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Magnetic susceptibility measurements on single crystals of Mn(II)(trz)2(NCS)2 in the tempera­
ture range 1.8 — 300 K are reported. The compound has two-dimensional structural and magnetic 
properties. The data from susceptibility measurements are accounted for by considering the 
material to be a quadratic-layer, S =  5/2 Heisenberg antiferromagnet. From the comparison 
of the data with predictions from series expansions the intralayer exchange constant was found 
to be J / k =  — 0.25 K. A transition to the antiferromagnetic state is observed at 7^  =  3.29 K 
with the b axis being the preferred axis. Magnetization measurements at 1.8 K along the b axis 
reveal a spin-flop transition at 10.8 kOe. The occurence of a second discontinuity in the magneti­
zation curve at 15.6 kOe is explained by assuming that the spin system goes to the spin-flop state 
via an intermediate spin arrangement, as is suggested by the presence of tilted MnN6 octahedra. 
From pulsed-field magnetization measurements at 1.17 K, a saturation field H c =  74 kOe is 
found which also leads to J / k =  —0.25 K. With the aid of neutron powder diffraction at 1.2 K 
the magnetic space group was determined to be Apb'a 2'! Preliminary results from heat capacity 
measurements on the corresponding Fe(II), Co(II), Ni(II) and Cu(II) compounds are reported.

Introduction

Recently, a new series of complexes w ith com­
position M (II)(trz)2 (NCS)2 has been reported [1 ] 
which show two-dimensional structural and m ag­
netic properties [2]. Here M are first row transition 
m etal ions and trz is 1,2,4-triazole.

As part of a research program  on the physical 
properties of these compounds we have investigated 
the magnetic properties of M n(II)(trz)2 (NCS)2 bv 
susceptibility and m agnetization m easurem ents on 
single crystals, and  by neutron diffraction experi­
m ents on powders. The X -ray powder diffraction 
pattern  shows the m aterial to  be isomorphous to  the 
corresponding Co(II) complex [1 ], both compounds 
crystallizing in the  orthorhom bic system, space 
group Aba2 w ith Z  =  4 and for the Mn(II) complex 
a t 1.2 K  a =  7.890 Ä, b =  16.263 Ä and c =  10.135 A.

The structure of the Co(II) compound clearly is 
two-dimensional in character [2, 3]. Very recently, 
X -ray diffraction experim ents on single crystals of 
the corresponding Cu(II) and Zn(II) complexes 
have been performed. Their space groups are P 2 i/n  
and Pbcn respectively, and their structures show 
a striking sim ilarity to  th a t of the Co(II) complex 
[3]. All these structures exhibit the same essential
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features, namely triazole bridged layers w ith tilted  
M (II)N 6 octahedra. We therefore believe th a t  the 
structures of the  Co(II), M n(II), Fe(II) and N i(II) 
compounds, being all powder isomorphous, do not 
differ essentially.

The structure is depicted in Figure 1. M n(II) ions 
occupy (0 , 0 , 0 ), (0 , i  -I), ( i  0 , \ )  and ( | ,  J, 0 ) 
positions. They are octahedrally coordinated by 
two N 2  and two N 4 nitrogen atom s originating 
from triazole rings and by two nitrogen atom s from 
the NCS groups. The M n(II)N 6 octahedra are 
tilted  in the a-b plane, the angle between the 
(SC)N-Mn-N(CS) axis and the b direction being 31°. 
The planes of the triazole molecules are alm ost 
parallel to the b axis and by coordinating via their 
N 2 and X 4 atoms a two-dimensional layered 
structure is formed.

The strongest exchange between M n(II) ions in 
the same a-c layer will take place via the  bridging 
triazole molecules. In  this way the M n(II) ions in 
the planes y  =  0  and y =  \  can be considered to 
comprise quasi-quadratic lattices since each M n(II) 
ion is connected equivalently to  four nearest 
magnetic neighbours. The superexchange paths 
between next-nearest neighbours w ithin the layers 
are highly unfavourable. Furtherm ore, as regards 
interlayer couplings, structural evidence is present 
for hydrogen bonding between a S atom  in one 
layer and a H atom  connected to  a N 1 atom  of a 
triazole ring in a neighbouring layer [3]. This would

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



D. W. Engelfriet and W. L. Groeneveld • 1,2,4-Triazole Com plexes, IV 849

•  Mn

O s
o c

© N(CS)

© N1

© N2

® NA

Fig. 1. The crystal structure of Mn 
(trz)2(NCS)2- The top half of the unit 
cell has been omitted and for clarity 
only two triazole molecules (without 
hydrogen atoms) and two thiocyanate 
groups are shown. This figure has been 
generated from the coordinates of the 
corresponding Co(II) complex using 
the crystallographic plotting program 
FIGATOM4.

result in the exchange path

M n-N -C -S .. .  H -N  1-N 2-M n .

Thus a to tal num ber of six non magnetic atom s will 
be involved in this bridging, so th a t the  correspond­
ing interlayer interaction is expected to  be very 
much weaker than  the intralayer exchange. This 
explains the observed two-dimensional character.

Experimental

Single crystals of M n(II)(trz)2 (NCS)2 were grown 
by slow evaporation a t room tem perature of an 
aqueous solution of the complex prepared according 
to Haasnoot e t al. [1 ]. Crystals obtained in this wray 
have a very pale green colour and are usually quite 
flat and diamond-shaped. By means of X -ray 
diffraction it was established th a t the b axis is 
perpendicular to the flat surface and th a t the 
diamond shape corresponds to  the p a tte rn  of the 
Mn(II) ions in the a-c plane. Several crystals w ith 
a to tal mass of about 30 mg were m ounted w ith 
Apiezon grease into a small delrin cube, wrhich was 
fixed to the sample rod of a v ibrating sample 
m agnetom eter equipped w ith a superconducting 
magnet supplying fields up to  56 kOe [5]. Measure­
ments from 80 to 300 K  were taken  on powdered 
samples using the F araday  m ethod [6 ]. Suscep­
tibilities were corrected for diam agnetism  using a 
value of — 156(5) x  10~ 6 e.m.u./mole as found for 
the Zn(II) complex. M agnetization m easurem ents

up to 100 kOe w ere carried out in pulsed magnetic 
fields a t the Kamerlingh Onnes Laboratorium  using 
a set-up as described previously [7]. N eutron 
diffraction patterns were collected a t  300 K  and
1.2 K  a t the powder diffractom eter a t the P etten  
nuclear reactor. For the analysis of the  data  
R ietveld’s profile method was used [8 ]. Atomic 
form factors for Mn(II) were taken  from W atson 
and Freem an [9]. The following neutron scattering 
lengths have been used: &Mn= —0.387, 6 c =  0.665, 
feN =  0.904, bn — — 0.374 and b$ =  0.285, in units of 
1 0 - 1 2  cm.

Results and Discussion

a) Susceptibility Measurements
Magnetic susceptibilities along the three ortho- 

rhombic axes were measured a t  a field strength  of 
5.57 kOe. They are depicted in Fig. 2 and show the 
broad maxima characteristic of a two-dimensional 
antiferrom agnet. The b axis clearly is the  easy axis 
of antiferrom agnetic aligment, and the a and c axes 
are the perpendicular directions. No evidence for 
canting could be seen in these measurements. The 
broad maxima occur a t 4.3(2) K  with %max(&) =
0.331(6) e.m.u./mole. The transition  tem perature is 
estim ated to  be 3.2(2) K  from the point of m aximum 
slope of the ^  versus T  curve. The susceptibilities 
become isotropic (within experim ental error) above 
8  K  and do not display any discontinuities up to 
300 K. H eat capacity measurements corroborate

Ultfv -B ibliothek
togansburq
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Fig. 2. Magnetic susceptibility as a function of temperature 
measured along the three orthorhombic axes at a field 
strength of 5.57 kOe. The full line represents the prediction 
by series expansion for J/k  — — 0.25 K.

the  two-dimensional character and yield a more 
accurate value of 3.29 K  for [10].

The value of the  exchange constant J / k  can be 
obtained in a num ber of ways. Firstly  we use the 
theoretical estim ates for the  quadratic Heisenberg 
lattice with S  =  5/2 as given by De Jongh [11]:

k T ( Xa„ ) l \ J \ S ( S + l )  =  2.08(1), (1 ) 

Xm»x\J \ INgZfi% =  0.0551(1). (2)

In  these equations ^ max is the observed suscep­
tib ility  maximum, T(%max) is the tem perature a t 
which this m aximum occurs, and the other symbols 
have their usual meaning. Substituting T(%max) =  
4.3(2) K  and £max =  0.331(6) e.m.u./mole we obtain 
J / k  — — 0.24(1) and —0.249(7), respectively (tak ­
ing g =  2.00). Secondly, a fit of the data in the range

80—300 K  to  the prediction from the series 
expansion for y  of D alton and Wood [1 2 ] gives 
J /k  =  0.25(1) K  (with g =  2.00). As can be seen 
from Fig. 2 this value yields a good fit even a t 
fairly low tem peratures.

Thirdly, from heat capacity measurements [10] 
the to ta l magnetic energy E m&g/ R  was determ ined 
to be 6.2(2) K. From  this result J / k =  —0.23(1) K  
is calculated from the formula given by spin-wave 
th e o ry :

E mSLS =  — N  \ J \ z  S 2{ 1 e ( c c ) l z  S) . (3)

In  this formula 2  =  4 (the num ber of nearest 
magnetic neighbours) and e (a) =  0.632 (from Keffer 
[13]).

Fourth ly , from the Curie-Weiss tem perature 6 
using the  molecular field (MF) re la tio n :

d =  2 z J S { S  +  l)/3fc. (4)

W ith 6 =  6.0(2) K  as obtained from the data  in the 
tem perature range 80—300 K, we find J /k  =
— 0.25(1) K , in agreem ent w ith the  results obtained 
so far.

b) Magnetization Measurements
A m agnetization m easurem ent in pulsed field 

parallel to  the  b direction is shown in Figure 3. The 
saturation  field / / c =  74(l)kO e and  the spin-flop 
field H si =  10.3(5) kOe. From  these data  the  
exchange field H e , the  anisotropy field H a and the 
exchange param eter J / k  can be calculated w ith the 
aid of the  MF relations:

t f s f= ( 2 t f E t f A - t f A2)i/2, (5)

H c = 2 H v - H a , (6 )

giuB H E =  2 z \ J \ S .  (7)
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Fig. 4. Magnetization curves at 
lower field strength, recorded at 
T = 1 .8  K. The discontinuities oc- 
curing in the b direction are indi­
cated. Measurements along the 
c axis nearly coincide with those 
along the a axis and have there­
fore been omitted.

Inserting the abovem entioned values of H st and H c 
we find H \  — 1.43(5) kOe and — 38(1) kOe, 
yielding a value of 0.038(2) for the anisotropy 
param eter a  =  H a /# e -  From  Eq. (7) a fifth value 
of J\lc— —0.25(1) K  is found, agreeing well with 
the four values determ ined by other methods. An 
independent determ ination of the anisotropy param ­
eter is possible by means of the MF relations

Za =  X±°K1 +  i a ) , (8)

Xb =  Zx°/(! -  £«) • (9)

for H  >  H &t , where

Xjo =  N g ^ B^ i z \ J \ .  (1 0 )

A t H  >  16 kOe, x&IXb =  1-043 is calculated from the 
m agnetization curves in Fig. 4 (see below), result­
ing in a  =  0.042(4).

The perpendicular susceptibility can now be 
calculated using the  relation given by spin-wave 
th e o ry :

0 x±° L _  ^ (« )  e(a)
j l  +  £oc[ 8  (2 +  a ) z S _ '

X±° is calculated from Eq. (10) with z — 4 and 
J / k = — 0.25 K , for e(a) the  already mentioned 
value of 0.632 was taken and Zl$(a) =  0.121 (from 
Lines [14]). Thus £± (0) =  0.345 e.m.u./mole is 
calculated, which is in good agreement w ith the 
value of 0.35(1) found by  extrapolating the Xa, and 
Xc vs. T  curves to  T  =  0. The small difference 
between these curves m ay be due to a small 
orthorhom bic inplane anisotropy, caused by the

local environm ent of the M n(II) ions. F urther 
evidence for a more complicated situation is given 
by the m agnetization curves a t  lower field strength 
as displayed in Figure 4.

The spin-flop transition  SF1 is now observed a t 
10.8(3) kOe.

An unusual second transition  SF 2 is observed a t a 
field of 15.6(3) kOe. This second transition  cannot 
be ascribed to  m isorientation effects as it was 
observed on different sets of crystals. SF2 was also 
observed in the  pulsed-field measurem ents, which 
were carried out on a larger single crystal, although 
this is hardly visible on the scale of Figure 3. The 
occurrence of SF2 m ay be explained by assuming 
th a t the spin system reaches the  spin-flop sta te  via 
an interm ediate spin arrangem ent (Figure 5). This 
possibility is suggested by the  presence of tilted  
octahedra as shown in Fig. 6 , so th a t  there m ay be 
a contribution to  the  anisotropy due to  the local 
environm ent of the  M n(II) ions. A more q uan tita tive 
indication tow ards this relationship can be obtained

Fig. 5. Proposed spin arrangement between SF1 and SF2 
(see Figure 4).
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Fig. 6. Projection of part of the MnNß octahedra on the 
x-y plane (not to scale). N2 atoms are above and N4 atoms 
are situated below the plane of drawing.

from the m agnetization curve in Figure 4. W ith 
reference to  Fig. 5, let us suppose th a t  in the 
interm ediate sta te  the  spins make an angle (p with 
the a axis. W hen A M \  and A M 2 are the magnitudes 
of the jum ps of the  m agnetization a t SF1 and SF2 
respectively, then  as a crude approxim ation 
A M i /A  M 2 =  cos 9 9 /(1  — cos <p). From  Fig. 4 we find 
A M i j A M 2, =  7 ± 0 .7 , resulting in op =  29 ± 2 ° .  This 
angle is indeed comparable to  the  crystallographic 
tilting angle of 31°, although the agreem ent shown 
here seems to  be fortuitous in view of the  large 
uncertain ty  in A M i j A M ^ .  The tilted  MnNö octa­
hedra also suggest the possibility of spin canting in 
zero field, bu t so far no effects resulting from such 
a phenomenon have been observed.

c) Neutron Diffraction

Meanwhile the question arises if a canted spin 
structure is actually  allowed. In  order to  answer 
this question neutron diffraction patterns were 
recorded a t  300 K  and 1.2 K . The in terpretation  of 
the diffraction patterns was severely ham pered by a 
low peak-to-background ratio  which is no t surpris­
ing as the  hydrogen content is relatively high. 
Nevertheless, the  magnetic space group could be 
determ ined unam biguously as being A pb'a2 ' from 
the following considerations. Visual inspection of the 
diffraction patterns revealed a.o. the presence of 
001 and 110 reflections a t  1.2 K  which are sym m etry 
forbidden in the space group Aba2, thus indicating

th a t the magnetic lattice is no longer A-centred, 
In  this case 3 possible groups have to  be considered. 
namely [1 ] (i) Apba'2, (ii) A pba'2 ' and (iii) A pb'a2 '.

Of these (i) can be ruled ou t im m ediately as in 
this space group the c axis would be the preferred 
direction, which is in contradiction with o ther experi­
m ental findings. Possible spin arrangem ents are 
shown in Fig. 7. (Note th a t both  space groups allow 
hidden canting.)

From  Fig. 7  it is clear th a t  a m agnetic structure 
w ith antiferromagnetic layers in the planes y  =  0  

and y  =  \  and w ith the b axis as the preferred axis 
can only be realized in space group (iii). Moreover, 
it was found th a t a satisfactory description of the 
observed magnetic intensities could only be obtained 
with space group (iii). I t  should be clear now th a t a 
canted spin structure is sym m etry allowed. How­
ever, its presence would require M x , the  x  component 
of the magnetic m oment of the  M n(II) ions to  differ 
from zero in a significant w ay and w ithin the 
accuracy of the diffraction d a ta  this could no t be 
established. The best fit to  the  da ta  was obtained 
with M x — M z — 0 and M y =  4.9(2) B.M. The final 
discrepancy indices for the nuclear and m agnetic 
structures were i ? n u c i = 1 7 %  and i?magn =  26% 
respectively.

The value of B nuci seems fairly high for a struc­
ture  whose essential features are claimed to  be well 
known and this requires some additional comment. 
During the refinement process the positional 
param eters as found for the isomorphous Co (II) 
complex were used. Although we believe the

Fig. 7. Possible spin arrangements for the space groups 
Apba'2' (ii) and Apb'a2' (iii). (N .B. All spins are perpen­
dicular to the c axis due to the presence of a 2' axis).
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structures of the Co(II) and Mn(II) complexes not 
to  differ essentially as we have argued already, 
there are apparently  some small differences, which 
are reflected in the high i?nuci value. Therefore, in 
order to ex tract the m axim um  am ount of inform a­
tion contained in the neutron diffraction data , a 
X -ray single crystal s tudy  of the Mn complex will 
be undertaken.

d) Deviations from the Ideal Two-Dimensional  
Behaviour

Finally we will make a comparison between 
M n(II)trz2 (NCS)-2 and o ther two-dimensional Mn 
compounds as regards deviations from the ideal 
two-dimensional Heisenberg antiferrom agnet. Such 
deviations usually show up as an increase of T-^/6, 
the  relative transition tem perature [11]. Using our 
experim ental determ ination of J /& =  — 0.25 K  we 
have T n/0 =  0.56 for the  title  compound. This value 
is quite a bit higher th an  those found for other 
two-dimensional Mn compounds, which are in the 
range 0.38 (BaMnF.4) — 0 .4 4 (R b2M nF4 ) [11]. This 
implies th a t in our case there is a significant 
departure from the ideal behaviour. This deviation 
m ay be caused by interlayer couplings.

However, an estim ate of the interlayer coupling 
J '  can usually not be obtained experim entally in 
the present case. Therefore we have tried to estim ate 
J '  from the interlayer dipolar coupling, ignoring 
the effect of interlayer exchange whose influence 
will be very small as has already been pointed out 
in the  discussion of the crystal structure. Dipolar 
interaction energies were calculated numerically 
by Blöte [16]. The results of these calculations are 
as follows: M n(II) ions in the plane y  =  0 contribute 
E ü i p l B = —0.0737 K . F or a plane y = - ^ z \  the 
contribution is — 0.0068 K . Sufficient convergency 
was reached with a circle of radius 100 Ä. The 
contribution of other planes appeared to be negligible 
since a value for E^ip/R — 0.0873 K  was obtained 
for a sphere of radius 50 Ä.

The ratio E dip/R (y =  +  \  and y =  — |)/-£Jmag/-R 
=  2 X 10~ 3 seems to  provide a reasonable estim ate 
for [ J ' / J  I, and a similar value was found indeed 
from prelim inary calculations on the metam agnetic 
transition  in the isomorphous Co(II)(trz)2 (NCS)2 

[17], Comparing th is value for \ J ' IJ \  w ith our 
experim ental result ^ a / ^ e  =  0.04, we expect th a t 
the anisotropy is probably the most im portant 
param eter in determ ining the value of 7V/0.

Two im portant sources of anisotropy are crystal 
field effects and dipolar anisotropy. In  order to 
determine the contribution from the la tte r the  
dipolar energies were calculated assuming two 
antiparallel sublattices, aligned along the three 
orthorhombic axes. I t  was found th a t:

Edip/R — — 0.0304 K  (sp ins//a),

Edip/R =  — 0.0873 K  (spins//6 ) ,

Edip/R =  -T 0.1178 K  (spins//c).

From  these results it is clear th a t, as far as the 
dipolar energy is concerned, the b direction is the 
most favourable one and th a t the a direction is the 
next preferred direction. By means of the relation 
H  — 2 Edip/N g [in S  a dipolar anisotropy field 
H a , dip =  0.34 kOe is calculated.

From  the fact th a t this is much less th an  the 
experimental value H a  =  1.43 kOe, we m ay con­
clude th a t there is a considerable contribution due 
to crystal field effects, originating from the local 
environm ent of the M n(II) ions. We have tried  to 
determine this contribution by E .S.R . m easure­
ments on a M n(II) doped Zn(II) compound.

The spectrum  did no t allow an accurate de ter­
m ination of the zero-field splitting D, as the 
distortion of the MnNe octahedra appears to  be 
mainly tetragonal. D  was estim ated to  be 0.03(1) K, 
yielding H \  — 2DS/g/iiB =  1.0(3) kOe. This value 
should be handled with care, as the local environ­
m ent of the  M n(II) ions in the Zn(II) compound 
m ay differ from th a t in the m other compound.

Nevertheless, we believe th a t  these results 
indicate th a t the local environm ent of the M n(II) 
ions is the  main source of anisotropy in this com­
pound.

Conclusions

The compound M n(trz)2 (NCS)2  shows two- 
dimensional properties as is to  be expected from its 
molecular structure. From  magnetic measurements 
the intralayer exchange constant J/Jc= —0.25(1) K  
is obtained. H eat capacity m easurements yield a 
slightly lower value J f k  =  — 0.23(1) K. In terlayer 
couplings will be small and from dipole calculations
I J ' / J  I is estim ated to  be 10- 2  —10-3. For the 
anisotropy param eter H \ j H e the ra ther high value 
of 0.04 is found and therefore the anisotropy is 
considered to be m ost im portant deviation from the
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ideal two-dimensional Heisenberg behaviour. The 
two main contributions to the anisotropy field 
H a =  1.4 kOe are shown to  be from dipolar in ter­
actions (0.3 kOe) and from crystal field effects 
(1 kOe), the  la tte r due to  the local environm ent of 
the M n(II) ions. The tilting of the MnNß octahedra 
could be responsible for an anom aly in the m agneti­
zation curve measured along the preferred direction 
below T y  above the spin-flop field. A more rigorous 
proof of this assum ption m ay be obtained from
E.S.R. m easurements and from measurements of 
the angular dependency in the a-b plane of the 
m agnetization curve. Such experim ents will be 
performed in the near future.
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Additional Note, by G. M. Nap.
(Kamerlingh Onnes Laboratorium , Leiden,
The Netherlands.)

Various properties make the  presen t series of 
compounds M (II)(trz)2 (NCS)2 very suitable for 
heat capacity measurements. A part from the speed 
with which therm al equilibrium is reached in the 
actual measurements, the values of TV are suffi­
ciently low to perm it a reasonably accurate separa­
tion of the magnetic and lattice contributions to  the 
specific heat. When, as in the present case, a series 
of isomorphous compounds is studied, the  deter­
m ination of the lattice specific heat will be even 
more reliable.

I t  has been found so far th a t all compounds of 
the series are antiferrom agnets w ith a two-dim en­
sional character, except for the Cu(II) complex. The 
Co(II) and Fe(II) complexes both possess a ground 
sta te  with an effective S'  =  Their T y  values are 
5.70 K  and 8.46 K  respectively. For the N i(II) and 
M n(II) complexes these quantities are found to be
10.2 K  and 3.29 K  respectively. In  contrast to  the 
above mentioned group of four compounds, the 
Cu(II) complex appears to behave like a two- 
dimensional S — b Heisenberg ferrom agnet, with 
T n ^  0.8 K  [18],
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