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a b s t r a c t

The R3Ni2In4 (R ¼ TbeTm) ternary indides have been investigated by X-ray and neutron powder
diffraction as well as magnetometric measurements. The compounds crystallize in the hexagonal
Lu3Co2In4-type structure (a lower-symmetry derivative of the ZrNiAl-type one). Er3Ni2In4 has been found
paramagnetic down to 1.6 K while all other samples order antiferromagnetically below 23.3 K (R ¼ Tb),
9.7 K (R ¼ Dy), 3.3 K (R ¼ Ho) and 3.2 K (R ¼ Tm). The magnetic unit cell in R3Ni2In4 (R ¼ Tb, Dy) is
doubled along the c-axis with respect to the crystal one (propagation vector k

! ¼
�
0;0;12

�
). The magnetic

moments lie in the basal plane and form a “triangular” magnetic structure as often found in geomet-
rically frustrated antiferromagnets. The magnetic order in Ho3Ni2In4 consists of two components: a
commensurate one which is described above ( k

! ¼
�
0;0;12

�
) and an incommensurate one ( k

!¼
�
1
3;

1
3; kz

�
where kz ¼ 0:271ð11Þ at 1.6 K). The magnetic moments of the incommensurate component are inclined
at a small angle with respect to the basal plane and form a non-collinear magnetic structure. The
magnetic structure in Tm3Ni2In4 is a commensurate one ( k

! ¼
�
1
3;

1
3;

1
2

�
) with magnetic moments within

the basal plane forming a non-collinear “triangular” structure. A determination of magnetic structures is
supported by detailed symmetry analysis.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The rare earth R-Ni-In systems are rich in large number of
ternary intermetallic compounds with interesting crystal structure
and uniquemagnetic properties [1]. A significant group of the RNiIn
compounds crystallizes in the hexagonal ZrNiAl-type crystal
structure [2]. In this structure the rare earth atoms are found to
form a triangle network which is a deformed version of the kagome
lattice. Magnetic data collected for bulk materials indicate different
magnetic properties dependent on rare earth element present.
GdNiIn is a ferromagnet with TC ¼ 93.5 K [3,4] or 96 K [5]. Ferro-
magnetic ground stateswere claimed also for RNiIn (R¼ TbeEr) [5].
However, neutron diffraction studies have confirmed ferromagne-
tism only in HoNiIn [6] and ErNiIn [6,7] while in RNiIn (R¼ Tb, Dy) a
coexistence of two antiferromagnetic phases (a noncollinear one
(NAF) and a phase related to the propagation vector k

! ¼
�
1
2;0;

1
2

�
)

has been observed at low temperatures [6]. A modulated incom-
mensurate antiferromagnetic structure has been observed in
TmNiIn [8].
n).

r B.V. This is an open access articl
Investigation of the R-Ni-In phase diagrams unveils existence of
the RNi1�xIn1þx solid solutions with x not exceeding 0.35 (R ¼ Gd),
0.50 (R ¼ Tb and Ho) or 0.40 (R ¼ Dy, Er and Tm) [9]. The com-
pounds with x ¼ 0.1 show a decrease of the respective Curie tem-
peratures when compared with those of the stoichiometric 1:1:1
composition (x ¼ 0) [5]. With further increase of x the critical
temperatures of magnetic ordering continue to decrease and in
case of R ¼ DyeEr the ferromagnetic order turns into antiferro-
magnetic one as found for x ¼ 0.25 [5]. Neutron diffraction data
collected for the nonstoichiometric RNi1-xIn1þx compounds with
R ¼ Dy, Ho and Er indicate that the excess In atoms are placed
randomly in the 2c site. The structural disorder in the 2c site
togetherwith changes in the x-dependent density of states (DOS) at
the Fermi level are believed as two main factors leading to the
observed complex magnetic ordering [10].

Recently new indides of general composition R3Ni2In4 (R ¼ Y,
GdeTm, Lu) have been discovered [11]. They have been found to
crystallize in the hexagonal Lu3Co2In4-type structure [12] which is
a lower-symmetry derivative of the ZrNiAl-type one. It is worth
noting that the R3T2In4 family of rare earth intermetallics attracts
researchers’ interest which is confirmed by late paper on crystal
structure and magnetic properties of R3T2In4 (R ¼ DyeTm; T ¼ Pd,
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Ir) [13].
This work is a continuation of our systematic studies of physical

properties of ternary rare earth-nickel-indides. In this paper we
report for the first time magnetic properties, including magnetic
structures, of R3Ni2In4 (R ¼ TbeTm). The compounds have been
investigated by means of dc magnetic measurements and neutron
diffraction. Based on these data the magnetic properties and
magnetic structures of the title compounds have been determined.

2. Experimental details

Polycrystalline samples of R3Ni2In4 (R ¼ TbeTm) were prepared
by arcmelting of the constituent elements (purity: 3 N for R and 4 N
for Ni and In) under a purified argon atmosphere. In order to assure
homogeneity the resulting ingots were sealed in evacuated silica
tubes and annealed at 1073 K for 10 days with final quench in cold
water. The crystal structure was examined by X-ray powder
diffraction which was performed at room temperature using an
X’Pert PRO X-ray diffractometer (CuKa radiation).

Magnetic measurements were carried out on a vibrating sample
magnetometer (VSM) option of a Quantum Design PPMS platform.
Magnetic susceptibility was collected over temperature interval
1.9 Ke390 K in applied magnetic fields of 50 Oe (ZFC and FC re-
gimes) and 1 kOe (ZFC regime). Hysteresis loops were taken at 1.9 K
in external magnetic field range between �90 kOe and 90 kOe.

Powder neutron diffraction experiments were performed on the
E6 (l ¼ 2:432 Å) and E9 (l ¼ 1:798 Å) diffractometers at the
Helmholtz-Zentrum-Berlin. The diffraction patterns were collected
at selected temperatures between 1.6 K and 40 K. For measure-
ments the powdered samples were placed in vanadium containers.

All X-ray and neutron diffraction data were refined with the use
of the Rietveld-type computer program FullProf [14]. For symmetry
analysis the basireps computer program, which is distributed
together with FullProf, was utilized [15].

3. Crystal structure

The R3Ni2In4 (R ¼ Y, GdeTm, Lu) indides have been recently
reported by Heying et al. [11] to crystallize in the hexagonal
Lu3Co2In4-type structure (space group P6) [12]. Atoms in R3Ni2In4
occupy the following Wyckoff sites:

This structure is a lower-symmetry derivative of the well-
known hexagonal ZrNiAl-type one (space group P62m) [2]. The
3 R at 3k:
xR; yR;

1
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Fig. 1. Neutron diffraction pattern of Ho3Ni2In4 collected at 5.0 K (paramagnetic state),
its Rietveld fit and the difference plot. The vertical ticks indicate positions of Bragg
reflections of the main phase (the upper row) and of the RIn3 impurity (the bottom
lowering of the space group symmetry is related to splitting of the
original 2c site into two one-fold sites.

X-ray powder diffraction data collected for the investigated
samples of R3Ni2In4 (R ¼ TbeTm) confirmed the Lu3Co2In4-type
crystal structure with a minor contribution (less than 10 wt %)
arising from the RIn3 [16,17] impurity phase. The determined lattice
constants of R3Ni2In4 (R ¼ TbeTm) were in good agreement with
previously reported data [11].

The hexagonal Lu3Co2In4-type structure has also been
confirmed by powder neutron diffraction data taken in the para-
magnetic state. Fig. 1 shows an example of such diffraction pattern,
namely the one collected at 5.0 K for Ho3Ni2In4. The corresponding
values of crystal structure parameters determined from Rietveld
refinement are listed in Table 1.
4. Magnetic properties

The magnetic behavior of R3Ni2In4 (R ¼ TbeTm) is displayed in
Fig. 2. Reciprocal magnetic susceptibilities taken at 1 kOe obey the
Curie-Weiss law, described by the formula c ¼ C

T�qp
, in wide tem-

perature ranges up to 390 K which was a high temperature limit of
the reported experiment. In the equation, C refers to Curie constant
related to the effective magnetic moment while qp is a para-
magnetic Curie temperature. Linear least squares fit procedure
applied to the experimental data provided effective moments (see
Table 2) which are close to the values predicted for the free R3þ

ions. The fitted lines are shown in red in Fig. 2. All paramagnetic
Curie temperatures are negative suggesting that antiferromagnetic
interactions are dominant.

At low temperatures (see the upper insets in Fig. 2) maxima
typical of transition from antiferro-to paramagnetic state are
observed for all compounds except the erbium one (the latter being
paramagnetic down to 1.9 K e the low temperature limit of the
experiment). The exact values of corresponding N�eel temperatures
were defined as temperatures at which the maxima in magnetic
susceptibility are found. They amount to 23.3 K (R ¼ Tb),
9.7 K (R ¼ Dy), 3.3 K (R¼ Ho) and 3.2 K (R¼ Tm) and are marked as
vertical dashed lines in the upper insets in Fig. 2. The magnetic
susceptibility of Tb3Ni2In4 has an additional maximum at 2.3 K (see
Fig. 2a) originating from an antiferro-to paramagnetic transition in
the Tb2O3 impurity phase [18,19]. The existence of small amount of
the Er2O3 impurity phase in Er3Ni2In4 is responsible for observed
discrepancy of the ZFC and FC curves below 3.4 K [20] (see Fig. 2d).
Nevertheless, the amounts of abovementioned impurity phases are
so small that they could not be detected by neither X-ray nor
neutron diffraction.

The magnetization curves taken at 1.9 K in external magnetic
fields up to 90 kOe do not saturate (see the lower insets in Fig. 2).
The magnetic moments found at maximal field applied are signif-
icantly smaller than those predicted for the free R3þ ions (see
row). The data were collected with the use of the E6 diffractometer (l ¼ 2:432 Å).



Table 1
Structural parameters of R3Ni2In4 (R¼ TbeTm) in the paramagnetic state refined from the neutron diffraction data together with corresponding reliability factors. Temperature
of particular measurement is listed in a row marked as “T [K]”.

R Tb Dy Ho Er Tm

T [K] 30.0 15.4 5.0 5.0 6.3
Crystal structure Lu3Co2In4-type
Space group P6 (No. 174)
a [Å] 7.729(3) 7.722(2) 7.701(2) 7.687(2) 7.423(2)
c [Å] 3.762(2) 3.7513(9) 3.720(2) 3.699(1) 3.678(2)
V [Å3] 194.6(2) 193.71(9) 191.0(2) 189.25(8) 175.48(9)
xHo 0.582(5) 0.581(3) 0.585(6) 0.588(5) 0.582(8)
yHo �0.027(5) �0.026(4) �0.031(7) �0.033(6) �0.038(9)
xIn2

0.240(8) 0.280(20) 0.260(15) 0.265(11) 0.275(16)
yIn2

0.012(12) 0.031(31) 0.019(26) 0.021(20) 0.027(20)
Rprofile [%] 2.42 2.55 3.16 2.48 3.15
RBragg [%] 4.74 3.71 4.05 2.57 5.35
c2 [%] 5.63 3.70 5.34 2.11 4.55

Fig. 2. Reciprocal magnetic susceptibility (circles) together with fitted line representing the Curie-Weiss law for: (a) Tb3Ni2In4, (b) Dy3Ni2In4, (c) Ho3Ni2In4, (d) Er3Ni2In4 and (e)
Tm3Ni2In4. The upper insets show low-temperature behavior of magnetic susceptibility with vertical line referring to a N�eel temperature. The bottom insets present a fragment of
magnetization loop collected at 1.9 K for fields between 0 and 90 kOe. The vertical line indicates a metamagnetic transition for a virgin curve.
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Table 2
Magnetic data of R3Ni2In4 (R ¼ TbeTm). TN refers to a N�eel temperature, qp to a
paramagnetic Curie temperaturewhile meff to an effectivemagnetic moment per R3þ

ion. ms is the moment per R3þ ion at T ¼ 1.9 K and H ¼ 90 kOe. Hcr denotes critical
magnetic field as detected from magnetization curve taken at T ¼ 1.9 K. The
abbreviation “exp.” refers to experimentally determined magnetic moments while
the “theor.” one refers to the theoretically predicted values for respective R3þ ions.

R TN [K] qp [K] meff [mB] ms [mB] Hcr½kOe�
exp. theor. exp. theor.

Tb 23.3 �10.1 9.84 9.72 4.00 9.0 50
Dy 9.7 �7.5 10.74 10.65 5.87 10.0 21
Ho 3.3 �6.5 10.67 10.61 6.93 10.0
Er �7.1 9.57 9.58 5.62 9.0
Tm 3.2 �4.8 7.45 7.56 4.19 7.0 10

Fig. 3. Differential powder neutron diffraction pattern of Tb3Ni2In4 constructed as a
difference between the experimental data collected at 1.6 K and 30.0 K. The solid line
represents the Rietveld fit. The difference plot is shown in the bottom. The vertical
ticks indicate positions of Bragg reflections originating from the magnetic structure
formed by the rare earth magnetic moments ( k

! ¼
�
0;0; 12

�
). The data were collected

with the use of the E9 high resolution diffractometer (l ¼ 1:798 Å).
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Table 2). The virgin curves collected for the Tb-, Dy- and Tm-based
compounds show metamagnetic transitions at critical fields equal
to 50, 21 and 10 kOe, respectively.

The results of magnetometric measurements are summarized in
Table 2.

5. Magnetic structure

The results of magnetometric measurements suggest that
probably only rare earth atoms possess magnetic moments. There
are three such atoms in each crystal unit cell, namely: R1 at

�
0:58;

0:97; 1
2

�
, R2 at

�
0:03; 0:62; 1

2

�
and R3 at

�
0:38;0:42; 12

�
e the

numbers in parentheses indicate approximate atomic coordinates
and slightly depend on chemical composition. In general, each
magnetic moment can have its own magnitude and can point at
different direction, however, the crystal symmetry imposes con-
straints on relative directions and magnitudes of magnetic mo-
ments occupying particular Wyckoff position. Any periodic
magnetic structure can be expressed in terms of its Fourier com-
ponents. Therefore, a magnetic moment of the jth atom located in
the lth unit cell can be written down as follows:

m!lj ¼
X
k
!

S
!

k
!

j
expð � 2pi k

!
, R
!

lÞ (1)

where the sum is over all propagation vectors. It is worth noting the
S
!

k
!

j
Fourier component is a vector whose components are in

general complex numbers. R
!

l is a position vector of the lth unit cell.
The theory of representation of space groups, introduced and
developed by Bertaut [21] and Izyumov and Syromyatnikov [22],
predicts that S

!
k
!

j
Fourier components are linear combination of

basis vectors of irreducible representations. The calculations take
into account the space group, propagation vector as well asWyckoff
position occupied by magnetic moments.

5.1. Tb3Ni2In4 and Dy3Ni2In4

The magnetic contributions to neutron diffraction patterns of
Tb3Ni2In4 and Dy3Ni2In4 are very similar to one another. They were
obtained by subtracting the paramagnetic data from the patterns
taken in the ordered state. The differential pattern of Tb3Ni2In4 has
been chosen as a representative and is shown in Fig. 3. All Bragg
reflections of magnetic origin can be indexed with a propagation
vector k

!¼
�
0;0; 12

�
which corresponds to a magnetic unit cell

doubled along the c-axis when compared to the crystal one (see
Fig. 4).

Symmetry analysis performed for the P6 space group, the k
!¼�

0;0; 12

�
propagation vector and magnetic moments located at the

3k Wyckoff site, shows that this propagation vector is the only
vector forming a star and all rare earth atoms belong to the same
orbit. The theory predicts six 1-dimensional irreducible represen-
tations - three of them appearing twice (t1;t3;t5) and another three
appearing once (t2; t4; t6). Naming of representations follows the
output of the computer program basireps [15]. The corresponding
basis vectors are listed in Table 3.

The best fit to the experimental data has been obtained for
magnetic Fourier components being a linear combination of the
basis vectors of t1 (marked in bold in Table 3). The corresponding
magnetic structure is shown in Fig. 4a while the values of magnetic
moments and reliability factors in Table 4. Fig. 4b presents the
arrangement of magnetic moments within the basal plane (the
moments in the neighbouring (001) planes are coupled anti-
ferromagntically due to the kz ¼ 1

2 component of the propagation
vector). The magnetic structure is a linear combination of the
structures related to the first (see Fig. 4c) and second (see Fig. 4d)
set of the t1 basis vectors. As the basis vectors of t1 have no
imaginary components, the magnetic moments on particular rare
earth atoms within the reference crystallographic unit cell can be
easily calculated using the following formulas: m!R1 ¼ C1½1;0;0� þ
C2½0;1;0�, m!R2 ¼ C1½0;1;0� þ C2½ �1;�1;0� and m!R3 ¼ C1½ � 1; �
1;0� þ C2½1;0;0�. The coefficients for Tb3Ni2In4, determined from
Rietveld refinement of the pattern collected at 1.6 K, equal 7.6 mB
and 6.7 mB for C1 and C2, respectively. In Dy3Ni2In4, the coefficients
have been found to be C1 ¼ 5:7 mB and C2 ¼ 4:8mB, at 1.7 K. As C1z
C2 the magnetic moment directions are close to [1,1,0], [-1,0,0] and
[0,-1,0] for the R1, R2 and R3 rare earth atoms, respectively
(compare with Fig. 4b).

5.2. Ho3Ni2In4

Magnetic contribution to the Ho3Ni2In4 diffraction pattern
consists of two groups of Bragg reflections (see Fig. 5). The first
group corresponds to a commensurate magnetic structure
described by a propagation vector k

! ¼
�
0;0; 12

�
. Detailed analysis

shows that this structure is identical with the one described in
section 5.1 for R3Ni2In4 (R ¼ Tb, Dy). The C1 and C2 coefficients,
needed to calculate Ho magnetic moments (see the last paragraph
in section 5.1), equal 3.4 mB and 3.6 mBat 1.6 K while at 3.0 K they
have been found to be 1.9 mB and 1.8 mB, respectively. This group of



Fig. 4. (a) Magnetic unit cell of the low temperature magnetic structure in R3Ni2In4 (R ¼ Tb and Dy) as well as the commensurate component of magnetic structure in Ho3Ni2In4.
The rare earth magnetic moments in the neighbouring (001) planes are coupled antiferromagnetically due to the k

!¼
�
0;0; 12

�
propagation vector. (b) Arrangement of magnetic

moments within the basal plane. The (c) and (d) insets show arrangement of magnetic moments related to the first and second set of basis vectors of t1, respectively (see main text
for details).

Table 3
Basis vectors of irreducible representations as calculated for the P6 space group and
the propagation vector k

! ¼
�
0; 0;

1
2

�
. R1, R2 and R3 denote magnetic rare earth

atoms. Approximate atomic coordinates are given in parentheses. The set of basis
vectors that fits experimental data is marked in bold.

R1

�
0:58; 0:97;

1
2

�
R2

�
0:03; 0:62;

1
2

�
R3

�
0:38; 0:42;

1
2

�

t1 [1,0,0] [0,1,0] [-1,-1,0]
[0,1,0] [-1,-1,0] [1,0,0]

t2 [0,0,1] [0,0,1] [0,0,1]
t3 [1,0,0]

e
þ
2p
6

i½0; � 1;0� e
�
2p
6

i½1;1;0�
[0,1,0]

e
þ
2p
6

i½1;1; 0� e
�
2p
6

i½ � 1;0;0�
t4 [0,0,1]

e
þ
2p
6

i½0;0; � 1� e
�
2p
6

i½0;0; � 1�
t5 [1,0,0]

e
�
2p
6

i½0; � 1;0� e
þ
2p
6

i½1;1;0�
[0,1,0]

e
�
2p
6

i½1;1; 0� e
þ
2p
6

i½ � 1;0;0�
t6 [0,0,1]

e
�
2p
6

i½0;0; � 1� e
þ
2p
6

i½0;0; � 1�
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reflections decreases monotonically with increasing temperature.
The second group of Bragg reflections of magnetic origin is

related to an incommensurate magnetic structure described by a
propagation vector k

!¼
�
1
3;

1
3; kz

�
where kz ¼ 0:271ð11Þ at 1.6 K. In

contrast to the first group, the second group increases with
increasing temperature, reaching its maximum in intensity above
3 K and then disappears. Symmetry analysis shows that the vector�
1
3;

1
3; kz

�
forms a star together with

�
1
3;

1
3;�kz

�
while all rare earth
magnetic moments occupying the 3k Wyckoff site belong to one
orbit. The theory predicts three 1-dimensional irreducible repre-
sentations each of them appearing three times. The basis vectors of
the irreducible representations are listed in Table 5. The best fit to
the experimental data is found for Fourier components being a
linear combination of the basis vectors of t3. The following for-
mulas are used to calculate the Fourier components of magnetic
moments related to Ho atoms within the crystallographic unit cell:
S
!

k
!

1
¼ 1

2e
�2pi4ðC1½1;0;0� þ C2½0;1;0� þ C3½0;0;1�Þ,! 1

�2pi

�
�1

6þ4

�� �

S

k
!

2
¼ 2e ðC1½0;�1;0� þC2½1;1;0� þC3½0;0;�1�Þ and! 1

�2pi 1
6þ4
S
k
!

3
¼ 2e ðC1½1;1;0� þ C2½ � 1;0;0� þ C3½0;0; � 1�Þ. The

1, 2 and 3 indices refer to Ho1, Ho2 and Ho3, respectively, while 4 is
the “global magnetic phase factor” as the same value is applied to
all Fourier components. In case of incommensurate magnetic
structures, the 4 parameter has no physical meaning as it is related
only to the choice of origin of the coordinate system. Thus 4 was
fixed to zero during refinement. The Rietveld refinement has yiel-
ded the following values of the coefficients: C1 ¼ 0:1 mB, C2 ¼ 0:3 mB
and C3 ¼ �0:3 mB at 1.6 K while at 3.0 K C1 ¼ 2:1 mB, C2 ¼ 1:8 mB and
C3 ¼ �0:1 mB. As themagneticmoments have only real components
(no imaginary part), according to equation (1), both S

!
k
! and S

!
�k
�!

Fourier components have to be taken into account while calculating
magnetic moments. Thus the magnetic moments in the reference
crystallographic unit cell are given by: m!Ho1 ¼ S

!
k
!

1
þ S

!
� k
!

1
¼

C1½1;0;0� þ C2½0;1;0� þ C3½0;0;1�,
m!Ho2 ¼ S

!
k
!

2
þ S
!

� k
!

2
¼ 1

2 ðC1½0;�1;0� þC2½1;1;0� þC3½0;0;�1�Þ
and
m!Ho3 ¼ S

!
k
!

3
þ S
!

� k
!

3
¼ 1

2 ðC1½1;1;0� þC2½ �1;0;0� þC3½0;0;�1�Þ
(assuming 4 ¼ 0). The moments in any other crystallographic unit
cell can be calculated using equation (1). As C1zC2 and jC3j≪C1 at
3.0 K, the Homagnetic moments are close to the basal plane (in fact



Fig. 5. Thermal evolution of magnetic contribution to the Ho3Ni2In4 powder neutron
diffraction pattern. The most intense Bragg reflections originate from commensurate
magnetic structure related to a propagation vector k

!¼
�
0;0; 12

�
(the same magnetic

structure as found for R3Ni2In4, where R ¼ Tb and Dy). The second group reflections
originates from an incommensurate magnetic structure related to k

!¼
�
1
3;

1
3; kz

�
(the

exact values of kz are listed in Table 4). Positions of the main reflections coming from
the incommensurate ordering have been marked by arrows. The data were collected
with the use of the E6 diffractometer (l ¼ 2:432 Å).

Fig. 6. Incommensurate component ( k
! ¼

�
1
3;

1
3;kz

�
; the exact values of kz are listed in

Table 4) of the Ho3Ni2In4 magnetic structure projected into the basal plane. The figure
is based on results of refinement of diffraction data collected at 3.0 K. As the structure
is incommensurate a magnetic unit cell cannot be defined. Thus the presented area
gives only a general idea how the structure looks like. The same structure is obtained
by taking into account either the basis vectors of the irreducible representation t1 or
those of t3 (see main text for details).
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they are inclined at an angle of about 12�). When projected on the
basal plane the magnetic moments directions are close to [1,1,0],
[1,0,0] and [0,1,0] for Ho1, Ho2 and Ho3, respectively. A fragment of
the incommensurate component of the Ho3Ni2In4 magnetic struc-
ture, as determined from Rietveld refinement of the pattern
collected at 3.0 K, is presented in Fig. 6.

The low temperature differential neutron diffraction patterns of
Ho3Ni2In4 together with Rietveld fits are shown in Fig. 7. The pa-
rameters characterizing the magnetic structure of Ho3Ni2In4 (the
commensurate and incommensurate components) are summarized
in Table 4.
5.3. Er3Ni2In4

Er3Ni2In4 shows no signs of long-range magnetic ordering down
to 1.6 K as presented in Fig. 8 e a differential pattern constructed as
a difference between the patterns collected at 1.6 K and 5.0 K does
not contain magnetic contribution in form of Bragg reflections. A
wide bump around 2q ¼ 30o can be attributed to short-range
magnetic ordering.
5.4. Tm3Ni2In4

Magnetic contribution to the Tm3Ni2In4 neutron diffraction
pattern is different from those described above e it corresponds to
a commensuratemagnetic structure related to a propagation vector
k
!¼

�
1
3;

1
3;

1
2

�
(see Fig. 9). Symmetry analysis shows that this vector

forms a star together with
�
1
3; � 2

3;
1
2

�
,
�
1
3;

1
3; � 1

2

�
,
�
� 2

3;
1
3;

1
2

�
,�

1
3;�2

3;�1
2

�
and

�
� 2

3;
1
3; � 1

2

�
. All magnetic moments occupying the

3k Wyckoff site belong to one orbit. The theory predicts six 1-
dimensional irreducible representations e three of them appear-
ing twice (t1; t3; t5) and another three appearing once (t2; t4; t6).
The corresponding basis vectors are listed in Table 6.

The best fit has been obtained for Fourier components taken as a
linear combination of the basis vectors of t3 leading to themagnetic
structure with magnetic moments confined to the basal plane. The
corresponding Fourier components are given by: S

!
k
!

1
¼

1
2e

�2pi4ðC1½1;0;0� þ C2½0;1;0�Þ,
S
!

k
!

2
¼ 1

2e
�2pi4ðC1½0;1;0� þC2½ �1;�1;0�Þ and S

!
k
!

3
¼

1
2e

�2pi4ðC1½ � 1; � 1;0� þ C2½1;0;0�Þ. Magnetic moments in the
reference crystallographic unit cell are therefore expressed as:
m!Tm1 ¼ S

!
k
!

1
þ S

!
� k
!

1
¼ cos4ðC1½1;0;0� þ C2½0;1;0�Þ,

m!Tm2 ¼ S
!

k
!

2
þ S
!

� k
!

2
¼ cos4ðC1½0;1;0� þC2½ �1;�1;0�Þ and

m!Tm3 ¼ S
!

k
!

3
þ S
!

� k
!

3
¼ cos4ðC1½ � 1; � 1;0� þ C2½1;0;0�Þ. As the

magnetic unit cell is 18 times bigger than the crystallographic one
( k
! ¼

�
1
3;

1
3;

1
2

�
), in order to calculate magnetic moments in other

parts of the magnetic unit cell equation 1 has to be used.
The C1 and C2 parameters, as derived form Rietveld refinement

of the pattern taken at 1.6 K equal �2.2 mB and 4.0 mB, respectively.
The results of refinement together with reliability factors are
summarized in Table 4. As C1z� 1

2C2 the directions of magnetic
moments are close to [-1,2,0], [-2,-3,0] and [3,1,0] for Tm1, Tm2 and
Tm3, respectively. It has to be mentioned that in case of the mag-
netic structures commensurate with the crystal ones, the value of
“global magnetic phase factor” parameter 4 is important as it in-
fluences the magnitudes of magnetic moments in different loca-
tions at the magnetic unit cell. 4 cannot be determined from
Rietveld refinement as it does not affect the calculated diffraction
pattern. Thus it has to be chosen arbitrarily. It is worth noting that
although the corresponding magnetic structure is a commensurate
one there is no solution with all rare earth magnetic moments of



Fig. 7. Differential powder neutron diffraction patterns of Ho3Ni2In4 constructed as a
difference between the experimental data collected at low temperature (1.6 K or 3.0 K)
and at 5.0 K (paramagnetic state). The red solid line represents the Rietveld fit while
the blue one is for the difference plot. The upper row of vertical ticks indicates posi-
tions of Bragg reflections originating from the commensurate component ( k

! ¼
�
0;0;

1
2

�
) of the Ho3Ni2In4 magnetic structure. The second row is related to the incom-

mensurate component ( k
! ¼

�
1
3;

1
3;kz

�
; the exact values of kz are listed in Table 4). The

Miller indices in the upper part refer to the commensurate component of the magnetic
structure while those in the bottom part to the incommensurate one. The data were
collected with the use of the E6 diffractometer (l ¼ 2:432 Å). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Table 4
Parameters of magnetic structures in R3Ni2In4 (R ¼ TbeTm) as determined from powder
refers to a propagation vector. m is a magnetic moment (used to describe magnetic structur
modulation of magnetic moment (used to describe incommensurate magnetic structures
magnitudes). DMM refers to the direction of magnetic moment. The table contains also th
the results of refinements at two different temperatures are listed in order to show ther

R T[K] k
! m [mB] mA

Tb 1.6
�
0;0;

1
2

�
7.1

Dy 1.7
�
0;0;

1
2

�
5.4

Ho 1.6
�
0;0;

1
2

�
3.5

�
1
3
;
1
3
;0:271ð11Þ

�
0.5

Ho 3.0
�
0;0;

1
2

�
1.9

�
1
3
;
1
3
;0:278ð10Þ

�
3.7

Er No magnetic ordering detected down to 1.6 K.
Tm 2.0

�
1
3
;
1
3
;
1
2

�
5.4

a In case of the incommensurate magnetic order in Ho3Ni2In4 the best fit has been obtai
form an angle of about 12� with the ab-plane. Such a magnetic structure is allowed by s

Table 5
Basis vectors of irreducible representations as calculated for the P6 space group and
the propagation vector k

!¼
�
1
3
;
1
3
; kz

�
(kzz0:27). R1, R2 and R3 denote magnetic

rare earth atoms. Approximate atomic coordinates are given in parentheses. The set
of basis vectors that fits experimental data is marked in bold (see main text for
details).

R1

�
0:58; 0:97;

1
2

�
R2

�
0:03; 0:62;

1
2

�
R3

�
0:38; 0:42;

1
2

�

t1 ½1;0;0�
e
�
2p
6

i½0; � 1; 0� e
þ
2p
6

i½1;1;0�
½0;1;0�

e
�
2p
6

i½1;1;0� e
þ
2p
6

i½ � 1;0;0�
½0;0;1�

e
�
2p
6

i½0;0; � 1� e
þ
2p
6

i½0;0; � 1�
t2 [1,0,0] [0,1,0] [-1,-1,0]

[0,1,0] [-1,-1,0] [1,0,0]
[0,0,1] [0,0,1] [0,0,1]

t3 ½1; 0; 0�
e
þ
2p
6

i½0; �1; 0

3
5 e

�
2p
6

i½1; 1; 0
3
5

½0;1;0�
e
þ
2p
6

i½1; 1; 0
3
5 e

�
2p
6

i½ � 1; 0; 0

3
5

½0;0;1�
e
þ
2p
6

i½0; 0; �1

3
5 e

�
2p
6

i½0; 0; �1

3
5
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the same magnitude. In Fig. 10 an exemplary structure with two
values of magnetic moments (either 5.4 mB or 2.7 mB), obtained
while assuming 4 ¼ 1

4 (in the units of 2p), is shown. However, one
should take into account that other solutions, like for example
those with zero magnetic moment on selected rare earth ions, are
still valid from mathematical point of view.

6. Discussion

The results of X-ray and neutron powder diffraction confirm that
the R3Ni2In4 (R ¼ TbeTm) ternary indides crystallize in the hex-
agonal Lu3Co2In4-type structure [12]. In this structure the atomic
framework forms two types of basal plane layers: with and without
rare earth atoms, i.e. (3R þ Ni) for z ¼ 0.5 and (4In þ Ni) for z ¼ 0.
The R atoms, occupying the 3k Wyckoff site, form a triangular
structurewhich is a deformed kagome lattice. Such an arrangement
of atoms carrying magnetic moments leads, in case of antiferro-
magnetic interactions, to geometrically frustrated magnetic
neutron diffraction. T denotes temperature at which the data have been collected. k
!

es having all magnetic moments of the samemagnitude) while mA is an amplitude of
as well as commensurate magnetic structures having magnetic moments of different
e following residuals characterizing fit quality: Rprofile;Rmagnetic and c2. For Ho3Ni2In4

mal evolution of the corresponding magnetic structure.

[mB] DMM Rprofile Rmagnetic c2

⊥ c 2.56 10.8 1.92

⊥ c 2.55 15.8 3.59

⊥ c 2.52 6.71 3.03

⊥ ca 35.6

⊥ c 2.24 9.14 2.67

⊥ ca 12.9

⊥ c 2.43 12.4 2.61

ned for magnetic moments having a small component along the c-axis. Themoments
ymmetry (see Table 5).



Fig. 8. Powder neutron diffraction patterns of Er3Ni2In4 taken at 1.6 K and 5.0 K
together with a differential pattern (at the bottom). The red lines show the results of
Rietveld refinement of a pure nuclear phase (no magnetic contribution) while vertical
ticks indicate positions of corresponding Bragg reflections. The data were collected
with the use of the E6 diffractometer (l ¼ 2:432 Å). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of this
article.)

Fig. 9. Differential powder neutron diffraction pattern of Tm3Ni2In4 constructed as a
difference between the experimental data collected at 2.0 K and 6.3 K. The solid line
represents the Rietveld fit. The difference plot is shown in the bottom. The vertical
ticks indicate positions of Bragg reflections originating from the magnetic structure
formed by the rare earth magnetic moments ( k

! ¼
�
1
3;

1
3;

1
2

�
). The two weak magnetic

reflections at 24.5� and 28.1� originate from an unidentified impurity. Thus the angle
range from 24� to 29� was excluded from refinement. The data were collected with the
use of the E6 diffractometer (l ¼ 2:432 Å).

Table 6
Basis vectors of irreducible representations as calculated for the P6 space group and
the propagation vector k

! ¼
�
1
3
;
1
3
;
1
2

�
. R1, R2 and R3 denote magnetic rare earth

atoms. Approximate atomic coordinates are given in parentheses. The set of basis
vectors that fits experimental data is marked in bold.

R1

�
0:58; 0:97;

1
2

�
R2

�
0:03; 0:62;

1
2

�
R3

�
0:38; 0:42;

1
2

�

t1 ½1; 0;0�
e
�
2p
6

i½0; � 1;0� e
þ
2p
6

i½1; 1;0�
½0; 1;0�

e
�
2p
6

i½1;1;0� e
þ
2p
6

i½ � 1;0;0�
t2 [0,0,1]

e
�
2p
6

i½0;0; � 1� e
þ
2p
6

i½0; 0; � 1�
t3 ½1;0;0� ½0;1;0� ½�1;�1;0�

½0;1;0� ½�1;�1;0� ½1;0;0�
t4 [0,0,1] [0,0,1] [0,0,1]
t5 ½1; 0;0�

e
þ
2p
6

i½0; � 1;0� e
�
2p
6

i½1; 1;0�
½0; 1;0�

e
þ
2p
6

i½1;1;0� e
�
2p
6

i½ � 1;0;0�
t6 [0,0,1]

e
þ
2p
6

i½0;0; � 1� e
�
2p
6

i½0; 0; � 1�

Fig. 10. Low temperature magnetic structure in Tm3Ni2In4. Only half of the magnetic
unit cell is shown. The rare earth magnetic moments in the neighbouring (001) planes
are coupled antiferromagnetically due to the k

!¼
�
1
3;

1
3;

1
2

�
propagation vector.

S. Baran et al. / Journal of Alloys and Compounds 832 (2020) 1549268
structures. The determined lattice constants as well as atomic po-
sitional parameters are in good agreement with the previously
reported X-ray data [11].

Magnetic susceptibility vs. temperature dependences indicate
an antiferromagnetic ordering at low temperatures in all title
compounds except Er3Ni2In4 which is found paramagnetic down to
1.9 K (see Fig. 2). The N�eel temperatures ranges from 3.2 K (R¼ Tm)
up to 23.3 K (R ¼ Tb). Reciprocal magnetic susceptibilities obey the
Curie-Weiss law in a broad temperature range. Deviations from
linearity are found only at low temperatures in vicinities of the
respective N�eel points. All paramagnetic Curie temperatures are
negative indicating a dominant contribution from antiferromag-
netic interactions. The effective magnetic moments are close to the
values predicted for free R3þ ions. The discrepancies not exceeding
1.5% can be attributed to the sum of systematic errors of magnetic
susceptibility and sample mass measurements. It is worth noting
that similar antiferromagnetic properties were found in R3Ir2In4
(R¼ Dy, Tm). The N�eel temperature of Dy3Ir2In4 equals 13.6 K while
that of Tm3Ir2In4 was found to be 5.4 K [13].

The results of neutron diffraction confirm above mentioned
magnetometric data. No long-range magnetic order is found in
Er3Ni2In4 down to 1.6 K while in all other remaining compounds an
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antiferromagnetic order is found at low temperatures. In the latter
case a good agreement with experimental data can be obtained
assuming that only rare earth atoms carry magnetic moments.

A significant change in magnetic structure is found with in-
crease of the number of 4f electrons. For R ¼ Tb and Dy a simple
antiferromagnetic structure with the magnetic unit cell doubled
when compared with the crystal one is found ( k

! ¼
�
0;0; 12

�
). The

rare earth magnetic moments lie in the basal plane and show a
‘triangular’ arrangement which is characteristic of geometrically
frustrated systems where magnetic moments form the (distorted)
kagome lattice. In Ho3Ni2In4 a coexistence of the mentioned above
commensurate antiferromagnetic structure ( k

! ¼
�
0;0;12

�
) with the

incommensurate one ( k
!¼

�
1
3;

1
3; kz

�
where kzz0:27) is observed. It

is worth noting that although the latter structure has a dominant
inplane component of magnetic moment the refinement suggests a
presence of a small component perpendicular to the basal plane.
Nevertheless, such a result is allowed by symmetry (see Table 5). No
magnetic ordering has been discovered in Er3Ni2In4 down to 1.6 K.
In Tm3Ni2In4 again a commensurate antiferromagnetic structure is
found, however, it is different from the one observed for the lighter
rare earth elements. The magnetic unit cell is 18 times larger than
the crystal one and corresponds to a propagation vector k

! ¼
�
1
3;

1
3;

1
2

�
. The thulium magnetic moments lie in the basal plane.
The determined arrangement of magnetic moments within the

basal plane can be compared with theoretical predictions reported
by Gondek and Szytuła [23]. The authors considered magnetic
moments occupying a distorted kagome lattice which is found in
rare earth intermetallics crystallizing in the ZrNiAl-type hexagonal
structure. The exchange interactions with the nearest (J1) and the
second nearest (J2) neighbours as well as the
DzialoshinskyeMoriya interaction have been taken into account. It
has been found that non-zero DzialoshinskyeMoriya interaction
leads to appearance of magnetic structures described by a propa-
gation vector of general formula ½kx; kx� where 0< kx < 1

3. This is not
the case of magnetic structures observed in R3Ni2In4 where an in-
plane antiferromagnetic ordering is described by either ½0;0�
(R ¼ Tb, Dy and the commensurate component of Ho) or

�
1
3;

1
3

�
(R ¼ Ho (the incommensurate component) and Tm). These two
mentioned propagation vectors appear in the magnetic phase di-
agram determined in absence of the DzialoshinskyeMoriya inter-
action (see Fig.1 in [23]), namely, the antiferromagnetic order (AF1-
type) related to ½0;0� is obtained for J1 <0 and J2 <0 while that
related to

�
1
3;

1
3

�
(AF2-type) for J1 <0 and J2 >0. Thus increasing

number of the 4f electrons in R3Ni2In4 is correlated with a change
in sign of the J2 exchange integral from negative to positive one.

Propagation vectors describing the magnetic order in R3Ni2In4
possess a non-zero kz component characteristic of either antifer-
romagnetic coupling between neighbouring (001) planes (kz ¼ 1

2)
or a sine-type modulation along the c-axis (kzz0:27).
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