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1. Introduction

Selection of the propagation vector and irreducible representation (IR) is
important to determine magnetic structures using neutron diffraction datasets
[1, 2]. However, it is difficult to select a correct IR among many candidates
of IR. Therefore, we narrow down IRs considering the other results. For
example, when we know the signs of exchange interactions or appearance of
spontaneous magnetization, IRs consistent with the results remain as candi-
dates.

Furthermore, magnetic anisotropy is crucial in selecting a correct IR. For
example, when the c¢ axis is the easy axis of the magnetic moments, IRs
with finite ¢ (w) components are candidates. The magnetic moments and
anisotropy can be calculated using McPhase, which is an open source program
package for the calculation of magnetic properties [3, 4, 5|. In addition,
McPhase plays an important role in the analysis of magnetic structures [6, 7,
8, 9, 10]. Therefore, we focus on McPhase to efficiently determine magnetic
structures.

We focus on Th3NbO7 [11] because of the following two results. One result
is the appearance of two magnetic transitions in R3AO; (R = Tb or Nd, A
= nonmagnetic ion) [17]. In R3MO7; (R = Tb or Nd, M = magnetic ion),
on the other hand, one magnetic transition occurs. We confirmed that both
R and Ru magnetic moments ordered at the same antiferromagnetic (AFM)
transition temperature Ty = 17 K [14] and 19 K [16] in R3RuO; (R = Tb
and Nd), respectively, indicating existence of interactions between R and Ru
magnetic moments [12]. Therefore, it is expected that the magnetic model
is simpler in R3AO; than in R3MO7;, whereas mechanism of appearance of
the magnetic order may be more complicated in R3AO7; because of the two
magnetic transitions.

The other result is the unique magnetic structure of Th3RuO; as shown in
Fig. 1(a) [12, 13]. TbsNbO;7 and Th3RuO7 are nearly isostructural. There are
six crystallographic Tb sites, and two crystallographic Ru sites in Th3RuO-.
The Tb1 (blue) and Th2 (light-blue) ordered moments are parallel to the b
axis along which Tb1-Tb2 chains are formed. The order of the Th1 and Th2
moments is AFM in each Tbh1-Th2 chain. The Thi (i = 3 — 6) moments
(red) form a noncollinear magnetic structure in the ac plane perpendicular
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to Th1-Tb2 chains. The Rul and Ru2 moments are ordered and disordered
(paramagnetic), respectively, indicating the presence of a partially disordered
state, although the two Ru sites are very similar. In the family of R3RuO;
(R = rare earth elements), magnetic structures of Th3RuO; and Nd3RuO;
have been determined [12]. They are significantly different from each other,
although the two compounds are nearly isostructural [14, 15, 16, 17].

Here, we describe the magnetism and crystal structure of ThsNbO7 [11].
The magnetic susceptibility and specific heat of a powder sample were mea-
sured. The first and second order phase transitions occurred at Ty; = 2.0
and Ty = 3.2 K, respectively. It was speculated that Thl and Th2 mo-
ments were ordered at Ty; = 2.0 and Txy = 3.2 K, respectively [11]. No
spontaneous magnetization appeared down to 1.8 K. The magnetic suscepti-
bility shows a broad maximum at around 4 K, probably indicating existence
of short-range magnetic correlations. Figure 1(b) shows the Tb positions.
The space groups of ThsNbO; and Th3RuO; in the low-temperature (7°)
phase are orthorhombic C222; (No. 20) [11] and Pna2; (No. 33) [14], re-
spectively. The a, b, and ¢ axes in Thb3NbO7 correspond to the a, ¢, and b
axes in Th3RuOy, respectively. There are two crystallographic Tb sites. Tbh1
(blue) and Th2 (red) sites in TbsNbO; correspond to the Thi (i = 1 — 2)
and Thi (i = 3 — 6) sites in ThgRuO7, respectively. Thus, a Tb1 chain along
the ¢ axis in Tb3NbO; corresponds to a Thb1-Tbh2 chain along the b axis
in Th3RuO7. These two compounds are isostructural in the high-7T" phase
[14, 19, 20]. The space group is orthorhombic C'mem (No. 63). Figure 1(c)
shows oxygen ions around Th ions. Oxygen ions form cubic-like square prism
and pentagonal bipyramid around Tb1 and Th2 ions, respectively.

It is necessary to determine the magnetic structure of Th3NbO7 to in-
vestigate mechanism of appearance of the magnetic order and to understand
the magnetic structure of Thz3RuO;. Consequently, we performed powder
neutron diffraction experiments on the ThsNbO7, determined the magnetic
structure of Th3NbO; using supports of McPhase, and then compared with
the magnetic structure of ThsRuO-.

2. Methods of experiments and calculations

We synthesized crystalline powders of ThsNbO7 via a solid-state reac-
tion. The starting materials were Th,O; and NbyO5 powders with purities
of 99.99% and 99.9%, respectively. Stoichiometric mixtures of the powders
were sintered at 1673 K for 24 h in air. Powder X-ray diffraction patterns
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Figure 1: (a) Magnetic structure of Th3RuO7 at 1.5 K [12] drawn using VESTA [18]. The
space group of the low-T" phase is orthorhombic Pna2; (No. 33) [14]. The lattice constants
are a = 14.588 A, b =7.345 A, and ¢ = 10.560 A at room temperature. The rectangular
represents a unit cell. Blue, light-blue, red, green, and light-green circles denote Th1, Th2,
Thi (i = 3—6), Rul, and Ru2 sites, respectively. Tb1-Tb2 chains indicated by the dashed
line are formed along the b axis. (b) Tb positions in the low-T phase of Th3NbO7. The
space group is orthorhombic C222; (No. 20) [11]. The lattice constants are a = 7.465 A,
b=10.552 A, and ¢ = 7.514 A at room temperature. The rectangular represents a unit
cell. The a, b, and ¢ axes in ThgNbO7 correspond to the a, ¢, and b axes in Th3RuO7,
respectively. The blue and red circles denote Th1 and Tb2 sites, respectively. Tbl chains
indicated by the dashed line are formed along the ¢ axis. (c) Oxygen ions around Tb ions
in Th3NbO7.
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were recorded at room temperature using an X-ray diffractometer (RINT-
TTR III, Rigaku). Within the experimental accuracy range the obtained
sample was in a single phase.

Neutron diffraction experiments were performed at the Swiss Spallation
Neutron Source of the Paul Scherrer Institut, where the high-resolution pow-
der diffractometer for thermal neutrons (HRPT diffractometer) [21] was used.
We performed group-theory analysis of magnetic structures using the pro-
grams ISODISTORT [1] and Baslreps in the FullProf Suite program package
[2]. We performed Rietveld refinements of crystal and magnetic structures
using the FullProf Suite program package [2] containing the internal tables
for scattering lengths, and magnetic form factors. We calculated energy lev-
els split by crystalline electric fields (CEFs) and magnetic moments using
McPhase [3, 4, 5].

3. Results and discussion

3.1. Crystal structure at 12.0 K

The blue circles in Fig. 2 represent the neutron diffraction patterns of
Thb3NbO; at 12.0 K. We performed Rietveld refinements in the orthorhombic
space group C222; (No. 20) to evaluate the crystal structure parameters.
The line on the experimental pattern shows the results of these refinements.
This is consistent with the experimental results. The values of the crystal
structure parameters listed in Table 1 are consistent with those obtained in

previous refinements of an X-ray diffraction pattern at room temperature
[11].

3.2. McPhase calculations

We evaluated energy levels split by CEFs and magnetic moments using
McPhase to investigate the magnetic anisotropy of Th moments in Th3NbO;
3, 4, 5]. We calculated CEF's based on the point-charge model using the
values of the structural parameters at 12.0 K. We considered all neighboring
Th3t, Nb®F, and 02~ ions up to a distance of 20 A from each Th* ion. The
numbers of ions are 2532 and 2522 from Tb1 and Tb2 ions, respectively. We
obtained the splitting into thirteen (2J + 1 = 13) CEF levels (all singlets)
owing to the surrounding ions. Here, the magnitude of the total angular
momentum, Landé g factor, and magnitude of the moment are J =6, g; =
3/2, and g;J = 9 ug, respectively, for the ground-state multiplet of Th3*
ions (4f8). The results are presented in Table 2. The ground and first-excited

5
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Figure 2: Powder neutron-diffraction pattern (circles) of Th3NbO7 at 12.0 K. The wave-
length of the neutrons was 2.450 A. The line on the measured pattern portrays the Rietveld-
refined pattern obtained using the crystal structure with C'222; (No. 20) [11]. The line at
the bottom portrays the difference between the measured and Rietveld-refined patterns.
The hash marks represent the positions of nuclear reflections. The reliability factors are
X% = 2.32, Ryp = 2.97 %, Rexp = 1.95 %, and Rprage = 3.48 %. The inset shows the
pattern between 3.2 and 3.5 A~!. The large reflection consists of the three reflections at

004,242, and400.
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Table 1: Values of crystal-structural parameters of ThsNbO7 derived from the Rietveld
refinements of the neutron-diffraction pattern at 12.0 K (upper line of each site). The
space group is orthorhombic C222; (No. 20) [11]. The lattice constants are a = 7.4660(1)
A, b=10.5517(2) A, and ¢ = 7.5023(2) A. The estimated standard deviations are shown in
the parentheses. The term Big, denotes the isotropic atomic displacement parameter. The
values of Bjs, of Th and Nb became negative when they were treated as free parameters.
Thus, we set the values to zero. To reduce the number of fitting parameters, we used one
value of By, for O. The reliability factors are x? = 2.32, Ryp = 2.97 %, Rexp = 1.95 %,
and Rprage = 3.48 %. We also show the values derived from the Rietveld refinements of
the X ray diffraction pattern at room temperature (lower line of each site) [11].

Atom Site x Y z Biso (A?)

Thl 4a  0.4882(5) 0 0 0
(7) 0 0 0.36(2)
Th2  8c  0.2321(2) 0.2346(1) 0.2550(8) 0
0.2356(3) 0.2346(1) 0.2502(7)  0.36(2)

Nbl  4a  0.9907(6) 0 0 0
(9) 0 0 0.03(6)

Ol 8 02930(4) 0.3787(4) 0.0215(4) 0.44(2)
0.295(2) 0.376(2) 0.014(3)  1.1(2)

02 8 0.3145(4) 0.3745(3) 0.4637(5)  0.44(2)
0.309(2) 0.383(2) 0.453(3)  1.1(2)

03 4b 0 0.6284(3)  0.25 0.44(2)
0 0.627(2)  0.25 1.1(2)
04 4b 0 0.3648(3)  0.25 0.44(2)
0 0.368(2)  0.25 1.1(2)
05  4b 0 0.0676(3)  0.25 0.44(2)
0 0.065(2)  0.25 1.1(2)

7
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Table 2: Energy levels (second and fourth columns) of the thirteen states split by CEFs in
Th3NbO7 calculated using McPhase based on the point charge model [3, 4, 5]. The third
and fifth columns show the energies from the lowest-energy level named 1. The energies
of levels 1 and 2 for Th1l are almost the same but different. Uncertainties due to the
experimental errors in the crystal-structural parameters were evaluated using gauss law of
error propagation and were shown in parentheses.

Tbl (4a) energy (meV) Tb2 (8¢) energy (meV)

13 117.0 233.8(2.6) 115.6 213.6(1.7)
12 117.0 233.8(2.6) 115.6 213.5(1.7)
11 59.5 176.4(2.2)  63.6 161.6(1.3)
10 586 175.5(2.2)  63.2 161.1(1.3)
9 223 139.2(2.0)  19.1 117.0(1.1)

8  16.3 133.2(1.9)  16.1 114.0(1.0)

702 117.1(2.0) -14.0 83.9(1.3)

6 -17.3 99.5(1.6) -23.6 74.4(0.9)

5 -20.6 96.3(1.6) -36.8 61.2(1.3)

4 -59.6 57.2(0.8) -60.2 37.7(0.6)

3 -59.7 57.1(0.8) -62.8 35.2(0.7)

2 -116.8 0.0(0.0) -97.8 0.2(0.0)

1 -116.8 0 -98.0 0

states form a quasi doublet that is well separated from the other excited CEF
levels.

We calculated magnetic moments at 1 K, where higher CEF levels were
not populated, under an external magnetic field of 10 T applied parallel to the
three axes. The magnetic moments are presented in Table 3. An external
magnetic field induces a magnetic moment that is not oriented parallel to
the applied field owing to the CEF anisotropy. The values of (M,.) at Tbl
sites are large, indicating that the ¢ axis is the easy axis for Th1l moments.
The anisotropy of Th2 moments is small. As described later, we used the
magnetic anisotropy to select the candidates of IR.

3.3. Magnetic structures at 1.8 and 2.5 K

Figure 3(a) shows the powder neutron diffraction patterns of ThsNbO;
at 1.8 K, 2.5 K (between Tx; = 2.0 K and Txe = 3.2 K), and 12.0 K.
At 1.8 K and 2.5 K below Ty», there are numerous reflections that do not
exist at 12.0 K. Therefore, they are magnetic reflections. We can index all
magnetic reflections using the propagation vector k; = (0,0,0) at 1.8 K and

8
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Table 3: Magnetic moments of Th3NbO7 at 1 K in the external magnetic field of 10 T
applied parallel to the three axes calculated from the point charge model for the CEF's using
McPhase [3, 4, 5]. The values of (M;) (j = a,b,c) are the same at Thli and Th1(i + 2)
(i = 1,2) and at Th2i and Tb2(i + 4) (i = 1 — —4). The positions of Tb1(i + 2) and
Tb2(i + 4) are those of Tb1i plus (1, 1,0) and those of Tb2i plus (4,1,0), respectively.
Uncertainties due to the experimental errors in the crystal-structural parameters were
evaluated using gauss law of error propagation and were shown in parentheses only for

Tb11 and Th21 for simplicity.

H | a  position (M,) (My) (M.) (M)
Thil  (x,0,0) 0.129(2)  0.000(0) 0.000(0)  0.129(2)
Tbl2  (z,0,1) 0.129 0.000 0.000 0.129
Th21  (=,y,2) 4.801(27) -6.209(91)  3.863(139) 8.748(168)
Tb22 (Z,9,2+3) 4.801 -6.209 -3.863 8.748
Tb23 (Z,y,Z+ ) 4.801 6.209 3.863 8.748
Th24  (z,7,2) 4.801 6.209 -3.863 8.748
H || b pOSitiOIl <Ma> <Mb> <Mc> <M>
Tbil  (x,0,0) 0.000(0) 1.394(45)  -8.886(8)  8.994(46)
Tb12  (z,0,1) 0.000 1.394 8.886 8.994
Th21  (x,y,2)  -4.686(27) 6.394(87) -3.696(140) 8.747(167)
Tb22 (Z,§,2+ 1) -4.686 6.394 3.696 8.747
Th23 (Z,y,Z+3) 4.686 6.394 3.696 8.747
Th24  (z,9,2) 4.686 6.394 -3.696 8.747
H ¢ position (M,) (M) (M) (M)
Tbil  (x,0,0) 0.000(0) -1.234(43) 8.911(6)  8.996(43)
Tbl2  (z,0,1) 0.000 1.234 8.911 8.996
Th21  (z,y,2) 4.720(26) -6.075(95)  4.180(135) 8.755(167)
Th22 (Z,9,2+ 1) -4.720 6.075 4.180 8.755
Tb23 (Z,y,Zz+ 1) 4.720 6.075 4.180 8.755
Th24  (z,7,2) -4.720 -6.075 4.180 8.755
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ko = (1/2,1/2,0) at 2.5 K. Figure 3(b) shows the patterns at 1.8 K, 2.2 K,
and 2.5 K. We can see magnetic reflections belonging to k; = (0,0,0) and
those belonging to ko = (1/2,1/2,0) at 2.2 K, indicating coexistence of two
phases. This result is consistent with the specific heat result (the first-order
phase transition at Tx; = 2.0 K). Figure 3(c) shows the patterns obtained at
various temperatures. Diffuse magnetic scattering is observed at 3.5 K and
5.0 K in the paramagnetic phase.

Symmetric analyses were performed to derive the possible magnetic con-
figurations of 4a and 8¢ sites (Thl and Th2 sites, respectively) using pro-
grams ISODISTORT [1] and Baslreps [2]. As shown in Table 4, four one-
dimensional real IRs are possible for k; = (0,0,0) at 1.8 K. Each 4a and 8¢
site splits into two independent orbits (without symmetry coupling between
them). As shown in Table 5, two IRs are possible for ko = (1/2,1/2,0) at
the 2.5 K. Each 4a and 8c site splits into two and four independent orbits,
respectively. All Tb1 and Tbh2 ions were located at the same crystallographic
sites, 4a and 8c sites, respectively. Therefore, in the refinements, we assumed
that magnitudes of components of magnetic moments were the same for all
Tb1 (as well Th2) ions, for example, |vy;| = |vi2| = |vy].

Rietveld refinements were performed to determine the magnetic struc-
tures. In the refinements, we used the crystal structural parameters deter-
mined at 12.0 K. According to the results of the McPhase calculations, the
¢ axis is the easy axis for Th1l moments at 1 K. Therefore, candidates for IR
at 1.8 K are mI'y and mI'y. We found that only mI'y explains the pattern
observed at 1.8 K. At 2.5 K, only mS, reproduced the observed pattern. As
shown in Table 6, we succeeded in refinements at 2.5 K without Th1l mo-
ments. A Tb22 site has [Ughvgl,u_)gl], [u21,v21,w21], and [621,@217’(1)21] for
mI'y, mSs, and mSy, respectively, indicating that mI'y and mSs possess the
same symmetry. Figure 4 shows the results of the Rietveld refinement at (a)
1.8 K and (b) 2.5 K. The lines on the measured patterns (circles) represent
the Rietveld refined patterns including both nuclear and magnetic contribu-
tions, and they could reproduce the measured patterns.

Figure 5 shows the magnetic structure. The magnetic moments are pre-
sented in Table 6. As expected from the results of the McPhase calculations,
the main component of the Tbh1l ordered moments is w at a 1.8 K. The order
of the main components in each chain along the ¢ axis is AFM. The small
ferromagnetic (FM) v components in each chain indicate canting of Th1 or-
dered moments. Th1l moments are disordered at 2.5 K. Th2 moments form
noncollinear magnetic structures in the ab plane perpendicular to Th1 chains

10
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Figure 3: Powder neutron-diffraction patterns of ThsNbO7. The wavelength of the neu-
trons was 2.450 A. Indices of the major magnetic reflections are (1) 0 +1 1, (2) +1 0 1,
(3) £1 £21,(4) £2 £1 1, and (5) £2 £3 1 for k; = (0,0, 0) indicated by red numbers.
Indices of the major magnetic reflections are (1) £0.5 £0.5 1, (2) £0.5 £1.5 1, and (3)

+1.5 £0.5 1 for ko = (1/2,1/2,0) indicated by blue numbers.
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Table 4: Group theory analysis for the magnetic structure of ThsNbO7 at 1.8 K calculated
using the programs ISODISTORT [1] and Baslreps [2]. The crystallographic space group
is C222; (No. 20) [11]. The magnetic propagation vector is k; = (0,0,0). The character
set corresponds to the following four symmetry elements [2]: Symm(1): 1; Symm(2):
2 (0,0,1/2) 0,0,2z; Symm(3): 2 0,y,1/4; Symm(4): 2 z,0,0. IR denotes irreducible
representation. Tbl on 4a site splits into two independent orbits. Th2 on 8c site splits
into two independent orbits. The components of the magnetic moments are expressed
using w;;, vi5, and w;; for site ¢ and orbit j.

Character set (1,1,1,1) (1,1,-1,-1) (1,-1,1,-1) (1,-1,-1,1)
IR (ISODISTORT) mI'y ml'y ml'y ml's
IR (Baslreps) IRrep(1) IRrep(2) [Rrep(3) [Rrep(4)
Orbit 1 Thll (x,0,0) [u11, 0, 0] [0, v11, w11 [0, v11, w1y [u11, 0, 0]
Tb12 (5,0, %) [ﬁn,0,0] [0,’1_]11,’(1)11] [0,’011,11)1 [UH,0,0]
Orbit 2 Thbl3 (l’ + %7 %, 0) [Ulg, 0, 0] [0, V12, wlg] [0, V192, W1 [ulz, 07 0]
Th14 (i’ — %7 —%, %) [ﬂlg, 0 0] [0 1712, wu] [0 V12, W12 [ulg, O, 0]
Orbit 1 Th21 (x,y, 2) [Ua1, Vo1, War] o1, Va1, war]  [Uo1, Va1, war]  [ua1, Va1, Way
Th22 (z,9,2+ %) 21, Do1, wa1]|  [Uo1, Va1, war]  [Uo1, Va1, War]  [U21, Vo1, Way )
Th23 (Z,y,Z + %) U1, Vo1, Wa1] g1, Va1, war]  [Uor, Va1, War]  [Ua1, V21, Way]
Th24 (x,9, %) [Ua1, To1, Wa1]|  [Uo1, Va1, war]  [Uo1, Va1, war]  [uar, Va1, Way]
Orbit 2 Th25 (x + %, Y+ %, 2) [Uag, Voo, Waz|  [Ugg, Vaz, Waa]  [Usa, Voo, Waa]  [Uaz, Vag, Was]
Th26 (z — %, Yy — %, zZ+ %) [Uag, U2, o] [Uaz, Vg, Waa]  [U2z, Vag, Waa]  [Usa, Vag, Was]
Th27 (z — %, Y+ %, zZ+ %) (U, Voo, Waa|  [Ugg, Doz, Waa]  [Uaz, Vo, Waa]  [Uaz, Uag, Wao)
Th28 (x + %, y— %, Z) [Uao, Tag, Waa|  [Ugg, Vaz, Was]  [Uaz, Voo, Waa]  [Uaz, Uag, Wao)

12
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Table 5: Group theory analysis for the magnetic structure of ThgNbO7 at 2.5 K calculated
using the programs ISODISTORT [1] and BasIreps [2]. The crystallographic space group is
(2224 (No. 20) [11]. The magnetic propagation vector is ko = (1/2,1/2,0). The character
set corresponds to the following two symmetry elements [2]: Symm(1): 1; Symm(2):
2 (0,0,1/2) 0,0, 2. IR denotes irreducible representation. Tbl on 4a site splits into two
independent orbits. Th2 on 8c site splits into four independent orbits. The components
of the magnetic moments are expressed using u;;, vi;, and w;; for site ¢ and orbit j.

Character set

(1, 1)

(17 '1>

IR (ISODISTORT) mS; mSs
IR (Baslreps) IRrep(1) IRrep(2)
Orbit 1 Thll (x,0,0) (11, v11, wi1]  [uar, v11, Wi
Th12 (7,0, %) [U11, D11, wa1]  [win, va1, W11
Orbit 2 Thl3 (x + %, %, 0) (12, V12, wia]  [u12, V12, Wio]
Th14 (i‘ — %,—%, %) [fb 2,1)12,1012] [U,lg,vlgjwlg]
Orbit 1 Th21 (z,9,2) [U91, Va1, war]  [uar, Va1, wa1
Th22 (Z,9, 2+ %) [tio1, Va1, war]  [ua1, Va1, War
Orbit 2 Th23 (Z,y,Z2+3) [z, Vog, Was]  [Uaz, Vag, W]
Tb24 (ZL’, g, E) [ﬂ 22, UQQ, w22] [UQQ, V29, w22]
Ol"bit 3 Tb25 (fL’ + %, Yy + %, Z) [Ugg, V23, w23] [u23, V23, w23]
Th26 (7 — %733 - %72 + %) U3, Va3, Wag]  [uss, Vag, Was]
Orbit 4 Th27 (Z—35,y+3,2+735) [u2a, Vos, was]  [tng, Vo, Wos
Th28 (z + %: Yy — %7 Z) U4, Uog, Wag] U4, Vog, Wo]

13
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Table 6: Magnetic moments of ThzNbO7.
same crystallographic sites, 4a and 8c sites, respectively.
magnitudes of components of magnetic moments were the same for all Tb1l (as well Tbh2)

All Thbl and Tb2 ions were located at the
Therefore, we assumed that

ions, for example, |vi1| = |v1a| = |vi|. Parameters m; and ms denote the magnitude of
the magnetic moments of Th1l and Th2.

Temperature 1.8 K 25 K
Propagation vector k; =(0,0,0) =(1/2,1/2,0)
IR mf‘4 mSQ
Tbhl1 (O 488, 0 O) [O,’Ul,wl]
Th12 ( 0.488, 0, 0. 5) [O, Ul,u_)l]
Th13 (0.988,0.5,0) [0, 3y, @]
Th14 ( 0.988, —0.5, 0. 5) [0, U1, wl]
Th21 (0 232 0. 235 0. 255) [Ug, Vo, U}Q] [UQ, V2, wg]
Th22 ( 0. 232 —0. 235 0. 755) [Ug, Vo, WQ] [UQ, V2, IUQ]
Th23 ( 0.232,0.235, 0. 245) [ﬂg, V2, wz] [ﬂg, Vg, ’U}Q]
Th24 (0 232 —0. 235 —0. 255) [17/2, Vo, 'UJQ] [ﬂg, Vo, U)Q]
Th25 (0 732 0. 735 0. 255) [I_L27 172, wg] [fLQ, 772, U)Q]
Tb26 ( 0. 732 —0. 735 0. 755) [ﬂg, @2, U}Q] [ﬂg, @2, wg]
Th27 ( 0. 732 0. 735 0. 245) [Ug, @2, WQ] [UQ, 172, wz]
Th28 (0 732, —0.735, —0. 255) [u2, Vo, wg] [UQ, Vg, wg]
U1 ( ) —1.16(5)
wy (uB) 7.22(10)

(,uB) 7.31(10)
up (ii5) -3.66(6) 3.64(3)
vo (uB) 6.48(4) 5.31(6)
wy (uB) 1.57(3) -1.76(4)
ma (i) 7.60(6) 6.68(3)
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Figure 4: Powder neutron-diffraction pattern (circles) of ThsNbO7. The wavelength of the
neutrons was 2.450 A. The magnetic propagation vector and IR are ky = (0,0,0) and mI'y
at 1.8 K (a) and ko = (1/2,1/2,0) and mSs at 2.5 K (b). The line on the measured pattern
portrays the Rietveld-refined pattern including both nuclear and magnetic contributions.
We used atomic parameters determined by Rietveld refinements for the pattern at 12.0
K using orthorhombic C222; (No. 20). The line at the bottom portrays the difference
between the measured and Rietveld-refined patterns. The upper and lower hash marks
represent the positions of the nuclear and magnetic reflections, respectively. The reliability
factors are x? = 6.81 and 12.1, Ry, = 5.01 and 6.75 %, Rex, = 1.92 and 1.94 %,
Rprage = 2.02 and 3.55 %, and Rmae = 3.04 and 7.22 % at 1.8 (a) and 2.5 K (b),
respectively.
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with a small w component at both the 1.8 K and 2.5 K. The magnetic struc-
ture at 1.8 K is consistent with the magnetic anisotropies obtained using the
McPhase calculations. Only Th2 moments are ordered at 2.5 K, indicating
the appearance of the partially disordered state observed in several frustrated
antiferromagnets [12, 24, 26, 29, 22, 23, 28, 25, 27, 30]. The magnitudes of
the Th1 and Th2 moments at 1.8 K are smaller than the theoretical values
(95J = 9 pp) probably because of frustration among exchange interactions.
Our results are consistent with the following results reported in [11]. The
first and second order phase transitions occur at Ty; = 2.0 and Ty = 3.2 K,
respectively. Th1l and Th2 moments are ordered at Ty, = 2.0 and Ty = 3.2
K, respectively. No spontaneous magnetization appears. Both the broad
maximum at around 4 K in the magnetic susceptibility and the diffuse mag-
netic scattering at around 3.5 K and 5.0 K indicate existence of short-range
magnetic correlations.

3.4. Comparison of magnetic structures of Thbs RuO; and Tbs NbO;

Magnetic structures of Th moments in ThsRuO7 at 1.5 K [Fig. 1(a)] [12]
and TbsNbO7 at 1.8 K (Fig. 5) were found to be similar. This similarity
indicates that the influence of Ru moments on the magnetic structure of
Tb moments is weak except for the high transition temperature (Ty = 17 K)
because of the Th-Ru exchange interactions in Th3RuO;. The T dependences
of the magnitude of Th1 moments were also found to be similar. In Th3RuOy,
the magnitude is large [8.58(2) up| and small [1.78(12) up] at 1.5 and 15
K, respectively. In Th3NbO7, the magnitude is large [7.97(8) ug] and zero
at 1.8 and 2.5 K, respectively (Tx2 = 3.2 K). Here, we refer to Thi with
i =1—2 (Tbl) and Thi with ¢ = 3 — 6 (Th2) moments for ThyRuO;
(ThbsNbO7) as the chain and plane moments, respectively. The easy axis
of the chain moments is parallel to the chains, whereas the plane moments
are mainly ordered perpendicular to the chains. Therefore, the exchange
interactions between the chain and plane moments force chain moments to be
perpendicular to the chains, indicating that competition between anisotropy
and exchange interactions occurs. Consequently, we propose the following
hypothesis: chain moments cannot develop at 15 K and 2.5 K in Th3RuOy
and Th3NbO7, respectively.

We considered the reasons why two transitions and one transition appear
in Th3NbO; and Tbh3RuO7, respectively. In ThsNbO7, the order of the Thl
moments is the origin of transition at Ty;. In addition, the propagation
vector was changed from ko = (1/2,1/2,0) to k; = (0,0,0). Chain and
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Figure 5: Magnetic structures of Th3NbO7 shown as three dimensional (a) and as projec-
tions onto the be (b) and ab planes (c) drawn using VESTA [18]. The magnetic propagation
vector and IR are k; = (0,0, 0) and mI'y, respectively, at 1.8 K and ko = (1/2,1/2,0) and
mSs, respectively, at 2.5 K. The blue and red circles denote Th1l and Tbh2 sites, respec-

tively. The vertical dashed line in (a) indicates a Tbl chain.
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plane moments prefer the FM and AFM arrangements, respectively, in the
a and b directions. We speculate that the transition from ky = (1/2,1/2,0)
to k; = (0,0,0) occurs because chain moments become dominant in the
arrangement of moments below Tx;. In Th3RuOy7, all Th moments prefer the
FM arrangements along the a and ¢ directions (chains || b) and no further
transition occurs.

4. Summary

We determined the magnetic structures of Th3NbO; based on powder
neutron diffraction experiments and magnetic anisotropy calculations. We
calculated the energy levels split by CEFs and the magnetic moments us-
ing McPhase. The c axis is the easy axis for Th1l moments, and magnetic
anisotropy is small for Th2 moments. Magnetic reflections were observed
at low temperatures. The propagation vector is k; = (0,0,0) at 1.8 K and
ko =(1/2,1/2,0) at 2.5 K between transition temperatures Ty; = 2.0 K and
Tno = 3.2 K. Magnetic anisotropy was used to select candidates for IRs of the
magnetic structures. We determined that the IRs are mI'y and mSs at 1.8 K
and 2.5 K, respectively, from Rietveld refinements. The main component of
Tb1 ordered moments (chain moments) is w at 1.8 K. The order of the main
components in each chain along the ¢ axis is AFM. Small FM v components
in each chain indicate the canting of Th1 ordered moments. Th1l moments
are disordered at 2.5 K. Th2 moments (plane moments) form noncollinear
magnetic structures in the ab plane perpendicular to Tb1 chains with a small
w component at both the 1.8 K and 2.5 K. The magnetic structure at 1.8 K is
consistent with the the magnetic anisotropies obtained using McPhase calcu-
lations. Only Th2 moments are ordered at 2.5 K, indicating the appearance
of the partially disordered state observed in several frustrated antiferromag-
nets. Magnetic structures of Th moments in ThsRuO7 at 1.5 K and Th3sNbO,
at 1.8 K are similar, indicating that the influence of Ru moments on magnetic
structure of Th moments is weak. We speculate that competition between
magnetic anisotropy and exchange interactions between chain and plane mo-
ments generates the small and zero chain moments in Th3RuO; at 15 K and
Th3NbO7 at 2.5 K, respectively. We also speculate that the transition from
ko = (1/2,1/2,0) to k; = (0,0,0) at Txy in ThsNbO7 occurs because the
chain moments become dominant for the arrangement of moments below Ty .
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