disorder of the host,
resulting from the substitution of octahedrally coordi-
nated Ga®* ions by Ta®" ions [11]. It was concluded
that the LGT:Sm?*t system is promising for application
as an orange-red emitting phosphor and can show yel-
low laser emission. In the LGT:Er crysta infrared emis-
sion is possible, based on the 4113/2 —>4115/2 transition
near 1.6 pym and up-conversion of infrared radiation into
green luminescence, originated in the 2H11/2, 483/2 le-
vels [12]. Tt was found that inhomogeneous broadening
of Ert spectral lines improves optical pumping efficiency
at 980 nm by laser diodes, allows for some tuning of laser
wavelength and offers generation of ultrashort pulses.

When doping the LGT structure with Er3t
(1.14 A) [13] or Sm3t (1.23 A) [11] ions, one can
expect that both types of ions enter substitutionally into
La®t (1.30 A) site with low Co symmetry. However it
is not obvious. EPR is a sensitive tool to study local
environment around the probe ion and to estimate
spin-Hamiltonian parameters of rare-earth ions in host
crystals. There is a necessity to investigate the crystals
by applying also MS measurements.

2. Experimental

Single crystals of LGT were grown by the Czochralski
method [11, 12]. X-ray powder diffraction method has
revealed that the crystals crystallize in the trigonal struc-
ture, belonging to the D (P321) space group [2] with the
lattice cell parameters a = 8.228(2) A, ¢ = 5.124(2) A.
The unit cell comprises one formula unit.
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Two kinds of LGT single crystals, free from inclusions
and bubbles, doped with nominal Sm3* concentration of
3 at.%, and, Er3* concentration of 5 at.% were grown
by the Czochralski method along c¢ crystallographic axis.
Examination of chemical composition of manufactured
crystals by coupled plasma emission spectroscopy has re-
vealed that actual Sm3*t concentration is 1.96 at.% while
Er3* concentration is 3.8 at.%.

The EPR spectroscopic measurements were carried out
using a standard X-band Bruker E500 EPR spectrometer
with the field range of 0-1.4 T, the microwave field mo-
dulation of 100 kHz in temperature range of 3-300 K.

The static magnetization measurements as a function
of temperature and magnetic field were carried out using
a Vibrating Sample Magnetometer (PPMS by Quantum
Design Corp.). The field and temperature dependences
(10-300 K) of magnetization were recorded in zero-field
cooled (ZFC) and field cooled (FC) regimes in an applied
field of 100 Oe.

3. Results
3.1. EPR results

Sm3* ions have a 4f° electronic configuration. The
ground state is °Hy /5. Spin Hamiltonian of samarium
ion in the LGT crystal lattice under an external magnetic
field can be written as:

H = upg.BS + upg,BI + SDS + SAI, (1)
where first two terms are Zeeman terms for electron and
nucleus, the third and fourth terms are fine structure
and hyperfine structure terms, respectively, ug — Bohr
magneton, g, and g, — g-factors, B — magnetic field,
S — electron spin operator, S = 5/2, spin of Sm3* ion,
I — nucleus spin operator, I = 7/2, spin of its nucleus,
D — tensor of fine interaction, A — tensor of hyperfine
interaction.

Ert ions have 4f'! electronic configuration. The
ground state, *I;5 /2, is 16-fold degenerated. It is split
into two doublets I', I'" and three quartets I'®. At a low
symmetry these quartets split into doublets, which is a
source of strong Zeeman anisotropy. Spin Hamiltonian
for an Er®* ion in the LGT crystal lattice under external
magnetic field can be written as:

H = upgBS, (2)
where H is an effective spin Hamiltonian for isolated er-
bium ions with an effective spin Seg = 1/2. Remaining
parameters have the same meaning as above.

EPR spectra of LGT:Sm3" crystal (Fig. 1a, ac plane)
contain a broad spectrum derived from the fine structure,
centered at geg ~ 0.5, being a superposition of at least
three bands of six and several bands attributed to hyper-
fine structure. Calculated value of hyperfine constant,
248 Gs has been assigned to 47Sm3*, while hyperfine
constant of ?Sm3* is equal to 200 Gs. A ratio of the
hyperfine structure parameters of **7Sm and 4°Sm iso-
topes is 1.24, which is in good agreement with the ratio of
the respective magnetic moments. In the figure, tempe-
rature dependence of the EPR MS, calculated as double

integral of the EPR-measured spectrum, is also presen-
ted. Simulation of the dependences using Curie-Weiss
law has allowed us to calculate Curie-Weiss temperatu-
res (0.98 K, 3.08 K, -1.19 K for ab, ac and bc planes,
respectively). The above values indicate on magnetic ani-
sotropy of the investigated crystal.
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Fig. 1. EPR spectrum in ac plane for several tempe-
ratures: (a) LGT:Sm single crystal, Tcw = 3.08 K, (b)
LGT:Er single crystal, Tcw = —2.14 K; The insets show
EPR MS (points), fitted using Curie-Weiss law (solid
lines).

TABLE I

Normalized values of spin Hamiltonian parameters cal-
culated for LGT:Sm. The ¢ is the angle between the
laboratory axes system and crystal axes system.

9 gy gz

0.46(1) 0.46(1) 0.52(1)
p = 17.2 deg.

D, [Gs] D, |Gs] D, [Gs]
20(2) 50(2) -70(2)

9z 9y g
0.48(1) 0.48(1) 0.52(1)
Az [Gs] Ay [Gs A. [Gs]
260(5) 260(5) 225(5)

The shape of the Eq. 1 allows to analyze magnetic inte-
ractions between Sm37 ions in LGT:Sm3* crystal using
e.g. NMR-EPR program [14]. We have applied the pro-
cedure to find spin Hamiltonian parameters (Table I).

From the angular dependences (~ 5 K) of LGT:Sm
EPR spectra registered in all, ab, ac and bc planes,
it results, that at least two kinds of lines are nee-
ded to fit experimental measurements. The first one
we have attributed to fine structure lines of samarium
ions with electron spin S = 5/2, and the second one,
to hyperfine structure of samarium ions with nucleus
spin I = 7/2. Moreover, we have found two kinds of
magnetically different Sm3* ion positions in LGT lat-
tice. The local symmetry of both sites seems to be
C5. The spin Hamiltonian parameters are typical to
those of Sm3T ions, reported in other single crystals.
E.g., g = 0410 and g4 = 0.644, A);(**"Sm)=65 Gs
and A (*"Sm)=245 Gs, A;(**Sm)=55 Gs and
AL (19Sm)=202 Gs for LiYF4:Sm3* [15, 16].

As one can see from Fig. 1b, in the EPR spectra of
LGT:Er3* single crystal there are present some signals
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in a range of low and higher magnetic fields. The signals
are observed only below ~ 30 K and originate from the
Kramers-doublet transitions, I'® or I'7, within even-like
Er isotopes with an effective spin S = 1/2 and nuclear
magnetic moment I = 0. The EPR signal from the odd-
like, 167 isotope, is observed only for isolated and small
amounts of erbium dopants. The spectra reveal high
magnetic anisotropy of g-value, mainly due to dipole-
dipole interaction. The miscellaneous g-values indicate
complex interactions between ground and excited states.
There may be possible the crossing between split I'¢ and
I'7 levels (Fig. 2a) due to strong crystal field or pairing of
erbium ions (Fig. 2b), as a result of point defects present
in the vicinity of erbium ions. The main EPR signal origi-
nating from isolated erbium ions comes from the ground
states ' or I'7.
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Fig. 2. Simplified energy diagrams of low-lying levels

for isolated (a, b) and paired (c) erbium ions [17].
Double-sided arrows represent the possible EPR tran-
sitions.

TABLE II

Spin Hamiltonian parameters of Er>" ion in LGT crystal.
The g-parameter can be written as g, = gy = g+ and
9= = 4g||-

9z 9y gz g
9.20 9.20 1.52 6.64

From angular dependencies (~ 5 K) of the LGT:Er
EPR spectra it results that these spectra consist of se-
veral EPR lines (at least four), depending on the se-
lected plane and the angle ¢ (an angle between the di-
rection of magnetic field and the main axes of the cry-
stal). The most intense EPR signal was observed in the
ac and bce planes. It modifies its resonance position from
70 mT to 450 mT, depending on the angle ¢. The in-
tensity of the signal is much lower in the ab plane. This
signal comes from isolated erbium ions at low symmetry,
with an effective spin of S = 1/2. Other three EPR sig-
nals of low intensity, observed in all planes at positions:
~ 50 mT, ~ 190 mT, ~ 240 mT, are not dependent on
the magnetic field. The 190 mT signal does not come
from erbium ions. It appears usually in doped LGT cry-
stals and may be derived from the disturbance of the
crystal lattice caused by a dopant, due to the difference
of ionic radii between the dopant and host ion. The other
two signals, at 50 and 240 mT, may be assigned to pairs
of erbium ions, resulting from the crystal lattice dislo-
cations. Similar conclusions were reported by Bodziony
et al. [13], however they assumed that signals observed

at low fields are assigned to an unknown impurity. They
have investigated, however, LGT single crystals with lo-
wer concentration of erbium (0.1 at.%). The angular de-
pendencies were fitted by using Voight lines. The shape
of these lines suggests domination of dipolar interactions
between erbium ions. The angular dependencies indi-
cate, unexpectedly, that local symmetry of erbium ions
in LGT crystal is higher than C5. Spin Hamiltonian pa-
rameters obtained from the dependencies applying EPR-
NMR program [14] are presented in Table II.

The average value of g-factor was obtained from the
following formula: g = (g, +gy+9-)/3. Value g indicates
that EPR signal originates from I'® ground state. So, the
temperature dependencies, registered in the low tempe-
rature range describe transitions mainly within the I'®
ground state. The g-values confirm strong anisotropy of
magnetic properties of the LGT:Er crystal.

3.2. Magnetization measurements

The dependences of the magnetization in the applied
magnetic field for the samples studied in this work have
been analyzed via the magnetic hysteresis loops. Hyste-
resis loops of the Sm®*t-doped LGT crystals were mea-
sured at 25 and 50 K in a magnetic field up to £7 kOe.
The magnetic hysteresis loops of the samples reveal that
no clear saturation magnetization and coercive field are
observed for this sample at low temperatures. It is also
observed that the magnetization is not sensitive to tem-
perature. The temperature dependences of magnetiza-
tion recorded in ZFC and FC are not overlapping over
the entire range of temperatures up to 300 K. It reveals
a strong coupling regime by the presence of a strong cou-
pling of the Sm®* ions to the lattice of LGT crystals.

The hysteresis loops of Er®t-doped LGT crystals have
been measured at temperatures 30 K and 50 K. In gene-
ral, a remarkable sensitivity to the temperature is obser-
ved for the magnetization. As the temperature decreases
the magnetization increases for the crystals. The ZFC
and FC curves are overlapping over entire range of tem-
peratures up to 300 K. From this behavior we cannot
state a strong coupling between Er3T ions and the lat-
tice of LGT crystals. The small difference between the
FC and ZFC indicates that possible pairs of erbium ions
may be caused by dislocations of the LGT crystal lat-
tice. From the temperature dependence of the magnetic
moment it results that below 50 K electronic transitions
take place within I'® ground state, between 50 and 61 K
(constant value of magnetic moment) electronic transi-
tions between I'® and I'" dominate, while above 61 K
electronic transitions within I'? prevail.

4. Conclusions

Two magnetically inequivalent sites were found to be
responsible for the EPR spectra of LGT:Sm single cry-
stal. Both sites reveal low symmetry with g, ~ g, ~ 0.46
and g, ~ 0.52. The spectra are represented mainly by
fine and hyperfine structures. Effective hyperfine con-
stant is found to be equal to 248 Gs for '47Sm?3* isotope
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and 200 Gs for 149Sm3* one, which means that the ratio
of the hyperfine structure parameters of 147Sm and '*?Sm
isotopes is 1.24. From magnetization measurements it re-
sults strong coupling regime related with the presence of
a strong coupling of the Sm3* ions to the lattice of LGT
crystals.

The EPR measurements of LGT:Er single crystal show
a large anisotropy of isolated centers of erbium ions with
weak antiferromagnetic interactions. Based on the spin
Hamiltonian parameters we have established symmetry
of isolated erbium ions as being higher than Cs. Apart
from isolated centers of erbium ions we have observed
a small amount of pairs of erbium ions, resulting from
the LGT crystal lattice dislocation, provided by the dif-
ference between the ionic radii of lanthanum and erbium
ions. The MS has confirmed the results of the EPR me-
asurements. In the whole temperature range of MS me-
asurements the observed signal comes from isolated er-
bium ions. For the lowest temperatures up to 7' = 50 K
the signal seems to originate from transitions within I'6
ground state, in the range of 50 < T' < 61 K, from tran-
sitions between I'6 and I'7 level, and above 61 K from the
transitions within the I'” level.
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