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Abstract 

The free-powder magnetisation of RMn,_XCr,Sn, compounds has been measured for compounds with R = Y, Gd, 
Tb, Dy, Ho, Er in fields up to 38 T, and interpreted in terms of a simple model, which is also outlined in this paper. From 
the measurements, estimates for the R-3d mean-field coupling constant (nRT) could be derived for the cases where 
R = Gd, Tb, Dy, Ho, Er. In turn, the n RT values can be related to the microscopic spin-coupling constant ( JRT). In the case 
of YMn,Sn, the high-field measurement presents evidence for a very weak antiferromagnetic coupling between the Mn 
layers. Furthermore, values for the Mn moments (pLhln) were also derived from the magnetisation measurements. The 
estimated pMn values are of the order of 2.0~~. 

1. Introduction 

Recently, Malaman et al. [l-3] have reported on 
the existence of RMn,Sn, compounds with R = SC, 
Y, Gd-Tm, Lu. The crystal structure of these com- 
pounds is of the HfFe6Ge6 type (Pearson symbol 
hP13, space group number 191). As may be inferred 
from Fig. 1, this structure can be viewed as consist- 
ing of a layered arrangement of R- and Mn-ions in 
a sequence Mn-R-Mn-Mn-R-Mn. There is only 
a single crystallographic Mn site. The in-plane 
Mn-Mn nearest-neighbour distance is about 

*Corresponding author. 

0.28 nm. The interplane nearest-neighbour 
Mn-Mn distance is about 0.45 nm. The reported 
magnetic ordering temperatures of the compounds 
are above room temperature. 

From measurements of the magnetisation versus 
temperature in the paramagnetic regime it was 
found that in the compounds with a magnetic R- 
component, the Mn-ions carry a substantial effec- 
tive magnetic moment of the order of 3&Mn. In 
order to investigate the coupling between the differ- 
ent magnetic moments in more detail, we have 
performed measurements of the free-powder mag- 
netisation of RMn6 _ .Cr,Sn, compounds (with 
R = Y, Gd-Er) as a function of applied magnetic 
fields up to 38 T. 

0921-4526/94/$07.00 0 1994 Elsevier Science B.V. All rights reserved 
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Fig. 1. The HfFe6Ge6-type unit-cell. The R-ions (shaded) oc- 
cupy the angular points of the unit-cell. The Mn-ions occupy the 
black-coloured sites. The layered arrangement of the R- and 
Mn-ions can be recognised immediately. The Ge-ions are in- 
dicated as white circles. 

2. Theoretical outline 

Some time ago Verhoef et al. [4] have presented 
a model which supplies a satisfactory explanation 
of the free-powder magnetisation curves of fer- 
rimagnetic R-Fe  and R-Co intermetallics. This 
model describes the magnetisation process in these 
compounds in terms of two magnetic sublattices 
being subject to an interplay between the R-T 
exchange interaction and the Zeeman energy. 

In the model, the anisotropy of the T-sublattice is 
completely neglected. The powder grains are con- 
sidered to be single crystalline and free to rotate 
under the influence of the applied field into their 
energetically most favourable direction. 

At low fields the configuration of the sublattice 
moments then corresponds to the ferrimagnetic 
(anti-parallel) alignment. At a certain critical field, 
however, spin canting occurs: with increasing field 
the T-sublattice and R-sublattice moment start to 
rotate continuously towards each other. If the T- 
sublattice anisotropy is neglected, the R-sublattice 
moment stays confined to its easy direction during 
the spin canting. The value of the critical field (Bet1) 
can be expressed in terms of the mean-field R-T 
coupling constant (nRr) and the magnitudes of the 
respective sublattice moments (m~ and roT) as 

Bet1 = r/RT I mR - -  mTI. The rotation of the moments 
continues until at a second critical field 
Bcr2 = nRT(mR + roT) the ferromagnetic (parallel) 
alignment is reached. At field values corresponding 
to a canted spin configuration (Bcr I ,< B < Bcr2), 
the relationship between the free-powder magne- 
tisation m and the applied field is linear: 

B 
m = - - .  ( 1 )  

I"/RT 

Using this relation, it is possible to determine an 
estimate of naT from the slope of that part of the 
magnetisation curve that corresponds to the spin 
canting. This nRT value can then be related to the 
(microscopic) spin-coupling constant JRT via the 
following formula [4]: 

- -  2gRfl2NTnRT 
JRT ~-~ , (2) 

( g a -  1)ZRT 

where YR represents the g-factor of the R-compo- 
nent, N T the number of T-ions per mass (or for- 
mula) unit, and ZR T the number of nearest T-ion 
neighbours of an R-ion. 

From the outline presented here, it is clear that in 
the case of ferrimagnetic R-T compounds with 
T = Fe, Co one can derive information on the 
strength of the R-T coupling from measurements of 
the free-powder magnetisation vs B. 

One of the basic concepts of the model outlined 
in the above is the assumption that the interaction 
between the moments is of the Heisenberg type, and 
that both R- and T-moments couple together as 
single sublattices. A behaviour in agreement with 
the model's description was found in quite a num- 
ber of R-Fe and R-Co intermetallics [5]. For 
R-Mn compounds, however, the situation is often 
different. In many of the R-Mn compounds, the 
M n - M n  interaction is of the antiferromagnetic 
type, and as a consequence, the corresponding 
compounds with R =- Y are pure antiferromagnets. 
This antiferromagnetic interaction between differ- 
ent Mn moments complicates the description of the 
(free-powder) magnetisation process in compounds 
with a magnetic R-component. It is not a priori 
clear if estimates for nRT can be derived from free- 
powder magnetisation data in an equally easy and 
elegant way as in the case of R-Fe and R-Co 
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compounds. Therefore, a more detailed analysis of 
the free-powder magnetisation process in R-Mn 
compounds is necessary. 

Anticipating the high-field measurements to 
be presented later in this paper, we report already 
here that in RMn,Sn6 compounds the Mn-Mn 
coupling is very weak, and that at low fields the 
magnetisation values correspond to a collinear fer- 
rimagnetic alignment in the case of magnetic R- 
ions. For a description of the magnetisation process 
in compounds with a magnetic R-component, the 
occurrence of helical spin arrangements can there- 
fore be excluded and the interaction between non- 
adjacent Mn layers neglected. 

Instead of two sublattices, like in Verhoefs 
model, it is now reasonable to describe the M-B 
curve within a three-sublattice model. This model 
describes the magnetisation process in terms of two 
equivalent Mn-sublattice vectors (mrl and mTZ) 
being subject to a mutual interaction of the antifer- 
romagnetic type, and a single R-sublattice vector 
(m,J coupling to each of the Mn-sublattice vectors. 

For a description of the magnetisation process of 
the three-sublattice system we neglect the Mn an- 
isotropy (following Ref. [4]). The justification for 
this neglect is that in most R-T intermetallics the 
T anisotropy is one order of magnitude smaller 
than the R anisotropy. As a consequence, the R- 
sublattice moment will remain fixed to its easy 
direction (or plane), whereas the T moments may 
change their orientation with respect to the princi- 
pal magnetic axes when the applied field changes. 
Therefore, no terms connected with anisotropy ef- 
fects occur in the free-energy expression connected 
with the magnetisation process. 

To find the most general configuration of the 
3 sublattices we consider the vectorial resultant of 
the applied field and the R-Mn exchange field 
acting on the Mn sublattices as a single (effective) 
field Bhln. As is common in the case of two sublatti- 
ces subject to an antiferromagnetic interaction and 
without anisotropy, the Mn sublattices will align in 
such a position that Bhln # 0 is the bisector of the 
two Mn sublattices. Therefore, the configuration of 
the two Mn-sublattice magnetisations, and the 
R-sublattice magnetisation can be represented as 
in Fig. 2. The special case where the applied field 
and the R-Mn exchange field cancel (B,, = 0) 

Fig. 2. Model system for R-Mn intermetallics. The Mn-mo- 

ments couple as two equivalent sublattice magnetisations (mTlr 

mT2) which are confined to the xy-plane. The R-moments are 

coupled as one sublattice moment (ms) confined to the xz-plane. 

The angles between the Mn sublattice moments are indicated as 

19, whereas the angle between the R sublattice moment and the 

xy-plane is indicated as 4. 

corresponds to a singular applied field of value 
B = nRTmR and will therefore not be discussed here. 

In the case of single crystalline powder grains 
which are free to rotate into their energetically most 
favourable direction, the resultant of the three sub- 
lattice magnetisation vectors is parallel to the ap- 
plied field. For the three-sublattice configuration 
represented in Fig. 2 the free energy expression then 
takes the form 

F = nTTmT1 ‘mT2 + nRTmR ‘(mT1 + mT2) 

- B’(mR + mT1 + mT2). (3) 

Here, we have introduced nTT as the mean-field 
coupling constant corresponding to the Mn-Mn 
interlayer coupling and nRT as the mean-field coup- 
ling constant corresponding to the coupling of one 
Mn sublattice and the R sublattice. The quantity 
nTT is related to the spin-coupling constant JTT by 
a similar expression as given for nRT and JR-~ in 
Eq. (2). The only difference is that in the present 
case, the quantity ZRT has to be replaced by the 
quantity ZTT: the number of Mn nearest neigh- 
bours on the other sublattice. For the quantity NT, 
the number of Mn spins per mass unit on one Mn 
sublattice should be taken instead of the total 
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number of Mn spins per mass unit. Finally, gR 
should be replaced by gr = 2. 

To find the equilibrium configuration of the 
three-sublattice system in an applied field one 
could now try to minimize the free-energy expres- 
sion (3) with respect to the angles 0 and 4 indicated 
in Fig. 2. However, this yields a set of equations 
that can only be solved by means of a numerical, 
computational procedure. In order to find an ana- 
lytic solution of the three-sublattice problem, we 
therefore present a method based on the equation 
of motion of a sublattice-magnetisation vector nlsut,, 
in an effective magnetic field Bsubl: 

amsubl 
- = YsublZsubl = hubhwbl x &blh 

at 

sub1 = Ti,T,,R, (4) 

expressing that m,,bi is subject to a torque due to 
the effective field &bi. The gyrOmagnetiC ratio Ysubi 
is typical for each sublattice type (R and T). The 
effective field &,i not only consists of a contribu- 
tion due to the external field B but also of contribu- 
tions from the T-T and R-T exchange fields, 
B T1.2 = - nTTmT1.Z and BRT = - nRTmR. Every 
thermodynamical equilibrium configuration, cor- 
responding to a minimum of the energy expression 
(3), should necessarily be a configuration for which 
the torque acting on each sublattice magnetisation 
vector in the three-sublattice system is zero. Our 
approach will therefore be based on finding all 
three-sublattice configurations that result in a zero 
torque on each sublattice. Knowing the vector 
components of all these sublattice magnetisations, 
it is then possible to find the free energy connected 
with each configuration. From all possible configu- 
rations, the configuration with the lowest free en- 
ergy is, of course, the (thermodynamic) equilibrium 
state. It is stressed that both the cases of positive 
and negative values of the mean-field parameter nRr 
can be treated within this approach. 

Recognising that in the case of free-powder 
grains, the total magnetisation m of the three-sub- 
lattice system is always parallel to the applied field, 
two trivial solutions to the zero-torque condition 
can immediately be derived from Eq. (4): the 
perfectly anti-parallel alignment and the perfectly 
parallel alignment of the sublattice moments. 

However, it is very well possible that there are more 
types of (canted) sublattice configurations that cor- 
respond to a zero torque at a particular value of the 
applied magnetic field. 

In order to find these other configurations, we 
shall now evaluate the zero-torque condition for 
the torque rTi acting on the Mn-sublattice vector 
mrr. For that purpose, we introduce x, y, z axes as 
represented in Fig. 2. The Mn sublattices (mTr and 
mT2) are positioned in the xy plane, with the x-axis 
being defined as the bisector of mrr and mr2. The 
vectors mrr, mT2, mR, and BTI acting on mri can be 
expressed as 

i 

B, - nRTmxR - nTTmxT 

BTI = nTTmyT 

I3 

(5) 
& - hTmzR 

where the fact that B and m are parallel has been 
incorporated in the expression for BT1 (i.e. B, = 0). 

Substituting these expressions into Eq. (4) and 
eVahating the Vector Components Of the torque ‘5Tr 
acting on mrr, one finds for the equilibrium confi- 

guration: 

7T1 = 

i 

%T(& - nRTmzR) 

- mxT(Bz - nRTmzR) 

i 

= 0. (6) 

myT(2nTTmxT + nRTmxR - BJ 

From the vanishing of the x- and y-component of 
7T1 follows: 

= m+(B, - nRTmRR)’ = 0, (7) 

whence 

B, - nRTmzR = 0. (8) 

The physical interpretation of this expression is 
that the z-components of the external field and the 
R-T exchange field acting on mT1 have opposite 
direction, and cancel. From the vanishing of the 
z-component of rT1 follows: 

m,T@TT%T - B, + nRTmxR) = 0. (9) 
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This expression leaves two possibilities to make the 
z-component of T-r~ vanish: 

my T = 0 or (2r/TTmxT - -  Bx -k- nRTmxR ) = 0. (10) 

Because of the symmetry of the spin configuration 
pictured in Fig. 2, Eqs. (8) and (10) do also corres- 
pond to solutions of the zero-torque equation for 
the sublattice vector roT2. Furthermore, the dis- 
cussion below of the two different solutions repre- 
sented by Eq. (10) will show that Eqs. (8) and (10) 
also correspond to solutions of the zero-torque 
equation for the sublattice vector m R. Therefore 
Eqs. (8) and (10) can be considered as general condi- 
tions to be obeyed by an equilibrium state of the 
three-sublattice problem. 

As the two different solutions of Eq. (10) corres- 
pond to entirely different situations, they will be 
treated separately. 

(i) The situation where rnrx = 0 basically corres- 
ponds to the two-sublattice configuration in which 
both Mn sublattices are parallel to the x-axis 
(mx-r = +__ m-r). The case where mzR-----0 corres- 
ponds to either a ferrimagnetic or a ferromagnetic 
alignment, whereas the configurations with mzR 4= 0 
all correspond to a canted spin structure which can 
be investigated easily as follows. 

Since the total magnetisation (m:,, mr, mz) should 
be parallel to the applied field (i.e. m,,/mz = Bx/B~), 
the following relations can be obtained: 

limited to values I mR - -  2mTI ~< m ~< mR + 2roT. 
Therefore, Eq. (13) may only have any relevance 
for B-values in the range nRTImR--2mTI <~ 
B ~< nRT(mR + 2mT). 

(ii) We shall discuss now the case when 

2nTTmxT + nRTmxR - -  Bx = O. (14) 

As pointed out in the appendix under the reason- 
able assumption nRT ~ n-r-r, the only case to be 
discussed is rn~s = 0, Bz = 0. The sublattice confi- 
guration corresponding to this case is such that all 
sublattice magnetisations are confined to the xy 
plane (Fig. 3(a) and (b)). The resultant T-sublattice 
moment, the R-sublattice moment, and the applied 
magnetic field are collinear in this particular con- 
figuration, and as a consequence mR experiences 
a zero torque just like rn-rl and roT2. 

Let the positive x-axis be defined as the direction 
of the applied field B = (B,0,0), B > 0. From Eq. 
(14) we then have 

--  nRTmxR + B 
mxT = 2nTT (15)  

or, considering m = mxR + 2mxT, and mxR : -'1- mR: 

+(nTT--nR-r) B 
m = mR + - - .  (16)  

nTT nTT 

Bx : naT(mxa + 2mxx) and By = 0. (11) 

Combination of these relations and Eq. (8) gives as 
a result: 

2 2 = nEvm2 (12) B E = (nRT(mxs + 2mxT) )  2 + naTm~S 

o r  

B 
m - , (13) 

nRT 

just as expected for the two-sublattice configura- 
tion. As stated earlier, such a configuration is 
a well-known possible equilibrium state for R-Co 
and R-Fe intermetallics in an applied field [4]. The 
torques on both the R-sublattice vector and the 
resultant T-sublattice vector mTx + roT2 are zero. 

Of course, the solution (13) is only valid in a re- 
stricted range of B-values, as the magnetisation is 

m R 

m.r t  roT2 

m x l  m T 2  

B 

m R  

a) b) 
Y 

Fig. 3. Sublattice configuration for case (ii). The sublattice mo- 
ments are all confined to the xy-plane. The cases (a) and (b) 
correspond to the cases mR > 2mxT and mR < 2rnxT, respectively. 
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In the right-hand side of Eq. (16) the upper sign 
corresponds to the case that mR is parallel to 
B (Fig. 3(a)), whereas the minus sign corresponds to 
the case that mR is antiparallel to B (Fig.3(b)). 
Furthermore, it is clear that the configuration con- 
sidered here can only occur if nv x  > 0, as Eq. (16) 
yields a magnetisation which decreases with in- 
creasing applied field for nTT < 0. The configura- 
tion can only have relevance in the cases that Eq. 
(15) yields a value for mxx such that [m~xl ~< roT. As 
a consequence, the configuration mentioned here 
can only occur at B-values satisfying - 2nTTmT_ 
ngTmR ~< B ~< 2nTTmT + nRTmR, as can be derived 
from Eq. (15). 

Eq. (16) describes a straight line, the slope of 
which is equal to the reciprocal of the nTT coupling 
constant. At first sight the fact that this slope does 
not contain any contributions from the R-T coup- 
ling may not agree with our intuition. From Figs. 
3(a) and 3(b), however, it is clear that in this case the 
R-T exchange interaction results in a constant field 
contribution (anti)parallel to the external field. 
Therefore, the R-T exchange interaction does not 
contribute to the slope. The only effect arising from 
it is a canting of both T moments already at zero 
applied field. 

Summarizing the theoretical outline so far, we 
see that the zero-torque condition yields four 
possible candidates for the equilibrium state: the 
anti-parallel (ferrimagnetic) alignment (I), the 
parallel (ferromagnetic) alignment (II), the canted 
quasi- two-sublattice configuration (III), and the 
three-sublattice configuration with all sublattice 
moments confined to the xy-plane (IV), as 
displayed in Fig. 3. From the above, sufficient 
information on the vector components of the 
three sublattices can be derived for each configura- 
tion to write down the free-energy expression for 
each case: 

Fl = nTTm 2 --  2nRTmamT --  B l rnR  --  2mTI, (17a) 

2 2 2n~-Tm~ - -  Y/RTmR - -  
FIV = 

2~ITT 

HRTDIR - -  ~'/TTln R O 2 
+ B - - -  (17d) 

n T T  2nTT " 

For a given set of the parameters nRT, nTT, rex, 

mR, and the applied field B, the equilibrium config- 
uration corresponds to the configuration with 
the lowest value for the free energy following 
from Eqs.(17), under the constraint that 
[mR -- 2mTI < m < ImR + 2roT[ (in the case of 
Eq. (17c)), and ImxTI ~< mT (in the case of Eq. (17d)). 
This competition between the different sublattice 
configurations corresponding to Eqs. (17a)-(17d) 
may result in magnetic phase transitions connected 
with transitions from one configuration into an- 
other. An elaborate discussion of the various 
possible phase transitions will be given in a forth- 
coming paper [6]. 

3. Experimental 

RMn6_ xTxSn6 compounds (with R = Y, Gd, Tb, 
Dy, Ho, Er, and T = Cr; for the values of x, see 
below) were prepared by arc melting stoichiometric 
mixtures of the metallic constituents of at least 
99.9% purity. After arc melting, the polycrystalline 
specimens were wrapped in tantalum foil, sealed 
into evacuated quartz tubes and annealed at 700°C 
for 10 days or more. After this, they were cooled to 
room temperature within half an hour. After this 
treatment, the samples were investigated by X-ray 
powder diffraction and found to be approximately 
single phase. The X-ray patterns were indexed on 
the basis of the HfFe6Ge6-type structure (space 
group P6/mmm (no. 191), Pearson symbol hP13). 
Data on the free-powder magnetisation as a func- 
tion of the applied magnetic field up to 38 T were 
obtained for each compound at 4.2 K in the high 
field Installation of the University of Amsterdam 
[7]. 

Fn = nTTm 2 + 2nRTmRmT --  B ( m R  + 2 m v ) ,  (17b) 
4. Results and discussion 

Fi l l  ~ r / T T m 2  _ F/RT g~2 B2 ~-t, , ,R + 4m~)-  2nR-----T' (17C) 
Figs. 4(a)-(f) represents the high field measure- 

ments on the free-powder magnetisation of the 
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Fig. 4. High field magnetisation measurements for RMn6-xCrxSn6 compounds with R = Y, Gd, Tb, Dy, Ho, Er. 

RMn6_xCrxSn6 compounds (with R = Y, Gd, Tb, 
Dy, Ho, Er). 

The data for YMn6Sn6 are shown in Fig. 4(a). In 
the low-field part of the curve shown in Fig. 4(a), 

the magnetisation m is a roughly linear function of 
the applied field B. At an applied field strength of 
about 10 T the magnetisation reaches saturation, 
and remains constant at field values beyond 10 T. 
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As YMn6Sn6 is a pure antiferromagnet with a N6el 
temperature of 333 K [2], and preliminary neutron 
diffraction experiments [3] have shown evidence 
for a helical arrangement of Mn-spins in this 
compound, the steep linear increase of the magnet- 
isation with the applied field below 10 T can be 
interpreted as a rotation of the magnetisation vec- 
tors of the Mn sublattices towards a direction par- 
allel to B. At B ~ 10 T these magnetisation vectors 
reach a parallel (ferromagnetic) alignment which 
persists at higher B-values. The (saturated) value of 
the magnetisation is 10.5/~a per formula unit, which 
corresponds to a magnetic moment of 1.75#B per 
Mn-ion. 

Due to the helical Mn-spin arrangement, the 
data presented in Fig. 4(a) cannot be analysed in 
terms of the two- or three-sublattice model men- 
tioned previously in this paper. The effect of such 
a helical spin configuration on the magnetisation 
curve is still subject of investigation and therefore 
no estimate for the mean-field interlayer coupling 
constant can be presented within the scope of the 
present paper. However, the magnetisation reaches 
saturation at quite low fields already, suggesting 
that the coupling between the Mn layers is very 
weak. 

In Figs. 4(b)-(e) high field magnetisation data are 
shown for RMn6_xCrxSn6 compounds, with 
R = Gd, Tb, Dy, and Ho, respectively. It is reason- 
able to assume that for these particular compounds 
a description in terms of the three-sublattice model 
presented earlier in this paper is justified and that 
a helix-like configuration of the Mn spins is absent. 
The main argument for this may be found in the 
very small Mn inter-layer coupling revealed by the 
data presented in Fig. 4(a) for YMn6Sn6 and the 
values of the magnetisation at low fields which 
corresponds to a collinear ferrimagnetic alignment 
in all cases. 

In the cases where R = Gd and x = 0, 1, 2.5, or 
R = Tb and x = 0, the magnetisation shows a tend- 
ency towards saturation for the higher fields in the 
B-interval up to 35 T. The other curves in Figs. 
4(b)-(e), however, display a kink at some critical 
field Bcrit, beyond which the magnetisation in- 
creases linearly with the applied field. Provided 
that the Mn-ions have moments of about 2/~B/Mn, 
at low fields the magnetisation measured is in 

accordance with the situation that the Mn mo- 
ments point in the direction of the applied field and 
the R-moments and the Mn-moments are anti- 
parallel. For this reason we exclude the possibility 
of some helical arrangement of the Mn-moments, 
and we assume that the three-sublattice model is 
applicable. A transition at-Bcrit to the configuration 
with the magnetisation of the three sublattices 
pointing in three different directions, i.e. the R-mo- 
ments still antiparallel to the applied field and the 
bisector of the Mn-moments in the direction of this 
field, can be excluded. This is because a small non- 
zero angle between the Mn-moments would imply 
an increase of the Zeeman as well as the total 
exchange contribution to the free energy. (At zero 
field, in which only exchange coupling plays a role, 
we derive from the magnetisation measured, that 
the antiparallel configuration is the energetically 
most favourable one.) Therefore, the linear increase 
ofm with B displayed by the curves in Figs. 4(b)-(e) 
with a kink should be seen as a result of a canting 
within the quasi- two-sublattice configuration (R 
and Mn) rather than within the three-sublattice 
configuration just considered. In the quasi- two- 
sublattice picture, the Mn spins are coupled to- 
gether as one sublattice, and beyond Bcrit the R- 
and Mn-moments rotate towards each other with 
increasing B-value. The slope of that part of the 
magnetisation curve connected with the spin cant- 
ing should, in agreement with Eq. (13), be propor- 
tional to the inverse of the nRT coupling constant 
and free from contributions from the Mn-Mn in- 
teraction. The fact that we did not find a critical 
field for some compounds as discussed above, 
agrees with our expectation that for low Cr concen- 
tration (high T-moment) the critical field lies well 
above the fields used in our experiments. 

The main difference between the experimental 
data and the predictions based on the three-sublat- 
tice model, is that, according to theory, the magnet- 
isation should be a constant below the critical field 
Bcrit whereas the experimental data show a (small) 
slope also below Bcrit. Such phenomena have also 
been observed for other R-T compounds in which 
the T-sublattice is simply ferromagnetic. This slope 
of the low field part of the curve increases slightly 
with increasing Cr concentration and is still a 
subject of investigation. A possible explanation 
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may be found in the dilution of the Mn sublattice 
by substitution of Mn-ions with Cr-ions. (In 
RMn6_xCrxSn6 compounds the Cr-ions carry no 
magnetic moments or moments which are at least 
smaller than the Mn moments. As an indication for 
this we mention the decrease of the critical field 
Beri t  = nRrlms -- 2mrl with increasing Cr concen- 
tration as observed in Figs. 4(b)-(e).) The Cr-ions 
disturb the magnetic structure on a microscopic 
scale, and might favour a rotation of a few Mn 
spins already at fields in which the rest of the Mn 
moments still keep their orientation anti-parallel to 
the R-moments. 

In Fig. 4(f), the measured free-powder magneti- 
sation of ErMn6Sn6 is presented as a function of 
the applied field. The data points marked by the 
open squares correspond to measurements in a de- 
creasing magnetic field, where for each measuring 
point this field has been kept constant for a few 
milliseconds. The dotted curve corresponds to 
measurements in a field increasing linearly with 
time to a maximum value (38 T) and then decreas- 
ing linearly with time back to zero. The dots mark 
the individual datapoints. 

Probably the most dominant feature of the dot- 
ted curve is the hysteresis loop between 20 T and 35 
T. We have no well-based explanation for this ef- 
fect. One possibility is that, like in other Er -T 
intermetallics I-5], the Er moments couple together 

not as one but as a few different sublattice vectors, 
all confined to the basal plane. A reorientation of 
the Er sublattice moments with increasing field 
may then cause the observed hysteresis. Still, the 
main contribution to the observed slope beyond 20 
T arises from a canting of the Mn sublattice to- 
wards the resultant Er moment. 

Estimates for the nRT coupling constant were 
derived from the slopes of the linear high field parts 
of the curves presented in Fig. 4(b)-(f). With the use 
of Eq. (2) the obtained nat values can be related to 
values for the JRT spin coupling constants. Both the 
nat- and the related JaT/k-values (where k is Boltz- 
mann's constant) are listed in Table 1 (ZRr = 12). 
The values for ErMn6Sn6 should be taken with 
some reservation, as they are not very accurate due 
to the hysteresis in the magnetisation curve. 

The high field measurements also provide in- 
formation on the Mn moments in the different 
compounds. As mentioned before, from the satura- 
tion magnetisation ms of YMn6Sn6, a magnetic 
moment of 1.75/~B per Mn ion can be derived. In 
the case of compounds with a magnetic R compon- 
ent, a value for ins.can be obtained by extrapolation 
of the magnetisation curve before B = Bcri t  to 
B = 0. From the ms values found in this procedure, 
an estimate can be obtained for the Mn moments, 
assuming the Cr-moments to be zero and the R- 
moments to be equal to the corresponding free-ion 

T a b l e  1 

R - M n  c o u p l i n g  cons t an t s ,  s a t u r a t i o n  m a g n e t i s a t i o n  a n d  M n - m o m e n t s  of  the RMn6_xCr : ,Sn6  c o m p o u n d s  inves t iga ted  

C o m p o u n d  nRMn JRMn/k ms #Mn 

(T f.u./#a) (K) (#a/f.u.) (#B/ion) 

G d M n 6 S n 6  - 5.9 2.2 
G d M n s C r S n 6  4.7 2.3 

G d M n 3 . s C r z . s S n 6  - - 2.7 2.8 

G d M n 3 C r 3 S n 6  13.17 - 8.85 1.7 2.9 

T b M n 6 S n 6  - - 3.7 2.1 
T b M n s C r S n 6  10.43 - 10.45 2.7 2.3 

T b M n 4 C r 2 S n 6  9.29 - 9.36 0.9 2.5 

D y M n 6 S n 6  8.42 - 11.31 3.1 2.2 

D y M n s C r S n 6  7.62 - 10.24 1.4 2.3 
D y M n 4 C r z S n 6  6.63 - 8.91 0.5 2.5 

H o M n 6 S n 6  5.16 - 8.67 3.3 2.2 

E r M n 6 S n 6  5.11 - 10.30 3.9 2.2 

Y M n 6 S n 6  - 10.5 1.75 
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moments. The values for the magnetic moments per 
Mn ion, related to the observed ms values are also 
listed in Table 1. The value for GdMn3Cr3Sn6 
should be taken with some reservation as it is 
unlikely high. A remarkable phenomenon is the 
substantial difference between the Mn moment  in 
YMn6Sn6 and the Mn moments  in the compounds 
with a magnetic R-component.  This suggests that 
in the latter case the R-moments induce an extra 
contribution to magnetic moments  on the Mn ions. 
This phenomenon has also been observed earlier in 
many R-Co intermetallics (see for instance Ref. [8]). 

A comparison of the JRT/k-values listed in 
Table 1 with values found in R2Felv, R2Co17,  and 
R2Fe~4B [9], shows only small differences. The 
JRT/k-values listed in Table 1 are of the order of 9.5 
K, whereas for R2Felv and R2Colv the values are 
of the order of 7 K, and for R2Fel4B of the order of 
8.5 K. Future investigations will deal with the con- 
centration dependence of the JRMn coupling con- 
stant, to establish whether JRMn decreases with the 
T-ion concentration, analogous to the cases with 
T = Co,Fe [9]. 

Appendix: Solution for the case where mza # 0 

Considering that B and m are parallel, and that 
according to Eq. (8), Bz = nRTmzR, we have for 
a case where m~R # 0: 

mxR + 2mxT mx Bx Bx 

mzR mz Bz nRTmzR 

so that we have 

Bx = nRT(m~R + 2mxT). (A1) 

Using Eq. (14), a second expression for Bx can be 
obtained: 

Equating (A1) and (A2) yields 

nRTmxR + 2naTmxT = nRTmxs q- 2nTTmxT. (A3) 

As in general r/RT :~ nTT, Eq. (A3) can only hold if 
mxT = 0. This means (see Fig. 2) that roT1 and roTE 
are antiparallel. The applied field is parallel to m R. 

The case where roT1 and roT2 are antiparallel 
implies a configuration where mR is perpendicular 
to the alignment axis of roT1 and roT2. It is clear that 
mR is not unique in this case: every vector ma 
positioned in the xz-plane corresponds to a proper 
solution. However, it is easy to verify that all the 
solutions mza ¢: 0, mxv = 0 are equivalent to a solu- 
tion where mzR=O and mxT=0 .  This is just 
a special case of the three-sublattice configuration 
discussed earlier. Therefore, we conclude that no 
separate discussion of the case mzR # 0 is necessary. 
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