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Effects of Sm doping on EuBg

A solid-state reaction was used to investigate the nanocrystalline particles of Sm-doped EuBs and their
optical, thermionic emission and mechanical properties were investigated. The tapered nanoawls had a length
of 3—12 um and a diameter ranging from 40 to 200 nm at the roots and 20—100 nm at the tip as shown by in
scanning electron microscopy (SEM). As the temperature of the material increases, the thermionic emission
current density also increases. Jo as the zero-field current densities for EuosSmo4Bs at 1500 K, 1673 K,
1773 K, 1873 K were 0.72 A cm?, 4.25 A cm?, 10.06 A cm™ and 20.05 A cm™. By increasing the Sm doping
content, electrical density of EuixSmxBs decreases. In all materials, the electrical resistivities increased
linearly with temperature from 200 to 1200 °C, indicating metallic conductivity. Euo.cSmo4B¢ has a lower
Vickers hardness and higher flexural strength than EuBe.

Keywords: nanocrystalline, mechanical properties, dielectric function, thermionic emission, electrical
resistivity.

Introduction

Europium hexaboride (EuBs) is the rare-earth metal hexaboride (REBs). Among ferromagnetic
semiconductors, EuBs shows extraordinary magnetoresistance and is commonly believed to include magnetic
polarons [1]. The characteristics of EuBs include chemical stability, excellent thermal conductivity, high
hardness, high melting point, high wear resistance and a low thermal expansion coefficient. Both boron (B)
and europium (Eu) atoms exhibit high neutron absorption cross sections, EuBs acts as an excellent neutron
absorber and is used as a control rod in fast breeder reactor [2].

Samarium hexaboride (SmBe) is both Kondo insulator(KIs) and heavy fermion semiconductor as well
as an exotic material by means of powerful electronic relationships where occupied 4f electrons lead to novel
ground states [3]. It is an intermediate-valence compound, that which is a narrow-gap semiconductor [4].
SmBg is a very hard and stable rare-earth hexaboride(REB¢s). When the temperature is low, SmB¢ becomes
ferromagnetic [5]. SmBg applications include field emitters, photodetectors, cathodes and energy storage [6].

Bao et al. [7] studied the structure and optical adsorption of the powder of Eu-doped SmBg via a solid-
state reaction. They reported that the reaction temperature improved the grain size and powder distribution of
the synthesized samples. By increasing Eu doping, the transmissivity as a function of the wavelength of
SmBs increases rectilinear from visible light to near-infrared (NIR). Menth et al. [8] reported that Eu does
not significantly change the electrical properties of SmBg at low temperatures. SmBg exhibits a non-magnetic
semiconductor behavior at low temperatures. Yeo et al. [9] investigated the magnetic susceptibilities,
resistivities, and Hall effects of Eu-doped SmB¢ (Smi.<EuxBg). EuBg is a polaronic ferromagnet and SmBg is a
Kondo insulator. A narrow f band and broad conduction band hybridize less strongly with Eu doping, and
magnetically active ions participate in the AF superexchange interaction as well. Yamaguchi et al. [10]
suggested that Eu doping increases the Sm valence and reduces the hybridization of the valence band with
Sm 4f. The According to a study Yeo et al. [11], the substitution of Sm for EuBg significantly changes its
magnetic and transport properties, leading to a transition from ferromagnet to EuBs to produce
antiferromagnetic and metal-insulator transitions (MITs). The doping of magnetic carriers alters both the
itinerant carrier density and magnetic interactions simultaneously.

In this study, nanocrystalline Sm-doped EuB¢ were fabricated via by a solid-state reaction and its
optical properties of Sm-doped EuBs were investigated. We also investigated their optical properties using
first-principle calculations.

Experimental and computational methods

The synthesized nanocrystalline powders were prepared from Euz03(99.97 %), SmCl;-6H20 (99.96 %),
and NaBHj4 (99.98 %). Initially, 600 °C, 800 °C, 1000 °C, and 1200 °C were chosen as the reaction
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temperatures for SmBs to produce a uniformly distributed nanocrystalline powder. In order to synthesize
nanocrystalline Eu-doped SmBs, the reaction temperature was optimized at 1200 °C. Sm;_<EuxBs powder
was examined for phase identification, grain morphology, and microstructure employing field emission
scanning electron microscopy(HITACHI SU-8010, FESEM), transmission electron microscopy(TEM, FEI-
Tecnai F20 200 kV) and X-ray diffraction (PW1830 with Cu-Kal radiation, Philips, XRD).

Sm-doped EuBs was analyzed using first-principles calculations based on density-functional
theory (DFT) implemented in the VASP computational code [12]. In our calculation, projector augmented
wave pseudopotentials with generalized gradient approximation (GGA) and 500 eV kinetic cutoff energy
were employed. The surface calculation was sampled using 16x16x1 k-point grids of the Brillouin zone
(BZ).

Results and discussion

A graph of the XRD models of Eu;xSm.Bgnanocrystalline powders employed at 1200 °C with x=0, 0.2,
0.4, 0.6, and 0.8 is shown in Figure 1. It appears that the Sm atoms randomly substitute for the Eu atoms in
(100), (110), (111), (210), (211), (220), (221), (310), and (222), as indicated by the well-indexed and
assigned diffraction peaks. Neither Sm nor Eu peaks were observed in the patterns, indicating that no
impurity phase was present in the samples. As can be seen from the patterns, these samples exhibit well-
defined peaks, indicating that they were highly crystallized. As shown in Figure 1, all samples consisted of a
single phase with a space group of Pm-3m.
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Figure 1. XRD pattern of Eu;.x<SmyBsnanopowder prepeared at 1200 °C.
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Figure 2. SEM images of the Eu;.xSmBs nanopowder aquired at 1200 °C

The SEM images of the Eu;.«SmyB¢ nanopowder were taken at 1200 °C and is depicted in Figure 2. The
enlarged images of the Eu;xSmyBs (x=0.2, 0.4, and 0.6) nanopowders which marked by red arrows with
diameters range from approximately 20—100 nm at tip and 40200 nm at root are presented in Figure 2a-c. In
field-induced electron emission, Eu;.«<SmyBe are very important and beneficial.

The Vickers hardness, flexural strength, and relative density of EugsSmo4Bs were examined at different
sintering temperatures. Figure 3 depicts a similar trend, where Vickers hardness, flexural strength, and
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relative density gradually increase with temperature until they reach a maximum at 1300 °C. It is considered
overfiring when the temperature reaches 1350 C, as evidenced by decrease in the density. Vickers hardness
and flexural strength increased with increasing bulk density. The Vickers hardness and flexural strength
values have been measured at 1300 °C to be 22.4 GPa, 241 MPa and respectively. EuB¢ has a Vickers
hardness and flexural strength of 26.1GPa and 183MPa, respectively [2]. Hence the Vickers hardness of
Euo.6Smo 4B is smaller than EuBg and flexural strength of Eug.¢Smo4Bs are higher than EuBe.
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Figure 3. Flexural strength, Vickers hardness, and relative density of Eug¢Smo4Bg¢ at different sintering temperatures.

Figure 4 shows typical Schottky plots (logl-U"? curves) for EugsSmp4Bs. Temperature-limited values
are extrapolated back to zero-field theory in the evaluation of the work function. The Richardson—Dushman
formula can be written as follows: Lg(J/T?) = LgA- 5040 ¢/T. A(120 A cm 2 K2) is Richardson’s constant,
¢ (eV) is the emitter work function, T (K) is the temperature and J(A cm™) is the emission current density.
The zero field current densities(J,) of EugsSmo4Bs are obtained at 1500K, 1673 K, 1773 K, 1873 K were
0.72 A ecm™, 425 A cm?, 10.06 A cm? and 20.05 A cm?, respectively. Thermal emission current density
increases as material temperature increases.
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Figure 4. Typical Schottky plots for EugsSmg 4Bs

The UV-VIS absorption spectra of EuBs and Euo4Smo¢Bs are shown in Figure 5. The pure EuBs and
Euo.4Smo¢Bg peaks have an absorption shoulder centered at 220 nm. When the absorption peak positions
were compared, they were considerably shifted towards the red region. Pure EuBs exhibited stronger light
absorption at 150 nm than Sm doped with EuBe.
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Figure 5. Absorption spectra of pure EuBs and Eug4Smg ¢Bs

The electrical resistivity is shown in Figure 6 as a function of the temperature for different doping
contents. Metallic conducting behavior is observed in all samples, as their clectrical resistivities increased
linearly with temperature from 200 to 1200 °C. Using a 60 % Sm doping content, the electrical resistivity
became 4350 Q cm at 200 °C and 9000 Q cm at 1200 °C. Additionally, a decrease in the electrical resistivity
is also observed when the Sm doping content increases to 80 and 100 at.%, indicating that electrical
resistivity is decreased by Sm doping.
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Figure 6. Electric resistivity for Eu;xSmyBs as a function of temperature.

Conclusions

The Optical, thermoelectric and mechanical properties of Sm-doped EuBs nanocrystalline particles
were investigated using solid-state reactions. Tapered nanoawls shown by scanning electron microscopy
(SEM) have a length of 3—12 pm and a diameter ranging from 40 to 200 nm at the roots and 20—-100 nm at
the tip. The thermionic emission current density increases with increasing material temperature.
Eu0.6Sm0.4B6 had zero field current densities(J,) of 0.72 A ¢cm?, 4.25 A cm?, 10.06 A cm™ and 20.05 A
cm?at 1500 K, 1673 K, 1773 K, and 1873 K, respectively. The electrical density of Eu;xSmyBs decreases
with increasing Sm doping content. In the temperature range of 200 — 1200 °C, the electrical resistivity of
all materials increased linearly, indicating that they were metallically conductive. In contrast to EuBs,
Euo.6Smo 4Bg has a smaller Vickers hardness and higher flexural strength.

Data Availability

The raw/processed data required to reproduce these findings cannot be shared at this time due to
technical or time limitations.
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Y. bo3zana

JlernpJsienren Sm-Hin EuBs-ra acepi

KaTTs! azanslk peaknmust keMeriMeH JiernpiieHreH Sm-HiH EuBe HaHOKpHCTanmsl OemmekTepi 3epTTedim,
OJIapIbIH ONTHKAJIBIK, TEPMUSUIBIK XKOHE MEXaHUKABIK KacueTrepi 3eprrennai. CkaHeprieymli 3IeKTPOHIBI
MHKPOCKONHUSHBIH KOMETriMeH KepCeTiNreHJeH, KOHYCTBIK HaHOKAaOBIKLIANAPBIHBIH Y3BIHIBIFB 3-12 MKM
xoHe nuamerpi Tambipiapaa 40-tam 200 HMm-re aeiiin skoHe ymubiHAa 20-100 HM-re fgeiiH Gonmbl
Matepuanabl TeMmreparypachl KOTEPUITeH. CaiiblH TEPMOAJIEKTPJII IMUCCHSIIBIK TOKTBIH TBHIFBI3IBIFEL J1a
aptanpl. 1500 K, 1673 K, 1773 K, 1873 K ke3inne Euo.cSmo.4Be ymin Jo Henaik epic Tok ThIFbBABFH 0,72 A
cM-2, 4,25 A cm-2, 10,06 A cm-2 xone 20,05 A cM-2 Kypanasl. Sm JIeTHpIIeHYIHIH MeJIIepi apTKaH caiblH
Eul-xSmxBg¢ a5ekTp THIFBI3IABIFEI TOMECHACH 1. bapiiblk MaTepuaniapaa MEHIIIKTI 37eKkTp keaeprici 200-geH
1200 °C-ka neiiiHri TemIeparypajga CbhI3BIKTHIK TYypZe ©cCTi, Oyl MeTal OTKI3TIMITIriH KepceTeni.
Euo0.6Smo.4Bs EuBe. kaparanma Bukkepc G0HbIHIIA KATTBUIBIFBI TOMEH JKOHE Ny OepIiKTIri JKOFapHl.

Kinm co30epi: HaHOKPHCTaJIIap, MEXaHHKAIBIK KACHETTEep, AMINCKTPIK (YHKIHMS, TEPMOIIEKTPOHIBIK
IMUCCHS, MEHILIKTI 3JIEKTP Keaeprici.

Y. bozana

Bausinue seruposanust Sm Ha EuBg

C momompio TBepAoGa3HONH peaKnuy HCCIENOBaHBl HAHOKPHCTAINYeckne yacTuibl EuBe, nernposannsie
Sm, u uccienoBaHbl MX ONTHYECKHE, TEPMOAMUCCHOHHBIE U MexaHHueckue cBoiicTBa. Kak mokasano, c
MIOMOIIBIO CKAHUPYIOLIEH JIeKTPOHHOM MUKPOCKOIINM KOHUYECKHE HAHOCTEPKHU UMENIH JUIMHY 3—12 MKM U
nuaMeTp B auanazoHe oT 40 1o 200 uM y kopHeii u 20—-100 HM Ha koHYuKe. C MOBBIIEHHEM TEMIIEPATYpPb
MaTepuana IIOTHOCTh TOKa TEPMOBJIEKTPOHHOI SMHUCCHU TaKKe yBEIUUUBAeTCs. Jo, MOCKOJIBKY IUIOTHOCTH
TOKa B HyJIeBoM 1oue st Euo.sSmo.4Bes mpu 1500 K, 1673 K, 1773 K, 1873 K, cocrasmsu 0,72 A cm-2, 4,25
A cm-2, 10,06 A cM-2 u 20,05 A cm-2. [lpu yBenmnueHHH COAEpKaHUS JISTUPOBAHUS Sm 3IIEKTpUYECKast
mwioTHOCTh Eu1xSmxBe cHmkaercs. Bo Bcex MaTepuanax yaelbHOE 3JIEKTPUIECKOE COMPOTUBIICHHE JINHEHHO
Bo3pacTaio ¢ temmeparypoir ot 200 mo 1200°C, yro yka3pIBaeT Ha METAUIMYECKYIO HPOBOAMMOCTb.
Eu0.6Smo.4Bs mmeer Gonee HU3KYIO TBepAOCTh MO Bukkepcy u Gojee BBICOKYIO NPOYHOCTH HA M3THO, UeM
EuBe.

Knrouegvie cnoea. HaHOKpHUCTaJUIbL, MCXaHUYCCKUE CBOﬁCTBa, JUDBJICKTPUYECKast (byHKIII/IH,
TCPMOIJICKTPOHHAA SMUCCUS, YACIBbHOC SJICKTPUIECKOEC COIIPOTUBJICHUE.
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