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From the knowledge of the spin correlation functions derived from Mössbauer relaxation spectra of 
quasi-one-dimensional A2MnoyxFe()()2F<i(H20) we could fit the antiferromagnetic susceptibilities 
of A2MnF5 (H20) with A = Na , (NH4)+, K+ , Rb+ obtained for single crystal samples. The calculation 
yielded characteristic parameters such as the local anisotropy D, the intra-chain exchange energy J, the 
inter-chain exchange energy \ J'\, the Neel temperature TN, and the spin canting angle (p. 
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Introduction 

In the following we present efforts to calculate the 
magnetic susceptibility from experimentally determined 
spin correlation lengths in 1-d fluoromanganates(III), 
and we will discuss results for the antiferromagnetically 
ordered compounds A 2 M n F 5 ( H 2 0 ) and A M n F 5 ( H 2 0 ) 
with A = Na, NH 4 , K or Rb and A = Sr, Ba or enH 2 , 
respectively [ 1 - 5 ] . In the light of this discussion, we will 
get back to previously reported studies of the 5 7Fe 
Mössbauer effect in the iron-doped compounds of 
A 2 M n ( ) 9 8 F e 0 0 2 F 5 ( H 2 O ) and AMno.98Fe0.o2F5 ( H 2 0 ) 
[6 -12] , where we investigated the spin-dynamics and 
non-linear excitations (solitons) in these compounds. 
From the analysis of Mössbauer relaxation spectra based 
on the classical soliton model [ 1 3 - 1 8 ] we were able to 
determine the activation energy for such a soliton from 
the temperature dependence of the spin-fluctuation rate 
in the antiferromagnetic 1-d phase even of powder sam-
ples [ 8 - 1 0 , 12, 19-21] . 

Structural Properties of A ,
2/AIIMnF5(H20) 

The Jahn-Teller theorem is applicable to the degener-
ate ground state of manganese(III) complexes with octa-
hedral symmetry. In case of Mn 3 + (3d4) with S = 2, the 
5 D 0 term is split in an octahedral field to yield a 5Eg 

ground state and a 5 T 2 g excited state [22, 23], If the oc-
tahedral symmetry of the ligand field is reduced by the 

Jahn-Teller effect to axial symmetry, (the octahedra are 
remarkably lengthened in the bridging direction), the or-
bital degeneracy of the 5E g ground state is removed. If 
the x and y axes point at the in-plane fluorine ligands, the 
d-orbitals will be arranged such that dxz, and dv z remain 
degenerate, followed by dx v and d,2 and finally by dx2_yi 

as the most destabilized antibonding orbital. For a com-
pressed octahedral arrangement the dx2_y2 orbital is sta-
bilized. In this scheme the four 3d-electrons will gener-
ate a ''Big or 5 A l g ground state for axially elongated or 
compressed octahedra, respectively [11]. 

When mixing of the ground and excited states becomes 
important, the susceptibilities differ f rom the spin-only 
prediction and become anisotropic due to the existence 
of a local anisotropy (zero-field splitting) [8]. 

A common feature of all fluoromanganates(III) with 
the general formula A I

2 /A I 1 MnF 5 (H 2 0) is that they 
are built from infinite chains of trans comer-linked 
[MnF 4 F 2 / 2 ] 2 - octahedra, with individual chains being 
separated by alkaline (A+) or earth alkaline (A 2 + ) ions 
[11]. In our case of A 2 M n F 5 ( H 2 0 ) these counter-ions 
are Na+ , (NH4)+ , K+ , and Rb+ . Due to the Jahn-Teller 
effect, the long axial Mn-F a x bonds of the distorted 
[MnF 4 F 2 / 2 ] 2 _ octahedra all lie along the chain direction, 
which yields a ferrodistortive [32] arrangement. An in-
crease in size of the counter-ion results in a widening of 
the (Mn-F a x-Mn) bridging angle y f rom 132.5° for 
Na 2MnF 5 to 175.4° for R b 2 M n F 5 ( H 2 0 ) (see Table 1)[3], 
The coordination around Mn(III) is very nearly axially 
symmetric (D4h). The EPR-spectra for a single crystal of 
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Table 1. Structural data in the following order: Mn-F-Mn bridge angle y, Mn-Mn intrachain distance, Mn'-Mn interchain dis-
tance, Mn-F terminal bond Mneq, the Mn-F bridge bond M n a , and the space group SG. 

Compound y[° ] M-M [Ä] M'-M [Ä] M e , [A] Ma x [A] SG Ref. 

Na2MnF5 132.5 3.860 5.236 (2x) 
6.029 (4x) 

1.851 2.103 P2,/c [3, 24] 

(NH4)2MnF, 139.4 3.974 6.199 (4x) 
6.232 (2x) 

1.844 2.114 Pnma [3, 25, 26] 

(ND4)2MnFs 139.5 3.973 6.199 (4x) 
6.227 (2x) 

1.841 2.118 Pnma [27, 28] 

enH2MnF5 159.5 4.239 6.153 (2x) 
6.260 (2x) 

1.838 2.154 Cccm [5, 10] 

K2MnF5(H20) 163.2 4.107 6.000 (2x) 
6.123 (2x) 

1.846 2.076 P2,/m [3, 29, 30] 

Rb2MnF5(H20) 175.4 4.174 6.235 (2x) 1.848 2.089 Cmcm [3,31] 
8.002 (2x) 
9.383 (2x) 

(NH4)2MnF5 (space group Pnma, Z = 4 ) were found to be 
nearly isotropic with signals at g values of g ± =2 .002 and 
g„= 1.997 [33). 

For orthorhombic symmetry, the influence of zero-
field splitting on the measurable magnetic properties can 
be accounted for by addition of two terms to the isotrop-
ic exchange interaction. The Hamiltonian for the single 
chain in a magnetic field may be written in the form 

& = Z I " 2 J S> 5<+1 + D ( ~ } Si(5< + 

+ E(Slx-Sty)-gnBHSi}, (1) 

where S and SY (=x, v. z) are spin operators related to the 
actually occupied energy levels. The chain direction is 
along the z axis. The first term in (1) represents an iso-
tropic Heisenberg exchange interaction between two 
neighbouring spins in the chain. D and E are the axial 
and orthorhombic crystal field parameters. The single-
ion-type anisotropy may arise from the crystal potential. 
Since the equatorial Mn-Fe q distances in the plane per-
pendicular to the z axis differ only by less than 0.1% we 
will neglect the orthorhombic anisotropy E (third term in 
(1)) in our discussion. The fourth term in (1) represents 
the Zeeman-interaction. 

As has previously been shown for Mn(III) chain com-
pounds of the type A ^ M ^ M n F ^ H j O ) [21], it follows 
that IDI > Eand | J\ > \ D \. The model given in (1) is there-
fore a valid approximation to describe the properties of 
a 1-d Mn3 + magnetic system. 

Correlation Length 

In previous papers [6 -12 , 19-21] we demonstrated 
that Mössbauer spectroscopy is a suitable method to 
study non-linear excitations in one-dimensional antifer-
romagnetic chain compounds of A'2Mn(III)0 98Fe(III)0 0 2 

F 5 ( H 2 O ) a n d A I I M n ( I I I ) 0 9 8 F e ( I I I ) 0 . 0 2 F 5 ( H 2 O ) . 
The characteristic Mössbauer parameters as quadrupole 

splitting and magnetic hyperfine field H are listed in Table 
2 or are given in [6-12, 19-21], The detailed theoretical 
analysis of domain wall dynamics and solitons in magnet-
ic chains with a large local anisotropy D shows that, in a 
certain range above the critical temperature TN , the density 
of K domain walls and their motion determines the spin au-
tocorrelation function (5(0)5(0) , which is obtained by 
measuring the fluctuating hyperfine field H(t) ^ 5(f). The 
temperature dependence of the Mössbauer spectra for a rep-
resentative powder sample of (NH4)2Mn0 9 8Fe0 02F5 (one 
of ten investigated fluoromanganates(HI) compounds) is 
shown in Figure 1. The Mössbauer spectra could success-
fully be fitted, as for all other compounds, by adopting the 
Blume Tjon relaxation model [34-36], in which it is as-
sumed that the hyperfine field jumps stochastically with a 
flipping rate T between the two possible value +Hht- and 
-H h { . This takes into account a time-dependent Hamilton-
ian [36], Thus, the hf interaction is replaced by a fluctuat-
ing effective field, and the increase in the fluctuation rate 
causes line broadening, asymmetric spectra, and related 
phenomena [ 16]. In doing so, the Mössbauer spectra could 
be fully fitted at all temperatures, with the spin fluctuation 
rate r and the ratio of the probabilities that +Hh { jumps to 
- H m and vice versa, as the only adjustable, temperature-
dependent parameters. 
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Table 2. Experimentally determined parameters in the following order: complementary angle 5 by X-ray diffraction [3], static 
Mössbauer parameters of the magnetic hyperfine field Hh{, the quadrupole splitting AE^ at 4.2 K, and the calculated thermal ac-
tivation energy EA/k from the relaxation spectra on the basis of the classical soliton theory. Parameters obtained by measurements 
on powders and single crystals for the 1-d antiferromagnetic intrachain exchange constant J and the soliton energy £s, the aniso-
tropy constant D. the Neel temperature 7"N, the interchain exchange constant J', the ratio J'/J and the canting angle (p derived 
from (15), respectively. The anisotropy constants in Table 2 are to compare with the averaged value D/k = 2.75(3) K derived from 
Mössbauer spectroscopy (see Figure 3). 

C o m p o u n d X-ray M ö s s b a u e r e f f ec t Magnet ic s ing le crystal measurements 
measurements on p o w d e r s 

<5=( 180-y) /2 Hht A EQ EA/k J/k EJk D/k Ts \J'\ \J'IJ\ <pM 

[°1 [kOe] [ m m / s ] [K] [K] [K] [K] [K] [K] [°] 

N a 2 M n F , 2 3 . 8 5 4 5 ( 3 ) 1 .118(7 ) 140(3 ) - 8 . 8 ( 2 ) 7 0 ( 1 ) - 2 . 8 5 ( 5 ) 9 . 2 ( 3 ) 1.4 1.6 10" -4 5 ( 2 ) 
S r M n F 5 ( H 2 0 ) 20 .1 5 4 2 ( 3 ) 0 . 7 9 0 ( 7 ) 158(3 ) - 1 0 . 1 ( 2 ) * ) - - 8 . 1 ( 3 ) 2 .2 lO- 3 2.1 10" 4 

-

( N H 4 ) 2 M n F s 2 0 . 3 5 2 5 ( 3 ) 0 . 7 2 0 ( 5 ) 166(3 ) - 1 0 . 6 ( 2 ) 86 (1 ) - 2 . 8 0 ( 5 ) 8 . 5 ( 3 ) 2 .7 lO- 4 2 . 6 10" 5 
4 ( 1 ) 

( N D 4 ) 2 M n F , 2 0 . 3 5 2 7 ( 3 ) 0 . 7 2 3 ( 7 ) 163(3 ) - 1 0 . 3 ( 1 ) 85 (1 ) 2 . 7 4 ( 5 ) 9 . 0 2 .7 lO"4 4 . 6 
B a M n F 5 ( H 2 0 ) 16.2 5 2 8 ( 3 ) 0 . 8 3 5 ( 5 ) 170(4) - 1 2 . 8 ( 2 ) * ) - - 11.5(5) 2 . 7 10- 3 2.1 10" 4 

-

enHTMnF<; 10.3 5 3 2 ( 3 ) 0 . 9 9 1 ( 6 ) 184(3 ) - 1 3 . 6 ( 2 ) 9 5 ( 2 ) - 2 . 8 2 ( 5 ) 14 .5(5) 5 .5 lO"3 4.1 10 - 4 2 ( 1 ) 
K 2 M n F , ( H , 0 ) 8 . 4 5 3 5 ( 3 ) 0 . 7 9 9 ( 7 ) 2 0 9 ( 4 ) - 1 7 . 0 ( 2 ) 102(2) - 2 . 7 3 ( 5 ) 14 .5(5) 7 .5 l O ' 3 4 . 4 10" 4 KD 
R b 2 M n F , ( H 2 0 ) 2 .3 5 2 1 ( 3 ) 0 . 8 4 0 ( 5 ) 2 3 4 ( 5 ) - 2 0 . 0 ( 2 ) 122(2) - 2 . 8 0 ( 5 ) 2 2 . 8 ( 3 ) 1.6 10-2 

8 . 3 10" 4 
0 ( 1 ) 

C s 2 M n F , ( H 2 0 ) 0 . 0 5 2 5 ( 3 ) 0 . 8 5 0 ( 5 ) - - 1 7 . 8 ( 3 ) * ) - - 16 .5(5) -

*) P o w d e r sample . 

Based on the classical soliton theory [16, 3 7 - 4 5 ] 
we discussed and analyzed the spin fluctuation rates T 
for NaMno.08Feo.o2F5 [12], (NH4)2Mn0.98Feo.o2F5 [9], 
enH2Mn0.9gFe0.02F5 [10], K2Mn0.98Feo.o2F5(H20), and 
Rb 2 Mn 0 9 9 Fe 0 0 1 F 5 (H 2 O) [8], We want to emphasize that 
a feature of our experimental results is the observation 
of two subspectra, each of which shows a separate relax-
ation mechanism. Approaching the magnetically split 
phase from above one observes the apparent coexistence 
of contributions from the paramagnetic and magnetical-
ly ordered phase. This transition is accompanied by slow 
and fast relaxation phenomena, which may be attributed 
to non-linear excitations of domain walls. This unusual 
behaviour is observed in (NH 4 ) 2 Mno. 9 8 Fe 0 0 2 F 5 between 
9 and 13 K (Figure 1). There appears a central asymmet-
ric doublet due to faster relaxation. Above 13 K, the in-
tensity of the slowly relaxing subspectrum becomes neg-
ligible, such that only a single spectrum is sufficient to 
fit the experiment. These features were in common for 
all our samples studied by Mössbauer spectroscopy and 
were also observed by de Jongh and his group [16-18] . 
The Mössbauer spectra were assumed to consist of two 
subspectra with equal static parameters but different re-
laxation rates. 

To obtain the fliprate T from the measured spectra we 
have employed, as mentioned above, the Blume andTjon 
model. The spin fluctuation rate F is defined as (see for 
example de Groot [16]) 

where ns is the soliton density, 

[8 1 Es -Es n, = — I exp -
VTT d MkT kT 

vs the soliton velocity: 

4 | y | s 

(3) 

(4) 

2 kT 

d the width of a domain wall: 

d = 4\J\S 

and Es is the soliton energy: 

E=4Sl J\D • J\ . 

(5) 

(6) 

For the inverse correlation length £ 1 (see (2)) it follows 
that 

~ES 

kT 
• (7a) 

Therefore the spin fluctuation rate T derived f rom the 
Mössbauer spectra can be expressed by 

r = 2 « s v s = v s £ - (2) 

2 ID R = 2 AZ, v, = —— J • S I — • exp 
Vtt V J 

EA 
kT 

(8) 
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Fig. 1. Representative Mössbauer 
spectra for ( N H ^ M n o ^ Fe002F5. 
The continuous line represents a 
least-squares fit to the applied relax-
ation model of Blume and Tjon 
[34-36], 

In our earlier papers it has been shown that this spin fluc-
tuation rate, resulting from non-linear excitations, ap-
pears both in ferro- and antiferromagnetic Ising-like 
chain systems at temperatures roughly between Tc and 
3 Tc, where Tt is the three-dimensional ordering temper-
ature. The activation energy £ A , as determined from the 
electronic fliprate as a function of inverse temperature 
(see (8)). was systematically found to be twice the ener-
gy £ s of a single soliton. that is it corresponds to the en-
ergy of a soliton pair [46. 47], This result is in contrast 
to the ideal gas description predicting the activation en-

ergy to be that of a single soliton. In the ideal soliton ap-
proximation [48] it is supposed that the solitons are 
present on the basis of entropy considerations, and their 
displacement is responsible for the spin fluctuations. 
Since the soliton pair excitations appear to be thermally 
activated, it is most probable that the coupling between 
the phonon bath and the spin system is responsible for 
their creation and annihilation. The present chain systems 
show spin-orbit coupling, which may provide for the 
thermal link between the phonon and the spin system 
[49], 
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v SrMnF5(H20) 
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0.05 0.075 

Inverse Temperature Cl/Kl 

Fig. 2. Relaxation rate (fliprate) versus inverse 
temperature for Na2Mn098Fe002F5, (NH4)2 
Mn0 9XFe() ()2F5, SrMna98Fe() 02 F5 (H20), enH2 
Mn0yxFe0( )2F5, K2Mn0yxFe002F5(H2O), and 
Rb2Mn() cWFe0 01F5(H2O). The slopes of the ex-
ponentials were calcufated by a least squares fit. 
Their values represent the activation energies 
which are to be compared with the soliton ener-
gy Es. 

The second subspectrum, a asymmetric doublet re-
laxes fast and shows a temperature independent relax-
ation rate. We had identified this subspectrum with the 
intra-band excitations discussed by Nagler et al. [50]. 
The level splittings in this soliton pair band are small 
with respect to the temperature, resulting in a fast re-
laxation behaviour. We remark that these rapid fluctu-
ations have to be restricted to only parts of the chain 
during the characteristic Mössbauer time, since other-
wise the slowly relaxing component would simply be 
not present. It is worthwhile to comment that the fast 
relaxing doublet disappears if a magnetic field is ap-
plied. This is expected, since an applied field polarizes 
the spins and lifts the degeneracy of their energy 
levels. 

In Fig. 2 we present the relaxation rate versus in-
verse temperature for the 57Fe doped compounds of the 
fluoromanganates(III) mentioned above. Additionally, 
we present up to now unpublished measurements for 
SrMnF5(H20), BaMnF 5 (H 20) in Fig. 2 [21], The slopes 
for the exponentials are 2£ s . It follows from the plots of 
ln(F) vs. MT that the soliton energy £ s may be deter-
mined directly from Figure 2. The derived activations 
EJk are listed in Table 2. 

The results obtained by the classical soliton theory (see 
(2)—(8)) are only strictly valid in the low temperature re-
gion (T—>0) [16], since it requires the solitons not to 

60 ! | , | , | , | , | , | , , , , , | , , 

10 12 
-J/k CK] 

Fig. 3. The relationship between the activation energy 
£ a =(2£ s ) 2 and the antiferromagnetic 1-d exchange constant 
|/ | . From a linear least squares fit we derive from the classical 
soliton model Es=4S2 (\DJ\)2 the local anisotropy energy 
ID/*| = 2.75(3) K. 

interact (see above). The application of (7a) for higher 
temperatures (higher soliton density) is therefore rather 
questionable. For higher temperatures a boundary con-
dition is, that the inverse correlation length for 
7 - » \ J | S(S+ \)!k turns continuously to an isotropic be-
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100 150 200 

Temperature TOG 

Fig. 4. Magnetic susceptibility in the three 
crystallographic axes vs. temperature for 
Rb2MnF5 (H20). The solid lines are calculat-
ed by the model given in the text with the pa-
rameters of the anisotropy constant 
D/k=-2.95(3) K, the exchange constant 
J/k=-20.l(3) K, the Neel temperature 
7*N = 22.8(5) K, the spin canting angle 
(p=0.0(5)°, and the soliton energy 
Es/k = 117(3) K. The solid line of XH repre-
sents the solution for the isotropic Heisen-
berg model. 

haviour predicted by the Heisenberg model [51, 52] and 
given by: 

< r ' = - i n coth 
2 | 7 | S ( S + 1 ) 

kT 
kT 

2 | J | S ( S + 1 ) 
• (7b) 

From this simple model of isotropic spin interactions we 
had calculated the exchange constants near T(%max) 
many years ago [3]. Figure 3 shows now the correlation 
between the activation energy (2£ s ) 2 derived from the 
classical soliton model and the antiferromagnetic 1-d ex-
change constants J (see Table 2). From a linear least 
squares fit (Fig. 3) we derive the local anisotropy ener-
gy | D/k| = 2.75(3) K. 

We can test the predictions of the soliton theory (see 
(2)—(8)) by calculating the magnetic susceptibilities 
from the temperature dependence of the inverse correla-
tion length %~l(T) and compare these with experimen-
tal results obtained from magnetic measurements on sin-
gle crystals of the fluoromanganates(III). 

Magnetic Susceptibility along the Chain-direction 

In Figs. 4. 5. and 6 we present the magnetic suscept-
ibilities as examples for single crystals of Na 2 MnF 5 , 

(NH 4) 2MnF 5 , and R b 2 M n F 5 ( H 2 0 ) . Previously [9] we 
reported magnetic investigations on single crystals of 
(NH 4) 2MnF 5 , ( N H 4 ) 2 M n 0 9 8 F e 0 0 2 F 5 , and enH 2 MnF 5 

[10]. The magnetic studies on single crystals of Na 2 MnF 5 

(15 mg), (NH 4 ) 2MnF 5 (40 mg), enH 2 MnF 5 (12 mg), 
K 2 M n F 5 ( H 2 0 ) (11 mg), and R b 2 M n F 5 ( H 2 0 ) (20 mg) 
were performed with a SQUID magnetometer [53] in the 
temperature range 1 .7-330 K and external fields up to 
±55 kG. The experimental procedure for determining the 
Neel temperatures has been described in detail in [12]. 
These transition temperatures 7"N are listed in Table 2. 

The experimental X\\(T) data for Na 2 MnF 5 , 
(NH 4) 2MnF 5 , and Rb 2MnF 5 ( H 2 0 ) represent the suscept-
ibilities along the chain directions a, b, and c, and Xi.iT) 
are the perpendicular susceptibilities along the b and c or 
a and c or a and b axes, respectively. In the 3-d ordered 
magnetic phase the hierarchy of the x± components is for 
example as follows: Xh>Xc f ° r Na 2 MnF 5 , Xa>Xc f ° r 

(NH 4 ) 2MnF 5 , and xa>Xh for R b 2 M n F 5 ( H 2 0 ) . 
If the temperature dependence of the correlation length 

is known (see (7a)), the static pair-correlation function for 
the compounds in question may be determined. Accord-
ing to Fisher [51. 54] the correlation function is given as 

5 ( 5 + 1) Cr(T) = (SQ S:
r) = 

3 
e x p ( ~ s ) ' (9) 

(r = 0,1, 2 oo) 
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Temperature TCK] 

Fig. 5. Single crystal magnetic susceptibility 
of (NH4)2MnF5 for the three crystallographic 
axes vs. temperature. The curves are calculat-
ed from the present model. The obtained pa-
rameters are the anisotropy constant D/k = 
-2.85(3) K, the exchange constant J/k = 
-10.6(1) K, the Neel temperature 7N = 8.5(2) K, 
the spin canting angle cp=4.6(2)°, and the so-
liton energy EJk = 83(2) K. The solid line of 
Xw represents the solution for the isotropic Hei-
senberg model. 

75 100 125 

Temperature TCK] 

Fig. 6. Single crystal magnetic suscepti-
bility of Na2MnF5 for the three crystallo-
graphic axes vs. temperature. The solid 
lines are calculated with the parameters of 
the anisotropy constant D/k = -2.85(4) K, 
the exchange constant J/k = -8.8(2) K, 
the Neel temperature TN = 9.2(2) K, the 
spin canting angle <p = 5(l)°, and the soli-
ton energy £s = 70(3) K. The solid line Xu 
represents the solution for the isotropic 
Heisenberg model. 
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103 

Temperature TCK] 

Fig. 7. Temperature dependence of the cor-
relation lengths (NH4)2MnF5 and Rb2MnF<j 
(H20). At theoaverage shortest metal-metal 
distance of 4 A the points of intersection cor-
respond to the values of T{xm i X) . 

where (8) describes the degree of correlation between a 
reference spin S0 and a varying (fluctuating) spin Sr at 
the distance r. 

According to Steiner et al. [42] the susceptibility of a 
1-d antiferromasnet follows 

Xn(T) = 
Ng2fi2

BS(S+ 1) 
1 - exp | 

3 kT 
1 + exp | r!l 

(10) 

For ^ —>0 and T^JS(S+ l)/k~T(xmax), X\\ smoothly 
approaches the Curie law. The term (5 (5+ l ) /3 ) 
• exp ( - l / £ ) represents the correlation function ( S Q S o f 
(9). b0 is the shortest metal-metal distance along the 
chain direction. According to (7a) we find the relation 

e x p i - % 1 O D 

If we insert this expression, derived from the soliton 
model (see (7a)). in (10), the calculation yields the par-

allel component of the magnetic susceptibility, which 
is represented by a solid line in Figs. 4 - 6 and has been 
labeled X\\• For Na2MnF5 the simulation of the magnet-
ic susceptibility X\\ by (9) is excellent. For (NH4)2MnF5 

the theoretical values according to (10) come close 
to the maximum of the magnetic susceptibility at T= 
T(xmax) = S(S+l)\J\/k = 63K. For Rb 2 MnF 5 (H 2 0) 
with T(xmax) — 128 K the correlation function used in 
(10) breakes down for temperatures higher than 
60 K. 

For comparison we have also plotted the results for the 
magnetic susceptibility Xw according to the Heisenberg-
model (see (7b)) in Figs. 4 ,5 , and 6. It is valid for T> T(-
Zmax) s ' n c e th e effective spin-correlations along the chain 
vanish at T(x m a x ) . The correlation length £ 
for temperatures T=\J\ S(S+ 1 )/k is smaller than the 
average intermetallic Mn ? + -Mn , + distance of 4 Ä. This 
is demonstrated in Fig. 7 for the compounds of 
(NH4)2MnF5 and Rb 2 MnF 5 (H 2 0) , where the calculated 
correlation lengths of the classical soliton model (7a) are 
plotted as functions of temperature T. The parameters D, 
J, and £ s found from the least squares fit are given in Ta-
ble 2. As starting parameters we used D and Es derived 
from our Mössbauer relaxation spectra. 
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Fig. 8. Reciprocal correlation length l/£ for (NH4)2MnF5 vs. 
T. The lower solid line is the solution (7a) from the classical 
soliton model. The measuring points of were recalculated 
from single-crystal susceptibility measurements (11)-( 12). Ad-
ditionally, the solution for the 1-d Heisenberg model is shown. 

Additionally, we have recalculated the correlation 
lengths from (9) using the relation 

£-» = l n { ! ^ A l with A = . (12) 
11 + A J Ng2ß2

BS(S +1) 

Inserting in (12) the measured values X\\> w e obtain the 
temperature dependence of derived from the mag-
netic susceptibility. These calculated values were insert-
ed in Fig. 8 as points. The comparison confirms that the 
analytical form (T) derived from the spin dynamics 
is not very different and describes X\\ nicely, at least in 
the low temperature region (Figure 8). For large temper-
atures T-^T(xmax) analytical form of (7a) failed, es-
pecially for compounds with large T(%max) values. 

Figures 4, 5, and 6 demonstrate that the correlation 
lengths determined on the basis of the soliton model de-
scribe the parallel component of the magnetic suscepti-
bility correctly for temperatures below 60 K. 

For higher temperatures (T> 60 K) where the wall sep-
aration is comparable to the wall width, that is £ ~ b0, one 
has to take interactions between the solitons as well as 
simultaneous excitations of solitons and antisolitons (ex-

cited pair-states) into account [16, 18,46,47], In this tem-
perature regime, the soliton velocity vs is possibly slowed 
down due to the soliton-antisoliton and soliton-phonon 
interactions [16]. This demonstrates that at higher temper-
atures the classical soliton model breaks down. It is worth 
noting that for high temperatures within the 1-d phase the 
quality of fitting can be increased by assuming that the so-
liton velocity is nearly temperature independent. 

A series expansion in powers of ( k T / E s ) after Sasaki 
and Tsuzuki [55], which accounts for the existence of a 
magnon as well as a soliton contribution, does not improve 
the description of the temperature dependence of correla-
tion lengths or X\\ in the high temperature region. 

Griffiths [56] has suggested a perturbation procedure 
by which a semiquantitative description to the axial an-
isotropy might be built upon Fisher's classical Heisen-
berg model [51]. From his evaluation of the higher-order 
spin-correlation functions Smith et al. [52] and Kida et 
al. [26] derived for X\\ a ° d X± a n analytical expression. 
This expression, however, is in contradiction to our re-
sults and to the requirement of an exponential increase 
in the correlation length if one approaches absolute 
zero, or that for T—>0 the static correlation function 
should approach unity. The perturbation procedure by 
Griffiths is expected to be valid only where the anisotro-
Py X±~X\\'s n o t ' a r § e compared to the average suscep-
tibility (Zn+ 2 / ± ) / 3 , i.e. in a certain region below 
T{Xma\) within the 1-d antiferromagnetic phase. 

Since the pure 1-d antiferromagnet has no finite TN, 
irrespective of the symmetry of the Hamiltonian, the ob-
served transition is due to the weak interchain coupling 
J'. Nevertheless, the value of TN is directly related to the 
1-d correlation length ^ (T) along the chain, as follows 
from the relation 

kTN=\J'\S(S + \)-^(T^), (13) 

which equates the thermal energy at 7"N to the interaction 
energy between correlated chain segments on adjacent 
chains [45], Because the Neel-temperatures TN of 8.5(2) 
and 22.5(3) K and the 1-d correlation lengths £ 1 D ( r N ) 
are known from (7a), the inter-chain exchange energies 
| J'/k | for (NH 4 ) 2MnF 5 and R b 2 M n F 5 ( H 2 0 ) result to 
2.7(3) • 10"4 K and 1.6(3) • 10~2 K, respectively. The ra-
tio \J'\/\J\ = R, which is a measure for the one-dimen-
sionality of a magnet, results to 2.6 • 10"5 (NH4) and 
8.3 • 10~4 (Rb). 

In Table 2 we placed together the local anisotropy D, 
1-d exchange constant J, soliton energy Es, inter-chain 
exchange constant 7 ' , and Neel-temperature 7 N derived 
from our calculations. 
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Temperature TCK] 

Fig. 9. Fitting of the magnetic susceptibility of the powder 
sample of (NH4)2MnF5 with the relation (15) described in the 
text. As starting parameters the anisotropy constant and the Neel 
temperature were fixed and the susceptibility was varied as a 
function of J and (p. Finally, the susceptibility was calculated 
with the parameters of the anisotropy constant D/k-2.85(5) K, 
the exchange constant J/k- 10.4(2) K, the soliton energy 
EJk-85(2) K. the spin canting angle <p = 4.6°, and the Neel 
temperature 7N = 8.5( 1) K. 

Magnetic Susceptibility Perpendicular 
to the Chain-direction 

From our single crystal measurements we find, as men-
tioned above, that the spins are nearly antiparallel to the 
Z axis (chain direction), but they have small canted com-
ponents along the x or y axes (perpendicular to the chain 
direction) in the ordered state, which produce a weak fer-
romagnetism. Previously, magnetic measurements on a 
single crystal of (NH 4 ) 2 MnF 5 with the transverse detec-
tion unit of our SQUID system [53] showed that the fer-
romagnetic moment lies within the a, c plane for 7 < 7 N 

[21]. The canting angle (p is caused by the local aniso-
tropy producing a different preferential direction for the 
moments which are on different sublattices. This mech-
anism occurs when the local arrangement of the atoms 
around the sites of the magnetic ions are tilted with re-
spect to each other. 

The direction of local anisotropy for each sublattice is 
assumed to make an angle <5=(180°-y)/2 with the pos-
itive or negative z axis, where y represents the bridging 

angle (Table 1). If the preferred direction due to the an-
isotropy is the same for both sublattices (5=0) , the cant-
ing angle (p is evidently equal to zero. An increase of Ö 
also increases the canting angle. If, on the other hand, the 
exchange interaction J is zero, it is easily seen that 8=cp. 

To describe the spin behaviour one has, as mentioned 
above, to solve the Hamiltonian of a magnetic chain for 
orthorhombic symmetry. Due to the isotropy within the 
plane perpendicular to the chain axis (E=0) we can con-
struct the following expression for the susceptibility per-
pendicular to the chain axis. According to Moriya [57] 
the magnetic susceptibility of a canted system may be 
described by the sum of two contributions, namely an 
antiferromagnetic and a ferromagnetic part. Each of the 
contributions must be multiplied with an appropriate fac-
tor to take the value of the susceptibility component along 
the particular axis into account. For our description of 
the experimental susceptibility data on the weak ferro-
magnetic chain compounds, we used the correct theoret-
ical expression for the 1-d Heisenberg model, multiplied 
with the factor (1 — sin2<p) [57]. Following Moriya [57], 
the ferromagnetic component can be described by a term 
C / ( 7 - 7 N ) multiplied with the factor sin2(p, where C is 
the Curie constant. In our case, for x± it follows that 

Xi = 
Ng2 n2

BS(S + \)(\-sm2(p) 1-expl^H1} 
3 kT 

Ng2ßiS(S +1) . 2 + —L — sin (p , 

- l 
1 + e x p { ^ H 

(14) 
3 k(T-TN) 

where ^H' represents the inverse correlation length 
(see (9)) in the Heisenberg model. The Figs. 4, 5, and 6 
show the results for best fits of (14) to the experimental 
data for the perpendicular component of the magnetic 
susceptibility XL- F ° r Na 2 MnF 5 , (NH 4 ) 2MnF 5 and 
R b 2 M n F 5 ( H 2 0 ) values of 7 N = 9.5 K, 8.5 K or 22.5 K 
and (p = 5.1°, 4.8° or 0.4° have been taken into account. 

Considering (10) and (14), we can derive an expres-
sion calculating the magnetic susceptibilities of powder 
samples as is demonstrated for the case of (NH 4 ) 2MnF 5 

in Figure 9. The average magnetic susceptibility may 
then be written as 

Z P o w d e r ~ ~ (X\\ + 2 • X± ) 

= Ng2pjS(S+\) l [ l l - e x p ( r ' ) 
3k 3{T 1 + e x p ( £ - 1 ) 

l - e x p ^ S 1 ) 

(15) 

+ | | ( l - s i n 2 < p ) 
1 + e x p ( £ H ' ) 

+ 2 sin2 (p 

7 - 7 M 
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F ix ing as s tar t ing pa ramete r s the Neel t empe ra tu r e TN 

and the e x c h a n g e cons tant J, the ad jus t ab le p a r a m e t e r s 
are the an iso t ropy constant D, the sol i ton energy Es, and 
the spin can t ing angle (p. Finally we f o u n d f r o m the best 
f i t of (15) to the data: of ( N H 4 ) 2 M n F 5 : D/k = - 2 . 8 5 ( 5 ) K, 
j / k = - 1 0 . 4 ( 2 ) K, £ S = 8 5 ( 3 ) K , and <p = 4 .5° ( see F ig-
ure 9). T h e s e resul ts are in exce l len t a g r e e m e n t wi th our 
s ingle crystal study. 

In o rder to check our resul ts d i scussed above w e have 
s tar ted to p e r f o r m inelast ic neu t ron sca t te r ing exper i -
men t s at the Hahn-Mei tne r - Ins t i tu te at B E R - I I in Ber l in 
to d e t e r m i n e the magne t i c l inear [28] and non- l inea r ex-
ci ta t ions of ( N H 4 ) 2 M n F 5 . Howeve r , the inelast ic m a g -
net ic s ignals were weak and s t rongly h idden by the large 
incoheren t backg round caused by the h y d r o g e n a toms . 

A f t e r the avai labi l i ty of large deute ra ted s ingle c rys ta l s 
(1.5 g) of g o o d quality, which have been cha rac te r i zed 
c rys ta l lographica l ly by elast ic neut ron d i f f rac t ion [27] , 
the s tudy of inelast ic neut ron scat ter ing has been per -
f o r m e d on the c o m p o u n d ( N D 4 ) 2 M n F 5 . T h e resul ts , 
w h i c h will be pub l i shed e l s ewhere [58], are in exce l l en t 
a g r e e m e n t wi th our inves t iga t ions above . 
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