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The paper presents the results of a ground state study of YGas(BOs3)s crystals doped with erbium
ions. The EPR spectrum of the Er*" ion, which replaces yttrium ions in a crystal and is located
in a slightly distorted prism of six oxygen ions, is detected and decoded. The parameters of the spin
Hamiltonian describing the strongly anisotropic behavior of the spectrum are determined g = 1.269(1),
gL =9.34(6), Ay = 47.7(5) MHz, A, = 320(9) MHz.
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1. Introduction

Modern scientific and applied materials science
requires both an appearance of new materials
with a desired combination of functional proper-
ties and an improvement and optimization of phys-
ical parameters and structural quality of the al-
ready known materials. They are acknowledged
for good luminescent and non-linear optical prop-
erties like high thermal, chemical and mechani-
cal stability. Weakly-interacting doping ions of
rare-earth elements facilitate the abilities of bo-
rates to be the bases of compact lasers. An inter-
est in small-size lasers pumped by light emitting
diodes of green-blue spectrum stimulates research
on new solid-state laser systems based on non-
linear crystals [1-3]. Possible doping of the crys-
tals by both rare-earth ions and the ions of the iron
group makes them attractive objects from the view-
point of magnetism because the interaction of two
magnetic subsystems results in a number of spe-
cific features of magnetic properties. For instance,
the interaction between the iron ions in quasi-one-
dimensional chains of GdFe3(BOg3)4 results in an-
tiferromagnetic ordering a 37 K and the interac-
tion with the rare-earth subsystem is responsible
for a spin-reorientation transition at 10 K [4, 5].
A number of papers have been devoted to stud-
ies of EPR spectra in aluminum borates [6-24].
Much less attention was paid to the crystals with
M=Ga (ReGa3g(BOg3)4) that can demonstrate no
less interesting properties [25, 26]. The crystals
of RGa3(BO3)s and the thoroughly studied alu-
minum borates are reported [27, 28] as belonging

T

to the same space group R32. The present paper
is aimed at a complex study of the magnetic prop-
erties of the ground state of the Er®* ions incor-
porated into the YGasz(BO3)4 crystals as doping,
which includes the study of the EPR.

2. Samples and experimental procedure

The crystals of the borate family RM3(BO3)q,
where R is a rare-earth metal or yttrium and M are
trivalent ions of Al, Ga, Fe, Sc, Cr, are crystal-
lized within the huntite structure CaMgs(BOs3)4,
the space group R32. Figure 1 shows the crystal
structure Er3T- doped YGaz(BO3)s. A unit cell of
gallium borate contains Z=3 formula units. Coordi-
nation polyhedrons of Y3+, AI3* and B3t are trig-
onal prisms, octahedrons and triangles formed by
oxygen atoms, respectively. Rare-earth ions are lo-
cated at rotary axes C'5 in slightly distorted prisms
with the upper triangles turned around the bot-
tom ones. The ions of Ga®t are positioned in oxy-
gen octahedrons which are linked at the edges to
form twisted columns aligned with Cs-axis. Atoms
B; and B are located in oxygen triangles of two
types: By are placed in the triangles perpendicular
to the triple axes and alternating with the Y-prisms
and By are located in the triangles connecting
the twisted columns of Ga-octahedrons. The crys-
tals of YGag(BOs3)4 doped by 0.2% Er3* were pro-
duced by a spontaneous solution-melt crystalliza-
tion. BisO3 + B2O3 was used as a solving agent.
The growth was due to cooling of the solution
from 900 °C to 700°C at the rate of 2°/h. The
obtained results were transparent faceted crystals
of 0.5-1 mm in size.
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Fig. 1. Crystal structure of YGas(BOs)s dopped
with Er** jontylx.

The EPR spectra were measured using X- and
Q-band radiation, within the temperature range
of 5-300 K. The continuous wave EPR spectra
were measured using a Bruker X-/Q-band E580
FT/CW ELEXSYS spectrometer. For the mea-
surements, the ER 4122 SHQE Super X High-Q
cavity with the TE011 mode was used. The sam-
ples were placed into quartz rods of 4 mm in di-
ameter. The experimental parameters were: micro-
wave frequency — 9.87 GHz, microwave power —
1500 mW, modulation frequency — 100 kHz, mod-
ulation amplitude — 0.2 mT and the conversion
time — 60 ms.

3. Results and discussion

The Er (0.2%) doped YGa3(BO3)4 crystal struc-
ture was confirmed by X-ray powder diffraction
measurements.  The values of determined lat-
tice parameters a and ¢ were 9.4520(1) A and
7.4513(1) A, respectively. The atomic positions
(z, y, z) given for Y/Er(0,0,0), Ga(0.5513(1),0,0),
B1(0,0,0.5), B2(0.443(1),0,0.5), O1(0.864(1),0,0.5),
0-(0.588(1),0,0.5), 03(0.452(1),0.144(1),0.507(1))
were refined by the Rietveld method. These val-
ues are in good agreement with the previously [26]
reported data for Ga-based borate.

A trivalent ion of Er®t which isovalently re-
places in a crystal lattice a gallium borate Y3+
ion with the symmetry of D3 node is characterized
by the 4f!! electron configuration, with the lowest
multiplet 415 s2- As f-shell contains an odd num-
ber of electrons, in the crystal field of YGag(BO3)4,
a multiplet is split into eight Kramers doublets
with the EPR signal registered at the lowest one.
In Fig. 2, the spectrum of Er3t is demonstrated
in the case of the magnetic field perpendicular
to the C3 axis.

The spectrum is composed of the central inten-
sive absorption line associated with the even er-
bium isotopes and eight lines of superfine structure
which emerged due to the interaction of the elec-
tron spin and the magnetic moment of the nucleus
of odd isotope '®7Er (the spin is 7/2, the natural
occurrence is 22.82%). The spectrum is strongly
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Fig. 2. EPR spectrum of the Er®" ion in

YGa3 (B03)4, BJ_Cg .

anisotropic. The behavior in the magnetic field can
be described by a spin Hamiltonian with the effec-
tive spin S = 1/2 [29]

H =gugSB + ASI, (1)
where pp is the Bohr magneton, B is the vector of
magnetic induction, g is the tensor of the factor of
spectroscopic splitting, S is the operator of the elec-
tron spin, I is the operator of the nuclear spin, A is
the tensor of superfine interaction. Erbium nuclei
are characterized by a small quadruple moment be-
sides the magnetic dipole moment. Within the ac-
curacy of the experiment, the quadruple moment
was not registered, so the associated terms are not
included in the spin Hamiltonian.

The observed Hamiltonian parameters for Er3+
ion in the YGag(BOgs)s crystal system are
g =1.269(1), g1 =9.34(6), A =47.7(5) MHz,
AL = 320(9) MHZ, gH X Al/gl X A” = 0.913.

Figure 3 shows the angular dependence of
the g-factor. Points determine experimental val-
ues, the solid line is the result of the fitting with
g* = gﬁ cos?() + g2 sin*(), where @ is the angle
between the C5 axis and the direction of the mag-
netic field. As follows from theory [30], the ef-
fect of the crystal field on the basic state of
the Er’" ion Er*t (multiplet *I;5/5), without tak-
ing into account the excited multiplet, gives the ra-
tio gy x AL/g1 x A = 1. The obtained experimen-
tal value in our case is close to unity, indicating
the vanishing effect of higher multiplets of the Er3*
ions. Actually, as reported in [31], the neighbor
excited multiplet 415 2 differs from the ground
one by 6600 cm™!.

Spin lattice relaxation can be achieved using
three main mechanisms. The first mechanism is
a direct process in which the spin system and
the phonon system exchange a single quantum
of energy, that is, a transition takes place from
the excited state to the main state accompanied
by background radiation equal to the energy dis-
tance between the levels. The second mechanism is
a combination process, as a result of which the mag-
netic ion makes a transition from the excited state



The 100 years anniversary of the Polish Physical Society — the APPA Originators

3+
Er" - YGa (BO,),

-
S
X
8
o 47
24
0 T T T T T T T T T T
40 0 10 20 30 40 50 60 70 80 90 100
Angle, degree
Fig. 3. Dependence of Er®™ gfactor in
YGas(BO3)s on angle between the C5 axis

and the direction of the magnetic field.
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Fig. 4. Dependence of the Er®* ion line width
in YGa3(BOs3)4 on temperature in the orientation
of B || Cs.

to the main state by absorbing one phonon »; and
emiting a phonon with frequency v5 on the condi-
tion that the difference between these frequencies
v — v1 = v is equal to the transition frequency be-
tween the states of the paramagnetic ion. The third
mechanism is a process of resonance fluorescence
(or the Orbach-Aminov process) which takes place
with the participation of a real excited state hav-
ing energy within the phonon on spectrum below
the Debai temperature. These three mechanisms
participate in spin lattice relaxation but their effi-
cacy may vary significantly.

Temperature dependence of the linewidth
presents an opportunity to find the time of spin-
lattice relaxation and the relaxation mechanism.
The linewidth was determined by the distance
between the extreme values of the derivative of
the absorption line. Figure 4 shows the dependence
of the line width on temperature in orientation
when the magnetic field is directed along the Cj
axis. In fact, it is well approximated by the expo-
nential curve characteristic of the Orbach-Aminov
process AB = a + bexp(—c/kgT), for a = 68.2 Gs,
b=11.6 x 103 Gs, and ¢ = 65 cm™!, where T (K)
is the temperature and kg is the Boltzmann
constant.
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The exponent corresponds to the nearest excited
level in the spectrum of Er3+ ion in YGaz(BOs3)4
crystal which is 65 cm™!. Due to optical measure-
ments of the Er®t ion spectrum in the isomorphic
YAI3(BOs3)y crystal, the closest excited state has
an energy of 47 cm™1! [19, 32, 33].

In addition to widening of the EPR line, the shift
of the line towards higher field is registered at
an increase in temperature and the g-factors are
reduced. The magnetic moment of the ground
state is modified by the addition of the excited
states by the joint action of the Zeeman interaction
and the spin-lattice one. The temperature depen-
dence of the shift of the EPR line is proportional

to T* OG/T dxexpz’:ﬁ in the Debye model [34, 35].
As the Debye temperature of the tested crystal is
332 K [25], the multiplier of C* stays the same in
the tested temperature range. On the other hand,
the g-factor can be represented as g(T') = ¢g(0)—Ag,
where Ag) = 2.4 x 107874, Ag, = 4.2 x 107774,
When calculating the temperature shift of the EPR
line, it is necessary to take the excited states of
the rare-earth ion into account. A lower energy dis-
tance to the excited levels makes a higher temper-
ature contribution. The neighbor excited states of
the considered ion are rather close.

4. Conclusion

The present paper reports the results of an exper-
imental study of static and dynamic characteristics
of the Er?* ions in the crystals of YGa3(BO3)4. The
g-factors and the constagts of superfine interaction
g xAL
Z[ XA
which is the evidence of very insignificant admixing
of the excited multiplets. A widening of the absorp-
tion lines related to temperature increase is associ-
ated with a strong spin-phonon interaction in both
crystals. Spin-lattice relaxation is well interpreted
by means of the Orbach-Aminov processes. A re-
duction of the g-factor was observed at the temper-
ature rise that was determined by the spin-phonon
interaction proportional to T%.

are found. The ratio = 0.913 is close to unity
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