Journal Pre-proof

Investigation of structural, microstructural and magnetic properties of YbyY 1_xF3 solid * ]
solutions AT

Jelena Aleksi¢, Tanja Barudzija, Dragana Jugovi¢, Miodrag Mitri¢, Marko Boskovic,
Zvonko Jagli¢i¢, Darja Lisjak, Ljiljana Kosti¢

PlI: S0022-3697(19)32598-3
DOI: https://doi.org/10.1016/j.jpcs.2020.109449
Reference: PCS 109449

To appearin:  Journal of Physics and Chemistry of Solids

Received Date: 4 November 2019
Revised Date: 28 February 2020
Accepted Date: 4 March 2020

Please cite this article as: J. Aleksi¢, T. Barudzija, D. Jugovi¢, M. Mitri¢, M. Boskovi¢, Z. Jaglici¢, D.
Lisjak, L. Kosti¢, Investigation of structural, microstructural and magnetic properties of YbyY1_yF3

solid solutions, Journal of Physics and Chemistry of Solids (2020), doi: https://doi.org/10.1016/
j-jpcs.2020.109449.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Ltd.


https://doi.org/10.1016/j.jpcs.2020.109449
https://doi.org/10.1016/j.jpcs.2020.109449
https://doi.org/10.1016/j.jpcs.2020.109449

CRediT author statement

Jelena Aleksi: Conceptualizations, Formal analysis, Writing igiral Draft,
Tanja Barudzija: Writing - Review & Editing,

Dragana Jugovi Visualization, Investigation

Miodrag Mitri¢: Methodology, Validation

Marko Boskowé: Investigation

Zvonko Jagki¢: Investigation

Darja Lisjak: Investigation

Ljiljana Kosti¢: Supervision



Investigation of structural, microstructural andgmnatic properties of

Yb,Y 1,F3 solid solutions

Jelena Aleksi? Tanja Barudzij&*, Dragana Jugo¥i®, Miodrag Mitric °, Marko Boskou °,
Zvonko Jaghic¢ 9, Darja Lisjak®, Ljiljana Kostic 2

@ Faculty of Sciences and Mathematics, Universiti¥igf VisSegradska 33, 18000 Nis§, Serbia

® Institute of Nuclear Sciences “Wa”, University of Belgrade, P.O. Box 522, 11001 dsable,
Serbia

¢ Institute of Technical Sciences of SASA, Knez Mitna 35/1V, 11000 Belgrade, Serbia

4 Institute of Mathematics, Physics and Mechanic&diversity of Ljubljana, Faculty of Civil and
Geodetic Engineering, Jadranska 19, SI-1000 Ljoblj&lovenia

¢ Jozef Stefan Institute, Jamova 39, SI-1000 LjuialjsSlovenia

Abstract

In this investigation, we have synthesized\Y{iF3 solid solutions by fluorination of
yttrium and ytterbium sesquioxides with ammoniundiogen difluoride. According to the
XRD analysis, all synthesized Y¥y, <F3 samples have an orthorhombic crystal structure
belonging to theg-YF; structural type. The refinement of crystal stroetwas done by the
Rietveld method within thBnmaspace group using the TCH pseudo-Voigt functidre T
anisotropic peak broadening was analyzed, andvibtiage apparent crystallite size is about
50 nm with a small anisotropy of shape, while tigaiicant microstrain that is highly
anisotropic is present in all samples. The tempesadependent magnetic susceptibility was
analyzed by applying the model of a free ion pé&edrby the crystal field. We have obtained
the effective magnetic quantum numbktg of four Kramer's doublets of YHion along
with the entire crystal field splitting of tf€7, manifold of YB'* in YFs. The acquired
maximum energy splitting of the ground level is abd50 K in our most diluted samples.
The field-dependent isothermal magnetization mesmsants were carried out at various
temperatures and analyzed by classical Langevictiim Results obtained from magnetic
measurements show that allYhF3 (x # 0) solid solutions exibit pure paramagnetic
behavior in the whole temperature range from 20@ K, with a predominant

antiferromagnetic exchange interactions.
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1. Introduction

Rare-earth inorganic materials have received sgamf research attention during the
past because of their specific electronic, magnefptical, and chemical properties that arise
from partially occupied #electronic shells [1-13]. Recently, they have lbeeanore popular
thanks to the advancement of synthesis of nandated materials and morphology-
controlled synthesis [14—-21]. These materials fadecisive role in areas such as
optoelectronic devices, biomedical imaging, sotateslasers, and scintillators [22—31].
Among many inorganic materials, yttrium trifluori@®Fs), pure and doped with rare-earth
ions REY 14F3, RE= TB*", Tm**, EU*, YB**, EF**, DY**, C€*, PP*, and H3"), has been
thoroughly investigated as a promising host crystalanthanide-doped phosphor materials
with interesting up/down conversion luminesceniperties [32—36].

Yttrium trifluoride and trifluorides of the lanthale elements from samarium to lutetium
crystallize in orthorhombig-YF; structure type in space groBmma(No. 62), with four
molecules in a unit cell. In this structure, cai@tcupy 4 Wyckoff position(x, % z), and
the fluorine ions occupydd(x, ¥, z) and &l general positionéx, y, z) [37]. The three-
dimensional structure consists of irregular ninerdmation Yk polyhedra linked over
mutual corners, edges, and faces. Around evenjhpdhpn, there are eleven adjacent
polyhedra. Every polyhedron shares the face wighwo nearest polyhedra, the edge with
the other two polyhedra, and the corner with theseemaining adjacent polyhedra. Face-
sharing polyhedra build chains aligned with #haxis (Fig. 1), and every chain is related
laterally with six neighboring chains by mutual ed@gnd corners.

Thep-YF3 structure of Yg andRBE-; (RE= Er, Tm, Yb, and Lu) is not stable in the

whole temperature region up to the melting poid; 33]. As the temperature rises, a

structural phase transition from orthogoRamato a trigonalP3ml symmetry occurs,

which is known as an-YF; structure The appropriate transition temperatures are 1267 K
and 1350 K for YbEgand YF, respectively [40]. The transition temperature/bfY 1.«F3

solid solutions, which are the topic of this wakksomewhere between these two
temperatures, and it decreases with the increasingentration of the ytterbium ions [41]. In

the temperature range of concern in this papembit&@ned solid solutions exist in structure
type-YFs.
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Fig. 1. The orthorhombic crystal structure/®iYFs.

Owing to the similar ionic radius of*Yto lanthanides, trivalent rare-earth ions can
easily replace the yttrium ions in orthorhombicz¥#thout additional charge compensation.
YF3 represents a suitable candidate for a host mhtdua to its high ionicity and
coordination number, which results in a wide baad ¢> 10 eV) and low vibrational
energies [42]. Rare-earth trifluorides also shadwarsity of magnetic properties and are
very attractive as model systems for theoreticastigations of magnetic ordering in rare-
earth insulators with the competition of dipole@gand weak exchange interactions [43—
53]. The ground configuration &E>* ions is 4"55°5p°. The rare-earth trifluorides are
paramagnetic in almost the whole temperature rdngeo weak exchange interactions
between rare-earth ions and shielding effect o#iftehell by the outerssand P shells.
Among some rare earth trifluorides, magnetic ortgappears at temperature values of the
order of 1 K. Several studies of the magnetic prioge of heavy rare-earth trifluorides have
been conducted in the past. According to the magatein and specific heat measurements,
ferromagnetic domains are induced in TBRd Dyk at temperatures undég = 3.95 K [43]
and 2.53 K [44], respectively, due to magnetic thpdipole interactions among the rare-
earth ions. The antiferromagnetically ordered st&tdo®* magnetic moments occurs in HoF
at temperatur@y = 0.53 K [45]. The antiferromagnetic phase wase &sind in Erlz from
the neutron diffraction study &k = 1.05 K [48].

The magnetism of YJY 1..Fs compounds comes from the present™bns. A free YB*
ion has electronic configuratiori’4 with one hole in almost filledf4hell, ground multiplet
P72 (L = 4,S=1/2,J = 7/2) and the first exited multipl&s;,. The energy splitting between



’F,,» and®Fs)» is about 10000 cih) which is the highest splitting among all raretiear
elements. Because of this, the excited multiitgs does not influence significantly to the
magnetic properties. The free ¥tion ground levefF;, is an 8-fold degenerate term that is
partially split by the ligand field. Under the efteof crystal fields that have symmetry lower
than cubic, the Y ground levefF, splits into the four Kramer’s doublets. Hence, we
should include this splitting in the analysis of timagnetic properties of Y¥;xF3
compounds for the entirely measured temperaturgeran

In the following study, we present the synthesi¥ofY 14F; (x =0, 0.01, 0.03, 0.05, 0.1,
0.25, 0.5, 0.7, 0.9, and 1) solid solutions. Weehsynthesized Y8 doped Yk samples by
the fluorination of an appropriate mixture of oxsdeith ammonium hydrogen difluoride
(NH4HF,). Fluorination of oxides with NHHF; is one of the most suitable methods to
produce pure fluorides (oxygen-free) [54]. It istalle due to its low price, easy usage, and
the fact that the reaction with this agent doesreqgtire complex equipment. Fluorination of
yttrium sesquioxides (or other rare-earth sesqdesji with NHHF in the air is taking place
at temperatures near 300 °C according to the dvesadtion [54]:

Y,0, +6NH,HF, - 2YF, +6NH,F+3H,0, (1)
where HO, NH;F, and remaining NiHF, evaporate and only 4Hefts [43]. Different
intermediate compounds could appear during theiflation reaction, and there is no
established agreement about the actual flow oféhetion. During heating, fluorination of
Y O3 in the air probably takes place in two steps iynfag two intermediate compounds,
(NHg4)3Y 2Fg and NHY ,F [55].

The following work presents research on structurayphological, and magnetic
properties of YRY ;.4F3 solid solutions, systems that have not yet beerotighly
investigated, as far as we know. Structural andastcuctural analysis of obtained final
samples was performed using X-ray powder diffrac{ddRD), which is one of the most used
methods due to its simplicity, speed and the taat it can be applied to different classes of
materials. Today’'s most used technique for refimngtal structure was presented by Hugo
M. Rietveld in 1969 [56]. This method becomes wydgded not only for structure refinement
but also for different kinds of analyses, such @angjtative phase analysis, measurements of
microstrain and crystallite size, stacking and tfaiunlts. Refinement of the crystal structure
of Yb,Y 14F3 solid solutions is necessary to show that singlasp samples are obtained and
to monitor the changes in structural and microstmat parameters with changes in the

concentration of the ytterbium.



2. Experimental

All starting chemicals were from Sigma—Aldrich (piyrof > 98.5-99.99 %). The
appropriate amounts of commercialOg and YkO3; were mixed with NFHF, according to
the overall reaction:

@-xYVY,0, +xYb,0, + 6NH, HF, - 2Yb, Y, F, +6NH,F+3H,0. (2)
The obtained mixtures (for= 0, 0.01, 0.03, 0.05, 0.1, 0.25, 0.5, 0.7, On@l, B) were
heated, first in the air at 170 °C for 20 h andhtbe500 °C for 3 h in a reducing atmosphere

(Ar-10% H).

We have checked the synthesized intermediate aatifowder samples through XRD
measurements on a Philips PW 1050 diffractometdrites Culradiation £ = 1.54178 A).
XRD measurement conditions weré:range 20—-80° with a step of 0.05° and a counting
time of 3 s. To refine the crystal structure ofganeed samples, we have taken a new set of
XRD measurementsfzange 10-120° with a step of 0.02° and a couritmg of 12 s. We
have done a Rietveld full-profile analysis [56]thg FullProf program [57] using the
Thompson-Cox-Hastings pseudo-Voigt function. THeat$ of crystallite size and
microstrain on peak broadening were treated usiagpherical harmonics model and
guadratic form model in reciprocal space, respebtivi o estimate the instrumental peak
broadening, we have used the resolution functiderdened from the XRD pattern of the
LaBg standard.

The morphological properties of prepared sample® wiidied by scanning electron
microscopy (SEM) on Jeol JSM-7600F. For SEM samppparation, the powders were
deposited on a graphite sample holder and coatibdan®t layer of 5 nm thickness using
PECS Gatan 682. The elemental composition was tigeg¢sd by field emission scanning
electron microscopy (FESEM) on FEI Scios 2 micrgscequipped with an energy
dispersive X-ray spectrometer (EDX).

We have done the measurements of magnetic prapertian MPMS XL-5 SQUID
magnetometer from Quantum Design. The magnetieptibdity measurements were
carried out within the 2—-300 K temperature ranganaapplied magnetic field of 100 Oe. The
field dependency of the isothermal magnetization maasured between -50 and 50 kOe, at
various temperatures (2, 5, 10, 20, 50, 100, 160, and 300 K).



3. Resultsand discussion
3.1. Synthesis, structural and microstructural prdpes

The samples obtained from the first stage of s\gishia the air at 170 °C were analyzed
by XRD (Fig. 2), and that products correspond tommplete phase formation of
(NH4)3(YbyY 14)2F9 (PCPDF: 43-0840). The SEM image of the represeetat
(NH4)3Ybg 02Y 1.0879 Sample synthesized at 170 °C is presented in3Figxamined powders
are composed of irregularly formed particles witkrage sizes of about 160 nm.

Additionally, particles strongly aggregate and fdewrger structures.
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Fig. 2. XRD patterns of samples obtained at *@Cor 20 h, intermediates (NJ4(Yb,Y 1.).Fs (x = 0.01, 0.03, 0.05 and 0.1).

Fig. 3. SEM image of a sample (NHYbg ooY 1.9d50-

In the second stage of the synthesis, the prewiakghined products were heated in a
reducing atmosphere (Ar-10%)Hat 500 °C for 3 h. The XRD patterns of the final
synthesized polycrystalline samples,YhyF; (x =0, 0.01, 0.03, 0.05, 0.1, 0.25, 0.5, 0.7, 0.9,
and 1) comprise only reflections of theY'F3 type orthorhombic crystal structure (Fig. 4).
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Fig. 4. XRD patterns of the final products Y, ,Fz.

The crystal structure parameters of alkYh«F; samples were refined within tiRama
space group using the starting structural paramétem the work of Zalkin et al. [37]. The
most important results of Rietveld refinements §tajlographic data, atomic and
microstructural parameters) are given in Tabled Bable 2. From these data, we can notice
that an increase in the concentratioof Yb** ions causes a small decrease in the lattice
parameters andb and an increase in the lattice parametdihe cell volumé/ decreases
with increasing concentration of ¥hions, which is usual behavior due to the small
difference between the ionic radii of ¥(0.98 A) and Y¥* (1.015 A) [58]. The final Rietveld
plot for representative YWY o sF3 is shown in Fig. 5.

During the Rietveld analysis, we observed an aropat peak broadening for all
samples of solid solutions. At first, only anisqiocrystallite size and isotropic microstrain
influence on peak broadening were considered,dfutament was not good enough. To
achieve a better refinement, we included a modalaiadratic form in reciprocal space due
to anisotropic microstrain. The calculated crygtabize is about 50 nm with a small degree
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of anisotropy (anisotropy of shape), while all stespf solid solutions (including end-
members) have significant microstrain (Table 250dAlthe microstrain present in samples is
highly anisotropic, with much larger values of noistrain along different directions lying in
thea—c plane than microstrain along thexis. The reason for such anisotropic microstrain

lies in the fact that cations have a planar aligmnielayers perpendicular to theaxis and

that there is only one positional parameter ofrilu@ions at 8 general positions that can

relax along thé-axis [59]. For that reason, any stress is maielgxed by displacements in

thea—c plane. Anisotropic microstrain is illustrated Inetgraphical representation of the

three-dimensional microstrain distribution (insefig. 5).

Tablel

Crystallographic data of Yl ,.,F; samples.

X: 0 0.01 0.03 0.05 0.1

a[A] 6.35789(8) 6.35588(8) 6.35385(8) 6.35031(8)  34243(9)
b [A] 6.86070(9) 6.85937(9) 6.85765(9) 6.85684(9) 85236(10)
c[A] 4.40642(6) 4.40623(6) 4.40528(6) 4.40764(6)  40841(6)
Cell volume,V [A3 192.206(4) 192.100(4) 191.949(4) 191.922(4) 192(5)
Formula units per celf 4 4 4 4 4

Profile R-factors:

Rup 8.68 % 8.64 % 8.49 % 8.46 % 8.43 %
Rexp 7.02 % 7.16 % 7.29 % 7.34% 7.48 %
BraggR-factor,Rg 2.33% 2.35% 2.26 % 214 % 211 %
Chi? 1.53 1.46 1.36 1.33 1.27

X: 0.25 0.5 0.7 0.9 1

a[A] 6.31819(9) 6.27514(9) 6.24404(8) 6.21204(8)  19920(8)
b [A] 6.84159(11) 6.82266(11) 6.80698(11) 6.79399(11 6.78624(10)
c[A] 4.41657(7) 4.43118(7) 4.43973(7) 4.45482(7)  45021(7)
Cell volume Vv [A3 190.913(5) 189.712(5) 188.702(5) 188.013(5) 183(5)
Formula units per celf 4 4 4 4 4

Profile R-factors:

Rup 8.54 % 7.68 % 7.75 % 7.64 % 7.95 %
Rexp 7.59 % 7.51 % 7.27 % 7.07 % 6.97 %
BraggR-factor,Rg 221 % 2.25% 2.36 % 2.40 % 2.35%
Chi? 1.26 1.05 1.14 1.17 1.30

Standard deviations are given in parentheses.



Table?2

The refined values of the atomic parameters andosticictural parameters of Y¥,.,F; samples.

X: 0 0.01 0.03 0.05 0.1

Y,Yb (4) x 0.36774(4) 0.36771(4) 0.36782(3) 0.36776(3) 0.26%p
z 0.05883(5) 0.05875(5) 0.05878(5) 0.05855(5) 0.6%83
Biso (A2 1.871(7) 1.914(7) 1.910(7) 1.876(7) 1.959(7)

F (4c) X 0.5231(2) 0.5232(2) 0.5227(2) 0.5230(2) 0.5231(2)
z 0.5918(3) 0.5920(3) 0.5918(3) 0.5921(9) 0.5933(3)
Biso (A?) 1.88(3) 1.93(3) 1.92(3) 1.89(3) 1.99(3)

F (&d) X 0.1648(2) 0.1648(2) 0.1643(2) 0.1642(2) 0.1641(2)
y 0.06283(11)  0.06261(10)  0.06229(10)  0.06252(10) 06P49(11)
z 0.3737(2) 0.3739(2) 0.3737(2) 0.3736(2) 0.3732(2)
Biso (A?) 2.04(2) 2.09(2) 2.08(2) 2.11(2) 2.12(2)

Average crystallite size (nm) 48 50 48 47 a7

Average maximum microstrain (%).16 0.16 0.16 0.17 0.17

X: 0.25 0.5 0.7 0.9 1

Y,Yb (4c) x 0.36763(4) 0.36725(3) 0.36710(4) 0.36686(4) 0.3668
z 0.05727(5) 0.05554(4) 0.05430(5) 0.05303(5) 0.0%2%
Biso (A2 1.926(8) 1.953(7) 1.938(7) 1.926(7) 1.889(2)

F (4c) X 0.5236(2) 0.5239(2) 0.5244(2) 0.5246(3) 0.5257)(11
z 0.5946(4) 0.5994(4) 0.6029(4) 0.6076(4) 0.6060(2)
Biso (A?) 1.98(4) 2.02(4) 2.02(5) 2.02(5) 2.05(2)

F (8d) X 0.1642(2) 0.1638(2) 0.1643(2) 0.1636(3) 0.1643p(11
y 0.06246(12)  0.06231(12) 0.06233(14) 0.06271(2) 6268(6)
z 0.3720(2) 0.3698(2) 0.3674(2) 0.3663(3) 0.3650§ (12
Biso (A2 2.14(3) 2.05(3) 1.86(3) 1.82(4) 1.82(2)

Average crystallite size (nm) 50 52 54 51 56

Average maximum microstrain (%).23 0.29 0.27 0.25 0.24

Standard deviations are given in parentheses.
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Fig. 5. (Color online The final Rietveld plot for Y§sY sF3; sample: dots represent observed intensities; satidine
represents calculated intensities; bottom bluedimaws the differences between the observed andlatd intensities and

the vertical bars indicate the Bragg pedkset The graphical representation of the three-dinwradimicrostrain

distribution.

Morphology and patrticle size of the samples prepateb00 °C were investigated using
the scanning electron microscopy. The SEM imagéBeofepresentative samples are
presented in Fig. 6. There is a visible differebeeveen the morphologies of the final
products and the product obtained in the intermggibase (Fig. 2). Strongly agglomerated
particles of irregular shape are also presenterfittal samples, but they aggregate in some
more or less regular geometrical structures of aheBum in size. All samples prepared at

500 °C have particles with comparable morphology simes of 60—180 nm.

Fig. 6. SEM images of Y§¥ ;,F; samples: (ax = 0.01, (b)x =0.5 and (ck= 1.

To determine and confirm the compositions of sysitesl YRY1.F3 samples, we

performed the EDX analysis. The results of EDX gsialare presented in Table 3. Based on

10



this analysis, we calculated the compositions ef ginthesized samples, and the obtained
results are equal to the initial target composgiwaithin the limits of standard deviations.

Table3

Elemental analysis of ¥l F; samples.

Sample Yb [at%] Y [at%] Flat%]  EDX composition
YFy | 25.2(3) 74809  YFaee

YboorYoods 0.3(1) 24.5(3) 752(9)  YbooizaY osssiafaous)
YbooaY 0.9 0.8(1) 24.4(3) 748(9)  YboogaaY osesaf2e6)
Ybo.osY 0,083 1.4(2) 23.6(3) 75.009)  YbooseY osasef a0
Ybo.10Y 0.0 2.8(2) 21.7(3) 755(9)  YboiirY osserfaose)
Ybo2eY 0.7 6.5(2) 18.8(3) 74709 YbosiaY o743 2.956)
Yboso¥ o563 12.9(3) 12.5(3) 74.6(9)  YbosoaeY oaszef2ou6)
Ybo70Y 0.3 17.4(3) 7.9(2) 747(9)  Ybogsar oarzcf2s6)
Yboso¥ 0163 22.8(3) 2.7(2) 745(9)  YbogearY o106(rF2.0205)
YbF; 25.3(3) | 747(9)  YbFres

Standard deviations are given in parentheses.

3.2. Magnetic properties
The temperature-dependent inverse paramagnetieiltstities deviate from the Curie-
Weiss behavior for all samples (Fig. 7). This kaicdehavior is a result of the crystal field
effect on the YB' ground state. As mentioned before *Yions are placed at positio with
Cs symmetry. Therefore the crystal field of the saymmetry causes the splitting of 8-fold
degenerate ground leV&l;, into four Kramer's doublets. The effective magoetiiantum
number Mier (i = 0, 1, 2, and 3) assigned to each doublet represdinear combination of
the magnetic quantum numbers in a free ion. Asahmperature changes, the population of
Kramer’s doublets changes, and this leads to agestyre-dependent effective magnetic
moment. In the present case, the following equatestribes the dependency of the
magnetic susceptibility on temperature [60]:
3
_ XNL95 oty Zo AR
TTHT-6) 3 ’ ©
D exptE /kgT)
i=0

wherex is the concentration of Ybions,N, is the Avogadro constary; = 8/7 is the Landé
splitting factorug is the vacuum magnetic permeabiljy,is the Bohr magnetoMies (i = 0,
1, 2, and 3) are the effective magnetic quantumbarmassigned to Kramer’s doubldisis
the energy gap between the ground Q) and-th excited doublet = 1, 2 and 3)kg is
Boltzmann’s constant arftlis the Curie-Weiss paramagnetic temperature.

11



At low temperature3 < 3 K, only the lowest Kramer’s doublet is popatitand in this
temperature region, the paramagnetic susceptitidityws the Curie-Weiss law (insets in
Fig. 7). Equation (3) becomes [60]:

_ XNLG3 oM g
ks (T —6)

By fitting equation (4) to the low-temperature expeental data, we have obtained the

(4)

values ofMgess andé (Table 4). The Curie-Weiss paramagnetic tempeg#@obtained from
the low-temperature paramagnetic susceptibiligy iesult of weak exchange interactions
between YB' ions and not of crystal field effect. For all sdagd has negative values,
which indicates a predominance of antiferromagretichange interactions. THE)
dependency (Fig. 8) is linear, which shows thatmetig YB** ions do not tend to cluster
[60]. The remaining six parameters were determfrnaa the fit of equation (3) to the
experimental data within the entirely measured &naoire range, where the valuedvity
andéd were from the fit to the low-temperature data (€ah). The obtained values B
andE; show good agreement between values for differgathjum concentrationg and we
have calculated their mean values (Table 4). Aangrtb the investigated literature [61-63],
there are very few available experimental valuethefenergy sublevels of Yhions in YR
with which we can compare our obtained energy \&hieThe only available experimental
energy splitting of théF,, level is from luminescence measurement, and ltsvia about
167 K [62]. The obtained maximum energy splittifigymund levefF;,, (Es/ks) in our most
diluted samplesx(= 0.01 and 0.03) is in a remarkable agreement tithenergy splitting

measured from the luminescence spectra.

a 3 b
(a) [ - (b)
0.2 3
90
— 0.1 —
3 : 3 2
g eo 0 g 2
k= °
™ 30- 1
O T T T O B T T T
0 100 200 300 0 100 200 300
T [K] T [K]

Fig. 7. (Color onling The inverse susceptibilities for Y, ,F; samples over the full temperature rangex@@)0.01, 0.03,

0.05 and 0.1, (;y = 0.25, 0.5, 0.7, 0.9 and 1*. The full lines regenet the calculated curves. *Experimental data and
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corresponding calculated curve for samptel are multiplied by 0.5 for better visibilitinsets The inverse low-

temperature susceptibilities, where the full linggresent fits of the Curie-Weiss law.

-0.3- $

-0.2 $

0 [K]

-0.1 —}E }

0.0 g T g T g T g T E T
0.0 0.2 0.4 0.6 0.8 1.0

X

Fig. 8. Curie-Weiss paramagnetic temperatigbtained from the low-temperature regidn<(3 K) for YhY,.,F; samples.

Table4
The effective magnetic quantum numbkkg; of the Kramer’s doublets, their crystal field agiesE/kg and Curie-Weiss

paramagnetic temperatur@or Yb,Y 1, Fa.

X: 0.01 0.03 0.05 0.1 0.25

Moeft 1.506(5) 1.459(6) 1.446(6) 1.691(10) 1.677(12)
M et 1.738(9) 1.719(8) 1.729(8) 1.89(3) 1.981(8)
Moet 2.715(6) 2.692(9) 2.775(6) 3.234(18) 3.270(10)
Maet 2.394(14) 2.479(10) 2.852(7) 3.111(16) 2.89(6)
Ei/ks [K] 14.0(3) 15.9(3) 16.9(3) 13.0(10) 14.9(3)
Ex/ks [K] 64.2(3) 65.3(4) 69.5(2) 60.4(6) 66.5(4)
Ea/ks [K] 146(8) 157(3) 245(2) 213(5) 197(2)

0 [K] -0.095(20) -0.085(18) -0.09(2) -0.098(24) 1P9(15)

X: 0.5 0.7 0.9 1 Mean value
Moeft 1.612(5) 1.574(4) 1.600(5) 1.505(5) 1.563(6)
M teff 1.977(8) 2.026(11) 2.111(13) 1.966(8) 1.904(11)
Moet 3.294(10) 3.379(10) 3.572(10) 3.412(10) 3.149(10)
Maet 2.822(4) 2.733(4) 2.925(6) 2.729(4) 2.771(14)
Ei/ks [K] 16.2(2) 17.7(3) 17.4(2) 16.7(2) 15.9(3)
Ex/ks [K] 66.8(3) 73.2(3) 70.7(3) 66.8(3) 67.0(3)
Ea/ks [K] 188(2) 252(3) 215(3) 197(3) 201(3)

6 [K] -0.197(17) -0.26(2) -0.30(2) -0.34(2)

Standard deviations are given in parentheses.

According to the literature, crystal field splitjrof the ground term of the rare earth ions
also bares an influence on heat capacity behavieasurements of the heat capa€tyin a
low-temperature range from 5 to 350 K show a siaadl smooth increase @, values, with

no transitions [64]. The low-temperature heat capaof rare earth fluorides can be
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represented as a sum of two components: the lattiogponeniCi, that occurs due to the
vibration of the ions in the crystal and an exasm®ponenCey, Which is a consequence of
the splitting of the ground level due to the actidrihe ligand field. This excess contribution
is known as Schottky's contribution or Schottky raaty [39]. The high-temperature heat
capacity can, in analogy with the low-temperatuase; also be written as a sumGpf and
Cexo The difference is in the origin of tl&, which, in contrast to the low-temperature case,
does not arise from the harmonic vibrations, bigesrfrom the influence of the anharmonic
vibrations, as well as the thermal dilatation dfit® and of the thermally induced vacancies
in the lattice. The values of the heat capacity sme®oth and continuous in the whole
temperature range, except at the temperatures iahwtansitions occur (fronf-YF; to a-
YF3 structure and melting point), where heat capguaityps can be observed [40,65,66].

Fig. 9 shows the field dependencies of magnetindi(H) at 2 K. For all samples, the
M(H) curves show no hysteresis, and there is no satmmaf magnetization up to 50 kOe,
which is expected for paramagnetic systems. Thgéwan functionL(y) describes the

magnetization of a classical paramagnetic matggigl
1
M =MsL(y) = Ms{cothy—ﬂ. (5)

whereMs is the maximum magnetization that could be meakwieen all the magnetic
moments are alignegt,= uB/ksT, [ is the magnetic moment of an idhjs the magnetic field
andkg is Boltzmann’s constant. We have fitted the cladiangevin function successfully

to all experimentally observed(H) curves, which proves that prepared\YpiF; samples

are paramagnetic.

60 -40 20 0 20 40 60 60 -40 20 0 20 40 60
H [kOe] H [kOe]

Fig. 9. (Color online) The isothermal magnetization vsgnetic field data measured at 2 K for,Yh,F; samples: (ax =1,
0.9,0.7,0.5 and 0.25, (k) 0.1, 0.05, 0.03 and 0.01. The full lines repnéslee calculated curves.
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For Yhy 7Y o.3F3 and Yl oY o.1F3 samples, field dependencies of the isothermal
magnetization were measured at various temperaf2yés 10, 20, 50, 100, 150, 200, and
300 K) and the obtaindd(H/T) curves are shown in Fig. 10.

(a) (b)

104 —T=2kK 1.5 —71=2K
' T=5K - T=5K
T=10K 1.04 T=10K
05 ——T=20K | —T=20K
Y71 —T=50K 054 —T=50K
-}00 x=0.7 -}OO- x=0.9
= 0. = 0. >
s 0

0.1/—T=100K S ] “]—T=100K
] —T=150K -0.5- 0.1 —T=150K/
-0.51 0.0 1 0.0
] / -1.0 o /
—T=200K | : —T=200K
-1.01 e T=300K 02 T=300K

-06 -03 00 03 06 -1.51 -06 -03 00 03 06
T T T T T T

20  -10 0 10 20 20  -10 0 10 20
HIT [kOe/K] HIT [kOe/K]

Fig. 10. (Color online) The isothermal magnetizatid(H/T) at different temperatures for (a) Y8 o.3Fs and (b)
YbO.QYO.lFS-

When the effective magnetic moment does not chanitetemperature, the
experimental curvelI(H/T) obtained at different temperatures should oved&p, as is the
case when only the lowest Kramer’s doublet of Yibns is populated in the entire measured
temperature interval. In our sampl&&H/T) curves measured at different temperatures do
not overlap. Behavior like this occurs due to therinal population or depopulation of
Kramer’s doublets with increasing temperaturesciviieads to the temperature-dependent

effective magnetic moment.

4. Conclusion

The polycrystalline YY 14F3 samples analyzed in this work were synthesizetthéy
fluorination of a mixture of ¥O3; and YBO; with NH;HF,. The fluorination takes place in
stages, first in the air at 170 °C by the formatdiiNH,)3(YbyY 1x)2F9 and then at 500 °C in
a reducing atmosphere by the formation of finaidssblutions. XRD measurements show
that all final synthesized samples crystallizena same orthorhombic crystal structure ¢f a
YF; type. Increasing the concentrationf Yb** ions in samples causes only a small change
in the lattice parameters, due to the small diffeesin the ionic radii of YB and Y** ions.

According to the microstructural analysis, the tallge size of the final samples is about 50
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nm with a low degree of anisotropy, while all saegbf solid solutions possess a significant
microstrain with a high degree of anisotropy.

The temperature dependency of the inverse parartiagusceptibility of all YRY 14F3
samples departs from the Curie-Weiss behavior ande fitted by the equation (3). This fit
enables us to determine the effective magnetictguanumberde of the four Kramer’s
doublets of YB' ion, as well as the values for the energy dafmetween the ground aidh
excited doublet. We believe that we report forfthst time experimentally determined
complete crystal field splitting of the grourfé{,) manifold of Y5 in the YR host Cs
site). The obtained maximum energy splitting ofugrd level’F7/, in our most diluted
samples is in agreement with the only availableserpental value from the literature [62].

The Curie-Weiss paramagnetic temperatudetermined from the low-temperature
paramagnetic susceptibility has negative and swadlles for all samples, indicating a
predominance of the antiferromagnetic exchangedaot®n. The dependency of the
parameted is linear with the concentration of Yhions, which shows the absence of the
clustering of YB" ions. All experimentally observed(H) curves for all YRY 14F; samples
can be fitted by the classical Langevin functiohjck confirms the pure paramagnetic

behavior at all measured temperatures (2—300 K).
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Highlights

Polycrystalline samples of the orthorhombic,Y b«F3 solid solutions were prepared.
The structural and microstructural properties vatuelied by XRD and SEM.

The susceptibility data was analyzed within 2—30Kge.

Complete crystal field splitting of tH&;,, manifold of YB* in YF; is obtained.

YbyY 1.xF3 solid solutions exhibit paramagnetic behavior.
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