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YMn12 crystallizes in the I,/mmm tetragonal body-centred sturcture. 
Neutron diffraction experiments give evidence for an antiferromagnetic 
structure (TN = 120 K) in the tetragonal cell. The magnetic structure has 
been determined with the help of group theory. The mean Mn magnetic 
moment is 0.4~~. In spite of the non-colinear arrangement of magnetic 
moments strong negative anisotropic interactions are evidenced. As it is 
observed in pure Mn and in rare earth--Fe compounds, these interactions 
are stronglyhistance dependent. 

1. 1NTRODUCTIQN 

THE PHASE DIAGRAMS of rare earth (R)-transitions 
metal rich (M) compounds give evidence for numerous 
well-defined compounds the stoichiometries which are 
between RM2 and Rkf12.1 Their structures are all 
derived from the fundamental basis of CaCu,-type. The 
RMs phase stability and the number of compounds in 
each series depend on the alloyed transition metal. Many 
compounds are obtained with Ni and Co. The Fe com- 
pounds are less numerous; the RM2 and RMn r2 com- 
pounds are the only manganese compounds related with 
the CaCus-type structure. Few studies concern these 
last compounds because of the difficulties of elaboration. 
We have obtained pure RMlz compounds, with Y and 
the heavy rare earth metals, using a levitation furnace. 
The YMn12 behaviour is characteristic of an antiferro- 
magnetic compound; the Neel temperature is TN = 
120 K.2 We present, in this paper, the determination by 

neutron diffraction of the arrangement of the magnetic 
moments below the ordering temperature. 

2. PREPARATION 

The RMnlz compounds crystallize in the tetragonal 
ThMn12-type structure (14/mmm). They are obtained by 
peritectic reaction; due to the high value of the vapour 
pressure of manganese, the preparation is made difficult.3 

Samples were prepared by melting the constituents 
(purity 99.9%) in a levitation furnace and subsequently 
quenching them from the melt in a copper ingot mold. 
To compensate for the loose due to Mn evaporation 
during melting, the starting composition was RMn,,,. 
The alloy thus obtained always contained as impurities 
a large amount of the two neighbouring phases, Y,Mn2a 
and pure Mn. After annealing for 8 days at 1000°C in 
sealed quartz tube, these impurities were no more 
observed by X-ray diffraction. 

Table 1. Position parameters of Y and Mn atoms in the crystallographic body-centered tetragonal 
cell (space group 14/mmm): a = 8.59 A; c = 4.79 A 

Y 2a 

l:ooo 

Mn 8i 

1: x, 0,o 
5:1 +x,t,!t 

8j 

1: x, f, 0 
5:h +x,0,+ 

8f 

1: a>a,a 
5: a,%,3 

2: 111 

2: ff,o, 0 3: 0,x,0 4: 0,x, 0 
1 -x,&f $,$ +x,f $,& -x, 1 x = 6: 7: 8: 0.36 

- 

2: 3, f, 0 3: #,x, 0 4: 1, x, 0 
6:&-%,0,4 7:0,1+x,0 8:O,4-x,Ox=o’277 

- 

2: t,9, a 3: k&a 4: 9, a> t 
6: a, t, 3 7: B>f,9 8: $9 $7 2 

845 



846 MAGNETIC STRUCTURE OF YMna2 Vol. 19, No. 9 

III 

c 

ale  

= 

9 1  

Z 

T = 300 K 
In= 1,14 ~i Y Mnl2 ! 

o -  
a o  

";T 

+i 
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

BlAiN ANGLE l'i 

g 

T=4,ZK 
xg 1,14A 

II 

~ T=4,2K 
z,o7i 

, o  r.- 
II 

, I : : • 
15 $15 17 

, I 

+ 

BUGG ANGLE PI 

Fig. l .  Neutron diffraction pattern of YMn~2. 
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A Debye-Scherrer  pattern of  YMn~2 can be indexed 
in a body-centered cell, with parameters a = 8.59 A and 
c = 4.79 )L This crystallographic cell is double, it con- 
tains 2 yttrium atoms in 2a positions and 24 manganese 
atoms lying in 3 different sites (8i, 8/" and 8f)  (Table 1). 
The magnetic arrangement on each of  these sites has 
been determined by neutron diffraction experiments 
performed at the "Centre d'Etudes NuclGaires de 
Grenoble". Neutron diffraction patterns have been 
obtained with neutrons of  wavelength ?~,~ = 1.14 and 
2.07 • at temperatures ranging from 4.2 to 300 K. 

3. RESULTS 

Figure 1 shows the neutron diffraction patterns 
obtained at 300 and 4.2 K with YMn12. At 300K, the 
compound is paramagnetic. In fact, the observed dif- 
fraction lines are interpreted by the nuclear coherent 
scattering alone. They can be indexed in the tetragonal 
crystallographic cell. The conditions of  possible reflec- 
tions (h + k + l = 2n) characteristic of  a body-centered 
structure are obeyed. Two weak additional lines are 
observed, they correspond to the most intense 
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Table 2. Calculated and observed intensities at 300 and 4.2 K 

T = 3 0 0 K  

Ieal h k l 0 h k l 0 l o b  s Nucl. 

T = 4 . 2 K  

I°bs Mag. 

1 1 0 5.4 35.5 35.0 1 0 0 3.81 n.o. 0.1 
2 0 0 7.64 41 0 0 1 6.88 n.o. - 

100 
1 0 1 7.87 61 2 1 0 8.55 4 4 
2 2 0 10.84 15 1 1 1 8.72 22 22.4 

55.2 
2 1 1 11 44 2 0 1 10.3 3 1.3 
3 1 0 12.14 30 24 3 0 0  11.5 1 0.5 
3 0 1 13.45 1 2 2 1 12.9 2.3 1.9 
0 0 2 13.85 19.2 3.3 2 3 0 13.87 1.4 

4.8 
1 1 2 14.9 65 1 3  1 14 3 
4 0 0 15.42 69 61 1 0 2 14.35 n.o. 0.8 
3 2 1 15.54 118 33 3 0 2 15.15 0.8 
2 0 2 15.90 51 1 4 0 15.9 7.4 

8 
3 3 0 16.4 0 1 2 1 2 16.4 0.9 
4 2 0 17.30 315 4 0 1 16.9 n.o. 0.01 
4 1 1 17.41 1232.5 433 3 3 1 17.8 6 5.6 
2 2 2 17.73 468 

reflections ( (330) - (411) ,  (332)) of  the a-Mn phase. 
The observed intensities are listed in Table 2; they are 
compared with those calculated using the position para- 
meters reported in Table 1 and the neutron Fermi 
length b y  = 0.80 x 10-12cm b M n  = - -  0.36 x 10-12cm. 

The agreement factor R = 2;(Iob s --  Ie~ae)/X Iobs is 3.5%. 
At 4.2 K, the intensities of  the lines of  indices 

(h + k + l = 2n) are not modified (Table 2). New lines 
appear; they can also be indexed in the crystallographic 
cell, but they obey the condit ion h + k + l = 2n + 1. 
The ( t00)  and (001) reflections are not observed, the 
contributions to the (300), (201) reflections are weak. 
Of these new lines, the most intense contr ibution is 
observed at a Bragg angle 0 = 8.7 °. It corresponds to 
the (210) and (111) reflections which are not  resolved 
with neutron of  wavelength )t n = I. 14 A. The intensity 
of  each of  these two reflections has been measured from 
a pattern obtained with neutrons of wavelength )t o = 
2.07 A (Fig. 1, insert). 

These lines observed at 4.2 K are characteristic of  
an antiferromagnetic ordering inside the tetragonal 
crystallographic cell. The propagation vector K of  the 
magnetic structure is K = [001], the structure being 
anticentered: the magnetic moments  deduced by the 
translation I(½ ½ 3) are antiparallel. The neutron diffrac- 
tion patterns obtained at temperature lower than the 
N661 temperature (120 K) present all the same additional 
lines associated with the magnetic order. 

4. DETERMINATION OF THE MAGNETIC 
STRUCTURE 

The large number (24) of  magnetic atoms in the 
YMn12 cell makes it difficult to determine a priori a 
model of  magnetic structure in agreement with the 
observed neutron diffraction patterns. Therefore, we 
have considered all the arrangements of  the magnetic 
moments allowed by group theory.  The different pos- 
sible models were determined with the help of  the 
macroscopic theory developed by Bertaut. 4 In each 
case, the calculated intensities of  the diffraction lines 
were compared to the experimental results. The propa- 
gation vector K of  the magnetic structure being a vector 
of the reciprocal lattice, we have determined the linear 
combinations of  magnetic moments which are the base 
vectors associated with the irreducible representations 
of the I4/mmm space group. This group is the semi- 
direct product  of  the point group P4/mmm by the 
translation group T, the elements of  which are the 
lattice translations and the translation 1(3 ½ 3). The 
irreducible representations of  the group P4/mmm are 
listed in Table 3. Often, when a magnetic structure is 
centered or anticentered, only those magnetic moments 
belonging to the primitive group may be considered. In 
YMnl2 this simplification is not  possible; in fact, the 
translation I(  1 ½ 1) is equivalent, for the 8fs i te ,  to the 
inversion operation ]-; therefore the mult ipl ici ty of  the 
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Table 4. Base vectors o f  the irreducible representation fo r  the 8i and 8j sites. F, G, C, A symbols have their usual 
meaning for  signs alternance; their indices t or 5 are related to the arrangement o f  the magnetic momen t  o f  atoms 
1, 2, 3, 4 or5 ,  6, 7, 8 (according to Table 1); x and y indices refer to [100] and [ Ol O] crystallographic directions. 

As examples: Glxy means: Six -- S2y + S3x -- S4y; Fsz means: Ssz + Snz + STz + Ssz 

F1 0 0 0 

FE 0 0 Flz -- Fsz 
173 0 0 0 

17,, 0 0 Clz - Csz 

Ps (Six + S2x -- Ssx -- S6x) +- (S3~ + S4x -- S~x -- Ssx) 0 
(S ly  + S2y - -  Ssy - -  S6y ) --+ (S3y -4- S4y - -  S7y - -  Ssy ) 

17'1 G L~y -- G sxy 0 0 

17~ 0 A lrx -- A Syx 0 
r 

173 A lxy -- A sxy 0 0 
17'4 0 G lx3, -- G sxz¢ 0 

17's 0 0 -- S3z + S4z + STz - S~ 
0 0 $1~ -- $2~ -- Ss~ + S6z 

Table 5. Base vectors o f  the irreducible representations 

for  the 8 f  site 

F1 0 0 0 .  
F2 0 0 0 
173 0 0 0 
174 0 0 0 
Fs 0 0 0 

17'1 Gxx - -Gsx  + A ly  - - A s y  Flz - -Fsz  
17'2 A tx - - A s x  - -  GIy + Gsy 0 
173 G l x - - G s x - - A l y  + A s y  0 
F4 A ix -- A sx + G lr -- Gsr Cu -- Csz 

Us (Ct~ -- Csx) +- (Fly - -Fsy )  A t ,  - - A s z  
( F t x  - - F s x )  +- (Cly  --Csy) - -  Glz + Gsz 

8fsite is not reduced when suppressing the operation I. 
Consequently, we have considered the representations of  
the I4 /mmm group for k = [001], deduced from those 
of  the P J m m m  group, taking the D-matrix which 
represents the translation I as -- ~ : D(/) = -- ~. The base 
vectors of  the irreducible representations were obtained 
by the technique of  the projection operator. They are 
listed in Table 4 for the 8i and 8/" sites, in Table 5 for the 
8fsite. 

In the representation 17i [D(]-) = ~ ], no antiferro- 
magnetic arrangement is allowed on the 8fsite. How- 
ever, assuming that the 8fa toms  are not magnetic, we 
have searched for an antiferromagnetic structure, on 8i 
and 8/" sites, in agreement with the observed intensities. 
The arrangements F z and G z associated with the one- 
dimensional 172 and 174 representations would lead to a 
large contribution on the (100) line which is not 
observed. In the two-dimensional Us representation, the 
magnetic moments are perpendicular t o t h e  c-axis. All 
the magnetic structures are such that either the (001) 

reflection is calculated to be intense, or the (111) one 
calculated to be nul. No magnetic structure associated 
with the Pi representations can therefore give account 
for the experimental neutron diffraction results. 

In the Pl representations [D(]-) = -- ~ ], magnetic 
arrangements are allowed on each of  the three crystallo- 
graphic sites of  manganese. Collinear structures are 
associated with the F's two-demensional representations, 
the magnetic moments being parallel to the c-axis. The 
calculated intensities for each possible arrangement are 
not in agreement with the experimental results: either 
the (100) reflection is calculated too large, or the (210) 
reflection ~s calculated more intense than the (111). The 
other arrangements associated with the F'~ represen- 
tations are all non collinear. In the F's representation, 
non-collinear structures are also allowed; arrangements 
described by 

(Clx -- Csx) +- (Fir  -- Fsy) 

(Fix - - F s )  + (ely - -Csy)  

are possible on the 8fsite but the (001) reflection which 
is not observed should be intense. The U'l and 17'3 rep- 
resentations may be rejected because the (20i )  and 
(300) reflections are then not allowed although they are 
experimentally observed. Only one-dimensional 17'2 
and 174 representations are left to be considered. 
Assuming the same value for the Mn moment on each 
crystallographic site, no solution is in good agreement 
with the experimental results. In a structure belonging 
to the 17~ representation, a good reliability factor is 
obtained, attributing a magnetic moment 3 times 
smaller on the 8fsite than on the 8i and 8/sites. The 
structure is then described by the combination of  the 
arrangements on the three sites: 
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Fig. 2. Magnetic structure of  YMn12: Y atoms are rep- 
resented by large circles, Mn atoms by small circles; 
atoms drawn with full lines lie in the plane z = 0, those 
drawn with dashed lines lie in the plane z = ~. The Mn 
atoms on the f s i te  (dashed-dot ted lines) lie in the 
planes z = ¼ and z = -34. 

5. DISCUSSION AND CONCLUSION 

In the YMn~2 crystallographic structure, each 
manganese atom lies in a mirror plane which contains 
the c-axis; in the magnetic structure, each magnetic 
moment is perpendicular to this mirror plane. The 
Shubnikov group of  the magnetic structure is Ip4/m'mm, 
the direction of each magnetic moment is known with- 
out ambiguity. The mirror planes containing the atoms 
being elements of  the magnetic group, a given magnetic 
moment must transform into itself through the associ- 
ated mirror plane. That is possible only if each magnetic 
moment is perpendicular to this mirror plane. 

Although the YMn~2 magnetic structure is not 
collinear, the arrangements of  magnetic moments be- 
tween first neighbouring atoms are nearly collinear. In 
Fig. 3, we have represented the arrangement of  the 
magnetic moments around a Mn atom of each of  the 
three crystallographic sites. On each site, the magnetic 
moment direction is determined by the molecular field 
deduced from isotropic exchange interactions with all 
the first neighbouring atoms. The inequalities between 

I 

b t 

! 
Fig. 3. Arrangements of  magnetic moments around Mn atoms of  each of  the three crystallographic sites. Taking into 
account isotropic interactions between first neighbouring atoms alone, defined by Jii, Jij, -J/f, J.if, the following in- 
equalities are deduced: (a) Ju + 2Ji.i + (2V~/3)Jit < 0; (b) 2J o -- (2Vt2/3)Jjr < 0; (c) 2~/'-2Jfi - 2V'~Jfj + {Jrr < O. 
The relations (a) and (b) indicate that Ju and Jo are strongly negative. According to (c) the molecular field on the f 
site may result from competitive interactions. 

(A ~,~ - -  A s~,~), - -  (A lyx - -  A sy~)i  

+ ( A ~  --Asx -- Gly + Gsv)f. 

In Table 2, the calculated magnetic intensities are com- 
pared to the observed ones. The 3d-type Mn form factor, 
as calculated by Freeman and Watson 5 has been used. 
The Mn magnetic moment is 0.42 -+ 0.04VB on 8i and 8] 
sites, and 0.14 -+ 0.04/a B on the 8fsite. The reliability 
factor R is 8%. The non-collinear magnetic structure is 
schematized on Fig. 2. 

exchange interactions, deduced from the stability con- 
ditions, are indicated in the caption of  Fig. 3. 

YMn12 does not exhibit a spontaneous magnetiz- 
ation;its N6el temperature is high (! 20 K), the arrange- 
ments shown in Fig. 3 give evidence for many anti- 
parallel couplings. These properties must be explained 
by large negative exchange interactions associated with 
the short interatomic distances (2 .4-2 .5  A). The mag- 
netic structure is built from arrangements identical to 
those of Fig. 3. The perpendicular couplings which 
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appear between atoms belonging to two neighbouring 
arrangements are associated with interatomic distances 
close to 2.7 A. Under the hypothesis of isotropic mag- 
netic exchange, the interactions associated with these 
distances must be weak. All these properties are due to 
the strong dependence of magnetic interactions with 
distance: 6 strongly negative for short interatomic dis- 
tances, they vanish at about 2.7 A. These results are in 
excellent agreement with the dependence of the exchange 
interactions on the interatomic distances found in 
a-Mn. 7 

In conclusion, in R - C o  and R - N i  compounds, 
where the Curie temperature is an almost linear function 
of the square of the magnetic moment, the magnetic 

interactions depend essentially on the modification of 
the 3d-band associated with the transfer of rare earth 
conduction electrons. 8 In R - M n  compounds, as in 
R - F e  ones, 9 the magnetic interactions vary strongly 
with distances, The magnetic properties are mainly 
determined by interatomic distances and the number of 
nearest neighbours. However, in Mn alloys, the negative 
interactions play a major role. 
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