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ARTICLE INFO ABSTRACT

Keywords: In this paper we studied the Electron Paramagnetic Resonance (EPR) and Optical spectroscopies of mono dis-
Orthochromite perse yttrium chromite (YCrO3) nanoparticles prepared by a modified polymeric precursor method. The particles
YCrOs crystallized in roughly spherical shape with size ranging from 100 to 200 nm. Diffuse reflectance spectrum
Ig/i)ol;iiﬁed polymeric precursor method exhibited very well defined bands related to the *A, — “Ty, *A; — *Ty, *A; — 2Ty, *A, — 2E transitions,

characteristic of Cr®* (3d>, 2Ds,,) ions in nearly octahedral symmetry. The crystalline field Dq, Racah para-
meters (B and C) and Dq/B, could be determined and the results indicated that Cr®™ ions are in a strong ligand
field site. The EPR spectra of YCrO; shows a single broad resonance in the whole range of temperature studied,
100-300 K. Combining optical and EPR results the effective g-values of the paramagnetic Cr>* were estimated to
be 1.97 and 1.98, respectively, typical of Cr>* in orthorhombic crystal field environment. The onset of the
antiferro-paramagnetic transition, Tg140K, attributed to Cr®*-Cr®* exchange interaction (J = —41.5cm™")
was determinate by means of Magnetization and EPR measurements. The results were discussed in terms of the

Magnetic transition

magnetic short-rang spin-spin exchange interaction between pairs of Cr>*.

1. Introduction

Yttrium chromite (YCrOs3) material exhibits interesting physical
properties, principally the coexistence of magnetic and ferroelectric
properties that allow its applications in spintronic, optoelectronic,
thermistors among others [1,2], being one of the most investigated
bifferoic materials at room temperature. However, the understanding of
the origin of the magnetic properties requires additional studies to
elucidate its relations to the crystal structure, which seems to be de-
pended on the synthesis methods. Among widely used synthesis method
to prepare YCrOj crystalline structure, combustion reaction [11-13],
sol-gel [14,15], hydrothermal synthesis [16], and conventional solid-
state reaction [3] have being the most used.

Looby and Katz [3] reported that the YCrO; crystalline structure as
monoclinic, but subsequently Katz [4] suggested the possibility of an
orthorhombic structure. Latter on this was confirmed by the work of
Geller and Wood [5], which YCrO; crystallizes in a centrosymmetric
perovskite orthorhombic structure with space group Pbnm. Never-
theless, recently Serrao et al. [6] reported that YCrO; was weakly fer-
roelectric below 473 K. Using high-resolution neutron diffraction Ra-
mesha et al. [7] determined the YCrO; crystal structure confirming the
centrosymmetric perovskite structure with space group Pnma and
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relating the ferroelectric behavior to a local noncentrosymmetry due to
dislocation of Cr ions by about 0.01 A in the z direction.

According to Judin et al. [8] magnetism studies single crystals of
YCrOs; is antiferromagnetic, presenting a weak ferromagnetism below
Ty = 141 K. The ferromagnetism was attributed to canted anti-
ferromagnetism combined with the ferroelectricity associated to the
local noncentrosymmetry around chromium ions, although to be weak
effects, turning yttrium chromite an interesting bifferoic material from
the scientific point of view. Thus, it motivated us to study the magnetic
properties of YCrO3 nanoparticles by means of Electron Paramagnetic
Resonance (EPR) spectroscopy. It is well known that EPR is one of the
most sensitive techniques for detecting the influence of local structure
on paramagnetic ions, and temperature magnetic phase transitions.

To the best of our knowledge the EPR studies of YCrOs in regard of
the method of preparation with the optical and magnetic properties are
scarce in the literature [9,10]. So, the magneto-optical properties of
YCrO; were deeply studied by optical and EPR spectroscopies.

In this work, we used a modified polymeric precursor method, de-
scribed in detail in Ref. [17] to synthesize YCrO3 powders. This method
has been proved to be efficiently to synthesis particles with good
crystallinity, chemically homogeneous [17].
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2. Experimental section
2.1. Synthesis of the compounds

Polycrystalline YCrO; powder was synthesized by a modified poly-
meric precursor method, which was successful applied to the synthesis
of YAIO; and whose details are described in Ref. [17]. Stoichiometric
quantities of yttrium nitrate, Y(NO3)3:6H,0 (Acros Organics Co.,
99.9%) and chromium nitrate Cr(NO3)39H,0 (Acros Organics Co.,
99.9%) were completely dissolved in water with citric acid in 3:1 M
ratio of acid to metal. Separately D-sorbitol was also water dissolved in
the molar ratio of 3:2 (citric acid/D-sorbitol). Both solutions were
merged in a single vessel and stirred at 80 °C, during about 12h, to
remove the water excess and to complete the chemical reactions. The
product was a homogeneous and stable gel with violet coloration. The
gel was dried at 250°C for 1h using a heating rate of 0.5°C/min,
producing a dark brown porous material. After crushed, the dried
powder was submitted to an additional pyrolytic thermal treatment at
700 °C for 12h, under N, flux, to remove the excess of additives,
avoiding uncontrolled firing. This procedure yielded black amorphous
particles having irregular shapes, which were grinded to obtain a very
fine powder using a ball mill with yttria stabilized zirconia spheres. The
last stage was the calcination of this black powder by fast heating at
1300°C for 3h, producing single-phase YCrO; powders having good
crystallinity.

2.2. Characterization

X-ray diffraction (XRD) powder pattern was measured in a
Shimadzu XRD 6000 diffractometer using CuKa (A = 1.54056 A) ra-
diation, 0.02° step scan, time counting of 5, and a scintillator detector.
The diffractogram was analyzed using the TOPAS software, from Bruker
AXS. Images of scanning electron microscopy (SEM) were acquired
using a microscope JEOL JSM-6610. Fourier transform infrared (FT-IR)
spectra were measured in the range from 400 to 800cm ™' using a
PerkinElmer spectrophotometer, with samples diluted in 1.0% KBr
pellets. Diffuse reflectance spectrum was obtained in a Perkin Elmer
Lambda WB1050 spectrophotometer using a Praying Mantis diffuse
reflection accessory.

EPR measurements were performed in an ESP-300 and EMX-1572
Bruker spectrometers working at 9.4 GHz (X-band), with standard
Bruker rectangular cavities operating with of 100 kHz magnetic field
modulation and ~5mW microwave power. The frequency was mea-
sured with a Hewlett Packard 5350B microwave counter, the tem-
perature was controlled by a Eurotherm nitrogen flow system with
accuracy of + 0.5 K. Magnetic external field could be varied from 10 to
810 mT. The line width, resonance field and intensity were obtained by
simulations of each collected spectra with a derivative Lorentzian
function and g-factor was calculated by the resonance condition equa-
tion g = hv/upBoy, where h is the Planck constant, v is the microwave
frequency, pp is the Bohr magneton and By is the resonance magnetic
field. Accuracy of measurement is 0.3 mT for resonance field, 0.5 mT for
line width and 10% for intensity, obtained from spectra simulations.
Measurements of magnetic susceptibility versus temperature were
performed in a commercial superconducting quantum interference de-
vice (SQUID) magnetometer over the temperature range of 2-300 K.

3. Results and discussions
3.1. Structural characterization

Fig. 1 shows the measured and calculated, by Rietveld refinement,
XRD patterns of synthesized YCrO; powders. The starting structural
model used in the Rietveld refinement was that proposed by Ramesha
et al. [7]. Careful refinement procedures demonstrated that this choice
provides better convergence than the previous model of Ref. [3]. Our
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results (R, of 8%) show a single phase perovskite structure with space
group Pnma and cell parameters a = 5.5181(4) A, b = 7.5293(5) A,
¢ = 5.2389(4) Aand V= 217.66(5) 10\3, and the refined atomic co-
ordinations are in good agreement with those in Ref. [8], this confirms
that YCrO; belongs to the Pnma group.

The FTIR spectrum of YCrO3 powder is shown in Fig. 2. The more
prominent bands (see inset in Fig. 2) are the strong one at ~586 cm ™ *,
that can be assigned to the Cr-O stretching mode (vcr.ost 1), the band
at 491 cm™ !, assigned to the Y-O stretching (Vy-ostrs 2), and that at
443cm ™! corresponding to the O-Cr-O deformation (Vo.cr-o,def, 3)
[18,19]. The band at 640 cm ™! and the shoulders at 570 and 512 cm ™!
can be assigned to overtones of Cr-O vibration (vcr.oviv, 4), While the
band at 1385 cm ™! can be assigned to the stretching of NO3 ™~ (5) [15].

Fig. 3 shows a Scanning Electron Microscopy (SEM) image of dis-
persed YCrO; particles. The particles sizes lie in the range 100-200 nm,
roughly spherical and uniformly distributed. Notice the presence of
moderated coalescencent grains, as indicated by the arrows in Fig. 3.

3.2. Optical studies

The diffuse reflectance spectrum of YCrOj is shown in Fig. 4. It is
evident the features of optical spectra of Cr** ions in a distorted oc-
tahedral local symmetry in orthochromites [20,21]. The spectrum
shows two intense characteristic bands centered at ~604nm and
~450nm (~16,566cm ™' and ~22,222cm™!) due the DMSO-dg
transitions A, — *T, (parity-forbidden) and Ay — Ty (spin-allowed),
respectively. The “A, — 2T, appear as a shoulder at ~689nm
(14,514 cm™1). The weak bands observed in the infrared region at
~733nm and ~691 nm (13,643 cm ™! and 14,472 cm ™) are due the
“A, — 2E and *A, — 2T, electronic transitions, respectively, that ac-
quires spin-allowed character via spin-orbit interaction with the band
4A, — *T,. The band at ~360nm in ultraviolet region has been as-
signed to the charge transfer transition from 2p valence of oxygen
atoms to the 3d conduction band of Cr®™ ions [21].

From the energies of the %E, *T, and *T; excited states and the re-
lations given by Casalboni et al. [21] and Rasheed et al. [22], are

10Dg = [E(*A;) — E(*D)], 1)
with

Dq/B = 15(x — 8)/(x? — 10x), 2)
where

x=[ECA - *T) - ECA, - *D)1/Dg, ()
and

C/B = (1/3.05){[E *A, — ?E)/3.05] — 7.9 + 1.8(B/Dq)}, 4

where B and C are the Racah parameters. B is a measure of the intensity
of the inter-electronic repulsion in the 3d shell of the Cr** ions. Thus,
the crystal field strength (Dq) parameters can be calculated. The ob-
tained results are 10Dq = 16,566.29 cm ™, Dq/B = 3.05,
B =542.88cm™! and C = 2962.25 cm ™~ '. Concerning the Dq/B para-
meter, the present value of 3.05, is consistent with the Cr** ions oc-
cupying a site with high crystalline field strength [21], and is in region
close to the intersection between “T, and 2T, levels being called high
crystalline field. The crystal field theory [21] also predicts that small
values of B results in more delocalized electrons on the Cr** ion taking
as a consequence a decrease on the inter-electronic repulsion in the 3d
shell and leading to a more covalent character between the oxygen and
chromium ions. The B value found in this work for YCrO; prepared by
the modified polymeric precursor method, presents similar values to
those for lanthanide LnCrO3 perovskites (Ln = Ho, Dy, Yb, Gd, Sm, Nd,
La, Lu) [18], B lies in the range of 494-538 cm ™ L. This result is con-
sistent with the similar electronegativity of the Y and the Ln ions.
The nephelauxetic ratio, a measure of the decrease of the Racah B
parameter when a transition metal ion forms a complex with ligand,
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Fig. 1. X-ray powder diffraction of YCrO; with Rietveld refining. The blue points and red line indicate the measured and calculated diffractograms. The gray line
below indicates the diffractogram difference and the vertical ticks the Bragg angles. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 2. Normalized FTIR spectrum of YCrO; taken at room temperature in the Fig. 4. Powder diffuse reflectance spectrum of YCrO; sample, taken at room
400 to 4000 cm 1. The inset shows details of the YCrO; IR bands, and the temperature. Vertical dotted lines indicate the positions of observed bands.
numbers denotes these principal bands as described in text. Inset shows the optical band gap determination using the Kubelka-Munk theory.

chromite, in good agreement with those reported for Cr** ions in
YCrO3 nanopowders [12,13]. Furthermore, the higher covalency of Y-O
linkage could be an important factor to distort the Cr-O polyhedral
[23]. Taking the positions 4A5 to “T, and *A, to “T; bands, obtained
from the optical reflectance spectra (see Fig. 4), and the relationships
given by Casalboni et al. [21], g/, = g — 8A/AE(*Ay — *T,), g, = g -
8A/AE(*A, — *T;) and g = (g, + 2 g,)/3, where A is the spin-orbit
coupling parameter, we obtained the mean value 1.97 for effective g-
factor.

The optical band gap of YCrO; was determined by using the
Kubelka-Munk approach [24,25] in the reflectance spectrum. The re-
lation between the diffuse reflectance of the sample (R..), absorption
coefficient (K) and scattering coefficient (S) is given by the Kubelka-
Munk function F(R..) [25]:

F(Re) = (1 — Reo)*/(2Re) = K/S (5)

SEI  15kV wD8mm  SS10 X60,000 0.2m  e— where R.. = Rgampie/Reference: The band gap E, and absorption coeffi-
4 cient a, assuming a direct band gap, are related through the Tauc re-

Fig. 3. Typical SEM image of perovskyteYCrO; powder prepared by polymeric lation [25]:
precursor method. A scale bar in the left bottom corner is 0.2 pm.

ahv = A(hv — Ep)'? 6)
B =0.59 (8 =B/B,, where By is the Racah parameter for free ion, being v the photon energy and a proportionality constant. When the
918 cm™Y) is slightly larger than that obtained for Cr,O5 (8 = 0.52) powder scatters in a perfectly diffuse manner, the absorption coefficient
[23]. This is an indication that Cr-O linkage is less covalent in YCrOs K becomes equal to 2a. Considering the scattering coefficient S in-

dependent of wavelength, and using Egs. (5) and (6), the following

69



A.N.L. Jara et al.

X T T ]
= Yl L2, & YCrO, 1
. | A
L% 30? : AAAAAAAAAAZ
g T 4 !
<§ M)sAzlA% i
S ol : |
1 ST SN N S (NN SR ST ST S Y ST ST SR SO N ST ST SO S |
1OOI"'il""l""l'"'|
L (b) l
= 30r a4 )
é 60 b :MAAAAAAAAAAAAAAQ
= i : T
Q A0rARm 4 PM )
20 AAAA% .
1...!1....|....|....|
LS R R R B B B B B R R B BB B R R |
_ 218+ (¢) | s
g -
153 l
qclg 2.08 |- ! .
50 3 ! 1
198?AA&é%AAAA$AAAA$AAAAI

100 150 200 250

Temperature [K]

300

Fig. 5. Temperature dependence of EPR parameters (a) Intensity Igpr, (b) peak-
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the temperature where the AFM-PM magnetic transition occurs.

expression can be written:

(F(R)hv)? = A(hv — Ep)'? @

From the plot of (F(R..) hv)? versus hy, inset in Fig. 4, the value of Eg
was obtained by extrapolating the linear fitted region to (F(R..)
)2 = 0 [25], and its value is 3.72(1) eV, characterizing YCrO3 as a
wide band gap material. This value, is comparable to 3.65 eV obtained
by Arima et al. [26], measured by optical reflection on optically po-
lished surface of YCrOg crystals. However, it is greater than the values
reported in Refs. [1,20], ranging from 3.03 to 3.24 eV for YCrO; na-
noparticles with size in the range of 32-128 nm. They argued that in
nanosized particles the optical band gap scale to the particle size, i.e.
the smaller is the nanoparticle the small is the band gap.

3.3. EPR and susceptibility studies

EPR spectra of YCrO3; powder finely crushed were taken in function
of the temperature at 9.4 GHz (X-band) are shown in Fig. 5. They are
typical of Cr** ions with S = 3/2 occupying sites with rhombic sym-
metry where the three spins are in the triplet t; state, and do not
display hyperfine structure, as expected for compounds where the
chromium ions are magnetically coupled. In the temperature ranges
100-135K and 150-300K, the spectra exhibit a single, broad and al-
most symmetric Lorentzian line shape, and as expected the signal am-
plitude increases as the temperature decreases. Between 150 and 137 K,
the spectra turn very broad, intense and asymmetrical. Fig. 4 shows the
intensity Igpr (Fig. 5a) obtained after double integration of the simu-
lated spectra, peak-to-peak line width AB, (Fig. 5b) and g-factor
(Fig. 5¢) temperature dependency. In the range of 300 to 220K, the
intensity of the spectra exhibits a slight and monotonic increase, when
the growth tax increases and reaches a maximum at 150K, this is in
according with expected for paramagnetic system where the EPR

70

Physica B: Condensed Matter 546 (2018) 67-72

spectrum is proportional to the static spin susceptibility [10,27,28].
Below 150K, the signal intensity presents a small decrease until 140 K
following by a pronounced decrease at T ~137 K remaining almost
constant below this temperature, but three times less than that observed
at room temperature, leading to a very weak EPR signals. These results
can be attributed to decrease of number of paramagnetic centers due
the antiparallel spin alignment leading to an antiferromagnetic or-
dering.

The behavior of the peak-to-peak linewidth AB, temperature de-
pendence shows in Fig. 5b, reveals that in the PM phase the linewidth is
very broad and almost constant within experimental error, with a mean
value of ~63 mT, with a maximum value at T = 140K, ABy, = 74 mT,
an indicative that no magnetic fluctuations occur above this tempera-
ture, i.e., the magnetic long-range order remains unaltered in the
temperature region. Below 140 K, the line width quickly decreases from
~28mTat 137.5K until 19.4 mT at 100 K. The observed decrease of
ABj below 140K is an indication that this compound presents a weak
ferromagnetic behavior, as pointed by Alvarez et al. [10]. Fig. 5¢c shows
the dependence of the g-factor with the temperature, which are almost
constant in the PM phase with g ~1.98(1). The PM phase confirms all
hypothesis made here about the Cr’* coordination in YCrOs, corro-
borating the early results and being in good agreement with that found
by optical measurements. The g-factor value is less than that of free
electron (2.0023), is attributed to the changes in the spin-orbit cou-
pling. At 140K the g-factor reached its maximum value, following by a
pronounced decrease below 140K, returning to former value. This be-
havior of g-factor was attributed to an increase in the local magnetic
field caused by antiparallel alignment of neighboring spins originated
from ferromagnetic interactions. Thus, the Néel temperature Ty de-
termined by means of EPR spectroscopy was 140 K. It is worth mention
that in the entire temperature range, our results showed that above and
below the Néel temperature the EPR parameters remain almost con-
stant, indicating the presence of a single magnetic phase transition
detected by EPR at 140K. These excluded a possible existence of a
second phase transition above Ty due the magnetic fluctuations. It is
interesting to note that independent of the method of preparation (see
Ref. [9]and [10], for example) at Ty = 140(2) K occurs significant
changes in the EPR parameters such as g-factor, intensity and line
width, that coincides with the temperature phase transition at ~140K
where the magnetic behavior of Cr®* spins change from PM
(T > 140K) to AFM phase (T < 140K), with the system exhibiting a
weak ferromagnetism, This weak ferromagnetism is because the canting
of the Cr** spins from the antiferromagnetic axis, as expected for this
material [11,12,14], and explained by the Dzyaloshinsky-Moriya ani-
sotropic exchange interaction of crit-crit pairs [29,30].

The curve in Fig. 6 shows the dependence of the magnetic sus-
ceptibility of YCrO; with temperature in the interval of 100-300K,
measured with an applied magnetic field of 10 mT. An abrupt increase
in the susceptibility values is observed at 140(2) K (see the inset in
Fig. 6) denoted as Néel temperature Ty, indicating a weak ferro-
magnetism with origin in the small canting of the Cr** spins form the
antiferromagnetic (AFM) order, in the AFM G-type magnetic structure
[16,31], which could be confirmed by EPR results (Fig. 5). The value of
Ueg for Cr®* ion in YCrOs obtained here is 4.5y is which is in good
agreement with those reported in Refs. [32-34], but differs from the
theoretical value of 3.87g, due to its weak ferromagnetic nature [18],
however indicating that Cr®™ lies in the high spin configuration, t2g3. In
addition, in the paramagnetic (PM) phase, above Ty, the % curve fol-
lows the Curie-Weiss law y = C/(T — ©), where C is the Curie constant
related to the effective magnetic moment, ¢, and © is the Curie-Weiss
temperature. So, from the fitting of Curie-Weiss law to the x ' vs T
graph we have obtained © = —448 K, indicating the presence of a strong
antiferromagnetic exchange interactions.

In addition, using the molecular field approximation, the relation-
ship between the Curie-Weiss temperature and the exchange interaction
J (for the Hamiltonian of the Heisenberg type Heye = —JS1'S5) is given
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by J = -30/25(S+1) [35], where z = 6 is the number of nearest Cr
atoms neighbors bridged by O atom (Cr**-0-Cr®*) and § = 3/2 is the
Cr®* electronic spin, allow us to J= —41.5cm™'. This exchange
coupling is the main interaction responsible to destroy the fine structure
of the Cr®* ions EPR spectrum in the studied compound. Also, the di-
polar interaction between neighbor Cr’* ions given by Dy, =
3g2(up)?/(2R%), where R = 3.524 A is the shortest Cr®*-Cr®* distance,
are calculated, Dgjp ~ 0.138 cm ™, being much smaller and less im-
portant than the exchange interaction that destroys the dipolar broad-
ening, and a single and broad line is observed in the EPR spectra. A
careful search in the literature reveals a lot of different values for Curie
temperature © and consequently different values of the anti-
ferromagnetic interaction. For example, Mall et al. [9] found
© = —431K for sample powder prepared by conventional solid-state
reaction, Sardar et al. [16] for powder prepared by hydrothermal
synthesis found © = —260K and size particle ~1 pm, the same found
by Ahmad et al. [36] that used the citrate precursor route to the
synthesis and average size particles of 22 nm. Tiwari et al. [33] by
conventional solid-state reaction method found ® = —449K for sample
powders, Durén et al. [37] through combustion reaction method found
© = —325K, and Cheng et al. [38] found ©® = —239K for both single
crystal and thin films. The discrepant values of Curie temperatures and
the AFM interaction, may be related to the method of sample pre-
paration and on whether the material is ceramics, crystal or powder.

Furthermore, the frustration index for our samples is f= |©|/
Ty = 3.2, which is an indication that our material is a stable AFM
system without magnetic frustration. A material is considered magne-
tically frustrated if f > 5 [39].

4. Conclusions

In this work, we demonstrated that the modified polymeric pre-
cursor method is an effective route to prepare single-phase YCrO; or-
thochromite with good crystallinity and properties. This method proved
to be efficient in producing homogeneous and mono disperse nano-
particles. In addition, we performed a wide and systematic character-
ization of crystals, improving and confirming some results already
published and given new contributions to the understanding of the
properties of this material. The diffuse reflectance spectrum exhibited
four well defined bands, characteristic of Cr®>* ions in distorted octa-
hedral local symmetry, allowing to calculate the crystal field splitting
and Racah parameters. The value of Dg/B = 3.05 clearly indicates that
the Cr** ions in studied system occupy high crystal field sites. The
optical band gap of 3.72(1) eV originated from charge transfer excita-
tions was determinate from diffuse reflectance spectra characterizing
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this material as an isolator. Also the effective g-value calculated from
optical and EPR spectroscopy was in good agreement. Finally the EPR
parameters measured as function of temperature, made possible to
improve the determination of the antiferromagnetic-paramagnetic
transition occurring at 140 K, which is attributed to the magnetic short-
range spin-spin exchange interaction between pairs of Cr®* ions,
J=-415cem™ %
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