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a b s t r a c t

Magnetic properties of R3Mn3SiGa2 (R = Y, Gd, Tb, Dy, Ho) compounds (hexagonal ZrNiAl-type struc-
ture; space group P6̄2m, No.189) have been studied. Powder neutron diffraction results on Tb3Mn3SiGa2,
Dy3Mn3SiGa2 and Ho3Mn3SiGa2 compounds are presented. Magnetization data on Gd3Mn3SiGa2 sample
reveal a transition at about 155 K (TN) and an anomaly at 44 K whereas the compounds with R = Tb, Dy,
Ho and Y order magnetically at 125 K, 55 K, 60 K and 163 K respectively, in 0.5 T applied field. Magne-
tization has linear field dependence at 5 K for all these compounds. Neutron data in zero applied field
reveal three magnetic transitions for Tb3Mn3SiGa2 compound: at TND

m1
∼180 K, TND

m2
= 90 K and TND

m3
= 40 K

respectively, whereas the Ho3Mn3SiGa2 compound shows magnetic transitions at TND
m1

∼165 K, TND
m2

∼80 K
and TND = 40 K. Neutron diffraction study reveals that the magnetic structure is antiferromagnetic cone
manganese

Magnetic measurements
Neutron diffraction
M

m3

with wave vectors K1 = [1/3, 1/3, 0], K2 = [1/2, 1/2, 0] for both the compounds. The magnetic struc-
ture of Dy3Mn3SiGa2 is also an antiferromagnetic cone but with wave vector K2 = [1/2, 1/2, 0]. The low
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. Introduction

Systematic investigations are being carried out on novel ternary
are earth intermetallic phases containing manganese, in order to
nderstand their complex magnetic properties and resulting mag-
etic structures. The earlier study on the magnetic properties of
rNiAl-type RCuAl compounds [1–3] shows that these compounds
rder antiferromagnetically with excellent correlation between
he Neél temperatures and the well-known de Gennes rule [4].
he {Gd–Ho}MnGa [5] and {Gd–Er}MnGa1−XGeX [6–8] compounds
lso demonstrate complex antiferromagnetic ordering. The man-
anese ions in these compounds have effective magnetic moments
hat correspond to the tetravalent, trivalent or mixed valent
tate of manganese (�eff

Mn = 3.6 �B in GdMnGa, �eff
Mn = 3.5 �B in

bMnGa, �eff
Mn = 3.2 �B in DyMnGa, �eff

Mn = 2.8 �B in HoMnGa
5], �eff

Mn = 4.02 �B in GdMnGe0.5Ga0.5 [7] and �eff
Mn = 4.4 �B in
bMnGe0.5Ga0.5 [8]; whereas �Mn2+ = 5.9 �B, �Mn3+ = 5.0 �B and

Mn4+ = 4.0 �B [9]).
Due to specific features of the crystal structure in several com-

ounds without manganese, such as ZrNiAl-type RAgGe (R = Dy,
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on is attributed to a possible spin reorientation process.
© 2009 Elsevier B.V. All rights reserved.

Ho, Er) [10] and TbNiAl [11] consist of square modulated mag-
netic moments with propagation vectors K = [1/2, 1/2, 0], [1/3,
1/3, 0] or [1/2, 1/2, 1/2] in their magnetic structures. The
Mn-containing R3Mn3GeGa2 compounds show high-temperature
non-axial antiferromagnetic ordering that is not clearly observed
in the magnetization data in low applied fields, whereas magnetic
transition at low temperature coincides with the magnetic order-
ing temperature obtained from neutron diffraction (ND) study [12].
Recent ND measurements have resulted in better understanding of
the magnetic structure of Dy3Mn3SiGa2 compound [13].

The present work is aimed at understanding the magnetic prop-
erties of in the ZrNiAl-type rare earth compounds with manganese
of RMnGa with Si substitution at Ga-site, by means of magne-
tization and neutron diffraction studies. The R3Mn3SiGa2 (R = Y,
Gd–Ho) compounds [14] have been prepared and characterized for
this work.

2. Experimental details

The R3Mn3SiGa2 (R = Y, Gd–Ho) compounds were prepared in an electric arc
furnace under argon atmosphere using a non-consumable tungsten electrode and

a water-cooled copper tray. Silicon, gallium (purity 99.99%), yttrium, gadolinium,
terbium, dysprosium and holmium (purity 99.9%) and manganese (purity 99.95%)
were used as starting components. Zirconium was used as a getter during melt-
ing. Subsequently, the compounds were annealed at 1070 K for 150 h in an argon
atmosphere and quenched in ice-cold water.

dx.doi.org/10.1016/j.jallcom.2009.11.130
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:morozkin@general.chem.msu.ru
dx.doi.org/10.1016/j.jallcom.2009.11.130
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Table 1
Crystallographic data and magnetic properties of ZrNiAl-type R3Mn3SiGa2 compounds (R = Y, Gd–Tm).

Compound Unit cell data at 300 Ka Atomic position at 300 Ka RF (%) TCN, K (0.5 T) Tm
ND, K (H = 0 T) Magnetic structure

Y3Mn3SiGa2 a = 0.6995(1) nm XY = 0.5720(7) 4.1 163
c = 0.42640(5) nm XMn = 0.234(2) 7

Gd3Mn3SiGa2
b a = 0.70616(6) nm XGd = 0.5752(3) 4.2 155

c = 0.43114(4) nm XMn = 0.245(1)

Tb3Mn3SiGa2 a = 0.6998(1) nm XTb = 0.5758(7) 5.5 ∼180 Flat spiral: non-collinear
antiferromagnetic (K1 = [1/3,
1/3, 0] with Tb and Mn
magnetic moments in ab plane

c = 0.42742(7) nm XMn = 0.246(2) Antiferromagnetic cone: flat
spiral (K1 = [1/3, 1/3, 0]) with
antiferromagnetic component
(K2 = [1/2, 1/2, 0]) along c axis
and in ab plane

125 90 Antiferromagnetic cone:
chiefly rotation of magnetic
moments along c axis. Flat
spiral (K1 = [1/3, 1/3, 0] and AF
component along c axis and in
the ab plane (K2 = [1/2, 1/2, 0])

∼7 40

Dy3Mn3SiGa2 a = 0.6983(4) nm XDy = 0.5752(7) 6.3
c = 0.4266(2) nm XMn = 0.245(3) 55 Antiferromagnetic cone: AF

component along c axis and in
the ab plane (K2 = [1/2, 1/2, 0]).
Chiefly rotation of magnetic
moments along c axis.

Ho3Mn3SiGa2 a = 0.6946(2) nm XHo = 0.567(1) 6.0 165 Flat spiral: non-collinear
antiferromagnetic (K1 = [1/3,
1/3, 0] with Tb and Mn
magnetic moments in ab plane

c = 0.4238(1) nm XMn = 0.240(3) Antiferromagnetic cone: flat
spiral (K1 = [1/3, 1/3, 0]) with
antiferromagnetic component
(K2 = [1/2, 1/2, 0]) along c axis
and in ab plane

60 90 Antiferromagnetic cone:
chiefly rotation of magnetic
moments along c axis. Flat
spiral (K1 = [1/3, 1/3, 0] and AF
component along c axis and in
the ab plane (K2 = [1/2, 1/2, 0])

17 40
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a X-ray data.
b crystallographic data used with permission—©JCPDS—International Centre for D

X-ray powder diffraction data were obtained on an DRON-3.0 diffractometer
CuK�-radiation, 2� = 20–70◦ , step 0.05◦ , 1002 points). The obtained diffractograms
ere identified and intensity calculations in the isotropic approximation using the
IETAN-program [15].

DC magnetization data were collected using a commercial magnetometer (Phys-
cal Property Measurement System PPMS, Quantum Design, USA). For zero-field
ooled (ZFC) magnetization, the sample was cooled in zero-field to 5 K and the data
ere acquired while warming. For the field-cold (FC) magnetization the sample was

ooled in field and data were collected while warming in the same field.
The neutron diffraction experiments were performed on the powder diffrac-

ometer D1B (Institute Laue-Langevin, Grenoble, France) [16] with an incident
eutron wave length � = 0.252 nm in the temperature range 2 K < T < 200 K for var-

ous integration times. Both magnetic and crystal structures were analyzed using
he FULLPROF program based on the Rietveld method [17]. The temperature at
hich magnetic reflections appear in the neutron diffraction pattern is taken as

he magnetic transition temperature.

. Results
.1. Crystal structure

In the ZrNiAl-type structure, the rare earth atoms occupy the
(g) site (XR, 0, 1/2), manganese atoms occupy 3(f) site (XMn, 0, 0).
he gallium atoms occupy the special positions 1(b) (0, 0, 1/2) and
tion Data.

gallium and silicon atoms (Si0.5Ga0.5) occupy the special site 2(c)
(1/3, 2/3, 0).

The rare earth and manganese atoms occupy the following posi-
tions in the unit cell:

Rj (j = 1, 2, 3) : R1

(
XR, 0,

1
2

)
, R2

(
0, XR,

1
2

)
,

R3

(
−XR, −XR,

1
2

)
;

Mnj (j = 1, 2, 3) : Mn1 (XMn, 0, 0), Mn2 (0, XMn, 0) and

Mn3 (−XMn, −XMn, 0).

The cell parameters and atomic position parameters of
R3Mn3SiGa2 compounds at room temperature are given in Table 1.

3.2. Magnetization
Magnetization of Gd3Mn3SiGa2 has been measured as a function
of temperature, in applied field of 0.5 T (Fig. 1a). This compound
shows a transition at 155 K and also an anomaly at 44 K. The
field dependent magnetization data obtained at 5 K indicates linear
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Fig. 1. (a–e) Magnetization vs temperature of R3Mn3SiGa2 (R = Gd, Tb, Dy, Ho an

eld dependence without any hysteresis confirming the antifer-
omagnetic nature of this system (inset in Fig. 1a). The Tb-based
ompound also shows a cusp at 125 K but low temperature mag-
etization shows a sharp increase with a peak centred at ∼7 K
Fig. 1b). The compound Dy3Mn3SiGa2 orders magnetically at about
5 K. The zero-field cooled and field cooled magnetization data at

emperatures less than TN show mild irreversibility indicating the
resence of competing magnetic interactions. Accordingly, a fee-
le hysteresis is noted in the field dependent magnetization data
t 5 K (inset in Fig. 1c). The Ho3Mn3SiGa2 compound undergoes
slope change in magnetization at ∼60 K and shows a cusp in
ompounds (inset: magnetization vs field in the ordered state in fields up to 9 T).

zero-field cooled magnetization curve at ∼17 K (Fig. 1c). The differ-
ence between the ZFC and FC magnetization at low temperatures is
considerably large in Ho3Mn3SiGa2 suggesting increased ferromag-
netic interactions in this system. This is further confirmed by the
presence of substantial magnetic hysteresis at 2.5 K (inset in Fig. 1d)
compared to the other members of this series. It is also observed

that the absolute magnetization values in ordered state increases
as one goes from Gd-based compound to Ho-based compound.
The magnetic behaviour of non-magnetic isostructural Y3Mn3SiGa2
sample also indicates two magnetic transitions: a cusp at ∼163 K
and a low temperature increase in magnetization at ∼7 K (Fig. 1e).
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of Tb and Mn atoms in Tb3Mn3SiGa2 are:

MTbj
= MK1

Tbj
· cos

[
2�

(
n

3
+ m

3

)]

+ MK2
Tbj

· cos
[

2�
(

n

2
+ m

2

)]
(n, m = 0, 1, 2 . . .)
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his observation evidences the role of Mn in initiating the mag-
etic ordering in these compounds. The low temperature transition
ould be due to possible spin reorientation.

.3. Neutron diffraction study

.3.1. Analysis of neutron diffraction patterns (NDP)
Apriori, the set of collinear (axial) or non-axial sine modulated,

at spiral or conical spiral models (or their superposition) may be
etected in complex magnetic systems such as ZrNiAl-type rare
arth compounds with manganese.

The following conditions were used to determine the magnetic
tructure of R3Mn3SiGa2 compounds from neutron powder diffrac-
ion data:

. The sum of magnetic component of wave vectors in every
rare earth or manganese site must correspond to the mag-
netic moment of rare earth in trivalent state and close
to the manganese in trivalent state:

∣∣∑
n=1,2M(Rij)

K1,2
∣∣ ≤

MR3+ ,
∣∣∑

n=1,2M(Mnij)
K1,2

∣∣ ≤ MMn3+ .
. The magnetic structure of R3Mn3SiGa2 must be antiferromag-

netic in accordance with the present magnetic measurements.
. Small applied magnetic fields might supress the high-

temperature magnetic ordering in present compounds, as in
TbNiAl [11], Ho3Mn3GeGa2, Er3Mn3GeGa2 and Y3Mn3GeGa2
[12] due to non-axial magnetic ordering. For this reason the dif-
ferent non-collinear or flat spiral magnetic models were used for
refinements of the high-temperature magnetic structure of the
Tb3Mn3SiGa2 and Ho3Mn3SiGa2.

The following magnetic structures are most suitable from the
oint of view of both the neutron diffraction and magnetic data.

.3.2. Tb3Mn3SiGa2
Th neutron diffraction study of Tb3Mn3SiGa2 shows appearance

f new reflections at 50 K and 2 K and these correspond to the wave
ectors K1 = [1/3, 1/3, 0] and K2 = [1/2, 1/2, 0] (Fig. 2).

The comparison of magnetic data (see Table 1) with thermal
ariation of neutron diffraction pattern of the Tb3Mn3SiGa2 (Fig. 3)
hows that in zero applied field the high-temperature magnetic
ransition occurs at TND

m1
∼180 K (coincides with appearance of the

1/3, 1/3, 0) magnetic reflection), followed by the second magnetic
ransition at TND

m2
∼90 K that corresponds to the appearance of the

1/2, 1/2 0) magnetic reflection and at TND
m3

∼40 K (low temperature
agnetic transition) the magnetic component with K1 = [1/3, 1/3, 0]

ecame close to constant, whereas the magnetic component with
2 = [1/2, 1/2, 0] increases up to 2 K.

Below TND
m3

∼40 K, the magnetic structure of Tb3Mn3SiGa2
ncludes the ab plane antiferromagnetic component with wave vec-
or K1 = [1/3, 1/3, 0] (Tb and Mn magnetic moments lie in the basal
b plane) and K2 = [1/2, 1/2, 0] with preferential arrangement of Tb
nd Mn magnetic moments along c axis. This magnetic structure is
lose to an antiferromagnetic cone. The magnetic transition at 40 K
Fig. 3) corresponds to the rotation Tb and Mn magnetic moments
long c axis.

Between TND
m3

∼40 K and TND
m2

∼90 K the magnetic structure of
b3Mn3SiGa2 is nearly an antiferromagnetic cone again. But both
F components with wave vectors K1 and K2 increase with decreas-

ng temperature. We may conclude that between TND
m2

∼90 K and

ND
m1

∼180 K antiferromagnetic component with K1 = [1/3, 1/3, 0]
orresponds to the non-axial magnetic ordering that is given in
ig. 4a.

The images of antiferromagnetic component of Tb3Mn3SiGa2
ith K1 and K2 are given in Fig. 4a and b. The magnetic moments
Fig. 2. Neutron diffraction patterns of Tb3Mn3SiGa2 at 300 K (a), at 50 K (b) and at
2 K (c) (� = 0.252 nm).
Fig. 3. Thermal variation of neutron diffraction pattern of Tb3Mn3SiGa2.
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ig. 4. Image of the antiferromagnetic component with K1 = [1/3, 1/3, 0] wave vect
ith K2 = [1/2, 1/2, 0] in Tb3Mn3SiGa2 and Dy3Mn3SiGa2 compounds and the antife

Mnj
= MK1

Mnj
· cos

[
2�

(
n

3
+ m

3

)]

+ MK2
Mnj

· cos
[

2�
(

n

2
+ m

2

)]
(n, m = 0, 1, 2 . . .)

ere MTbj
and MMnj

are the magnetic moments of jth terbium
nd manganese atoms, respectively; MTbj

K1, MMnj
K1, MTbj

K2,

Mnj
K2 are the amplitude of magnetic moment of jth terbium and

anganese atoms in the magnetic sublattice with wave vectors
1 = [1/3, 1/3, 0] and K2 = [1/2, 1/2, 0], respectively; n and m are

ransition vectors along the a and b directions, respectively (see
able 2). Variation of Tb and Mn magnetic moments along a axis is
lotted in Fig. 5.

.3.3. Dy3Mn3SiGa2
The neutron diffraction patterns of Dy3Mn3SiGa2 down to tem-

erature 2 K contain the magnetic reflections that corresponds to
he wave vector K2 = [1/2, 1/2, 0], only (Fig. 6). The corresponding

agnetic structure is similar to the Tb3Mn3SiGa2 compound (the
ntiferromagnetic components with K2 = [1/2, 1/2, 0] of these com-
ounds are same) (Fig. 5a). The magnetic moments of Dy and Mn
toms in Dy3Mn3SiGa2 are:

[ ( )]

Dyj

= MK2
Dyj

· cos 2�
n

2
+ m

2
(n, m = 0, 1, 2 . . .)

Mnj
= MK2

Mnj
· cos

[
2�

(
n

2
+ m

2

)]
(n, m = 0, 1, 2 . . .)
b3Mn3SiGa2 and Ho3Mn3SiGa2 compounds (a), the antiferromagnetic component
gnetic component with K2 = 1/2, 1/2, 0] in Ho3Mn3SiGa2 compound (c).

Here MDyj
and MMnj

are the magnetic moment of jth dysprosium
and manganese atoms, respectively; MDyj

K2, MMnj
K2 are the ampli-

tude of magnetic moment of jth dysprosium and manganese atoms
in the magnetic sublattice with wave vector K2 = [1/2, 1/2, 0], n and
m are transition vectors along the a and b axis, respectively (see
Table 2).

3.3.4. Ho3Mn3SiGa2
Th neutron diffraction study of Ho3Mn3SiGa2 shows presence

of magnetic reflections from 165 K down to 90 K that correspond
to the wave vector K1 = [1/3, 1/3, 0] alone (Fig. 7). Below 90 K the
magnetic reflections with K2 = [1/2, 1/2, 0] appear in the neutron
diffraction patterns.

The comparison of magnetic data (Fig. 1) with thermal varia-
tion of intensity of the magnetic reflections of the Ho3Mn3SiGa2
(Fig. 8) shows that in zero applied field the high-temperature mag-
netic transition occurs at TND

m1
∼165 K (coincides with appearance

of the (1/3, 1/3, 0) magnetic reflection), the second magnetic tran-
sition at TND

m2
∼90 K corresponds to the appearance of the (1/2, 1/2

0) magnetic reflection and at TND
m3

∼40 K the magnetic component
with K1 = [1/3, 1/3, 0] becomes nearly constant, whereas the mag-
netic component with K2 = [1/2, 1/2, 0] increases down to 2 K, as in

Tb3Mn3SiGa2.

The image of the antiferromagnetic components with wave vec-
tor K1 = [1/3, 1/3, 0] and K2 = [1/2, 1/2, 0] is given in Fig. 4. The
magnetic structure of Ho3Mn3SiGa2 is close to the magnetic struc-
ture of Tb3Mn3SiGa2.
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Table 2
Crystallographic and magnetic parameters of ZrNiAl-type Tb3Mn3SiGa2, Dy3Mn3SiGa2 and Ho3Mn3SiGa2 compounds: type of magnetic ordering (Para the paramagnetic state,
AF the antiferromagnetic state), temperature of magnetic ordering from neutron diffraction experiment TND, cell parameters a and c, atomic position parameters XTb,Dy,Ho

and XMn, magnitude of magnetic moment of the of the corresponding atom MjK1 and MjK2 (�B) with wave vectors K1 and K2, recpectively; ϕj
Ki the angle (deg) with the a

axis, the �j
Ki angle with c axis of the magnetic moment of corresponding atom. Reliability factors RF (crystal structure) and RF

m (magnetic structure) are given in percent (%).

a). Tb3Mn3SiGa2

K1 = [1/3, 1/3, 0] K2 = [1/2, 1/2, 0]

Type TND, K T, K Unit cell data RF Atom MjK1 ϕjK1 �jK1 MjK2 ϕjK2 �jK2 RF
m

Para 300a a = 0.6998(2) nm 5.5
c = 0.4274(1) nm
XTb = 0.5758(7)
XMn = 0.246(2)

295 a = 0.7000(2) nm 4.8
c = 0.4272(2) nm
XTb = 0.573(1)
XMn = 0.243(5)

AFI TND
m1

∼180 50 a = 0.6971(2) nm 4.3 Tb1 4.9(1) 90 90 3.9(1) 60 17(4) 6.1

TND
m2

∼90 c = 0.4267(2) nm Tb2 4.9(1) 210 90 3.9(1) 0 17(4)

XTb = 0.571(2) Tb3 4.9(1) 330 90 3.9(1) 120 17(4)
XMn = 0.230(5) Mn1 2.1(1) 270 90 3.3(2) 180 125(3)

Mn2 2.1(1) 30 90 3.3(2) 120 125(3)
Mn3 2.1(1) 150 90 3.3(2) 60 55(3)

AFII TND
m2

∼40 2 a = 0.6969(2) nm 5.0 Tb1 5.0(1) 90 90 5.0(2) 60 11(3) 6.3

c = 0.4267(2) nm Tb2 5.0(1) 210 90 5.0(2) 0 11(3)
XTb = 0.571(2) Tb3 5.0(1) 330 90 6.3(2) 120 11(3)
XMn = 0.240(4) Mn1 2.0(1) 270 90 3.7(2) 180 120(2)

Mn2 2.0(1) 30 90 3.7(2) 120 120(2)
Mn3 2.0(1) 150 90 3.7(2) 60 60(2)

b). Dy3Mn3SiGa2

K2 = [1/2, 1/2, 0]

Type TND, K T, K Unit cell data RF MjK2 ϕjK2 �jK2 RF
m

Para 300a a = 0.6983(4) nm 6.1
c = 0.4266(2) nm
XDy = 0.5711(2)
XMn = 0.245(2)

190 a = 0.6957(2) nm 5.1
c = 0.4249(2) nm
XDy = 0.576(2)
XMn = 0.246(6)

AF 2 a = 0.6945(2) nm 4.3 6.7(2) 60 38(2) 6.8
c = 0.4248(2) nm 6.7(2) 0 38(2)
XDy = 0.573(1) 6.7(2) 120 38(2)
XMn = 0.240(6) 4.1(2) 180 137(4)

4.1(2) 120 137(4)
4.1(2) 60 43(4)

(c). Ho3Mn3SiGa2

K1 = [1/3, 1/3, 0] K2 = [1/2, 1/2, 0]

Type TND, K T, K Unit cell data RF Atom MjK1 ϕjK1 �jK1 MjK2 ϕjK2 �jK2 RF
m

Para 300a a = 0.6946(2) nm 6.0
c = 0.4238(1) nm
XHo = 0.567(1)
XMn = 0.240(3)

194 a = 0.6955(2) nm 4.7
c = 0.4243(2) nm
XHo = 0.571(2)
XMn = 0.243(4)

AFI TND
m1

∼165 90 a = 0.6952(2) nm 5.6 Ho1 3.1(1) 90 90 9.2

c = 0.4246(2) nm Ho2 3.1(1) 210 90
XHo = 0.572(2) Ho3 3.1(1) 330 90
XMn = 0.240(5) Mn1 2.1(1) 270 90

Mn2 2.1(1) 30 90
Mn3 2.1(1) 150 90

AFII TND
m2

∼90 50 a = 0.6933(2) nm 3.6 Ho1 3.4(1) 90 90 4.0(2) 0 46(2) 6.1

c = 0.4232(3) nm Ho2 3.4(1) 210 90 4.0(2) 60 46(2)
XHo = 0.570(2) Ho3 3.4(1) 330 90 4.0(2) 60 46(2)
XMn = 0.241(5) Mn1 1.4(1) 270 90 2.8(3) 120 127(5)

Mn2 1.4(1) 30 90 2.8(3) 240 127(5)
Mn3 1.4(1) 150 90 2.8(3) 0 53(5)

AFII TND
m3

∼40 2 a = 0.6930(2) nm 3.6 Ho1 4.4(1) 90 90 6.8(2) 0 48(2) 6.1

c = 0.4234(2) nm Ho2 4.4(1) 210 90 6.8(2) 60 48(2)
XHo = 0.571(2) Ho3 4.4(1) 330 90 6.8(2) 60 48(2)
XMn = 0.240(4) Mn1 1.0(1) 270 90 3.8(3) 120 125(5)

Mn2 1.0(1) 30 90 3.8(3) 240 125(5)
Mn3 1.0(1) 150 90 3.8(3) 0 55(5)

a X-ray data.
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Fig. 5. Variation of terbium (a) and manganese (b) magnetic moments along a axis:∣∣MTb1

∣∣ ,
∣∣MMn1

∣∣ are the magnitude of terbium and manganese magnetic moments,∣∣MTb1

∣∣c
,

∣∣MMn1

∣∣c
are the magnetic moments along c axis.

Fig. 6. Neutron diffraction patterns of Dy3Mn3SiGa2 at temperatures 190 K and 2 K
(� = 0.252 nm).

Fig. 7. Neutron diffraction patterns of Ho3Mn3SiGa2 at temperatures 300 K (a), at
90 K (b), at 50 K (c) and at 2 K (d) (� = 0.252 nm).

Fig. 8. Thermal variation of intensity of the magnetic reflections in neutron diffrac-
tion patterns of Ho3Mn3SiGa2.
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ere MHoj
and MMnj

are the magnetic moments of jth holmium
nd manganese atoms, respectively; MHoj

K1, MMnj
K1, MHoj

K2,

Mnj
K2 are the amplitudes of magnetic moment of jth holmium

nd manganese atoms in the magnetic sublattice with wave vec-
ors K1 = [1/3, 1/3, 0] and K2 = [1/2, 1/2, 0], respectively; n and m are
ransition vectors along the a and b axis, respectively (see Table 2).

. Discussion

The magnetic and neutron diffraction experiments show that
3Mn3SiGa2 compounds have complex antiferromagnetic nature.

The Tb3Mn3SiGa2 and Dy3Mn3SiGa2 have same antiferromag-
etic component with K2 = [1/2, 1/2, 0] and Tb3Mn3SiGa2 and
o3Mn3SiGa2 compounds have same wave vector component
1 = [1/3, 1/3, 0], whereas their K2 component [1/2, 1/2, 0] dif-

ers.
The high-temperature magnetic ordering (as suggested by the

eutron diffraction data obtained in zero magnetic field), is not
bserved in the magnetization data of these compounds (Fig. 1).
e have observed similar low field effects in RMnGe0.33Ga0.66 [12]

nd Tb5Si3 [18] compounds. However, we observe slow increase
n magnetization with decreasing temperature down to the Neèl
oint (Fig. 1). The TN from magnetic measurements corresponds to
he rotation of rare earth and manganese magnetic moment along
axis.

Indeed, the temperature of magnetic ordering from neutron
iffraction study reflects the behavior of independent magnetic
omponents in the sample that have different magnetic wave
ectors whereas the transition temperature from magnetic mea-
urements exhibits the overall behavior of a bulk sample and hence
he magnitudes of these temperatures could differ (Table 1).

The interactions of magnetic moments of rare earth and man-
anese (R–R and R–Mn interactions) seem to determine the
igh-temperature magnetic structure in the present compounds.
his interaction broadens the magnetic transition region. Of course,
he peculiarity of crystal structure may also lead to an interac-
ion of the magnetic moments of rare earth and manganese ions
hat facilitates the magnetic ordering. Hence magnetic transitions
f the ZrNiAl-type compounds with manganese occur over a large
emperature span than the ZrNiAl-type compounds without man-
anese.

Thus, the magnetic ordering of the ZrNiAl-type compounds with
anganese has the following features:

. High-temperature magnetic ordering may correspond to the
magnetic ordering of the rare earth–manganese sublattice with
arrangement of the magnetic moments in the ab plane. Due to
interaction of the manganese magnetic moments with rare earth

magnetic moments, the induced rare earth moment and man-
ganese magnetic moments are collinear in the shortest R1–Mn1,
R2–Mn2 and R3–Mn3 bond pairs (Fig. 4a).

. The sharp increase in the magnetization may correspond to the
spin reorientation of rare earth–manganese moments from basal

[
[

[
[
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plane to c axis and it may give rise to the low temperature
anomaly in the magnetization.

Thus the magnetic manganese atoms of the ZrNiAl-type
compounds seem to strongly influence the magnetic ordering tem-
perature and magnetic structure, similar to those in TiNiSi-type
TbMnGe, HoMnSi [19,20], CeFeSi-type TbMnSi, CeMnSi, PrMnSi,
NdMnSi [21,22] and Fe2P-type Er6MnSb2, Er6MnBi2 [23] and
Ho6MnBi2 [24] compounds. In addition, the influence of the p-
elements may also lead to the remarkable changes in the magnetic
structures of the ZrNiAl-type compounds. The R3Mn3SiGa2 com-
pounds may show interesting magnetotransport properties as
Tb5Si3 compound [18].

5. Conclusion

The Mn-containing ZrNiAl-type R3Mn3SiGa2 (R = Y, Gd, Tb, Dy
and Ho) compounds demonstrate antiferromagnetic type ordering
with the complex magnetic structure. Because of structural com-
plexity independent magnetic ordering of the manganese and rare
earth sublattices is not realized in these compounds. Manganese
sublattice plays an important role in triggering the magnetic tran-
sition.
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