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The crystal and magnetic structure of TbMn,Ge, are determined by
neutron diffraction using a powder saniple. The crystal structure of this
compound is of the ThCr,Si, type with small mixing of Mn and Ge atoms
between 4(d) and 4(e) positions. At RT the antiferromagnetic collinear
sturcture constists of 2 + — + — sequence of ferromagnetic layers of Mn
atoms with the magnetic moment parallel to the c-axis. At 85K, the
ferromagnetic ordering within the Tb sublattice is observed. The magnetic
moment (~ 7.7 ug) is parallel to the c-axis. At 4.2 K additional reflections
are observed, which correspond to antiferromagnetic components in a

monoclinic unit cell.

1. INTRODUCTION

THIS REPORT IS A PART of a systematic study on
magnetic structures of the ThCr,Si,-type rare earth
intermetallics, carried out by neutron diffraction
method. So far we have reported the results on
CeMn,Si, [1], PrMn,Si; and NdMn,Si, [2], ErtMn,Si,
and ErMn,Ge, [3}].

REMn, X, compounds (where X = Si and Ge)
crystallize in the body-centred tetragonal structure of
ThCr,Si,-type (space group I4/mmm) {4]. The RE, Mn
and Si or Ge atoms occupy the 2(a), 4(d) and 4(e)
positions, respectively.

Magnetic measurements show that REMn, X,
compounds are either ferromagnets or antiferromagnets
[5—7]. Polycrystalline sample of TbMn,Ge,, however,
shows ferromagnetic ordering at low temperature,
attributed to the RE sublattice (7, = 33K, u=6.02up
at 4.2 K and H = 20kO0e) [5] and antiferromagnetic
ordering connected with Mn sublattice at high tempera-
tures (Ty = 413 K) [7]. According to the magnetic data
obtained on a single crystal the magnetization axis is
parallel to the c-axis [8]. The magnetocrystalline
anisotropy was found to be very large (~ 10%ergcm™3)
(8]. The saturation magnetic moment is 5.6 up i.e.
smaller than the theoretical value expected for the free
Tb>" ion.

Neutron diffraction measurements were thus carried
out made on polycrystalline TbMn, Ge, sample. They
gave surprising results, which are reported below.

2. EXPERIMENTAL AND RESULTS

The samples of TbMn,Ge, were prepared by
induction melting and solid state diffusion techniques.

X-ray analysis indicates that the sample has
tetragonal structure of ThCr,Si,-type.

Neutron diffraction measurements were performed
at the EWA reactor at the former Institute of Nuclear
Research in Swierk. Neutron diffraction data
(A =1.326 x 107" nm) were collected by means of the
DN-500 diffractometer at 293, 85 and 4.2 K (see Fig. 1).
Additionally, the temperature dependence of magnetic
peak heights was measured in the temperature range
4.2-293 K. The observed neutron intensities were
treated with the line profile analysis method of Rietveld.
Nuclear scattering lengths by, = 0.76, bpyn = — 0.39
and bg, = 0.819 x 107 m [9] were used. The magnetic
form factor for Tb®" ion was taken after [10].

Room temperature diffractogram of TbMn,Ge,
consists of strong reflections, satisfying the condition
h +k + 1= 2n, plus two superlattice lines, indexed as
M111and M113.

The nuclear intensities were calculated using the
following atomic positions:

Tb atoms in the positions 2(z): 0,0,0, 3,3,3
in 4(d): %’0’%, 0’%,%’%’0’%’ 0,%’% (1 —e)Mn + eGe

in 4(e): 0,0,2,0,0,%, ,4,3+2,3,3,3—z
(1 —¢e)Ge + eMn
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Table 1. Structural and magnetic parameters in ToMn,Ge,
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T (K) 293K 85K 42K

a(A) 4.006(2) 4.006(4) 3.972(3)

c () 10.875(6) 10.842(8) 10.758(8)

c (@) 2.715 2.706 2.708

V(A% 174.52(27) 174.00(47) 169.73(44)

z 0.3739(13) 0.3744(14) 0.3797(18)

Hiytn (5) 2.1(2) 23(2) 23(3)

Ko (1) - 7.8(3) 7.6(3)

Ry (%) 43 45 49

Ry (%) 6.7 7.8 7.8
The minimum disagreement factor corresponded to the 20
small mixing of Mn and Ge atoms between 4(d) and ToMn,Ge, n"z
4(e) positions (e = 0.02). The refined values of call w s
constant and z parameter and corresponding minimum ] g [ 103 ‘
R factor are listed in Table 1. | “r |

The observed superlattice M1 11 and M1 1 3 lines 002 104 \ r

are of magnetic origin. Similar magnetic reflections have 10F | ! {\ l
been observed earlier in REMn,Si, (RE = Ce, Pr and Nd 5293k A L

Nd), YMn,Ge, [1, 2] and ThMn,Ge, [11]. Thus a
collinear antiferromagnetic ordering whose ferro-
magnetic layers composed of the Mn atoms make
+ — + — sequence along the c-axis can be deduced
persisting down to 4.2 K.

An increase of intensity of (101),(110)and
(1 03) peaks is observed on neutron diffraction pattern
taken at 85 K, indicating the presence of a ferromagnetic
ordering. The intensities analysis proved that parallel to

the c-axis magnetic moments are localized on Tb atoms. % 2 M40
LHT neutron diffraction pattern contains additional o !
. . . .. . -
reflections which were indexed on a monoclinic unit (m) o I
cell obtained from the chemical one by the following Lﬁ’ 2o
transformation: M
i‘°°m Moy, r

a, = 2at, bm = a + ct, Cm = a;. { |
Its dimensions are thus: sf ! “ Hi gy,
am = 79448, b, = 114681 ¢, = 39724, ' it \ ) 1

- 69.73° tof | i i |'

y = 69.73°. | f“ {‘1 K
This unit cell is displayed in Fig. 1. Tb ions occupy the i | li ! ;} [ 1§ k
e | i b S SR

positions: 3| ., K\hj | PV, LW
Sl (0,030)’ S2 (%90’0)’ S3 (5,%’&)’ S4 (0’%!%)3 L . A 1 "
10° 20° 30° 20

Group theoryanalysis [12] shows that in this magnet
magnetic unit cell, the only magnetic modes are the
components of the following vectors:

F = S1+S2+53+S4, G = SI‘S2+S3‘“S4.
C S1+S2"S3"'S4, A Sl—Sg—S3+S4.

F mode is ferromagnetic, while the other are

-
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w

Fig. 1. Neutron diffraction patterns of TbMn,Ge, at
4.2, 85 and 293 K. The reflections at 85 and 293K are
indexed in the tetragonal unit cell. The additional
reflections at 4.2 K are indexed in the monoclinic unit
cell (see Text). The shaded peaks arise from impurities.

antiferromagnetic. The additional reflections observed
at 4.2 K are allowed only in the A magnetic mode.
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Table 2. Bragg angles 205 and magnetic intensities lat T = 4.2K for

Tle’hGe;
hkl 209 2058 Tops Toate
Antiferromagnetic components
100 9.9 10.0 29214 2951.0
120 — 14.4 - 0
001 193 19.2 1185.7 12429
120 20.2 203 269.3 371.3
111 21.8 - 0 178.7
T11 23.8 24.0 1455.65 1038.3
021 24.0 1442
131 - 28.1 0 533
320 - 29.2 0 15.7
R (%) 9.2
Ferromagnetic components
020 - 144 - 0
220 20.5 532.5
011 20.5 20.5 29429 815.5
200 20.5 1621.7
211 273 273 960.0 951.5
240 29.0 449 4
220 88 29.0 3000 148.0
R (%) 7.9
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Fig. 2. Magnetic structure of TbMn,Ge,: (a) tetragonal ] % |
unit cell with the Tb and Mn sublattices at 85K, (b) . ’\
monoclinic unit cell with Tb sublattice at 4.2 K. .
ThMn 2G_e 2 ° '
[ ]
Their intensity analysis indicates, that the magnetic b s
moment is parallel to the [12 0] direction. Its magnitude i, Rk ad
obtained in the course of least squares fit of observed L n L
and calculated integrated intensity amounts of 5.5 + 0.1 0 %0 100 Tik} 0 S0TiK)
Bohr magnetons. The 4-mode can be presented as a Fig. 3. Temperature dependence of height peaks of

sequence of ferromagnetic (0 1 0) planes coupled anti- M100,,,M001,,,M111,, and M10 1, reflections.
ferromagnetically.
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The reflections corresponding to ferromagnetic
component are also indexed in the monoclinic unit cell
(see Fig. 1 and Table 2). The best fit of observed and
calculated intensity amounts to 7.6 £ 0.3 Bohr
magnetons.

The total moment is however 9.1 £+ 03 ugie.
almost free ion value for Tb* jons.

Figure 3 shows the temperature vs. peak height
curves of (M1 00),, (MO0 1),,, (M111),, and (M101),
reflections. Accordingly the monoclinic antiferromag-
netic structure transforms at 26 = 2K into a tetragonal
ferromagnetic structure which is stable up to the Curie
point at 110 + 2K,

3. SUMMARY
Our results indicate an interesting magnetic behav-
iour of TbMn,Ge,:

(1) In the temperature range between 4.2 K and
Tn = 413 K magnetic moments localized on Mn ions
are ordered antiferromagnetically. The collinear mag-
netic structure consists of ferromagnetic layers stacked
along the c-axis of a tetragonal unit cell with the
sequence + — + —. Moments are pointing along the
c-axis.

(2) Below T, = 110K collinear ferromagnetic
ordering of Tb moments along the c-axis is observed.

(3) At T; = 26 K terbium magnetic sublattice
transforms into an antiferromagnetic one. Magnetic
moments have two components:

(a) ferromagnetic, which is parallel to the c-axis of
a tetragonal unit cell, and
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(b) antiferromagnetic, parallel to the [1 2 0] direc-
tion in monoclinic unit cell.

Finally it is interesting to mention that TbMn,Si,
exhibits a complex, helicoidal type magnetic ordering of
Tb moments persisting up to 56 K, apart from collinear
antiferromagnetic order of Mn moments of + —+ —
type, stable up to 501 K [13].
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