http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Crystal structure and magnetic properties of disordered alloy ErGas Mn,

Cong Wang(EJ#), Yong-Quan Guo(¥87kK L), Shuo-Wang Yang(#% i 2£)
Citation:Chin. Phys. B . 2019, 28(8): 086101 . doi: 10.1088/1674-1056/28/8/086101
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Isostructural phase transition-induced bulk modulus multiplication in dopant-stabilized
ZrO; solid solution

Min Wang(F ), Wen-Shu Shen(iL 3 £F), Xiao-Dong Li(ZEBEA), Yan-Chun Li(ZE#E#), Guo-Zhao Zhang(ik &
#), Cai-Long Liu(xX| 4 J%), Lin Zhao(#&#k), Shu-Peng Lv(E £71l%), Chun-Xiao Gao(/=#: %), Yong-Hao Han (&
7K R)

Chin. Phys. B . 2019, 28(7): 076109 . doi: 10.1088/1674-1056/28/7/076109

Enhanced structural and magnetic properties of microwave sintered Li-Ni-Co ferrites prepared
by sol-gel method

Nandeibam Nilima, M Maisnam, Sumitra Phanjoubam
Chin. Phys. B . 2019, 28(2): 026101 . doi: 10.1088/1674-1056/28/2/026101

Compression behavior and phase transition of B-SisN, under high pressure

Hong-xia Gong(3%41.£%), Zi-li Kou(5& H /J), Cong Fan(#%lii), Hao Liang(#i%), Qi-ming Wang(E£5%#]), Lei-lei
Zhang(5k & &), Fang Peng(32), Ming Yang(#"3), Xiao-lin Ni({52/N#K), Jing Liu(Xll35t)
Chin. Phys. B . 2018, 27(5): 056101 . doi: 10.1088/1674-1056/27/5/056101

Structural phase transition, strength, and texture in vanadium at high pressure under
nonhydrostatic compression

Lun Xiong(g&1&), Jing Liu(xl5t)
Chin. Phys. B . 2018, 27(3): 036101 . doi: 10.1088/1674-1056/27/3/036101

Structural, magnetic properties, and electronic structure of hexagonal FeCoSn compound

Yong Li(%5), Xue-Fang Dai(ft*:75), Guo-Dong Liu(xl[E#5), Zhi-Yang Wei(ZL£FH), En-Ke Liu(X1& ),
Xiao-Lei Han(§f/N&), Zhi-Wei Du(kt &), Xue-Kui Xi(#(22%45), Wen-Hong Wang(F i), Guang-Heng
Wu(R=Jt1H)

Chin. Phys. B . 2018, 27(2): 026101 . doi: 10.1088/1674-1056/27/2/026101


http://cpb.iphy.ac.cn/EN/abstract/abstract74437.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract74243.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract74243.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract73532.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract73532.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72058.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71702.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71702.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71500.shtml

Chin. Phys. B  Vol. 28, No. 8 (2019) 086101

Crystal structure and magnetic properties of
disordered alloy ExrGas_,Mn_*

Cong Wang(EH5), Yong-Quan Guo(357K#)", and Shuo-Wang Yang(#%1ii 1)
School of Energy Power and Mechanical Engineering, North China Electric Power University, Beijing 102206, China

(Received 19 April 2019; revised manuscript received 17 June 2019; published online 25 July 2019)

ErGas_,Mn, disordered alloy is successfully prepared by the vacuum arc melting technology, and the crystal structure
and magnetic properties are investigated by using the x-ray diffraction and magnetic measurements. The Rietveld structural
analysis indicates that the ErGas_,Mn, crystallizes into a cubic structure with space group of Pm3m in Mn doping range of
x = 0-0.1. However, the disordered alloy with structural formula of Ero'gGalz(GaH, Mn)g 4 as the second phase is separated
from cubic phase for the samples with x = 0.2 and 0.3, which is induced by substituting the (Gal, Mn)—(Ga'l, Mn) pair at
2e crystal position for the rare earth Er at 1a site. The lattice parameters tend to increase with Mn content increasing due
to the size effect at Ga (1.30 A) site by substituting Mn (1.40 A) for Ga. The paramagnetic characteristic is observed by
doping Mn into ErGas at room temperature. With Mn content increasing from x = 0 to 0.1, the magnetic susceptibility x
tends to increase. This phenomenon can be due to the increase of effective potential induced by doping Mn into ErGas.
However, the magnetic susceptibility y continues to decrease with the increase of Mn content in a range of x > 0.2, which
is due to the phase separation from the cubic Er(Ga, Mn)j to the hexagonal Ery §Gay(Ga, Mn)g 4.

Keywords: ErGas_,Mn,, Rietveld structure refinement, magnetic transport

PACS: 61.05.cp, 61.50.—f, 63.50.Gh, 87.80.Lg

1. Introduction

Most of RX3 intermetallic compounds (R = rare earth;
X =1In, Ga, Tl, Sn, and Pb) have a cubic AuCus-type crys-
tal structure.!'®! The interest in RXj3 is growing due to their
salient features such as formation of magnetic moment, crys-
tal field effect, and multiaxial magnetic structures. O-111 1 the
last decade, the research activities have focused on the binary
intermetallic compounds RIn3 with cubic AuCus-type struc-
ture due to their excellent physical properties such as low tem-
perature superconductor, complex magnetic ordering, Kondo
effect, and multi-axis magnetic structure.!'>~'#! Gallium be-
longs to the IIIA group, but the RGaz intermetallics cannot
be formed between the light rare earth and Ga. In the heavy
rare earth case, the stoichiometry RGa 1:3-type intermetallics
only exist in a few of rare earths such as: Tm, Lu, Dy, Ho,
and Er,['319] where TmGas, LuGas, and ErGas crystallize into
a cubic AuCus-type structure.!!”! TmGasz shows a modulated
antiferromagnetic structure at low temperature, it orders anti-
ferromagnetically around 4.2 K.['8 The saturation moment of
TmGas is 6.1 ug at 2 K. The two ordered phase transitions
have been found in TmGaz, however their transition temper-
atures are very closed. The one occurs at a Néel temperature
of Ty = 4.26 K, and the other occurs at a quadrupole antifer-
romagnetic ordered temperature of Ty = 4.29 K. Below Ty,
the magnetism of TmGa3 shows multiaxial anisotropy with
a saturation moment of 2.3 up at a temperature of 2 K. As
for ErGas, it shows a modulated antiferromagnetic structure
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at low temperature, its Néel temperature is 2.8 K, which is
close to the second phase transition temperature. It indicates
that these transitions occur at very low temperature, thus, it
is necessary to improve the magnetic characteristics of RGas
for developing novel room temperature diluted magnetic alloy
RGa3_,T; (T =Mn, Co) by doping minor magnetic impurities
such as Mn or Co and searching for its potential application as
magnetoelectric functional material.

As is well known, the 3d transition metal Mn plays an
important role in magnetic materials due to its significant con-
tribution to the magnetic anisotropy by coupling with 4f elec-
trons of the rare-earth.l'-2!1 Doping Mn into GdIns leads to
a strong correlation between electric transport and magnetic
state, and the electric transitions are associated with the mag-
netic transitions due to the Stoner spin fluctuation with the in-
crease of temperature. In this study, Mn-diluted ErGas mag-
netic alloy is designed for providing the possibility of the ex-
change interaction between 3d electrons of Mn and 4f elec-
trons of Er and for expecting to modulate the magnetic char-
acteristics of Mn diluted in ErGaz magnetic alloy.

2. Experimental details

The samples were prepared according to the normal struc-
tural formula of ErGaz_,Mn, (x = 0-0.3) and the purities of
raw metals were higher than 99.9 wt%. Owing to the evapora-
tion loss of Er and Mn in the melting process, their weights are
appropriately compensated for by supplying extra contents for
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Er: 1%~ 2% and Mn: 8%~ 10%. The samples were melted
in the non-consumable vacuum arc furnace under atmosphere
of high pure argon gas. Each sample was re-melted four times
to ensure the homogeneity, and followed by being annealed at
800 °C for 168 h in the evacuated quartz tube in order to elim-
inate the residual stress, and finally by quenching in water.

2.1. Crystal structure analysis

The crystal structures of samples were determined by x-
ray diffraction (XRD) with Cu-K; radiation, and then the
diffraction data were selected for determining crystal structure
with TREOR and Rietveld powder diffraction profile fitting
technique.

2.2. Magnetic property analysis

The field dependence of magnetization curves (M-
H) were measured with a vibrating sample magnetome-
ter (VSM) under the applied fields ranging from —20 kOe
(1 0e=79.5775 A-m™") to 20 kOe at room temperature.

3. Results and discussion
3.1. Crystal structure

As shown in Fig. 1(a), the XRD patterns show that
ErGasz_,Mn, alloys are of single phase for x = 0 and 0.1, the
satellite peaks of the second phase are present in the other two
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Fig. 1. XRD patterns of (a) ErGaz_,Mn, alloys and (b) enlarged patterns in
20 ranging from 32° to 38°.

samples with x = 0.2 and 0.3. These peaks can be indexed
by a hexagonal structure with a group of P6/mmm. The pla-
nar indices show that the lattice parameters and the crystal cell
volumes of cubic phase increase monotonically with the in-
crease of Mn content as listed in Table 1. It is due to the size
effect at Ga site. The atomic radii are 1.73 A for rare earth
Er, 1.30 A for Ga, and 1.40 A for Mn, respectively. Since the
atomic radius of Mn is larger than that of Ga, the substitution
of Mn for Ga causes both the lattice parameters and the unit
cell volumes to increase. Figure 1(b) is the enlarged plot of
Fig. 1(a) around the strongest diffraction peak (111) of cubic
phase, and it is very clear that the (111) peak shifts toward the
low angle with the increase of Mn content, which causes the
planar distance to increase and induces the lattice parameters
to augment.

Table 1. Lattice parameters of cubic ErGas_,Mn, alloys.

Lattice parameter alA VIA3
x=0 4.2155 74.911(3)
x=0.1 4.2218 75.247(6)
x=02 4.2299 75.681(6)
x=0.3 4.2416 76.311(3)

3.2. Rietveld structure refinement

The crystal structure of ErGaz_,Mn, was refined by us-
ing the Rietveld refinement method. Figures 2(a)-2(d) show
the refined XRD patterns of ErGas_,Mn, alloys, where the
measured and calculated XRD patterns are marked with the
symbol of “+” and solid lines, respectively. The lowest trace
indicates the differences between the two patterns. Based on
the structural refinement, ErGaz_,Mn, crystallizes into a cu-
bic AuCus-type structure with a space group of Pm3m in an
Mn content range of x < 0.2.The atomic occupations corre-
spond to la (0, 0, 0) site for Er atoms, and 3¢ (0, 1/2, 1/2)
site for (Ga, Mn) atoms. The lattice parameter a = 4.2155 A-
4.2416 A. The crystallographic data are supplied in Tables 2
and 3. In the regime of x > 0.2, the disordered hexagonal
phase coexists with the cubic phase and its structural for-
mula is Ero.gGag(GaH, Mn)g 4, and it can be considered as
the derivation of cubic ErGa 1:3 phase; if the number of
Er atoms is normalized, the structural formula is written as
ErGa, 5(Ga, Mn)s, i.e., Er(Ga, ErggGal(Ga'l, Mn)y4Mn)
1:3. Thus, the disordered Er(Ga, Mn)s alloy is of hexago-
nal phase. There are three kinds of nonequivalent crystal po-
sitions in this disordered hexagonal unit cell, which are oc-
cupied by Er at la site, Ga! at 24 site, and (Ga'', Mn) at
2e, respectively. The phase formation is induced by substi-
tuting the (Gall, Mn)—(Ga'!, Mn) pair at 2e crystal position
for rare earth Er at la site. According to the refined re-
sults, the corrected formulae of ErGas_,Mn, cubic phase are
EI‘Gaz,gano_og for x = 0.1, ErGa2,79Mn0,21 for x = 0.2, and
ErGas 71Mng o9 for x = 0.3, respectively. The formulae of dis-
orderedly hexagonal phase are Erg 3Gay(Gag ggMng 12)o.4 for
x = 0.2 and Er §Gay(Gagp.10Mng 9p)o.4 for x = 0.3. Since the
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Mn content increases in the two phases, their lattice parame-
ters and unit cell volumes rise up correspondingly. The content
of muti-phase can be determined from the following formula

according to the structural refinement parameters: (%!

Intensity/10* counts

Intensity/10* counts

) —

0]

where ®; is the weight percentage of the i-th phase, S;, Z;,
M;, and V; represent the scale factor, the number of for-
mula units per unit cell, molecular weight, and cell vol-
ume in the i-th phase. The calculated weight percentages of
ErGaz 79Mng 21, ErggGaz(GaggsMno.12)0.4, ErGaz71Mng 9,

SiZidivi (1) and ErgsGax(Gag.10Mnoo)o.4 are 92.58%, 7.42%, 91.55%,
Zi:S iZiMiVi and 8.45%, respectively.
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Fig. 2. Observed and calculated XRD patterns of ErGaz_,Mn for (a) x =0, (b) x = 0.1, (¢) x = 0.2, and (d) x = 0.3.

Table 2. Rietveld refinement structural parameters of ErGas_,Mn,.

Table 3. Rietveld refinement structural parameters of Erg_gGaI2 (Gall, Mn)g 4.

Sample ErGas ErGayoMng; ErGa;gMng, ErGay7Mngs Sample ErGa; sMno.» ErGa; 7Mno.3
- - - - Space group P6/mmm P6/mmm
Space group Pm3m Pm3m Pm3m Pm3m VA 2 2
z 1 1 1 1 alA 4.1860 4.1856
alA 42155 42218 4.2299 42416 c/A 4.0156 4.0145
Erl 0 0 0 0 Er la X 0 0
ria * Number y 0 0
Number y 0 0 0 0 Z 0 0
z 0 0 0 0 N 0.80 0.80
1
N 1 1 1 1 Ga' 2d x 1/3 1/3
Ga3 0 0 0 0 Number y 2/3 2/3
ase z 12 12
Number y 172 172 172 172 N 2 2
z 12 12 12 12 Ga'l 2¢ x 0 0
N 3 291 2.79 271 Number y 0 0
z 0.16011 0.32013
Mn 3¢ X - 0 0 0 N 035 0.04
Number y - 172 172 172 Mn 2e x 0 0
- 12 12 12 Number y 0 0
N - 0.09 021 0.29 : 016011 0.32013
N 0.05 0.36
Ry/% 7.086 5.656 5.758 6.908 Ry/% 5758 6.908
Ryp/% 9.736 8.275 8.181 9.400 Ryp!/% 8.181 9.400
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Fig. 3. Mn content-dependent bond lengths of ErGaz_,Mn, compounds for (a) Er—Er, (b) Er—-(Ga, Mn), and (c¢) (Ga, Mn)—(Ga, Mn).

The bond lengths in ErGas_,Mn, intermetallic com-
pounds are calculated according to the refined atomic coor-
dinates and the results are shown in Figs. 3(a)-3(c). Since
the radius of Mn atom (1.40 A) is larger than that of Ga atom
(1.30 A), doping Mn into ErGas causes both the lattice pa-
rameters and the unit cell volume to increase, which induces
significantly the lattice to distort through prolonging the Er—
Er, Ga—Ga, and Er—Ga bond lengths as listed in Table 4. The
driving force for forming the disordered Erg gGay(Ga, Mn)g 4
phase might be due to the lattice distortion. The substitution
of Mn for Ga reduces the effective atomic radius ratio be-
tween Er and (Ga, Mn) and forms the structural skeleton of
Erp.3Gay(Ga, Mn)g 4. The projections of unit cells for the two
structures reveal that the phase transformation from the cubic
ErGaj to hexagonal ErggGay(Ga, Mn)g 4 originates from the
rotation of M6 (M = Ga, Mn) hexagonal ring.!*3! Comparing
with the projection along the [111] direction in ErGas, the M6
hexagonal ring rotates an angle of 30° in Erp gGay(Ga, Mn)g 4
as shown in Fig. 4.

® ©
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Yea « ®

oY

a
Nep
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@ Er
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Fig. 4. Projections of cubic ErGas along [111] direction and hexagonal
ErGay(Ga, Mn)g 4 along [001] direction for (a) cubic structure and (b)
hexagonal structure.

Table 4. Bond lengths of cubic ErGaz_,Mn,.

ErGa3 ErGazngn()_] ErGaz_gMn()_z EI‘Gaz_7Ml’lo_3
Er-Ga/Mn 2.9808 2.9853 2.9910 2.9993
Bond length/A Er-Er 42155 42218 42299 42416
Mn/Ga-Mn/Ga 2.9808 2.9853 2.9910 2.9993

3.3. Magnetic properties

Figure 5 shows the observed and fitted magnetization
curves by using vibrating sample magnetometer (VSM) at
room temperature, where the symbols of circle and solid lines
are corresponding to the observed and fitted magnetization, re-
spectively. The ErGas_,Mn, is paramagnetic based on its lin-

ear magnetizing characterization through fitting the following
equation:

M= xH, (@)

where M, ¥, and H are corresponding to the magnetization,
paramagnetic susceptibility, and external field. The magne-
tization rises up with Mn content increasing and reaches the
saturation level at Mn content of x = 0.1. The fitting param-
eters are listed in Table 5. The Mn content-dependent a and
V, susceptibility ) are shown in Figs. 6(a) and 6(b), respec-
tively. The paramagnetic susceptibility variation tendency can
be due to Mn ion and Er ion increasingly contributing to ef-
fective moments, however, the susceptibility comes down in
the two-phase regime of x > 0.1, which can be due to the
presence of second phase Erg3Gay(Ga, Mn)g 4, and the phase
content of the second phase increasing with Mn content. Ac-
cording to Mn content dependence of susceptibility shown in
Fig. 6(b) and Mn—Mn bond lengths listed in Table 4, the lat-
tice distortion relative to the paramagnetic susceptibility, the
prolongations of Er—Er and Mn—Mn bond lengths cause the
susceptibility to decrease in the two-phase region.

| O

obs
fitting curve

ErGas sMng 3

Magnetization/emu-g—!

Applied field/kOe

Fig. 5. Observed and fitted magnetization curves of ErGa3;_,Mn, alloys
at room temperature.
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Fig. 6. Curves of Mn content-dependent fitted parameters of ErGas_,Mn, for (a) lattice parameter a and volume V, and (b) suscepti-

bility .

Table 5. Fitted parameters of ErGaz_,Mn,.

Samples ErGas ErGaj 9Mng 4 ErGaj gMng » ErGaj; 7Mng 3
Reduced chi-sqr 3.45072x 10~ 2.9072x1073 3.01632x107° 3.52715x107°
Adj. R-square 0.9991 0.99993 0.99999 0.99999
Value/(emu/g/kOe) X 0.107 0.10903 0.10298 0.10047
Standard error x 1.1153x 1074 3.2519x1073 1.05198x1073 1.13459x 1073
4. Conclusions References

The Mn doped ErGas_,Mn, alloys crystallize into cubic
structure with a space group of Pm3m in a range of x = 0-0.1.
The phase separation from cubic phase to disordered hexago-
nal phase occurs in each of the samples with x = 0.2 and 0.3.
Rietveld structural refinements show that the structural for-
mula of disordered hexagonal phase is Ero,gGalz(GaH, Mn)g 4
with the space group of P6/mmm and Z = 2. There are three
kinds of nonequivalent crystal positions in unit cell, which are
occupied by Er at la site, Ga! at 24 site, and (Ga'l, Mn) at
2e, respectively. The phase formation of disordered hexago-
nal phase is induced by substituting the (Ga!', Mn)—(Ga'l, Mn)
pair at 2e crystal position for the rare earth Er at 1a site. The
lattice parameters tend to increase with Mn content increasing
due to the size effect at Ga (1.30 A) site by substituting Mn
(1.40 A) for Ga.

The ErGas_,Mn, alloys show paramagnetic characteris-
tics at room temperature. With the increase of Mn content in a
range of x = 0-0.1, the magnetic susceptibility y increases due
to the Mn ion and Er ion increasingly contributing to effective
moment. However, the magnetic susceptibility y decreases
with Mn content increasing, which is due to the phase sep-
aration from the cubic Er(Ga, Mn)s to Ery gGay(Ga, Mn)g 4.
The lattice distortion is the phase transition driving force and
causes the Er—Er and Mn—Mn bond lengths to be prolonged,

which induces the susceptibility to decrease.
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