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ABSTRACT

A substantial magnetic contribution into specific heat capacity is found in monocrystalline ErAl;(BO;), at temperatures below 5 K. The
results of measured ESR spectra at 4,2 K confirm manifestation of short-range magnetic order as well. The obtained data is discussed invok-
ing the model accounting for spin-spin interaction between rare-earth ions in paired clusters.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5121279

1. INTRODUCTION

Rare-earth aluminum borates RAI;(BO;3), (R stands for a
rare-earth element) possess trigonal space group with no inversion
center and reveal pronounced nonlinear' and luminescent” optical
properties. In these crystals, the giant magnetoelectric effect has
been recently discovered.” It has been shown that rare-earth alumi-
num borates can be promising materials for magnetic cooling.’

An interesting compound from this family is crystalline
ErAl;(BO;)4, which demonstrates a large magnetoelectric effect and
highly anisotropic magnetic properties.” Magnetometry of erbium
aluminum borate has been carried out” along with optical and
magneto-optical spectroscopy and luminescence.””’

An additional line in electron spin resonance (ESR) spectrum
of ErAl;(BO;), at temperature 4,2 K has been reported in work.®
It has been supposed that this line appears due to the presence of
magnetic clusters as a result of the substitution of Al** by Er**ions
in the crystal. However, the phase transition to a magneto-ordered
state in ErAl;(BO;), has not been yet discovered, and it has been
reported that the crystal is still paramagnetic at 2 K,” implying
another reason of the formation of magnetic clusters — the emer-
gence of the phase transition. At least one of the rare-earth alumi-
num borate family — crystalline TbAl;(BO;); — demonstrates a
transition to magneto-ordered state (at T'=0,68 K).” Therefore, it is
worth to consider the possibility of manifestation of the short-range

order, which originates from spin-spin interaction between Er’* ions
in the crystalline lattice already at the temperature of liquid helium.

Our previous investigation of ESR spectra® was supplemented
with new data to resolve the question of spin correlations in
ErAl;(BO3),. Moreover, since results of calorimetric studies can
offer valuable information about the magnetic state of the crystal,
we also measured specific heat capacity in a sufficiently wide tem-
perature range.

2. EXPERIMENTAL

An additional investigation of the ESR spectrum of mono-
crystalline ErAl;(BO;z), was conducted at T=4,2 K in external
field H applied in the plane ac, where a-axis is a second-order
crystallographic axis, and the direction of c-axis coincides with the
trigonal axis of the crystal. The conditions of an additional experi-
ment were identical to the ones in work.® In agreements with the
previous results, at v=29,87 GHz and H || ¢, the ESR spectrum
demonstrated an additional low-intensity line in small fields
[Fig. 1(a)] and an intensive line in a wide interval of bigger fields
— approximately from 6 to 18 kOe [Fig. 1(b)]. At a certain devia-
tion of H from the direction of the c-axis in the mentioned range
of magnetic field, three narrower lines of different intensity were
observed instead of one wide line. This experimental fact is illus-
trated in Fig. 1(c) and (d). It can be observed that the intensity
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FIG. 1. ESR absorption spectra of monocrystalline ErAl;(BOs), measured at 7=4,2 K at frequency v =29,87 GHz (a), (b) — external field H || ¢, (c) H is inclined in the
ac plane at 2° from c-axis, (d) — at 5° from c-axis. To conveniently compare the results, intensity of the additional line (a) is magnified against intensity of the main line
(b)—(d). The narrow lines (b)—(d) correspond to a signal from etalon sample of diphenylpicrylhydrazyl (DPPH).

maxima of sidelines are situated below the maximum of the central
line and distant from it at approximately 2,2 kOe each.

Apparently, when H is oriented strictly along the c-axis, the
central and sidelines merge and become unresolvable, and at a
slight deviation of field, it is possible to separate them due to the
angle dependence of their intensities. At a further increasing devia-
tion of H from the c-axis, intensities of the sidelines decrease
against the central line, and at angles larger than 8°, the sidelines
are not observable.

Hence, transformation of the intense line into the triplet struc-
ture in the ESR spectra of monocrystalline ErAl;(BOs), was revealed
in parallel with a weak additional line. The experimental data is not
explainable, accepting the existence of only isolated centers of
absorption in the crystal. Broadly, the results of ESR studies indi-
cated the occurrence of the short-range order in erbium aluminum
borate. Such an order can appear due to the formation of magneto-
ordered groups consisting of several erbium ions (pairs, triples, etc.)
designated as magnetic clusters. It is known that the resonance
on magnetic clusters has been observed earlier'™'" in the case of
quasi-one-dimensional magnetic crystals.

According to the model,'’ thermal excitation will cause some
ions in clusters to have magnetic moments opposite to magnetic
moments of the ground state and to the direction of the external
field H. One or several of the ground state ions in the vicinity of
the thermally excited ones can, in turn, be already excited with
microwave irradiating the crystal that changes the direction of their
magnetic moments to the opposite and thus, enlarges the size of
the excited group. As a consequence of such flips, one can observe
spin-cluster resonance.

We can suppose that a similar situation occurs also in erbium
aluminum borate. In this case, appearance of the additional low-
intensity line [Fig. 1(a)] occurs due to the flip of a pair of moments
upon absorption of on quantum of microwave field, and the triplet
structure replaces the main line [Figs. 1(c) and 1(d)], which arises due
to the flip of one magnetic moment in a cluster. One could expect that
the triplet structure in the ESR spectrum will manifest itself at the mag-
netic field applied along the a-axis or with a slight deviation from the
a-axis. In this case, the triplet structure was not observed yet. Possibly,
the sidelines here are much less shifted from the central line than in
Figs. 1(c) and 1(d), making it difficult to resolve the triplet structure.
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From the model developed in work,'” the g-factor of an addi-
tional line g, must be twice as high as the g-factor of the intensive
line g;, and the initial splitting of the additional line A, must be by
two times larger than the splitting of the triplet sideline A;. As we
established earlier,” at H || a the magnitude of the g-factor of the
additional line g,, ~ 19,5, and for the intensive line g;, & 9,5. At
H || ¢, the values of the g-factors are g, ~ 3,4 and g, & 1,6,
respectively. Therefore, the ratio of g-factors ~ 2 in both cases. We
defined the initial splitting of the additional line as A,, ~ 20 GHz
(0,96 K) and A,. = 7 GHz (0,33 K). A rough estimate of the initial
splitting of the sideline inferred from spectral measurements, which
are shown in Fig. 1(c), gives A;. = 4,5 GHz. Probably, the specified
parameters should be defined more accurately. Nevertheless, we
note a fairly good agreement of the experimental data and the
spin-cluster resonance model."’

The fine structure of the ESR line of magneto-concentrated
ErAl;(BO;), can be described via spin-spin interactions of the
absorbing Er’*center with the nearest-neighbors.” We do not
discuss in this work the reason why the triplet form of the absorp-
tion band arises in the fields at small angles with the trigonal axis.
Nevertheless, the characteristic width of the non-uniformly
widened ESR line and splitting between the elements of its fine
structure can serve as an estimate of spin-spin interaction energy
that is used further in the model calculations.

The heat capacity study on monocrystalline ErAl;(BO;)4 was
conducted by using the relaxation method with equipment
Physical Property Measurement System (PPMS), Quantum
Design company. The measurement uncertainty of the heat
capacity changed from 1-10™* to 8:107* J/(mol-K) at temperatures
ranging from 2 to 7 K and did not exceed 1,3 -107% J/(mol-K) at
temperatures below 9,5 K. The measurements were performed
without an external magnetic field. The temperature dependence

o
N
T
J/(mol-K*#)

4

ar’ 10

C, J/(mol-K)

FIG. 2. Temperature dependence of heat capacity C, of crystalline ErAl3(BO3)q,
measured without external magnetic field (solid line). The arrow defines the
minimum of dependence. The dashed line shows the phonon contribution to
heat capacity Cy,y,, as deduced from the formula (1). The calculated coefficients
b and a were determined from the slope of dashed line and cutoff with
y-coordinate from the dependence C./T%(T%) shown in the inset.
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of heat capacity C, in Fig. 2 displays minimum at 7 ~ 4,5 K.
Increasing the sample temperature from 2 K initially leads to
lower heat capacity, and only at T'> 4,5 K, the value C, begins to
grow with increasing intensity. Such a behavior in the depen-
dence of C,(T) points to the existence of magnetic contribution
to the heat capacity of the sample at low temperatures.

From results of spectroscopic studies on ErAls(BOs),, the
main doublet of the rare-earth ion multiplet *I;5,, split by crystal
field is separated from the first excited doublet by a rather large
value ~ 46 cm™". Consequently, considering a range of low enough
temperatures, we neglected a Schottky anomaly related contribution
to heat capacity. Therefore, the magnetic part of heat capacity C,,
can be determined by subtracting the phonon part of heat capacity
Cpn from the experimental data.

To describe Cpn, One can use the expression from: "

Con = aT’ + bT°. (1)

The calculated coefficients b=5,8-10"° J/(mol-K®) and
a=2,4-10"" J/(mol-K*) were determined from the dependence
C/T(T%) using the slope of the dashed line and its cutoff with the
y-axis, respectively, as shown in the insert to Fig. 2. The result of
the calculated value Cpy, is mainly displayed in Fig. 2 with the
dashed line. The value Cy}, almost ideally matches the value C, at
T>7 K. At lower temperatures, one obtains positive C,,, = C, - Cph,
for which Fig. 3 displays the temperature dependence in linear
(a) and logarithmic scales (b). From the slope of the line in
Fig. 3(b), one can infer that the dependence C,,(7) in the tempera-
ture range from 1,9 to 4,5 K is close to inverse proportionality to
T>. Such a dependence is characteristic to crystals comprising
interacting magnetic ions at temperatures far exceeding the tem-
perature of ordering.

3. DISCUSSION

To estimate the correspondence of the obtained dependence
C,,(T) to the ESR data, let us consider the simplest case when the
magnetic subsystem of a crystal is represented as an ensemble of
clusters, each of which consists of a pair of rare-earth ions. At low
temperatures, one can take into account only the lowest doublet
since other levels of a rare-earth ion are separated from it with a
large energy gap and, therefore, sparsely populated. Let us write the
Hamiltonian H, of a pair of effective spins 1/2 (for brevity, hereaf-
ter defined as spins) in the external magnetic field directed along
the z-axis

where S}’ * are operators of the projections of spins 1 or 2, respec-
tively, and Jy , , are the values of constants of spin-spin interaction,
normalized to the Boltzmann constant k, pip is the Bohr magneton,
g, is the value of the effective g-factor for the pairs, and H, is the
magnitude of projection of the external magnetic field. At
Jx=J,=]. anisotropy is not present. In the given representation, a
positive J corresponds to the antiferromagnetic type of interaction
and negative — to ferromagnetic.
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FIG. 3. Temperature dependence of magnetic contribution Cp, to the heat capacity of ErAl3(BO3)4 crystal depicted in linear (a) and logarithmic (b) coordinates. The solid
lines correspond to the difference Ce — Cpy,. The results of calculations according to the formula (3) are shown in (a) with the dashed line. The value of inclination angle

depicted with the dashed line in (b) determines the power exponent of proportionality C,,(T) ~ 1/T"".

Eigenvalues of Hamiltonian #, at H || z are equal to

EI,Z = 7(]2/4) i (]x + ]y)/4>
Eyy = (./4) + [(gupH.) + Uy — 1,0 /167,

Energy E, in the case of isotropic interaction corresponds to a
singlet state of a pair with the total spin § =0, and energy E, 3 4 cor-
responds to the triplet state of a pair with the total spin S=1 and
the projections of total spin equal to 0, 1, and -1, respectively. ESR
gives rise to transitions with frequencies

Iy = |[(@eugHL) + U = /16 4 (2/2) = U +1)/9)

_ R

and
vy = |[(@etgHY + G — /16 4+ (2/2) = (U +1)/4)|

This corresponds to the values of initial splitting A, = |(J; - J,)/2]
and |(J, - J.)/2|. The expression for field-frequency depen-
dence of the ESR spectrum along x and y directions can be
determined by cyclic substitution of indexes (z,x,y) to (y,z,x)
and (x,y,2).

Let us calculate the magnetic component of one-molar
heat capacity of ions when paired clusters take the full sample
volume. Defining the universal gas constant as R, in zero field
one obtains

m

B 2 x+]y _]_z x_]y
(4T) |:Ch(—4T )-i—exp( 2T)Ch( aT

2 (Ux + 1) —exp (— ]%) Ue — 11> + 2 exp (— ZI_ZT)

2 2 2 ]x+]y xijy (12 72 ]x+]y xij
x {(Ix +7, + 2]Z)ch<—4T >ch (—4T > Ui —J;)sh (—4T )sh (—4T )

]x+] ]x_] ]x_] ]x+]
+ 2.0 Hy)sh( y)ch (—y> ~ 2L — Jy)sh< T y)ch (Ty)] ) 3)

4T 4T

Figure 3(a) presents the calculation results for C,,(T) according
to the formula (3) at J,/k=0,1K, J,/k=-0,86K and ]y/k =-0,23K.
The calculation agrees well with C,, = C, - Cpp. By supposing that z
is directed along the trigonal direction of crystal ¢, and x — along
the second-order axis a, one obtains A, = |(J; - J,)/2| =0,165K and
A, =|U - J.)/2| = 0,48 K. These values of initial splitting correspond
to the values A,./2 and A,,/2 obtained from the ESR measurements.
Using the formula (3) for calculation and comparing with C, - Cp,

|

one must consider two factors. Firstly, the clusters can occupy
the partial sample volume. In this case, one must calculate the
concentration of clusters that will result in a lower calculated C,,
value at fixed J,,, values. Secondly, the clusters can comprise
more than two spins. Therefore, the mentioned J,,. values are
considered as a rough estimate of the constants of spin-spin
interaction. Further studies on the behavior of heat capacity in an
external magnetic field as well as at lower temperatures can
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provide more detailed information about spin-spin interaction in
erbium aluminum borate.

Er* ion in the studied monocrystal bears a rather large mag-
netic moment. Therefore, one should consider dipolar interaction as
contributing to the formation of magnetic clusters in ErAl;(BO;),.
Estimated value of energy of this interaction, for instance, along the
second-order axis a, ( glauB)z/kr3 ~ 0,24 K (the shortest distance
between Er*> ions r is 5,866 A.'* Since the order of magnitude is the
same as J, one can suppose that magneto-dipole interaction between
erbium ions makes a substantial contribution to the formation of
short-range magnetic order.

4. CONCLUSIONS

At 42K, we observed resonance due to magneto-coupled
groups of rare-earth ions in monocrystal ErAl;(BO;),. At tempera-
tures of liquid helium, magnetic contribution to heat capacity is
revealed. The results of calorimetry and ESR-spectroscopy suggest
manifestation of short-order in erbium aluminum borate.

The authors express gratitude to A. I. Krivchikov for aiding
with discussion of research results.
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