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Abstract 

The compounds RMn2Ge2 (R = Tb, Ho, Er, Tm, Lu) have been investigated by neutron diffraction. TbMn2Ge2 is a collinear ferrimagnet with the Mn and Tb moment aligned along the c axis (µm = 8.81(59) y, 8; µ,,,, ° = 2.21(44) i8). HoMn2Gez exhibits incommensurate ordering below 2.1 K characterized by two wavevectors at 1.3 K: q, = (0.1543(4), 0.1543(4), 0) and 
qz = (0.210(1), 0.007(1), 0). The Mn sublattice remains antiferromagnetic down to 1.3 K (µM� = 2.38(6) /LB). The Er moments 
order ferromagnetically below 5.5 K in ErMn2Ge2 (, ums, = 6.81(31) /j, ). The moments are perpendicular to the c axis. The Mn 
sublattice remains antiferromagnetic down to 1.8 K (A,,,,, = 2.34(18) µB). The magnetic structure of TmMn2Ge2 is characterized by the propagation vector (0,0,1/2), the Tm moments lying in the basal plane. The ordering of the Tin moments yields a canting 
of the Mn moments (0 = 21(3)°); Ar,,, = 6.63(18) AB; Ecti,,, = 2.28(27) µB). The antiferromagnetic structure of LuMn2Ge2 has 
been determined (µM,, = 2.32(14) p, ). The evolution of the magnetic properties of the heavy rare earth compounds RMn2Ge2 
is discussed. 
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1" Introduction 

Previous neutron diffraction studies on ternary 
RMn2Ge2 

compounds (R = La-Nd) [1,2] have shown 
that a large component of the Mn moments is 
quenched into an antiferromagnetic arrangement with- in the (001) Mn planes. This is in contrast with the 
studies on yttrium and heavier rare earth compounds (Tb-Er) where the Mn planes are purely ferromag- 
netic [3-6]. Moreover, in the lightest rare earth 
compounds, the Mn moments are significantly larger 
than those measured in compounds characterized by 
ferromagnetic 

planes. 
In order to complete this investigation, it was first 

planned to check the order and the magnitude of the Mn moment in the heaviest rare earth compounds, TmMn2Ge2 
and LuMn2Ge2. 

However, during this study, Purwanto et al. [7] 
Pointed out the strong discrepancies concerning the 

* Corresponding 
author. 

magnetic structure of TbMn2Ge2 previously reported 
by Leciejewicz and Szytula [8]. Simultaneously, Gil et 
al. [9] reported on the magnetic order of a number of 
CeNiSi2-type compounds RMn., Ge2 (R = Nd, Tb, Ho). 
The analysis of these three works suggests that the low 
temperature behaviour of TbMn2Ge2 proposed by 
Leciejewicz and Szytula [8] has to be related to the 
magnetic ordering of non-negligible amounts of an 
impurity phase, ThMno. SGe2. A similar conclusion could be stated concerning the 
magnetic behaviour of the Ho sublattice in 
HoMn2Ge2. According to Shigeoka [10], the holmium 
moments remain disordered at 4.2 K whereas, accord- 
ing to Leciejewicz et al. [11], neutron diffraction 
analysis yields an incommensurate magnetic structure 
at 7 K. Analysis of the corresponding neutron diffrac- 
tion data points out a number of discrepancies par- 
ticularly related to the observed and calculated Bragg 
angles. Moreover, the positions of the magnetic peaks 
are close to those measured in the CeNiSi2-type 
RMn, Ge2 compounds [9]. These observations would 
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thus suggest that small amounts of HoMnsGe2 may 
also have contaminated this sample. 

Bearing in mind the above mentioned uncertainties, 
it was finally decided to reinvestigate the whole 
RMn2Ge2 series (R = Tb-Tm, Lu) by neutron diffrac- 
tion. 

2. Experimental procedures 

The samples were prepared from commercially 
available high purity elements. Pellets of stoichiomet- 
ric amounts were melted in an induction furnace with 
the cold crucible apparatus. The resulting ingots were 
annealed for 2 weeks at 1173 K. Purity of samples was 
determined with the use of a powder X-ray diffraction 
technique (Guinier Cu Ka). 

The magnetic measurements were carried out on a 
Faraday balance (between 300 and 700 K) and on a 
MANICS magneto-susceptometer (between 4.2 and 
300 K) in fields up to 1.5 T. 

Neutron experiments were carried out at the CEN 
Grenoble. The diffraction patterns were recorded with 
a one-dimensional curved multidetector DN5 with 
wavelength A=2.489 A. In order to correct texture 
effects, a fitted coefficient (re) which reflected the 
importance of the preferential orientation was used 
during refinement. 

Using the scattering lengths bGe = 0.8185, bMn =- 
0.373, bTb = 0.738, bHo = 0.801, bEr = 0.779, bTm = 
0.707 and bL� = 0.721 fm and the form factor of Mn 
and R3+ from Refs. [12,13], the refinements of the 
scaling factor, the zGe atomic position, r, and the 
magnetic moments were carried out by the MiXeD 
crystallographic executive for diffraction (MXD) using 
a least squares fitting procedure [14]. 

3. Results 

3.1. Magnetic measurements 

A detailed study on RMn2Gez (R = Gd-Er) single 
crystals has been previously undertaken by Shigeoka 
[10]. All these compounds are antiferromagnetic 
above room temperature while the R sublattice (R = 
Gd-Dy, Er) orders at low temperature. Moreover, it 
was previously shown that LuMn2Ge2 behaves anti- 
ferromagnetically below TN = 508 K [15]. Therefore, 
in the present work we limited our investigations on 
the magnetic behaviour of the TmMn2Ge2 compound. 
In agreement with the whole RMn2Ge2 series, the Mn 
sublattice orders antiferromagnetically below TN = 
487( ± 5) K. The thermal variation of susceptibility and 
the field dependence of magnetization recorded at low 
temperature are displayed in Figs. 1 and 2. A sharp 
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Fig. 1. TmMn2Ge2: thermal variation of the susceptibility at low 
temperature (HHPP, = 0.2 T). 
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Fig. 2. TmMn2Ge2: magnetization curve at 4.2 K. 

maximum, related to the Tm sublattice ordering, is 
observed at T. = 7.0 ± 0.5 K. At 4.2 K, TmMn2Ge2 
exhibits a metamagnetic behaviour with a rather low 
threshold field value (H, - 0.5 T). 

3.2. Neutron diffraction study 

3.2.1. TbMn2Ge2 
The neutron diffraction patterns recorded at 130 

and 2K are presented in Fig. 3, thus confirming 
unambiguously the magnetic behaviour reported by 
Purwanto et al. [7]. At 2 K, the magnetic structure 
consists of antiferromagnetic coupling of both fer- 
romagnetic Mn and Tb sublattices, the moments being 
aligned along the c axis (Fig. 4). The observed and 
calculated intensities and the refined parameters are 
gathered in Table 1. The moment of terbium (/'Tb = 
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Fig. 3. TbMn2Ge2: neutron diffraction patterns at 2 and 130 K. 
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Fig. 4. Magnetic structure of TbMn2Ge2 at 4.2 K. 

8.81 1B) is close to the free ion value (gJ =9 AB), while 
the Mn moment (Am,, = 2.21 µß) is close to those 
previously measured in the YMn2Ge2, DyMn2Ge2 and ErMn2Ge2 

compounds [3-6]. The total magnetization 
at 2 K, calculated from the above values (M - 4.4 AB) is close to that measured by Shigeoka (M - 5.3 AB) [10]. The Curie temperature estimated from the ther- 
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mal variation of the (101) line intensity is T, = 105 ±5 
K (Fig. 5). The thermal variation of the cell parameters 
indicates a positive striction of the parameter a at TT 
while parameter c remains almost unchanged (Fig. 6). 
Both variations lead to a positive thermal expansion 
Alll ~9x 10-4, at the Curie point, in good accord with 
the value measured by Shigeoka [10]. The thermal 
dependences of a and c do not exhibit inverted 
variations at T. as previously observed in SmMn2Ge2 
when spontaneous magnetization appears at low tem- 
perature [16,17]. 

3.2.2. HoMn2Ge2 
Neutron diffraction patterns at various temperature 

are presented in Fig. 7. The sample was found to be 
contaminated by a small amount of HoMno. 5Ge2 as 
affirmed by the presence of the (131) line at 20 - 60°. 

Below 7 K, additional magnetic lines appear, mainly 
in the 20 range 15-25°. The corresponding d spacings 
are obviously those observed by Leciejewicz et al. and 
which were unfortunately attributed to the HoMn2Ge2 
magnetic ordering [11). At 4 K, with the propagating 
vector (1/2,1/2,0), these magnetic lines are properly 
indexed in the HoMno, 5Ge2 cell. 

Below TN=2.5±0.1 K, the ordering of the hol- 
mium moments in HoMn2Ge2 is observed. At 2.1 K, 
the observed lines are well indexed considering the 
propagating vector q, =(q. , q)� 0) where qx = 0.142(2) 
and qy = 0.169(2). The thermal variation of the corre- 
sponding Bragg angles indicates that the components 
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Table 1 
Observed and calculated intensities and corresponding refined parameters for TbMn2Ge2 at 133 at 2K 

hk1 

133K 

F2 Fö 

2K 

Fý Fö 

002 18.3 18.6(4) 18.8 18.1(4) 
101 9.6 9.6(7) 160.2 153(1) 
110 208.4 209(2) 343.5 349(3) 
111 
004 44.7 40(2) 18.0 14(2) 
103 86.6 87(2) 150.2 146(2) 
112 1.5 2(1) 37.3 51(2) 
113 7.6 9(2) 0 0 
200 50.2 56(4) 71.5 73(2) 
201 
114 11.4 27(3) 87.6 113(3) 
105 134.9 132(3) 153.2 155(3) 

a(A) 4.985(2) 3.986(2) 
c(A) 10.818(51 10.821(5) 
r. 1.12(1) 1.07(3) 
zGs 0.385(1) 0.383(4) 
µe1n(ý, ý) 1.77(20) 2.21(44) 
µie(µB) 0 8.81(59) 
R(%) 6.1 6.6 
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Fig. 5. Thermal variation of the intensities of some characteristic 
magnetic peaks of RMn2Ge2 compounds (R = Tb, Er, Tm). 

of the propagating vector vary with temperature (Fig. 
8). At 1.3 K, the refined values qx = qy = 0.1543(4) 
suggest a wavevector of type (q. , q0), in good accord- 
ance with the fine linewidth of the involved satellites. 

Below T1 = 2.1 ± 0.2 K, apart from the previously 
observed lines, a new system of lines appears. These 
peaks can also be indexed in the HoMn2Ge2 cell, 
considering the propagating vector q2 =(qx, q,, 0) 
where q. ' ,=0.210(1) and qy = 0.007(1). The weak value 
of q,, ' accounts for the width of the (hkl) satellites 
where k 71- 0. 
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Fig. 6. Thermal variation of ThMn2Ge2 cell parameters. 

The thermal variation of the intensity of two charac- 
teristic lines corresponding to ql and q2 wavevectors is 
given in Fig. 9. 

The refinement at 1.3 K was undertaken considering 
an inhomogeneous mixtures of two different magnetic 
structures for the holmium sublattice. Results are 
gathered in Table 2. Both magnetic structures may be 
described as sine-modulated structures. The direction 
of the Ho moment is, within the standard errors, 
aligned along the c axis in good accord with single 
crystal magnetization measurements [10]. The high 
temperature antiferromagnetic ordering of the Mn 
moments persists down to 1.3 K. Both holmium 
magnetic arrangements are illustrated in Fig. 10. The 
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Fig. 7. HoMn2Ge2: neutron diffraction patterns at various characteristic temperatures. The Miller indices at 4.1,2.1 and 1.3 K correspond to 
magnetic impurity lines, wavevector q, and wavevector q2 respectively. 
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actual behaviour may, in fact, be a combination of both 
arrangements leading to a complicated magnetic structure, as previously observed in the case of ErPd2gj2 

and DyAg2Si2 [18,19] where two propagat- '119 vectors are also observed. 
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Fig. 9. HoMn2Ge2: thermal variation of the intensity of characteris- 
tic peaks related to wavevectors q, and q2. 

3.2.3. ErMn2Ge2 
Neutron diffraction patterns recorded at 12 and 1.8 

K are presented in Fig. 11. They confirm the results 
obtained by Leciejewicz et at. [6]. The corresponding 
observed and calculated lines and refined parameters 
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Table 2 
Observed and calculated Bragg angles and structure factors for 
HoMn2Ge2 at 1.3 K 

hkl 0. 0o Fý Fö 

0 01 ±q2 15.205 
001 ±q, 15.358 15.307 39.1 37.9(4) 

002 26.547 26.559 152.5 162(l) 

100-q2 28.679 28.686 26.2 33(1) 

100 -q, 31.257 31.246 125.6 134(1) 

010 -q2 37.089 37.076 
010 +q2 37.609 37.597 49.9 64(2) 

101 38.992 39.023 45.0 49(2) 

102 -q2 39.476 39.660 23.0 20(2) 

001 ±q2 41.050 
003 _q, 41.112 
102 -q, 41.460 41.421 136.0 152(2) 

100 +q, 42.808 42.816 116.8 131(2) 

100+q2 44.555 44.474 23.7 31(2) 

111 -q, 46.156 
012 -q2 46.190 
012 +q2 46.625 46.224 161.5 141(2) 

111 -q2 48.905 48.822 
111 +q2 49.322 49.327 82.7 85(2) 

010+q 51.083 51.092 116.8 119(2) 

110 52.614 52.603 1371.9 1369(5) 

111 54.491 
004 54.671 

1 -10 +q, 55.147 55.990 381.6 392(4) 

103 55.502 55.491 708.9 710(4) 

1 -11 +q2 60.491 60.570 
111 +q2 60.852 
113 -q, 61.197 61.215 131.1 135(4) 

104 -q2 62.897 
111 +q, 63.240 63.232 
113 -q2 63.484 
1 -13 -q2 63.836 
104 -q, 64.334 64.178 175.3 171(3) 
1 14 -q2 67.916 
014 +q2 68.255 
113 68.286 68.322 
1 -13 +q, 68.832 68.928 223.8 200(5) 

201-q2 69.872 70.030 36.1 45(5) 

a(A) 3.968(2) 
c(A) 10.832(8) 

ra 1.06(1) 
toa 0.3836(11) 
µt, o, 

(µB) 7.43(17) 
µHo2(µB) 4.76(21) 

µMý(µB) 2.38(6) 
R(%) 2.8 

are gathered in Table 3. The erbium moments lie in 
the (001) planes in fair agreement with Shigeoka's 
results [10]. There is no significant indication of a 
possible canting of the Mn moments at the transition 
temperature, thus indicating that the ordering of the 
Mn moments remains unchanged in its high tempera- 
ture antiferromagnetic arrangement. The thermal vari- 
ation of the (101) line intensity leads to the Curie 
temperature T, = 5.5 ± 0.5 K (Fig. 5) in fair agreement 
with heat capacity studies (TT = 5.1 K) [20]. The 
magnetic structure is shown in Fig. 12. 

3.2.4. TmMn2Ge2 
Neutron diffraction patterns recorded at 12 and 1.8 

K are presented in Fig. 13. The high temperature 
pattern, characterized by the magnetic (111), (113) and 
(201) anti-I lines, displays the classical antiferromag- 
netic behaviour of the Mn sublattice . The low tem- 
perature pattern displays a number of additional 
peaks. They may be indexed considering a doubling of 
the c axis. The magnetic order of the thulium moments 
is therefore similar to the rare earth ordering observed 
in the RFe2Si2 and RFe2Ge2 compounds (for a review 
see Ref. [21 ]). If we merely consider the contribution 
of the thulium sublattice, the refinements lead to 
rather poor agreement factors. However, slight canting 
of the Mn moment significantly improves the reliabili- 
ty between observed and calculated intensities (Table 
4). 

The thermal variation of the 001/2 line intensity 
yields a Neel point of TN2 = 8.5 ± 0.2 K (Fig. 5). The 
magnetic structure is illustrated in Fig. 14(a). The Tm 
moments are in the (001) planes whilst the Mn mo- 
ments slightly deviate from the c axis. The Tm order- 
ing gives rise to the sequence ++--. The com- 
ponent of the Mn moment lying in the (001) plane 
exhibits the same sequence ++--. The in-plane 
component of the Mn atoms located in the ferromag- 
netic double Tm layers is antiferromagnetically cou- 
pled with the surrounding Tm moments. 

We note that there is another magnetic arrangement 
for which only the Mn moments located in the fer- 
romagnetic double Tm layers deviate from the c axis 
(Fig. 14(b)). Although this arrangement leads to the 
same calculated magnetic intensities, it has been re- 
jected since it should give rise to spontaneous mag- 
netization (M - 0.3 A. ) which is not detected by 
magnetization measurements. 

3.2.5. LuMn2Ge2 
Neutron diffraction patterns recorded between 300 

and 2K are similar to those observed in the case of 
YMn2Ge2 and are consistent with an antiferromagnet- 
ic coupling of purely ferromagnetic planes. The refine- 
ment of the parameters with data recorded at 2K 
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Fig. 10. HoMn2Ge2: representation of the holmium magnetic sublattice ordering related to each wavevector (a) q, =(0.1543,0.1543, O); (b) 
qz = (0.210,0.007,0). 

leads to a manganese moment value of µh,,, = 2.32(14) 
I and Z0e = 0.386(1). 

magnetic properties of the whole heavy rare earth 
compounds. Crystallographic and magnetic properties 
of the series are summarized in Table 5. 

4" Discussion 

The present study confirms the results of Purwanto 
et al. [7] and Leciejewicz et al. [6] concerning the 
magnetic properties of TbMn2Ge2 and ErMn2Ge2 
respectively. According to this study, the magnetic behaviour 

of HoMn2Ge2 has to be revised whilst 
taking corresponding previous work into account [11 ]. 
The magnetic properties of LuMn2Ge2 are similar to 
that of YMn2Ge2. The magnetic structure of TmMn2Ge2 is, however, of a new type. 

These results enable us to examine and compare the 

4.1. Magnetic behaviour of the manganese sublattice 

Fig. 15 displays the variation of Tr, as a function of 
the cell parameter a for the paramagnetic heavy rare 
earth compounds and for the solid solution 
Y, 

_xLuXMn2Ge2 
[15], hence revealing the almost 

linear relation between TN and a for the whole series, 
except for GdMn2Ge2. 

As regards the molecular field approximation, it has 
been shown, during the study of diamagnetic rare 
earth compounds Y, 

_,, 
LuxMn2Ge2 [15], that the vari- 

ation of T. and BP with cell parameters indicates a 
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Fig. 11. ErMn2Ge2: neutron diffraction patterns at 12 and 1.8 K. 

Table 3 
Observed and calculated structure factors for ErMn2Ge2 at 12 and 
2K and corresponding refined parameters 

hk1 

12K 

Fý Fö 

2K 

Fj F; 

002 36.6 37.8(9) 69.8 69.6(5) 
101 8.6 9.7(2) 77.9 80(2) 
110 197.4 195(3) 232.1 229(3) 
111 
004 59.8 57(3) 86.4 86(2) 
103 117.9 118(3) 191.1 191(3) 
112 3.1 0 67.5 60(3) 
113 14.4 16(3) 16.2 13(3) 
200 54.5 78(5) 78.3 98(5) 
201 
114 16.2 28(5) 85.9 94(5) 
105 229.4 221(6) 302.6 312(6) 

A(A) 3.953(2) 3.952(2) 
c(A) 10.802(6) 10.804(6) 
r, 0.96(1) 0.99(1) 
zG. 0.387(1) 0.389(2) 

ßm. (ß") 2.21(22) 2.34(18) 
p,. ( ßB) 0 6.81(31) 
R(%) 8.4 6.2 

----- 
` 

Ci 

Mn 

Er 
º 

a 
Fig. 12. Magnetic structure of ErMn2Ge2 at 1.8 K. 
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Fig. 13. TmMn2Ge2: neutron diffraction patterns at 12 and 1.8 K. 

strengthening of the antiferromagnetic interplane in- 
teractions when a decreases. 

Since the Neel temperature of the paramagnetic 
rare earth compounds fits the general variation mea- 
sured in diamagnetic rare earth compounds fairly well, it is suggested that the RMn2Ge2 (R = Gd, Tb, Dy, Er, 
Tm) series will follow the same trend. 

The variation of the Mn moment value with a (Fig. 
16) indicates that the magnitude of the moment is 
almost constant and about 2.3 µB for the heavy rare 
earth compounds whereas it increases continuously in 
the light rare earth series. This observation suggests that the Mn atoms are not in the same electronic state in the heavy and light rare earth compounds. The 
variation of the interatomic distances along the whole 
series is probably responsible for this phenomenon. 

4.2 Rare earth magnetic ordering 

The magnetic properties of the rare earth sublattices 
exhibit a greater variety of behaviour, probably sus- tained by various phenomena such as the relative 

strength of the Mn-Mn, R-Mn and R-R interactions 
and the magnetocrystalline anisotropy. 

As regards the previous section, it is suggested that 
the larger are the cell parameters, the weaker is the 
Mn-Mn antiferromagnetic interplane coupling. In 
contrast, according to a study conducted by Brooks et 
A. [22) and reported in Ref. [23], the R-T interaction 
is expected to vary with the quantity 

J4r. 5d 94-3.4(x-1) 

where x=1 for Gd, 2 for Tb, etc., such that, within the 
heavy rare earth compounds, the strongest R-T inter- 
action is expected in the Gd compound and decreases 
by about 3% in each of the subsequent rare earth 
compounds. 

Therefore, it is apparently easier to align the Mn 
sublattice under the effect of the internal field induced 
by the R-Mn interactions in the largest rare earth 
compounds, since, in this case, JMn-M0(interplane) is 
weaker while JR_M� is greater. This trend seems to be 
fairly respected for the first examples of the series, 
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Table 4 
Observed and calculated intensities and corresponding refined 
parameters for TmMn2Ge2 at 12 and 2K 

12K 2K 

hkl F2 Fö F2 (Tm) F, 2 (Tm + Mn) Fö 

001/2 11.6 10.9 10.78(7) 
00312 10.9 20.1 19.5(3) 
002 28.1 28.7(6) 26.8 27.9 28.2(5) 
005/2 9.2 17.1 16.1(5) 
101/2 22.6 26.3 26.2(8) 
101 10.7 12(1) 13.1 11.8 13(1) 
103/2 23.7 28.5 33(1) 
007/2 7.2 6.7 8.0(9) 
105/2 22.4 27.9 35(1) 
110 187.7 187(3) 
11112 236.2 225.4 210(3) 
111 
004 53.2 55(3) 53.4 54.4 54(2) 
103 106.8 107(3) 96.9 100.9 106(2) 
113/2 16.2 13.2 26(2) 
107/2 18.6 23.9 37(4) 
009/2 5.2 4.8 11(5) 
115/2 15.3 12.8 22(2) 
113 13.5 13(2) 11.3 13.2 14(2) 
117/2 
109/2 26.9 40.9 40(4) 
200 49.7 55(5) 
0011/2 
201/2 71.9 67.6 76(4) 
201 
114 16.5 11(5) 15.0 16.6 20(4) 
20312 
105 186.9 179(5) 194.3 202.2 216(4) 

a(A) 3.934(1) 3.933(2) 
c(A) 10.781(4) 10.775(6) 
r. 0.99(1) 1.01(1) 1.00(1) 
zae 0.385(1) 0.388(4) 0.386(1) 
µ,, n, 

(µ8) 2.19(11) 1.95(7) 2.28(27) 
0 Bua 

y un 
0 0 21(3) 

µ,, n(µ8) 
0 5.96(41) 6.63(18) 

R(%) 3.9 16.4 11.0 

yielding a ferrimagnetic ordering with Curie point 
decreasing from Gd to Dy (Table 5). 

Nevertheless, in such a description, it is rather 
surprising to find the same Curie temperatures for 

GdMn2Ge2 and TbMn2Ge2. This rather peculiar be- 
haviour of GdMn2Ge2 might arise from its situation at 
the limit between the RMn2Ge2 compounds character- 
ized by ferromagnetic Mn (001) planes and those 
characterized by mixed Mn (001) planes. In this case, 
the lowering of the Curie temperature might be caused 
by modifications of the Mn electronic state that is also 
suggested by the anomaly concerning the corre- 
sponding Neel temperature (Fig. 15). 

The HoMn2Ge2 and ErMn2Ge2 compounds are 
characterized by an antiferromagnetic arrangement of 
the ferromagnetic Mn planes which still remains in the 
ordered rare earth state. In these compounds, the 
R-Mn interactions are unable to align the Mn mo- 
ments and it is assumed that the R-Mn interactions no 
longer intervene. Therefore, the rare earth ordering 
should merely arise from the R-R interactions and it 
is rather surprising that the de Gennes scaling does not 
account for the rare earth ordering temperature in 
these compounds (Table 5). 

Such behaviour may be due to magnetocrystalline 
anisotropy effects. The uniaxial anisotropy of holmium 
tends to align the moments along the c axis yielding a 
highly frustrated situation within which the -holmium 
(001) planes are surrounded by antiferromagnetically 
coupled ferromagnetic Mn planes. Inversely, the posi- 
tive Stevens factor value of erbium tends to locate the 
Er moments in the basal plane where they are mag- 
netically decoupled from the Mn magnetic sublattice 
which remains antiferromagnetic in the whole tem- 
perature range from TN to 2 K, with the Mn moment 
aligned along the c axis. 

Finally, TmMn2Ge2 is a special case. It is the first 
RMn2Ge2 compound where the ++-- sequence 
is observed. Moreover, it is characterized by a canting 
of the Mn moments which is neither observed in 
HoMn2Ge2 nor in ErMn2Ge2 where the R-Mn inter- 
actions are expected to be greater, according to the 
calculations of Brooks et al. [22]. 

As the assumptions of an enhancement of the R- 
Mn interactions or a weakening of the nearest neigh- 
bour Mn-Mn interplane interactions may be ruled 
out, one has to assume that the ++-- sequence is 

Table 5 
Summary of the cell parameters (measured at 300 K with Si as internal standard) and magnetic properties of the compounds RMn2Ge2 
(R = yttrium and heavy rare earths) 

Y Gd lb Dy Ho Er Tm Lu 

a(A) 3.9945(6)' 4.0261(6)' 4.0080(7)' 3.9921(7)' 3.9765(9)' 3.9647(5)' 3.9541(7)' 3.9388(5) [15] 

c(A) 10.865(2)' 10.877(2)' 10.868(3)' 10.858(3)' 10.848(3)' 10.837(2)' 10.823(3)' 10.809(2) [15] 
TN, (Mn)(K) 427 [15] 365 [10] 414 [10] 438 [10] 459 [10] 475 [10] 487' 508 [15] 
T, (R)(K) - 96 [10] 95 [10] 40 [10] 2.1' 5.5' 8.5' - 

2.23 [3] - 2.21' 2.3 [4] 2.38' 2.34' 2.28' 2.32' 
µx(µ. ) - - 8.81' 10.2 [4] 6.9' 6.81' 6.63' - 
' Present study. 



G. Venturini et at. / Journal of Alloys and Compounds 240 (1996) 139-150 

TI 

aa 

(a) (b) 

Fig. 14. Magnetic structure of TmMn2Ge2 at 1.8 K. 
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Particularly favourable for the Mn magnetic sublattice DyMn2Ge2 and ThMn2Si2 [5,7] characterized by 
i"e. that the next-nearest neighbour Mn-Mn interac- magnetic superstructures where both ferro- and anti- tions might be antiferromagnetic. Such an assumption ferromagnetic next-nearest neighbour interplane cou- 
could be related to the magnetic behaviour of plings coexist. 
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Fig 15. Variation of the Neel temperature vs. the cell parameter a for the RMn2Gez heavy rare earth compounds (empty symbols) and for the solid solution Y, 
_, 

Lu, Mn2Ge2 (full symbols). 
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Fig. 16. Variation of the Mn moments vs. the cell parameter a for the 
whole RMn2Ge2 series (R = Y, La-Nd, Tb-Tm, Lu). 
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5. Conclusions 
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This neutron diffraction study provides interesting 
information. Within the newly studied compounds, the 
magnetic properties of the Mn sublattice are in good 
accord with previous results. The rare earth magnetic 
sublattice displays a great variety of magnetic be- 
haviour which is mainly a consequence of the evolu- 
tion of the relative strengths of the Mn-Mn and 
R-Mn interactions. The observed discrepancies from 
this general scheme might arise from additional under- 
lying phenomena which are still not fully understood. 
Further investigations, particularly involving solid so- 
lutions within which the R-Mn and Mn-Mn interac- 
tions are made to vary, should provide further in- 
formation. 
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