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Magnetic structures of nearly isostructural Tb;RuO, and Nd;RuQO,: Appearance
of a partially disordered state only in the Th compound
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We report on the magnetic structures of Tb;RuO; and Nd;RuO; determined from powder neutron-diffraction
experiments. In Tb;RuO;, alternating-bond spin—% Rul-Ru2 chains are formed. The Rul and Ru2 moments
are ordered and disordered (paramagnetic), respectively, below 15 K. This result indicates the appearance of a
partially disordered (PD) state, although the two Ru sites are very similar to each other. In Nd;RuO7, the Rul
and Ru2 ions form independent uniform chains. Both the Rul and Ru2 moments are ordered below 17.5 K.
Probably, the main source of the PD state in Tb;RuO; is the magnetic frustration in the exchange interactions.
The internal magnetic field generated by the Tb ordered moments at the Rul sites is different from that at the
Ru2 sites. We speculate that the different (nonuniform) internal magnetic field enhances the difference in the
properties between the Rul and Ru2 moments. We also report on the magnetic entropy changes of Tb;RuO; and

Gd3 RUO7 .
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I. INTRODUCTION

Spin chains to which a nonuniform magnetic field is ap-
plied are expected to exhibit exotic properties. For example,
a staggered magnetic field is induced by a uniform external
magnetic field at the spin chain with an alternating g tensor
and the antisymmetric interaction of the Dzyaloshinsky—
Moriya (DM) type with an alternating D vector. The staggered
magnetic field is known to appear in real materials such
as Cu(C¢HsCOO), - 3H,0 (copper benzoate) [1-4], CuCl, -
2[(CD3)2] [5,6], YbyAss [7,8], PM - Cu(NO3), - (H,0), (PM
= pyrimidine) [9-12], and KCuGaF¢ [13-16]. Low-energy
properties can be represented by the quantum sine-Gordon
model. Excitations of the solitons and breathers were observed
in KCuGaF [16].

A nonuniform magnetic field can also be applied to the
following spin chains: different crystallographic magnetic-ion
sites in the spin chains and other magnetic-ion sites outside
the spin chains. When magnetic moments on the magnetic-ion
sites outside the spin chains are ordered, a different (nonuni-
form) internal magnetic field is applied to the magnetic-ion
sites in the spin chains.

We focus on Tb3;RuO;, Gd;RuO;, and Nd3;RuO; pos-
sessing spin-% chains formed by the Ru’* (4d3) ions. The
three compounds are isostructural in the high-temperature
(T) phase. The space group is Cmcm (No. 63) [17-21]. In
Tbs;RuO7, Gd3Ru0O7, and Nd3RuO», a structural phase transi-
tion occurs at Ty = 402, 380, and 130 K, respectively, [22] and
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the space groups of the low-T" phase are Pna2; (No. 33) [17],
Pna2; (No. 33) [23], and P2;/m (No. 11) [21], respectively.
In the low-T phase, Tb;RuO7 and Gd3;RuO; are isostructural.

We describe the arrangements of the Ru sites and changes
in the Ru and rare-earth (R) sites owing to the structural
phase transition. In the high-T phase, the Ru site is unique
and uniform Ru chains are formed. In each low-T" phase, two
crystallographic Ru (Rul and Ru2) sites exist. However, the
two Ru sites are very similar to each other. Figure 1 shows
the crystal structure of the low-T phase of Tb;RuO;. An
alternating-bond chain parallel to the b direction is formed by
the Rul and Ru2 ions. In the two types of Rul-Ru?2 pairs, the
Rul-Ru2 length and Rul-O-Ru2 angle at room temperature
are 3.67 A and 141.6°, and 3.68 A and 145.5°. From the
angles, antiferromagnetic (AF) exchange interactions are ex-
pected in the Rul-Ru2 pairs. When the Tb magnetic moments
are ordered, different (nonuniform) internal magnetic fields
are applied to the Rul and Ru2 sites. In Nd3;RuO~, the Rul
and Ru2 ions form independently uniform chains parallel to
the b direction. The Ru-Ru length is 3.73 A in both the chains
at 100 K. The Ru-O-Ru angles are 150.7° and 137.6° in
the Rul-Rul and Ru2-Ru?2 pairs, respectively. When the Nd
magnetic moments are ordered, the same internal magnetic
fields are applied to the Ru sites in each chain. Regarding the
R sites, two crystallographic R sites (R1h and R2h) exist in the
high-T phase. As the result of the structural phase transition,
an R1h site is split to R1 and R2 sites in the low-T phase and
an R2h site is split to Ri (i = 3 — 6) sites in the low-T phase.

Next, we describe the magnetic properties of R3RuO7 (R =
Tb, Gd, and Nd). We can observe a peak indicating an AF tran-
sition at Ty = 17K and a broad maximum at approximately

©2021 American Physical Society
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FIG. 1. [(a), (b)] Crystal structure of the low-T phase of Tb;RuO7, drawn using VESTA [24]. The orthorhombic space group is Prna2, (No.
33) [17]. The lattice constants are a = 14.588 A, b = 7.345 A, and ¢ = 10.560 A at room temperature. The rectangle represents a unit cell. All
the ions are located at the 4a sites. There are two crystallographic Ru sites and six crystallographic Tb sites. The y coordinates are nearly 0
and 0.5 at the Rul, Ru2, Tb1, and Tb2 sites. They are nearly 0.25 and 0.75 at the Tbi (i = 3 — 6) sites. Alternating-bond chains parallel to
the b direction are formed by the Rul and Ru2 ions and by the Tb1 and Tb2 ions. The crystal structure of the low-T" phase of Nd;RuO; is
similar to that of Tb;RuO;. The following is a remarkable difference between the two compounds. In Nd;RuO; with the monoclinic space
group P2;/m (No. 11), the Rul and Ru2 ions form independently uniform chains parallel to the b direction. Similarly, the Nd1 and Nd2 ions
form independently uniform chains parallel to the b direction. (c) Schematic of Rul, Ru2, and Tbi (i = 3 — 6) sites. Magnetic frustration is

expected in the Rul-Tb-Ru2 triangles, such as the red one.

10 K in the specific heat of TbsRuO; [17]. The peak and
maximum are speculated to indicate the ordering of the Ru
and Tb moments, respectively. No separation appears between
the magnetizations measured in the zero-field cooling (ZFC)
and field cooling (FC) processes in the magnetic field of
uoH = 0.1T. In the specific heat of Gd3;RuO7, two peaks
exist at 15 and 9.5 K [18,25]. It was speculated that the Ru and
Gd moments were ordered below 15 and 9.5 K, respectively.
We can see separation between the magnetizations measured
in the ZFC and FC processes at 0.05 and 0.1 T. In Nd;RuOy,
the specific heat exhibits a peak at Ty = 19K and a small
anomaly at 5 K [21]. Separation exists between the magneti-
zations measured in the ZFC and FC processes at 0.1 T below
19 K. The magnetization curve at 5 K also shows separation at
noH < 2T. The separation in the magnetization of Gd3RuO,
and Nd3RuOy; indicates the existence of small spontaneous
magnetization (ferromagnetic component).

Powder neutron-diffraction measurements were performed
on Nd;RuO7 [21], and the magnetic reflections were observed
at 10 K. There are two types of propagation vectors k| =
(0,0,0) and k, = (%, 0, 0) for the magnetic structure in the
standard setting of the crystal structure. The a, b, and c axes in
the published setting [21] correspond to the ¢, a, and b axes in
the standard setting used in this study. Harada ez al. considered
that the magnetic reflections belonging to k; were generated
by the Ru ordered moments, and determined the magnetic
structure of the Ru moments. The Ru moments are parallel
to the a direction and are aligned antiferromagnetically in
each chain. The magnitude of the Ru ordered moments was
estimated to be 2.2 ug. The magnetic structure of the Nd
moments has not been determined.

Different (nonuniform) internal magnetic fields are ap-
plied to the Rul and Ru2 sites when the Tb magnetic
moments are ordered in Tb3RuO7. An exotic magnetic struc-
ture is expected. The magnetic structure of Nd;RuO; has
not been determined but it is useful in understanding the
magnetic structure of Tb;RuO;. Consequently, we conducted
powder neutron-diffraction experiments on TbzRuO; and

Nd;RuO;. Magnetic refrigeration materials have been ex-
tensively studied. Since a large magnetic entropy change
is necessary, materials that contain high concentrations of
rare-earth elements with large magnetic moments such as
Gd, Tb, Dy, Ho, and Er are getting attention. Therefore, we
investigated the magnetic entropy change in Tb;RuO; and
Gd3RllO7.

II. MATERIAL PREPARATION AND EXPERIMENTAL
METHODS TO STUDY MAGNETISM

We synthesized the crystalline powders of R3RuO; (R =
Tb, Gd, and Nd) by using a solid-state reaction. The start-
ing materials were R,O3 (R = Tb, Gd, and Nd), and RuO,
powders. The purity was 99.99%. A stoichiometric mixture
of the powders was sintered in air. The sintering temper-
atures and time were 1473 K and 24 h for Tb3RuO; and
Gd3;RuO7, and 1523 K and 48 h for Nd;RuO5, respectively.
We measured the x-ray powder diffraction patterns at room
temperature by using an x-ray diffractometer (RINT-TTR
III, Rigaku). For TbsRuO7; and Gd3;RuO7, the obtained sam-
ples were in single phases within experimental accuracy. For
Nd;RuO5, we observed some weak reflections, indicating the
existence of other materials whose identities could not be
determined.

We measured the magnetization using the magnetic prop-
erty measurement system (MPMS) of Quantum Design. We
carried out neutron-diffraction experiments at the Swiss Spal-
lation Neutron Source of the Paul Scherrer Institut, where we
used the high-resolution powder diffractometer for thermal
neutrons [26]. The wavelength of the neutrons () was 1.886
A. We carried out group theory analyses of the magnetic struc-
tures using the programs ISODISTORT [27] and Baslreps
in the FullProf Suite program package [28]. We performed
Rietveld refinements of the crystal and magnetic structures
using the FullProf Suite program package [28] containing
internal tables for scattering lengths and magnetic form
factors.
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FIG. 2. Temperature dependence of the magnetization [M (T')] of
(a) Tb3RuO; and (b) Nd3;RuO; in a magnetic field of uoH = 0.01T.
Red, blue, and green circles represent M (7T") measured in zero-field
cooling (ZFC), field cooling (FC), and field warming processes,
respectively.

III. RESULTS
A. Magnetization

Figure 2 depicts the T dependence of the magnetization
[M(T)] of TbsRuO; and Nd3;RuO; measured in a magnetic
field of uoH = 0.01 T. In TbsRuO7, we can see the separa-
tion between the magnetizations measured in the ZFC and
FC processes below around 7y = 17K and a small peak at
around 17 K in the ZFC process. No separation was reported
in the magnetization result measured at 0.1 T [17]. We were
able to observe the separation because of the small magnetic
field (0.01 T) and confirm the existence of a tiny spontaneous
magnetization. The ZFC magnetization increases rapidly at
around 10 K where the broad maximum appears in the specific
heat. In Nd;RuOy5, the separation between the magnetizations
measured in the ZFC and FC processes appears below around
16 K that is slightly lower than 7y = 19 K. No anomaly exists
at around 5 K where the small anomaly appears in the specific
heat. Regarding high-7" magnetization, we evaluated the Curie
constant to be 36.0, 6.37, and 26.2 emu K/mol for Tb3;RuO,
Nd;RuO5, and Gd;RuO7, respectively, which were similar to
37.0 [17], 6.55 [21], and 23.6 [25] emu K/mol, respectively.

We comment on the negative magnetization of Tb3RuO;
measured in the ZFC process. Probably, the weak residual
magnetic field was negative and positive at the measure-
ments on TbsRuO; and Nd;RuO;, respectively. Since the
applied magnetic field was positive and small (0.01 T), the
spontaneous magnetization remained antiparallel to the mag-
netic field and the magnetization of Tb3RuO; was observed
as negative values at low 7. At high T, the spontaneous
magnetization became parallel to the magnetic field due to
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FIG. 3. Magnetic entropy change in (a) Tb;RuO; and (b)
Gd;RuO; with change in magnetic field from 0.5 to 5 T in steps
of 0.5 T.

thermal effects and the magnetization was observed as pos-
itive values. Negative magnetizations are sometimes seen in
antiferromagnets with a spontaneous magnetization such as
LizNi2M03O]2 [29]

Figure 3 shows the magnetic entropy changes [-AS,(T')]
of Tb3RuO; and Gd;RuO; for various strengths of the mag-
netic field. We measured M (T') in the magnetic fields of 0.01 T
and 0.5 — 5T in steps of 0.5 T. We derived —AS,(T') from the
Maxwell relation

(" aM(T)
—ASm(T)_/O (— T )HdH. (1)

The red line in each figure indicates —ASy,(T") for the mag-
netic field change of 5 T. Broad maxima are apparent at
approximately 19 K and 11 K for TbsRuO; and Gd;RuO,
respectively.

B. Magnetic structure of Th;RuO,

Figure 4 depicts the powder neutron-diffraction patterns of
TbsRuO;7 at 1.5 and 25 K. Some reflections are observed only
at 1.5 K and the other reflections are observed both at 1.5 and
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FIG. 4. Powder neutron-diffraction patterns of Tb3RuO; at 1.5 K
and 25 K.
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TABLE I. Group theory analysis for the magnetic structure of Tb3RuO; calculated using the programs ISODISTORT [27] and Baslreps
[28]. The character set corresponds to the following four symmetry elements [28]: Symm(1): 1; Symm(2): 2 (0,0, 1/2) 0, 0, z; Symm(3):
a(1/2,0,0) x, 1/4, z; Symm(4): n (0, 1/2,1/2) 1/4,y, z. IR denotes irreducible representation. The crystallographic space group is Pna2,
(No. 33). The magnetic propagation vector is k; = (0, 0, 0). All the ions are located at 4a sites. The components of the magnetic moments are

expressed using u, v, and w.

Character set (1,1,1,1)

(1,1,-1,-1

1, -1L1 -1 1, -1-L1

IR (ISODISTORT) mIy mI, mIy mI's

IR (Baslreps) IRrep(1) IRrep(2) IRrep(3) IRrep(4)
(x,9,2) [u, v, w] [u, v, w] [u, v, w] [u, v, w]
% 5,2+ 3) [it, 0, w] (i, D, w] [u, v, W] [u, v, ]
G+5.5+3.2 [, v, @] [u, D, w] [, v, @] [, 0, w]
GE+3.y+3.2+3) [u, D, @] [, v, w] [@, v, w] [u, D, W]

25 K. The former reflections appear below 15 K. Therefore,
these are magnetic reflections. Several magnetic reflections
are larger or comparable to the largest nuclear reflection. We
can index all the magnetic reflections with the propagation
vector k; = (0, 0, 0). Table I shows the results of the group
theory analysis for k. There are four one-dimensional irre-
ducible representations (IRs) that appear three times each.
We determined the magnetic structure of Tb3;RuO; as fol-
lows. The magnitude of the Tb moment (g;J = 9 up) is larger
than that of the Ru moment (gS ~ 3 ug). The magnetic re-
flections are generated mainly by the Tb ordered moments
because the magnitude of the magnetic reflections is propor-
tional to the square of the magnetic moments. Therefore, we
first considered only the Tb moments. There are eighteen
components of the Tb moments because of the six crystal-
lographic Tb sites. It is not realistic to independently refine
the eighteen components. In the high-T phase, the Tb1 and
Tb2 sites are equivalent, and the Tbi (i = 3 — 6) sites are
equivalent. Therefore, we assumed the constraints that the
magnitudes of each component of the Tb1 and Tb2 moments
are identical (|Tblj| = |Tb2/|) and that [Tb3j| = |Tb4j| =
[Tb5j| = |Tb6 |, where j = u, v, and w. We carried out Ri-
etveld refinements using only the Tb moments for the pattern
at 1.5 K. We found that the best-fit candidate was mI'; and
that the Tblu, Tblw, and Tb3v components were negligible.

Tb;Ru0O-, Rul2 model
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FIG. 5. Temperature dependence of the magnitudes of the Rul
and Ru2 moments in Tb3RuO; evaluated in Rietveld refinements
using both the Rul and Ru2 moments (Rul2 model).

Next, we performed the Rietveld refinements using the Ru
moments as well as the Tb moments for the pattern at 1.5 K.
We evaluated that the v and w components of the Ru moments
were finite and that the u components were negligible. The u
components are ferromagnetic in mI'3. Therefore, the eval-
uation is consistent with the tiny spontaneous magnetization
seen in Fig. 2. Figure 5 shows the 7 dependence of the
magnitude of the Rul and Ru2 moments. It seems unphysical
that the magnitude of the Ru2 moment at 15 K is larger than
that at 1.5 K.

We considered other models with ordering of only the
Rul moments (Rul model) and only the Ru2 moments (Ru2
model). The blue line in Fig. 6(a) indicates the result of

Tb;RuO, 1.5 K
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FIG. 6. Powder neutron-diffraction patterns (circles) at 1.5 K
of Tb;RuO;. (a) The line on the measured pattern portrays the
Rietveld-refined pattern obtained using the Rul model. We used
atomic parameters determined by Rietveld refinements for the pattern
at 25 K using Pna2;. 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 indexes of the refinement
are Ry = 3.12%, Ry, = 4.13%, and Ry, = 0.77%. (b) The blue and
green lines on the measured pattern portray the Rietveld-refined
pattern obtained using the Rul and Ru2 models, respectively. The
hash marks represent the positions of the magnetic reflections.
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FIG. 7. Magnetic structure of Tb;RuO; at 1.5 K, drawn using VESTA [24]. The IR is mI';. The rectangle represents a unit cell. Tb1 and
Tb2 are omitted in (a) and (c). The dashed lines in (a) and (c) represent a four-Tb ring, where the chiral vector is defined.

Rietveld refinements using the Rul model, and can explain the
observed diffraction pattern at 1.5 K (red circles). In contrast,
the Ru2 model cannot explain the observed pattern well. The
blue and green lines in Fig. 6(b) indicate the results of the
Rietveld refinements using the Rul and Ru2 models, respec-
tively. As is seen at around Q = 0.43, 0.74, and 0.96 A‘l,
the consistency between the observed and refined patterns is
better in the Rul model than in the Ru2 model.

Figure 7 shows the magnetic structure of Tb;RuO; at
1.5 K. The Rul and Ru2 moments are ordered and disordered
(paramagnetic), respectively, giving an appearance of a par-
tially disordered (PD) state. The values of |v| and |w| of the
Rul moments are 2.38(3) and 2.18(4) ugp, respectively. The
magnitude is 3.23(5) up and corresponds to g = 2.15. The
order of the Tbl and Tb2 moments is AF in each Tb1-Tb2
chain parallel to the b direction. The Tb1l and Tb2 ordered
moments are parallel to the b direction and their magnitude is
8.58(2) ug. The Tbi (i = 3 — 6) moments form a noncollinear
magnetic structure. The values of |u| and |w| are 3.70(1) and
7.72(2) ug, respectively. The magnitude is 8.56(2) ug. The
magnitude of all the Tb moments is slightly smaller than the
theoretical value (g;J =9 up).

Figure 8 depicts the T dependence of the components and
magnitudes of the ordered magnetic moments. Each com-
ponent is almost constant below 10 K and decreases with
increase in T above 10 K. The v components decrease more
rapidly than the other components. We speculated that the
rotations of the Tb1 and Tb2 moments occurred at approxi-

Tb;RuO,, Rull model

,_\107‘ T \\\\‘\\\\‘\ 7“\\‘\\\\ \\\\‘\7
é—.jgj 1 0Tb1 Sj ) ()i
= 01 V6 " —OTb3
5 40 OTb3w |t :
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FIG. 8. (a) Temperature dependence of the components of the
Rul, Tbl, and Tb3 moments in Tb;RuO-, evaluated in Rietveld re-
finements using the Rul model. In the Rietveld refinements, we used
the constraints that [Tblv| = [Tb2v| and |Tbij| i = 3 — 6, j = u and
w) are identical. Although error bars are shown, they are not clearly
visible in this scale of the moment. (b) Temperature dependence of
the magnitudes of the Rul, Tb1, and Tb3 moments.

mately 12.5 K. In contrast, the rotation of the Rul moment
must be tiny because the v and w components are already
considered and because the ferromagnetic ¥ component must
be negligible. We carried out Rietveld refinements on the
diffraction pattern at 12.5 K by adding the Tblu, Tblw,
Tb2u, and Tb2w components with the constraint that Tblu =
—Tb2u because of the tiny spontaneous magnetization. We
evaluated that Tblu = —Tb2u = 0.67(19), Tblw = 0.09(16),
and Tb2w = 0.45(17) in the unit of wg. The values of the other
components were almost unchanged by adding these compo-
nents. The magnitude of the Tblv and Tb2v components is
4.36(5) up and is much larger than that of the Tblu, Tblw,
Tb2u, and Tb2w components. Therefore, any rotation of the
Tb1 and Tb2 moments would be small. Next, we discuss the
above specific-heat results [17]. The peak at 7y = 17K and
broad maximum at approximately 10 K in the specific heat
were speculated to indicate the ordering of the Ru and Tb
moments, respectively. We obtained the result that both the
Rul and Tb moments were ordered at 15 K. No transition was
observed between 15 K and 17 K. Therefore, both the Rul
and Tb moments are ordered simultaneously at 7y = 17 K.
The relatively rapid changes in the v components probably
generated the broad maximum at approximately 10 K.

C. Magnetic structure of Nd;RuO,

Figure 9(a) depicts the powder neutron-diffraction patterns
of Nd;RuOy5 at 1.5 and 25 K. Some reflections are observed
only at 1.5 K and the other reflections are observed both at
1.5 and 25 K. The former reflections appear below 17.5 K.
Therefore, these are magnetic reflections. Our measurements
confirmed the existence of two types of propagation vectors
k; =(0,0,0) and k, = (%,0, 0), as has been reported by
Harada et al. [21]. The results of the group theory analysis
calculated by the programs ISODISTORT [27] and Baslreps
[28] are summarized in Table II. In comparison with Tb3;RuO,
with only one magnetic propagation vector (k;) and all mag-
netic ions at the same crystallographic site (4a), the situation
in Nd3;RuO; is more complicated. There are two magnetic
propagation vectors, and the magnetic ions are distributed
across five different crystallographic sites.

We determined the magnetic structure of Nd;RuO; as fol-
lows. As is seen in Fig. 9, there are several strong magnetic
reflections for k;, whereas all the magnetic reflections for
k, are weak. The difference indicates that most magnetic
moments generate the magnetic reflections of k. After the
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FIG. 9. (a) Powder neutron-diffraction patterns of Nd;RuO; at
1.5 K and 25 K. (b) The results of Rietveld refinements for the pattern
at 1.5 K (circles). We applied the atomic parameters determined by
Rietveld refinements for the pattern at 25 K using P2, /m. The line
on the measured pattern portrays the Rietveld-refined pattern. The
line at the bottom portrays the difference between the measured and
Rietveld-refined patterns. The upper, middle, and lower hash marks
represent the positions of nuclear reflections, magnetic reflections
of k;, and magnetic reflections of k,. The reliability indexes of the
refinement are R, = 5.01%, Ry, = 6.70%, and R, = 0.96%.

initial Rietveld refinements, we found that the best-fit can-
didates for k; and k, were ml"l+ and mYﬁ, respectively, and

©x b
& -<>
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B ©n

o
—_~
s)
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FIG. 10. Magnetic structure of Nd;RuO; at 1.5 K, drawn using
VESTA [24]. The IR is (a) mI"}" for k; = (0, 0, 0) and (b) m¥,* for
k, = (%, 0, 0). The rectangle represents the magnetic unit cell.

that only the Rul moments obey mY,". Note that both mI"}
and mYlJr belong to the same character set, as shown in
Table II.

It is not realistic to independently refine all the components
of the magnetic moments. In the high-7 phase, the Nd1 and
Nd2 sites are equivalent, and the Ndi (i =3 — 6) sites are
equivalent. Therefore, we assumed the constraints that [Nd1 j|
= |Nd2j| (j = u, v, and w) and [Ndiv| (i = 3 — 6) are identi-
cal. Ndiu and Ndiw (i = 3 — 6) are zero because of symmetry.
In mI'}, the v components are ferromagnetic and the source
of the tiny spontaneous magnetization in M (7). Thus, we
assumed the additional constraints that Nd1v = —Nd2v, the
sum of Ndiv (i = 3 — 6) = 0, and Ru2v = 0. We conducted
Rietveld refinements to determine the magnetic structure. The
blue line in Fig. 9(b) indicates the results of the Rietveld
refinements and can explain the observed diffraction pattern
at 1.5 K (red circles).

Figure 10 shows the magnetic structure of Nd;RuO; at
1.5 K. It is significantly different from the magnetic structure
of Tb3sRuOy7 at 1.5 K despite the similar crystal structures. The
values of |u| and |w| of the Rul moments are 1.84(40) and

TABLEII. Group theory analysis for the magnetic structure of Nd;RuO; calculated by the programs ISODISTORT [27] and Baslreps [28].
The character set corresponds to the following four symmetry elements [28]: Symm(1): 1; Symm(2): 2 (0, 1/2,0) 0, y, 0; Symm(3): 1 0, 0, 0;
Symm(4): m x, 1/4, z. IR denotes irreducible representation. The crystallographic space group is P2;/m (No. 11). The magnetic propagation
vectors are k; = (0,0,0) and k, = (%, 0, 0). The components of the magnetic moments are expressed as u, v, and w. The blank cells indicate
that the magnetic order of the moments on the corresponding site is impossible.

Character set (1,1,1,1) (1,1, —1,—1) (1, -1,1,-1) (1, -1, —-1,1)
Propagation vector k, k, k, k, k, k, k, k,
IR (ISODISTORT) mIf mY,* ml' mY~ mly mY," ml'y mY,
IR (Baslreps) IRrep(1) IRrep(2) IRrep(3) IRrep(4)
Rul 2c 0,0, [wv.w]  [uv,w] w,v,wl  [u, v, w]
©.3.35) (@, @] [iv, @] .0, w] (w0, w]
Ru2 26 (3.0,0)  [u,v,w] v, wl (w0, w] [, v, w]
(3:3.0)0  [i,v, @] [, 0, w]  [u, 0, w] i, v, W]
Ndl1 2d  (3.0.3)  [uv,w] v, wl (w0, w] [, v, w]
(-3-3)  la,v, @] [, o, w]  [u, 0, w] (i, v, 0]
Nd2 2a (0,0,0) [u, v, w] [u, v, w] [u, v, w] [u, v, w]
(05 %7 O) ['L v, 71)] [ﬁ’ v, a}] [u’ v, lU] [M, v, UJ]
Nd3-Nd6 2e (x, é 2) [0, v, 0] [0, v, 0] [u, 0, w] [u, 0, w] [u, 0, w] [u,0, w] [0, v, 0] [0, v, 0]
*, 3.2 [0, v, 0] [0, v, 0] [#,0, w] [#,0, w] [u, 0, w] [, 0, w] [0, v, 0] [0, v, 0]
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FIG. 11. Temperature dependence of the components and magni-
tude of magnetic moments in Nd;RuO, evaluated through Rietveld
refinements; (a) Ru2, (b) Nd1 and Nd3, and (c) Rul. In the Rietveld
refinements, we used the constraints [Nd1j| = |[Nd2;j|, where j = u
and w, and [Ndiv| (i = 3 — 6) are identical.

1.93(30) up, respectively, and those of the Ru2 moments are
1.98(18) and 2.06(11) up, respectively. The values of Rulv
and Ru2v are negligible. The magnitudes of the Rul and Ru2
moments are 2.67(50) and 2.86(21) ug, respectively, and is
slightly smaller than the classical value (~3 ug), suggesting
the existence of quantum fluctuation due to the one dimen-
sionality. In contrast to Tb3RuO7, no PD state of the Ru
moments appears. The order of the Ru moments is AF in
each chain parallel to the b direction. The AF alignment is
consistent with the signs of the intrachain exchange interac-
tions expected from the Ru-O-Ru angles (150.7° and 137.6°).
The magnetic structures of the Rul and Ru2 moments indicate
that the interchain exchange interactions along the a direction
are antiferromagnetic and ferromagnetic, respectively. The
present magnetic structure is different from the previously
reported structure [21]. We performed Rietveld refinements
for the magnetic reflections belonging to k| by using moments
other than the Rul moments, whereas Harada et al. performed
Rietveld refinements using the Rul and Ru2 moments. There-
fore, our results are different from those reported in their
study.

The values of |¢| and |w| of the Nd1 and Nd2 moments
are 1.81(14) and 1.99(8) ug, respectively, whereas that of |v|
is negligible. The magnitude is 2.68(16) ug. The order of the
Nd1 and Nd2 moments is AF in each chain parallel to the
b direction. The magnitude of the Ndi (i = 3 — 6) moments
parallel to the b direction is 2.01(6) ug. The Ndi (i =3 — 6)
moments form a collinear magnetic structure that is signifi-
cantly different from the noncollinear magnetic structure of
the Tbi (i =3 — 6) moments in TbzRuO;. The theoretical
value of the Nd moment (g;J = 3.27 up) is slightly larger
than those of the Nd1 and Nd2 moments, and is much larger
than those of the Ndi (i = 3 — 6) moments.

Figure 11 depicts the T dependence of the components
and magnitudes of the ordered magnetic moments. In the
magnetic structure with k1, the Ru2u component shows weak
T dependence, whereas the Ru2w, Ndlu, Ndlw, and Nd3v
components increase gradually and do not seem to be sat-
urated even at 1.5 K. The similar 7 dependencies of the

7\\\\}\B\}\(}g\}\\\\iHH}\H\‘\HL
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E - o o : ! 8
o fe ]
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0 10 20 30 40 50 60 70
Tmax (K)

FIG. 12. —ASp max Vs Thax of oxides containing both rare-earth
and transition-metal magnetic ions and having 7)., that is close to
the magnetic transition temperature of transition-metal moments.
Tb: TbsRuO;, Gd: GdsRuO;, a: ErCrO,4 [30], b: HoCrO4 [31], c:
GdCrOy4 [32], d: DyCrO, [31], e: Er,Mn,05 [33], f: Sr,DyRuOy
[34], g SryTbRuOg [34], A: TbMnO; (H//a) [35], B: GdTiO;
(H//c) [36], C: YbTiO5 (H//c) [37], D: EfTiOs (H//c) [37], E:
HoTiO; (H//c) [38], F: DyTiO; (H//c) [39], G: TmTiO; (H//c)
[40]. Open and closed circles represent oxides with ferromagnet
order and other magnetic order of transition-metal moments, respec-
tively. Lowercase and uppercase letters indicate the data for powders
and single crystals, respectively.

components suggest that the ordering of Ru and Nd moments
is coupled. In the magnetic structure with k,, the Rulu and
Rulw components show weak T dependence Unlike the spe-
cific heat result [21], no anomaly was observed at around 5 K
in all the components.

IV. DISCUSSION
A. Magnetic entropy change

Figure 12 shows the maximum magnetic entropy change
(—ASm max) versus temperature (Tax) at which the magnetic
entropy change is the maximum. The change in the magnetic
field is 5 T. We selected oxides containing both rare-earth and
transition-metal magnetic ions and having T;,.x that was close
to the magnetic transition temperature of transition-metal mo-
ments.

As arough trend, —ASy, max increases with decreasing 7Tjy,«
[41]. We explain the physical meaning of the relation between
— ASm.max and T, Tamura et al. calculated magnetic entropy
changes of three-dimensional magnets [42]. The magnetic
entropy change is large at around the magnetic transition
temperature (7;) and increases with increase in H/J (~H/T.).
Here, J is the exchange interaction parameter. It was cal-
culated that T, = 1.127J [43]. In materials with smaller T,
the value of H/T. is larger and the magnetic entropy change
can be larger when the magnitude of H is the same. T is
usually proportional to J, in low-dimensional magnets where
Jm 1s the main exchange interaction parameter. Therefore, a
similar relation between between —ASy max and Tyax holds
for low-dimensional magnets.

214430-7



HASE, DONNI, AND POMJAKUSHIN

PHYSICAL REVIEW B 104, 214430 (2021)

TABLE III. Antiferromagnets showing a partially disordered
(PD) state. The materials belonging to the groups A and B have
multiple crystallographic magnetic-ion sites. The sites are clearly
different from each other in group A, and are very similar to each
other in group B. The materials belonging to group C have unique
crystallographic magnetic-ion site.

Group A Group B Group C

Tbs;RuO, CsCoClj; [47]
CuFeO, [48]
Ag,CrO, [49]
Gd,Ti, 07 [50]

GeNi, O, [51]

Cl.l3 (OH)4SO4 [44,45]
Cu;(OH),SeO, [45]
CU3M0209 [46]

As shown in Fig. 12, several oxides have larger —A Sy max
and T, than Tb3RuO7 and Gd3;RuO;. Therefore, we can say
that the values of —ASy, max are not large for the values of Tj,x
in TbsRuO7 and Gd;RuO;. As indicated by open circles in
Fig. 12, magnetic entropy change is large in oxides that have
a ferromagnetic order of transition-metal moments. Probably,
the ferromagnetic order generates a strong internal magnetic
field on rare-earth sites and leads to the large magnetic entropy
change [34]. In TbsRuO7, Rul moments show the AF order
and Ru2 moments are paramagnetic. The magnetization of
Gd;RuO7 indicates an AF order with a small spontaneous
magnetization at low T [18,25]. Therefore, the magnetic en-
tropy change of Tb;RuO; and Gd;RuOy is not large.

B. Origin of the partially disordered state

We consider the origin of the PD state in TbsRuO;. As
shown in Table III, several antiferromagnets possessing mag-
netic frustration in exchange interactions constitute the PD
state. The materials belonging to group A have multiple
crystallographic magnetic-ion sites. In the spin-% frustrated
three-leg-ladder Heisenberg antiferromagnets Cus(OH)4AO4
(A = S or Se), the Cu moments within the two outer legs
are ordered, whereas the Cu moments within the inner leg
remain random [44,45]. In the spin—% frustrated quasi-one-
dimensional antiferromagnet Cuz;Mo,09, the Cu moments
within the dimers are ordered, whereas the Cu moments
within the chains remain random [46]. The materials be-
longing to group C show a PD state in spite of a unique
crystallographic magnetic-ion site.

Magnetic frustration in exchange interactions can exist in
Tb3;RuO;. For example, let us consider the Rul-Tb4-Ru2
triangle indicated in Fig. 1(c). There are eight similar Rul-
Tb-Ru?2 triangles per Ru site. The Rul-Ru2 interactions are
probably AF based on the Rul-O-Ru2 angles (141.6° and
145.5°). The interactions between the Ru and Tb moments
must exist because both the Rul and Tb moments are ordered
at the same 7 (17 K). Magnetic frustration in the Rul-Tb-
Ru?2 triangles is possible when the signs of the Rul-Tb and
Ru2-Tb interactions are the same. In contrast, it appears that
the Ru-Ru interactions alone cannot generate magnetic frus-
tration because of the following facts. The Rul-Ru2 chains
are almost linear and are well separated from one another.
The next-nearest-neighbor Ru-Ru interaction in the chains and
interchain interactions may be very weak.

Ve

Rul spin

I

FIG. 13. Schematic of Rul spin, Ru2 spin, and chiral vector
(V) in Tb3RuO;. Green and gray lines indicate the AF exchange
interaction and the interaction between Ru spin and chiral vector.
Although the Rul and Ru2 spins are shown to be antiparallel to
each other, actually, ordered Rul moments have both the v and w
components and Ru2 moments are paramagnetic.

We speculate that a chiral vector generated by four Tb
moments may also be the origin of the magnetic frustration.
The chiral vector is defined as

Ve=M; xM>+M> xMz+M3 xMy+My,xM;, (2)

where M; (i = 1 —4) denote the magnetic moment vectors.
For example, in the Tb4356 ring, indicated by the dashed
lines in Fig. 7, we let the Tb4, Tb3, TbS, and Tb6 moments
correspond to M|, M,, M3, and M, respectively. The chiral
vector is calculated as (0, 228, 0) M2B in the Tb4356 ring
located at approximately y ~ 0.75. The directions of the Tb
moment vectors in the Tb6534 ring located at approximately
y ~ 0.25 are opposite to those of the respective Tb moment
vectors in the Tb4356 ring connected by the dashed lines. The
chiral vector is (0, 228, 0) MZB in the Tb6534 ring as well.
Consequently, the chiral vectors are parallel (ferromagnetic)
along the b direction as shown schematically in Fig. 13. The
Rul-Ru2 chains penetrate the rings formed by the four Tb
sites. As described, AF exchange interactions (depicted by the
green line) are expected between the nearest-neighbor Rul
and Ru2 spins in the chains. If an interaction between the
chiral vector and Ru spin exists as indicated by the gray line
and the two interactions (connected to the Rul and Ru2 spins,
respectively) are the same, magnetic frustration may occur in
the Rul spin - Ru2 spin - V triangle in Fig. 13. In contrast,
in Nd3RuO7, the Ndi (i = 3 — 6) moments form a collinear
magnetic structure. Therefore, no chiral vector exists.

We consider that the main source of the PD state in
Tbs;RuO; is magnetic frustration in exchange interactions.
However, all the Ru moments are ordered in Nd3;RuO;
although a similar magnetic frustration can be expected. Con-
sidering materials with a unique crystallographic magnetic-
ion site (group C), the absence of a PD state in Nd;RuO;
cannot be explained by the fact that the Ru sites in each chain
are equivalent. The magnitude of the Nd moment (g;J =
3.27 up) is smaller than that of the Tb moment (9 wg). There-
fore, the magnetic frustration may be weaker in Nd;RuO7 than
in Tb3Ru0O7, leading to the absence of a PD state in Nd;RuO».
There is another difference between the two compounds. The
internal magnetic field generated by the R ordered moments
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at the Rul sites is different from that at the Ru2 sites in
TbsRuO7, whereas the magnetic field is the same at the Ru
sites in each chain of Nd;RuO;. We speculate that the dif-
ferent (nonuniform) magnetic field increases the difference in
the properties between the Rul and Ru2 moments (ordered
and disordered, respectively).

V. SUMMARY

We performed powder neutron-diffraction experiments on
Tb3;RuO7 and Nd3RuO5 to determine the magnetic structures.
There are two crystallographic Ru sites and six crystal-
lographic R (R = Tb or Nd) sites in the low-7 phase.
In Tb3RuO7, alternating-bond spin—% Rul-Ru2 chains are
formed parallel to the b direction. The Ru and Ru2 moments
are ordered and disordered (paramagnetic), respectively, be-
low 15 K. This result indicates the appearance of a PD state,
although the two Ru sites are very similar to each other.
The order of the Tb moments is AF in each Tb1-Tb2 chain
parallel to the b direction. The Tbi (i = 3 — 6) moments form
a noncollinear magnetic structure. In Nd;RuO7, the Rul and
Ru2 ions form independently uniform chains parallel to the
b direction. The order of the Ru moments is AF in each
chain. The order of the Nd1 and Nd2 moments is also AF
in each chain parallel to the b direction. The Ndi (i =3 — 6)
moments form a collinear magnetic structure. The main cause
of the PD state in Tb3RuOy5 is probably the magnetic frustra-
tion in the exchange interactions. Based on the difference in
the magnetic structures between Tb3RuO; and Nd;RuO;, we

speculate that the chiral vector formed by the Tb3, Tb4, TbS,
and Tb6 moments may also generate magnetic frustration. The
internal magnetic field generated by the Tb ordered moments
at the Rul sites is different from that at the Ru2 sites. We
speculate that the different (nonuniform) internal magnetic
field increases the difference in the properties between the
Rul and Ru2 moments.

We investigated the temperature dependence of the mag-
netic entropy changes of TbsRuO; and Gd;RuO;. When the
magnetic-field change is 5 T, broad maxima are observed at
approximately Ti,,x = 19K and 11 K, and the maximum mag-
netic entropy changes (—ASp.max) are 7.78 and 7.92 J/(kg
K) for TbsRuO; and Gd;RuO;, respectively. The values of
—ASm.max are not large for the values of T, because the
magnetic orders are not ferromagnetic in the two compounds.
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