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ABSTRACT

In this study, magnetization and neutron diffraction of anti-ThCr,Si,-type Tb,O;Bi polycrystals were measured at various temperatures. The
magnetization cusp at 11.1 K was confirmed to correspond to antiferromagnetic ordering with a propagation vector of [0.5 0.5 0]. In addition, a
metamagnetic behavior was observed below 5.0 K. The metamagnetic behavior could be attributed to the incommensurate magnetic structure

with an anomaly at 5.0 K.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5126399

ThCr;Siz-type compounds composed of an alternative stack of
Cr;Si; block layer and Th monatomic square net have been investi-
gated to explore their magnetic properties, * because both the tran-
sition metal at the Cr site and a rare earth metal at the Th site are
responsible for the magnetic properties, resulting in complex mag-
netic phases.; ' On the other hand, anti-ThCr,Si>-type RE;0,Bi (RE
= rare earth) is composed of an alternative stack of RE;O; block lay-
ers and Bi square net, in which the former and the latter are responsi-
ble for electrical and magnetic properties, respectively.”~ Recently,
RE»O,Bi has attracted attention because of its electrical properties
such as metal-insulator transition and superconductivity."’"> How-
ever, the magnetic properties of RE;O,Bi were investigated by only
magnetic susceptibility measurements, suggesting antiferromagnetic
transition in RE;O,Bi (RE = Pr, Gd, Er).”J

In this study, we elucidated magnetism and magnetic structure
of Tb,0,Bi, whose crystal structure has only been reported,” by mea-
suring magnetic properties and neutron diffraction. Tb,O,Bi was

found to undergo an antiferromagnetic transition at 11.1 K with a
propagation vector of [0.5 0.5 0]. In addition, metamagnetic behav-
ior was observed below 5.0 K, probably associated with anomalies at
5.0 K of the magnetic susceptibility and the incommensurate peak of
neutron diffraction.

Tb,0,Bi polycrystals were synthesized by the conventional
solid-state reaction. TbsO7 (99.9%) powder was heated at 1000 °C
in a furnace for 10 h to remove moisture. Tb (99.9%), TbsO7
(99.9%), and Bi (99.9%) powders were pelletized under 20 MPa in
a nitrogen-filled glove box after mixing, where the nominal compo-
sitions were Tb,O16Bi14 and Tb,O15Bi1 5 for magnetization mea-
surement and powder neutron diffraction, respectively. The pel-
lets covered with Ta foil were sintered in evacuated quartz tubes
at 500°C for 7.5 h, followed by sintering at 1000 °C for 20 h.
The sintered products were ground and pelletized under 30 MPa
again in the glove box, and then the pellets covered with Ta foil
were sintered in evacuated quartz tubes at 1000 °C for 10 h. The
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nominal composition was compensated to form the stoichiomet-
ric composition (Tb,O,Bi) by the evaporation of excess Bi and the
additional oxidation during sintering, similar to the case of Y,O,Bi
and Er,O,Bi.'""? Crystal and magnetic structures were evaluated
by powder X-ray diffraction (D8 DISCOVER, Bruker AXS, Cu Ka
radiation) and powder neutron diffraction at different temperatures
(J-PARC, BL20, iMATERIA diffractometer). Rietveld analysis was
performed by using RIETAN-FP (Ref. 16) and FullProf software
(Ref. 17) to identify the crystal phases and the magnetic struc-
ture. Magnetization was evaluated by the magnetic property mea-
surement system (MPMS, Quantum Design) at different tempera-
tures and magnetic fields. The crystal structure was drawn with the
VESTA."

Figure 1(a) shows the temperature dependence of magnetic sus-
ceptibility in field cooling at 0.01 T. From the powder X-ray diffrac-
tion (Fig. S1) and its Rietveld analysis (Table S1), the sample was
confirmed to be pure phase anti-ThCr,Si,-type Tb,O,Bi. The lat-
tice constants of Tb,O,Bi were calculated as a = 3.8997(2) A and

(a)
0.3
3
€ 02
Keo]
Ly
>
£
1}
N 0.1
0'0 1 1 1 1 1
0 50 100 150 200 250 300
T (K)
(b) , ; .
4- T T T ]
2- -
—~~ 0- ]
3 ol
S 2f 2f !
g -4- 1 1 1 ]
5 8 -4 0 4 8
s ]
2.0K
50K
10K
15K
0 1 1
0 1 2 3

HoH (T)

FIG. 1. (a) Temperature dependence of magnetic susceptibility for Th,O,Bi. Black
curve indicates the fitting result of the Curie-Weiss law. Inset shows the magnified
plot. (b) Magnetization curves of Tb,O,Bi at various temperatures. Inset shows the
full range of magnetization curves.
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FIG. 2. Neutron diffraction pattern of Tb,O,Bi at 40 K. Inset shows the crystal
structure of TbyO,Bi. Black, red, and blue lines indicate measurement pattern, sim-
ulation pattern, and their difference, respectively. Green and purple bars indicate
the nuclear reflection positions of Tb,0,Bi and Tb,03 phases, respectively. Gray
areas (d-spacing = 1.99-2.04 and 2.31-2.36 A) with only Al peaks from sample
cells were excluded in the process of Rietveld analysis.

¢ =13.3261(7) A, similar to the previous study at 298 K (a = 3.896 A
and ¢ = 13.317 A).” The magnetic susceptibility increased with
decreasing temperature with a clear kink at Ty = 11.1 K origi-
nating from antiferromagnetic ordering of Tb,OBi, as described
below. Such a kink structure was also observed in Pr,O,Bi, Gd,O,Bi,
and Er,O,Bi polycrystals at Tx =15.0 K, 10.1 K, and 3.0 K, respec-
tively, being attributed to antiferromagnetic transition from the
magnetization measurements.'’ Below the antiferromagnetic transi-
tion temperature of Tb,O,Bi, an additional anomaly was observed at
Tm = 5.0 K. From the Curie-Weiss fitting at high temperatures, the
effective Bohr magneton value P was 9.86 g close to theoretical
value 9.72 up for Tb** (4f8), confirming the trivalent state of Tb
cation like other RE cations in RE;O,Bi (RE = Pr, Gd, Er)."’

Figure 1(b) shows the magnetization curves of Tb,O,Bi at low
temperatures. The linear magnetic field dependence was observed at
10 K and 15 K, while the nonlinear increases were observed around
1.5 T at 2.0 K and 5.0 K, indicating metamagnetic behaviors. These
nonlinear behaviors below 5.0 K could be related to the anomaly at

TABLE I. Results of Rietveld analysis for the neuron diffraction pattern of Tb,0,Bi at
40 K (Rwp: R-factor; Rexp: expected R-factor; and y2: Chi-squared value).

Sample Tb,0,Bi
Space group I4/mmm
a(A) 3.89255(2)
c(A) 13.29237(13)
V(A% 201.405(2)
Tb z 0.33402(7)
Fraction (mol %) 79.64
Ryp 5.39
Rexp 1.52
I'e 12.5
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T = 5.0 K in the magnetic susceptibility curve [Fig. 1(a)]. Inter-
estingly, these two kinds of magnetic transitions were observed in
ThCr;Si>-type Tb compounds such as TbNi;Si» (T = 14.6 K and
Tm =7.6 K), TbNi,Ge; (T = 16.7 Kand T, = 9.6 K), and TbCu,Si;,
(v = 119 K and Ty = 9.1 K) despite different crystallographic
positions of Tb.'**

In order to confirm the magnetic structure of Tb,O,Bi, the
neutron diffraction was measured at 3.6 K and 40 K around
those magnetic transition temperatures. Figure 2 shows the neutron
diffraction pattern at 40 K. From the Rietveld analysis (Table I),
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anti-ThCr,Siz-type Tb,O,Bi was confirmed as the main phase
(79.64 mol%), in addition to the Tb,Os secondary phase
(20.46 mol %). The lattice constants of Tb,O,Bi were calculated as
a = 3.89255(2) A and ¢ = 13.29237(13) A. All peaks were gener-
ated by the nuclear reflection of Tb,O;Bi and Tb,03, indicating no
magnetic ordering at 40 K.

Figure 3(a) shows the neutron diffraction pattern at 3.6 K. Lat-
tice constants of Tb,O,Bi were calculated to be a = 3.89198(11)
A and ¢ = 13.29121(61) A, suggesting thermal contraction without
structural transition from 40 K. In addition to the nuclear reflection
of Tb,O,Bi, magnetic components were observed at 3.6 K, in which
all sharp peaks of the magnetic reflections can be attributed to anti-
ferromagnetic ordering with a propagation vector, k = [0.5 0.5 0].
Hence, Tx = 11.1 K corresponds to the Néel temperature, at which
a kink was observed in magnetic susceptibility in Fig. 1(a). The
broad peaks around d-spacing of 4.5 A and 6.0 A were not explained
by the propagation vector [0.5 0.5 0], suggesting the development
of unknown incommensurate magnetic structures. It is noted that
these magnetic reflections are not related to the antiferromagnetic
transition of Tb,O; at 2 K. Representational analysis of space
group I4/mmm with this propagation vector suggests three candi-
dates of the magnetic structure of Tb,O,Bi, as illustrated in the insets
of Figs. 3(a)-3(c), whose basis vectors are [1 =1 0], [-1 1 0]; [1 1 0],
[-1-10];and [00 1], [00 —1], respectively.24 2 Among them, the
magnetic structure with [1 -1 0] and [-1 1 0] in Fig. 3(a) was best
fitted by refining the parameters of the magnetic structure at 3.6 K
using the Rietveld analysis (Table II).

Figure 4 shows the temperature dependence of the peak inten-
sity of magnetic reflections below Ty = 11.1 K. The peak intensities
of (0.5 0.5 1) and (0.5 0.5 2) monotonically increased with decreas-
ing temperature below Tx = 11.1 K, indicating the development
of antiferromagnetic ordering in Tb,O,Bi. On the other hand, the
peak intensity of the incommensurate magnetic structure around
d-spacing = 4.5 A as described in Fig. 4 showed a discontinuity
around 5 K. This behavior could be related to anomaly at 5.0 K in
magnetic susceptibility, suggesting that the metamagnetic behavior
was caused by the incommensurate magnetic structure in Tb,O,Bi,
as was observed in TbNi,Si,, TbNi,Ge;, and TbCu,Siy.”" >

% | TABLE II. Results of Rietveld analysis for the neuron diffraction pattern of Th,0,Bi at
s ~ 3.6 K (Rwp: R-factor; Rexp: expected R-factor; and Xz: Chi-squared value).
g 3]
> c [1-10], [110], (001],
@ Basis vectors [—110] [—1—-10] [00—1]
[}
£ Sample szOzBi szOzBi szOzBi
1
iy ||| |I|| 1 I| 1 ! 1 1 1 Space group I4/mmm I4/mmm I4/mmm
é é "1 é é 7 a(A) 3.89198(11) 3.891 80(20) 3.89203(14)
d-spacing (A) c(A) 13.29121(61) 13.29353(105) 13.29225(79)
pacing V(A% 201.329(8)  201.345(14)  201.350(11)
FIG. 3. Neutron diffraction patterns of Tb,0,Bi at 3.6 K and the Rietveld refine- Tb z 0.33749(27) 0.33376(54) 0.33592(41)
ments for basis vectors of (a) [1 =1 0], [-1 1 0]; (b) [1 1 0], [-1 -1 0]; and Fraction (mol %) 76.56 75.82 75.67
(c) [001],[0 0 —1]. Plot style is the same as that of Fig. 1. Light blue bars denote Rup 24.2 4.2 31.6
the magnetic reflection positions of the Th,0,Bi phase. Gray areas (d-spacing Rex 118 118 1.18
=2.00-2.03 and 2.31-2.36 A) with only Al peaks from sample cells were excluded 5P 418 1270 713
in the process of Rietveld analysis. X
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FIG. 4. Temperature dependence of integrated intensity of (0.5 0.5 1), (0.5 0.5 2)
and incommensurate peaks around d-spacing = 4.5 A. Temperature dependence
of magnetic susceptibility in Fig. 2(a) (dotted line) is also shown.

In summary, anti-ThCr,Si,-type Tb,O,Bi was found to show
antiferromagnetic ordering and metamagnetic behavior below Tx
= 11.1 K and T = 5.0 K, respectively. Neutron diffraction mea-
surements indicated that a propagation vector of antiferromagnetic
ordering was [0.5 0.5 0] where basis vectors corresponded to [1 —1 0]
and [-1 1 0]. The incommensurate magnetic structure with an
anomaly at 5.0 K was also observed below T, being the possible
origin of metamagnetic behavior in Tb,O,Bi.

See the supplementary material for the X-ray diffraction pattern
of Tb,O,Bi used for the magnetization measurement.
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