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Measurements of the °’Fe Mssbauer effect and magnetic susceptibility have been performed on
57Fe-doped quasi-1-d antiferromagnetic chains of Li,MnF; and Na,MnF, as a function of temper-
ature. The Mossbauer spectra, fitted by the Blume-Tjon model, show definite relaxation effects near
the Néel temperature, which are attributed to short-range order with temperature-dependent relax-
ation times. The soliton model of non-linear excitations was applied. Experimental data confirm the
predicted exponential temperature dependence of the thermal excitation of moving domain walls.
From the activation energies E3/k? as a function of 1-d exchange energies J/k the local anisotropy
energy D/k of —3.7(2) K was derived on the basis of sine-Gordon theory. This result is in fair
agreement with —3.5(1) K previously derived from magnetic susceptibility measurements. In the
light of our results there is some evidence that at low bridging angle & 102 (5)° a phase-transition
from antiferromagnetic to ferromagnetic ordering occurs.
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Introduction

Extended spin fluctuations can be observed over a
wide range of temperature in one dimensional mag-
netic lattices, and this is one of the interesting points
in the study of such a system [1-9]. In these com-
pounds, linear physics involving magnons or spin
waves appears to be insufficient to describe their phys-
ical properties, and non-linear physics becomes domi-
nant. Non-linear excitation, as a soliton, is the mag-
netic domain wall which is the transition region
between two different but energetically degenerate
ground states in magnetic systems with easy-axis an-
isotropy. In a ferromagnet, a n-soliton mediates a spin
up and spin down region. Similar n-solitons separate
degenerate ground state configurations of the antifer-
romagnetic chain, which are obtained by a simulta-
neous rotation of the spins of the two sublattices over
an angle 7. One uses the term soliton for the large
amplitude solutions of a non-linear differential equa-
tion, e.g. the sine-Gordon equation.

The static properties of the 1-d domain walls, with
wall energy E, and wall-width N, may be estimated
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from the corresponding Hamiltonian. Assuming that
the spin S is large enough to allow the approximation
of the quantum-mechanical spins by classical spin vec-
tors, the chain may be described by the hamiltonian

H=%(2JS8;S;.,+D(SJ+ES—S2), (1)

where S and S, (=X, y, z) are spin operators relating to
the occupied energy levels. The chain direction is
along the z axis. The first term represents an isotropic
Heisenberg exchange interaction between two neigh-
bouring spins on the chain. D and E are the axial and
orthorhombic crystal field parameters. The single-ion-
type anisotropy may arise from the crystal field poten-
tial. The orthorhombic term takes into account the
anisotropy in the plane perpendicular to the principal
axis. It can be shown that E < D and J > D for all
cases of interest here in which the magnetic moments
are directed along the chains. In the classical domain
wall theory [10] the wall energy E, from (1) with D > E
is simply the sum of the contributions due to the
exchange energy and anisotropy, yielding

E,=n*JS*N,+ N,DS?. ©)

Stability requires E, to be a minimum, and after min-
imization with respect to N one obtains [11]

E,=27nS2?|DJ|Y? and N,=n|J/D|'*. (3)
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In comparison with these results of the classical do-
main wall theory, solutions of the sine-Gordon equa-
tion yield [11]

E,=45%|DJ|'* and N,=|J/D|'? (4)

for the ferro- and antiferromagnetic chain systems. As
far as the static properties of the solitons are con-
cerned, there is no difference (except for a factor n/2)
at all between the various approximations. It is re-
markable that the elementary classical domain wall
theory [10, 11] already yields the correct order of mag-
nitude and functional dependence of exchange and
anisotropy energy.

Solitons in magnetic chains are moving domain
walls. Their structure is determined by the competi-
tion between the exchange energy J (which favours a
broad wall) and the anisotropy energy D (which
favours a narrow wall). In highly anisotropic chain
compounds, the soliton width N decreases to zero.
Under the assumption that the “narrow” solitons nei-
ther interact with other solitons nor with the lattice,
they can be described as an ideal soliton gas [11].
These free solitons have the interesting feature that
their energy is preserved when they are moving along
the chains. In the free gas approximation the soliton
density n, increases exponentially with temperature:
ngocexp(— E/kT) [12]. A passing n-wall flips the
electron spin. The flipping rate G, is proportional to
the product n v, of wall density and average wall ve-
locity v, so that

G,=exp(—EJ/kT), (5)

where E_ is the excitation energy for solitons. The
average time between two flips amounts to G, *.
The dynamic behaviour of the solitons determines
the spin correlation function [12]. These solitons may
be conveniently studied in real quasi-1-d ionic com-
pounds, e.g. in *’Fe doped fluoromanganates(III)
with easy-axis anisotropy in which the magnetic mo-
ments are arranged in widely separated chains such
that the ratio of interchain to intrachain exchange
interaction J'/J is very small [13-16]. A domain wall
that passes the Mossbauer ion flips the hyperfine field
H,,, and the flip rate may become low enough to fall
within the Mossbauer frequency window. With the aid
of Mossbauer spectroscopy one probes the autocorre-
lation function, (6)

(Hye (1) Hy (0)) o <S7(1) S7(0)) = (S2)exp(— G, ).

of the electronic spins on the magnetic chain [12].

In previous papers we have shown that for 3’Fe doped
fluoromanganates (I1I) like Rb,Mn, ¢oFe, o, F5(H,0)
[13] and (NH,),Mn, 45Fe, o, F5 [17] with strong local
anisotropy, the frequency range of G, covers many
orders of magnitude, typically from 10° up to 10!* Hz.
The activation energies E, for Rb,Mng goFeg o, F;s
(H,O) and (NH,),Mn, 4sFe;,Fs derived from
Mossbauer relaxation spectra decrease from 234 K to
166 K corresponding to a change of the Mn-F-Mn
bridging angles from 175.4° to 143.4° and a change of
the energy from J/k=—-20.0K to J/k=-10.6K
[13-17].

In the following study we present experimental re-
sults obtained by Mdssbauer spectroscopy for the
quasi-1-d magnetic chains of Li,Mn, ¢gFe, o,F5s and
Na,Mn, o5Fe, o,F5s. We discuss in some detail the
influence of a small bridging angle B(Mn-F-Mn)
(p=121.5° for Li,MnF,; f=132.5° for Na,MnF;
[18]) on the dynamic and static properties of the non-
linear excitations extracted from a series of Fe(IIl)
Mossbauer spectra and measurements of the magnetic
powder susceptibilities. We pay attention to the rela-
tionship between the soliton activation energy and the
1-d exchange energy proposed by the soliton theory.
In doing so, our aim is to test how far the magnetic
anisotropy can be extracted from dynamic properties
of powder samples with the aid of Mossbauer spec-
troscopy.

Experimental

The powder sample of Li,MnF; was prepared by
the solid state reaction of a stoichiometric mixture
of LiF and MnF; in a sealed platinum tube at
650°C [19]. Na,MnF, was prepared in an aqueous
solution of 2N HF using Mn(OOCCH;), - 2H,0
and Na,CO; [20]. The 3>’Fe samples of
Li,Mn, 4sFe, g,Fs and Na,Mn, 4gFe, o, Fs for
Mossbauer study were prepared in a similar way,
using 3’FeF; in the case of solid state reaction and
37Fe metal for the reaction carried out in aqueous HF.
The ’Fe was dissolved and oxidized in 40% HF
using small amounts of 30% H,O,, thus yielding
57FeF;(aq). An excess of H,0, was removed by heat-
ing the solution in a platinum crucible and refilling
with 40% HEF.

Magnetic data were obtained from 1.8 to 330 K by
using a SQUID magnetometer in a magnetic field
from — 55 up to 55 kG [21]. MOssbauer measurements
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Table 1. Space groups SG, bridge angle f(Mn-F-Mn), metal —-metal distances M-M and M-M’ within and between the
chains, respectively, and axial and equatorial M—F distances for the compounds listed below.

Compound SG B M-M [A] M-M[A] M, [A] M, [A] M, /M,
Li,MnF, [19] C2/c 121.5 3.700 4.948 1.847 2.123 1.149
Na,MnF; [19, 20] P2,/c 1325 3.860 5.236 1.849 2.109 1.141
(NH,),MnF; [19, 22] Pnma 143.4 3.970 6.219 1.853 2.091 1.128
Rb,MnF(H,0) [18, 19, 23] Cmem 1754 4170 6.235 1.848 2.089 1.130

were performed from 1.8 to 300 K by using standard
equipment described in [13] and a 20 mCi >’Co(Rh)
source.

Crystallographic Characterization

The structures of Li,MnF and Na,MnF; were first
solved by Massa etal. [19, 20]. Both compounds
show monoclinic symmetry (see Table 1): (SG. C2/c,
Z=4, a=10016(1), b=4948(1), c=7.408(1)A,
p=11219(1)° for Li,MnF5; SG. P2,/c, Z =4,
a=7719(1), b=5236(1), c=10862(2Q)A, p=
108.99(1)° for Na,MnF,). Isolated infinite chains of
trans-linked [MnF,F,,]* " -octahedra run along the
b direction with a bridging angle of f§(Mn-F-Mn) =
121.5(1)° and 132.5(1)°, respectively. The individual
chains are separated by Li and Na ions. The mean
interatomic Mn-F distances are Mn-F, = 2.123(1) A,
Mn-F,, = 1.846(1) A for Li,MnF,, and Mn-F, =
2.109(1) A and Mn-F,, = 1.849(1) A for Na,MnF;.

All fluoromanganate(IIl) structures of the type
A,MnF4(H,0) with A=1Li, Na, NH,, Rb show
strongly elongated [MnF,F,,]*” octahedra, similar
to the other “strong” Jahn-Teller systems with Cr(II)
or Cu(Il). Due to the stabilization energy [18], the
Jahn-Teller elongation always points towards the oc-
tahedral axis bearing the weakest bonds. Thus, in the
trans chain compounds the weaker bridging bonds
along the chain direction undergo an additional sub-
stantial weakening (Figure 1). One observes a fer-
rodistortive ordering of elongated octahedra. The di-

rection of the elongation indicates the orientation of
the half-occupied d? orbital stabilized by the elonga-
tion. Variation of the counter cation A allows a “tun-
ing” of bridge angles (Table 1) whereas the local geom-
etry of the [MnF,F, ,]*” octahedra remains almost
unchanged. The small briding angles for Li,MnF, and
Na,MnF; can be explained by the tendency of Li*
and Na™ to obtain a coordination number of 6 com-
paring with 12 for Rb,MnF4(H,0) [22, 23]. Thus,
these chain structures seem to be a good model system
for studies of the angular dependence of exchange and
soliton activation energies. The molecular z axes (of
the D,, molecular unit) of Li,MnF; and Na,MnF;,
are taken parallel to the 3.70 A and 3.86 A bond direc-
tions and thus make angles of 29.3° and 23.7° with the
b crystallographic axes, respectively. The coordina-
tion around Mn(1ll) is very nearly axially symmetric
(rhombic distortion is less than 0.1%). The EPR spec-
tra of the analogous chain compound (NH,),MnF;
(space group Pnma, Z = 4) at room temperature are
nearly isotropic with two small signals at the values
g, = 2.002 and g, = 1.997 [24]. Then, in our case for
local orthorhombic symmetry, the influence of zero-
field splitting on the measurable magnetic properties
can be accounted for by considering (1) in the modi-
fied form

11=z[215,.s,.+1 +D<s,.§+ %S(SJr 1))]. (1b)

Kida and Watanabe [25] had determined the zero-
field splitting D/k for (NH,),MnFs to —3.31K.

Fig. 1. Ferrodistortive ordering
of elongated octahedra in
Li,MnF;. Distances are in
Thermal ellipsoids at 50%
probability level [19].
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They found that the spins are parallel to the chain axis.
This uniaxial spin direction was also confirmed for
Fe(IIT)/Mn(III) ions in the case of the solid solutions
(NH,),Mn, _ Fe Fs and Rb,Mn, _ Fe F(H,0) for
the range x < 0.5 [13, 26]. Since Fe(Ill) is 3d°, the
single-ion anisotropy of Fe(III) will be negligible.
Mn(III) is 3d* and so should have strong anisotropic
properties, which are transmitted via Mn-Fe exchange
to the Fe atoms. The latter become polarized in the
same direction as the Mn spins. We assume that a
similar interaction exists in Li,Mn, ¢¢Fe, o,Fs and
Na,Mn, g5Feg ,Fs-

Magnetic Susceptibility

Since we failed to obtain appropriate single crystals
we have performed magnetic susceptibility measure-
ments on powders of the compounds Li,Mn, _ Fe F;
and Na,Mn, _ Fe Fs (x =0 and x =0.02) with the
aid of our SQUID-Magnetometer [21]. The results for
the pure manganese compounds agree within experi-
mental error with our former measurements obtained
with a VSM [19].

Measurements of the magnetic powder susceptibil-
ity of Li,Mn,qsFe; ,Fs and Na,Mn, 45Fe, o,F;
show a broad maximum in the y versus T curve at
T (7ma) = 35 K and 50 K, respectively. They are un-
doubtedly due to short-range antiferromagnetic inter-
actions within the linear chains (see Figures 2—-3). As-
suming S=2 and g=2 we have fitted Fisher’s
expression [27, 28] for the magnetic powder suscepti-
bility of a chain to our data by adjusting the exchange
energy J/k:

_ Ng?upS(S+1) (14w

L= 3kT (1—u’ W

where
2JS(S+1
g SOt K — K1 ol

d K=
an T

The best fits were obtained for Li,Mng 4gFe ,F5
and Na,Mn, 4gFe, o,Fs with g=2.0, J/k=—-59(2) K,
and g =20, J/k =—84(2) K, respectively (see Fig-
ures 2 and 3).

For T>T (.., the spin correlations vanish and
the compounds behave like normal paramagnets with
a Curie-Weiss susceptibility. From a least squares fit
we have calculated the Curie-Weiss temperatures 6,
listed in Table 2.

Ch. Frommen et al. - Magnetic Solitons in the 1-D Antiferromagnetic Chains

Fig. 2. Magnetic powder susceptibilities of Li,Mng ¢gFe, o, Fs.
The symbols are data points. The continous line is the solu-
tion for the classical Heisenberg linear chain, as described in
the text.

mole

Fig. 3. Magnetic powder susceptibilities of Na,Mn, o5Fe, o, F;.
The points are experimental, and the curve is fitted as de-
scribed in the text.

Strong evidence of three dimensional long range
ordering is given from the appearance of hysteresis
phenomena and residual magnetization. The dis-
crepancy between theory according to (7) and ex-
periment below T (y,,,,) 1s probably due to the exis-
tence of a weakly canted rather than a strictly
antiferromagnetic spin arrangement below the order-
ing temperatures Ty, leading to a divergence of sus-
ceptibilities.

From single crystal measurements on Rb,MnF;
(H,0) [29], K,MnF4(H,0) [29], enH ,MnFj [30], and
(NH,),MnF; [17] we find that the spins are nearly
antiparallel to the z axis (chain direction), but they
have small canted components along the x axis (per-
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Table 2. Calculated canting angles ¢ (see (8)), Curie-Weiss temperatures 0, intra-chain exchange energies J, Néel tempera-
tures Ty, and inter-chain energies J', and anisotropy constants D for the compounds listed.

Compound 0[] 0,[K] J/k[K] Tx [K] |J'/k| [K] D/k[K]

Li,MnF, 73 —66(5) —59(2) 4.2(5) 0.046 -

Li,R —68(5) —59(2) 44(5) 0.052 =

Na,MnF, 3.0 —91(5) —8.4(2) 6.0(5) 0.063

Na,R —90(5) ~85(2) 6.2(5) 0.061 -

(NH,),MnF 1.6 —153(5) —10.6(2) 8.5(5) 0.095 —3.5(3) {ﬂ
—-33 25

enH,MnF, 0.7 —214(5) —~13.6(2) 14.5(5) 0.22 —3.5(3) [30]

Rb,MnF(H,0) 0.1 —428(5) —20.0(2) 23.0(7) 0.353 —3.5(3) [13]

R =: Mng o5F¢, o, Fs.

pendicular to the chain direction) in the ordered state ;

which produce a weak ferromagnetism observed in w==== copling down i, MriF . ]

the compounds above. The chain direction is denoted  — = |- .

as z axis independent of the crystallographic orienta- f L ,

tion. The canting angle ¢ is caused by the local an- ; , [ ® : 6%o XoxoXoxXoxoxXoX0oX0X]

isotropy (D/k = — 3.5(2) K) producing a different pref- © S L e WARTIRG. PR ]

erential direction for the moments which are on ¢ H =506

different sublattices. This mechanism occurs when the T ]

local arrangement of the atoms around the sites of the r ]

magnetic ions are tilted with respect to each other. As 0 . e - - -

long like as we treat the problem an isolated chain
[25], the canting angle ¢ of the spins is obtained as

D<1 — 21_S> sin (6)

1
2 _
zJ+D<1 2S>cos(5)

tang =

, (8)

where z denotes the number of nearest neighbouring
spins. The direction of local anisotropy for each sub-
lattice is assumed to make an angle 6 = (180° — f)/2
with the positive or negative z axis. If the preferred
direction due to the anisotropy is the same for both
sublattices (6 = 0), the canting angle ¢ is evidently
equal to zero. An increase of ¢ also increases the cant-
ing angle. If, on the other hand, the exchange interac-
tion J is zero it is easily seen that ¢ = 6. When the
appropriate values of the parameters are substituted,
the canting angles are obtained as given in Table 2. We
calculate from (8) for Li,MnF; and Na,MnF; the
canting angles of 7.3(5)° and 3.0(5)°, respectively.
Thus, the linear chains as a whole give fractional weak
ferromagnetic moments of about 0.5 and 0.2 ug per
ion [29] which are orientated perpendicular to the
chain direction for T < Ty, as observed in our single
crystal measurements. As we have shown in previous
work, this weak ferromagnetic component is qualita-
tively visible in a weak magnetic field [26]. Therefore,

Temperatur [KJ]

Fig. 4. Magnetization in a small magnetic field of 50 G after
zero-field cooling for Li,Mn, 4gFe, o, Fs.

in order to get informations about spin canting and
the ordering temperature Ty we measured for
Li,MnF, and Na,MnF;, after zero-field cooling, the
magnetization in an external magnetic field of 50 G
within the temperature range between 1.8 and 25 K.
After this procedure we cooled down in the same field.
The different branches of magnetization for Li,MnF
and Na,MnF; diverge at 4.2 K and 6 K, respectively,
typically for weak ferromagnetism in the ordered state
(Fig. 4 and Table 2). We define these temperatures as
the Néel temperatures for our compounds, as done in
former experiments [29—32] where the temperature of
divergence of magnetization coincided with Ty derived
from single crystal studies of magnetic susceptibilities.
Most recently, these 3-d ordering temperatures for
Rb,MnF,(H,0) and (NH,),MnF; derived in a weak
magnetic field were confirmed by inelastic neutron
diffraction experiments [33, 34].

In quasi 1-d magnets the temperature Ty at which
the transition to a 3-d ordered state occurs is pro-
portional to the intrachain correlation length {(T).
In a system of weakly coupled chains, the ordering
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Fig. 5. Temperature dependence of the Mdssbauer spectra
for a powder sample of Li,Mn, 44Fe, o,Fs. The continous
line represents a least-squares fit to the applied relaxation
model. Please, note the different velocity scales in the left and
right hand column.

temperature can be considered as the temperature
at which the thermal energy equals the interaction
energy between correlated chain segments: kTy/
|J| =C(Ty) RS(S + 1), where ((Ty) is the correla-
tion length within the chain and R=J'/J is the
ratio of inter- to intra-chain exchange. For a Heisen-
berg chain [12], {(T)=2|J|S(S+1)/kT so that
kTy/|J|=S(S+1) (2R)"? Using our results for
Li,Mn, osFe 0,Fs and Na,Mng ogFeq o,Fs with
Jk=—-6212K, Ty=40(2)K,and J/k=—-82(2) K
Ty =6(2) K, respectively we obtain R=J'/J =
6.7-1073,J'/k=—004K,andR=J'/J=7.6-10"3,
J'/k = — 0.06, respectively. Since { will become appre-
ciable for kT < |J|S(S + 1), the region in which to
study 1-d excitations is approximately defined by
Ty <T < |J|S(S+ 1)/k= T (fma) equal to 64 K and
69 K, respectively. Comparing the results for
Li,Mn, 44Fe, o,Fs and Na,Mng 4sFeg o,Fs with
those measured on the pure compounds, the results
are much the same.
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57Fe Mossbauer Effect

The temperature dependence of the Mdssbauer
spectra for powder samples of Li,Mn, 45Fe, ,,Fs and
Na,Mn, 45Fe, o,F5 are shown in Fig. 5 and Fig. 6,
respectively. The spectra were analyzed by fitting sym-
metric Lorentzian lines. Above 50 K the spectra were
essentially the same. There is, as already discussed for
Rb,Mny ooFe o1 Fs [13], (NH,),Mng ggFeq o, Fs [17],
and enH,Mn, 44Fe, o,F5 [30], some slight tempera-
ture-independent asymmetry over this temperature
range that we attribute to sample texture. The two
lines have unequal intensities, the lower energy one
being more intense. This can be explained by non-ran-
dom orientation of crystallites in the absorber, since
sample-crystals readily cleave in chaines parallel to the
absorber planes. From the intensity difference we con-
cluded that the lower-energy line is the (+1/2 - +1/2)
line and that the quadrupole splittings for Fe* i
Li,MnF, and Na,MnF; are positive in agreement
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with the results for (NH,),MnqqsFeq o,Fs [17],
Rb,Mn, _ Fe F(H,0)[13],and enH,Mn, 45Fe, o,Fs
[30]. At lower temperatures between 26 and 14 K for
the Li compound and between 32 and 12 K for the Na
compound, an additional temperature-dependent
asymmetry of the absorption lines was observed. As
the temperature was further decreased, the spectra
exhibited magnetic hyperfine splitting. Between about
14 and 10 K the quadrupole doublets of the paramag-
netic phases disappeared for both compounds. The
transition to the magnetically split phase was accom-
panied by a strong broadening of the lines and the
apparent coexistence of contributions from the para-
magnetic and magnetically ordered phase. Below
Ty the line widths returned to normal. For
Li,Mn, 4gFe, o,Fs, an almost pure combined hyper-
fine pattern was observed. Interestingly, in the case of
Na,Mn, 4sFe, 0,Fs a contribution from the para-
magnetic phase was observed even at the lowest tem-
peratures.

As mentioned above, the coordination around
Mn3* and Fe®" is very nearly axially symmetric. The
site symmetry at the Mossbauer nucleus contains a
four-fold rotation axis D,,, coinciding with the V_.
direction. Therefore we fixed n 0. For T < Ty the
spectra were fitted with a general Hamiltonian of the
form

eQV,
— — GunHy (6, @) + —= T
H g in He (6, )+4I(I+1)
-{313-1@%(11-11)}, 9)

where 0 and @ are the angles of H,; with respect to the
EFG principal axis system.

The fits were insensitive to @ due to the vanishing
value of the asymmetry parameter. Analysis of the
4.2 K spectra showed that the main axes of the nearly
axial symmetric EFG tensors are tilted by an angle of
about 6 ~ 26° and 22° with respect to the hyperfine
field directions. Assuming for Li,Mn, ¢5Fe, o,F5 and
Na,Mn, 44Fe, o,F5 an orientation of V,, parallel to
the bridging (Mn, Fe)-F bonds, ie. a mean angle of
29.3° and 23.8° with respect to the b axis [19], we
estimated the magnetic hyperfine field directions at
mean angles of about 3(3)° and 2(3)° with the b axes,
respectively. This means that the analysis above is
not sensitive enough to extract small canting
angles ¢ as calculated from (8). The moments in
Li,Mn, gsFe, o,Fs and Na,Mn, 4sFe; o,F5s lie
nearly along the chain directions.
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The isomer shifts IS =0.422(8) mm/s and IS =
0.436(8) mm/s (relative against Fe metal) at 4.2 K in
Li,Mn, ¢sFe, o,Fs and Na,Mn, 4Fe, o,F5, respec-
tively, are characteristic for Fe** and were also ob-
served in analogous chain structures. The observed
quadrupole splittings are AE¢=1/2e2QV,_(1+1n?%/3)}/2
=0.977(8) mm/s and 0.975(8) mm/s. These values are
large for a ©S state. This might be due to the isolated
chain structure and the different bond conditions, as
already discussed in [13]. The positive values of the
quadrupole splittings show that the octahedra are dis-
torted in such a way that the four equatorial fluorine
anions are closer to the iron ion and the two axial
anions are more remote, in agreement with the inter-
atomic distances listed in Table 1 and X-ray study on
single crystals of (NH,),Mn, 45Fe, ¢,F5 [29].

Three-dimensional magnetic ordering in Li,Mn, 44
Fe, o,Fs and Na,Mn, 45Fe, o,F5 is apparent in the
low-temperature magnetically split spectra. Above Ty
we observe an unusual (non-Brillouin) behaviour in
the temperature dependence of the internal fields. As
observed in the chain compounds Rb,Mn, 4oFe, o, Fs
(H,O) and (NH,),Mn, 45Fe, o,Fs with strong an-
isotropy [13, 17], the transition from the paramagnetic
state to the magnetically ordered state is accompanied
by slow and fast relaxation phenomena below and
above Ty, respectively, which may be attributed to
non-linear excitations of domain walls. This effect
masks the transition usually observed near the critical
point and prohibits an accurate determination of the
ordering temperature by Mossbauer spectroscopy. The
possible occurrence of slow spin-spin relaxation may
be excluded as explained in [13]. Additionally, we have
considered the occurrence of superparamagnetic ef-
fects or spin glass behaviour. However, as the magnet-
ically split spectra are still observed above the order-
ing temperature, this would create a great discrepancy
with other experimental results [13]. The origin of the
broadened asymmetric spectra in the region near the
critical point must be attributed to residual 1-d corre-
lations above the phase transition [11].

The detailed theoretical analysis of domain wall
dynamics and solitons in magnetic chains shows [35]
that, in a certain range above the critical temperature,
the density of 7 domain walls and their motion deter-
mines the spin autocorrelation function {S(0)S(¢)),
which is obtained by measuring the fluctuating hyper-
fine field H,;(t) oc S(z) (see (5)).

Finally, the Mdssbauer spectra of Li,Mn, ggFe, ,Fs
and Na,Mn, 4gFe, o,Fs were successfully fitted by
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adopting the Blume and Tjon relaxation model [36,
37], in which it is assumed that the hyperfine field
jumps stochastically between the two possible values
+H,; and — H,;. This takes into account a time-de-
pendent Hamiltonian. Thus, the hf interaction is re-
placed by a fluctuating effective field, and the decrease
in the fluctuation rate causes line broadening, asym-
metric spectra, and related phenomena. The relax-
ation phenomena are closely related to the excess
linewidths of the transmission lines in the Mdssbauer
spectrum. Consequently these have to be determined
with optimal accuracy. Therefore one would like to
have small residual linewidths, linear backgrounds
and good S/N ratio, and everything with in a reason-
able measuring time. These causes conflict. In our
experiments we have studied a sample with 0.12 mg
57Fe (or 6 mg natural Fe) per cm? absorber surface.
The corresponding residual linewidths at low- and
high-temperatures of 0.27 mm/s are acceptable. The
excess linewidth with respect to the natural linewidth
of 0.194 mm/s is always observed and is independent
of the relaxation process in the chain.

In applying the Blume-Tjon model, our Mdssbauer
spectra can be fully fitted at all temperatures, with the
flipping rate G, and the ratio of probabilities that H,
jumps to — Hy and vice versa, as the only adjustable,
temperature dependent parameters. In these fits the
other Mssbauer parameters were kept at the values
determined at low temperatures, see Table 3. From the
resolved spectra, clusters with different relaxation fre-
quencies must be present in the temperature range
near 13 K. Between 9 and 13.5 K, there appears in
addition — as mentioned above — a central asymmetric
doublet due to faster relaxation that is still observable
up to 30 K (see Figures 5 and 6).

As may be seen from the figures (note the different
velocity scales in the figures), the fits reproduce the
observed spectra remarkably well. The resulting val-
ues for G, are plotted in Fig. 7 on a logarithmic scale
versus the inverse temperature.

Magnetic Solitons in the 1-D Antiferromagnetic Chains

x L\2M~.F5
MnF

|+ Na,MF
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w
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o
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Fig. 7. Comparison of the spin-flip rates for Li,Mng ¢
Feq .Fsand Na,Mn, sFe, o,Fs with the spin-flip rates for
previous  studies of (NH,),Mng qsFe, 0, Fs  [17],
enH,Mn, 4sFe, o,Fs [30], and Rb,Mn, 4oFe, o, Fs(H,0)
[13]. The straight lines In(G,) oc — E,/T show the exponen-
tial dependence of G, on the reciprocal temperature 1/T.

Knowing that the solitons are moving above Ty,
one would like to investigate what the soliton dynam-
ics looks like. Therefore it is of interest to compare the
experimental data with the predictions from the soli-
ton theory. In Fig. 7 we compare the spin-flip rates for
Li,Mn, ogFe, 0,Fs and Na,Mn, ggFe, o,Fs with the
spin-flip rates for (NH,),MngqsFe,o,Fs [17],
enH,Mn, ggFeq o,Fs [30], and Rb,Mn; goFeg o, Fs
(H,O) [13, 14]. The straight lines In(G,)oc — E,/T
show the exponential dependence of G, on the
reciprocal temperature 1/T with the parameters E,/
k =55(5) K for Li,Mng 45Feq o,F5, Ea/k =95(5) K
for Na,MngqgFeq o,Fs, Ea/k=161(5)K for
(NH,),Mn, ¢5Feq o,Fs5, E,/k =184(5) K for
enH,Mn, osFeq o,Fs and E,/k=234(5K for
Rb,Mng goFeq o1 Fs(H,0), which are characteristic
for an activated soliton process [38]. The temperatures
at which the drop of the flip rates In G, occur in Fig. 7
correspond to 8 K, 11 K, 14.5K and 26.5 K [13, 17].
One may interpret this as a blocking of the domain
motion by the onset of 3-d long-range order. The 3-d

Table 3. Values at 4.2 K of the magnetic hyperfine field H,, , quadrupole splitting AE 2, quadrupole shift 2¢, and 0 (V.,, H).

The angle 9 means 9 = (180°-f (Mn-F-Mn))/2, see Table 1.

Compound H, [kOe] AE?[mm/s] 2¢[mm/s] 00 90
Li,Mn, o5Fe, o,Fs 546 (3) 0.977(5) 0.635(8) 26(3) 29.3
Na,Mn, osFe, o,Fs 545(3) 0.975(8) 0.814(8) 22(3) 238
(NH,),Mn, o5Fe, o,Fs 525(3) 0.720(8) 0.628(8) 17(3) 18.3
Rb,Mn, o,Fe, o, Fs(H,0) 521(3) 0.840(8) 0.838(8) 203) 23
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Table 4. Values of bridge angle, activation energy E, from Mdssbauer experiment, 1-d exchange energy J, ratio J/D, and

width of domain wall N, for the compounds listed.

B (Mn-F-Mn)[] EJJk[K] JIKIK] |J/D| N,[A]
Li,Mng 45Fe, o, Fs 121.5 55(5) —5.9 1.6 4.7 t.w.
Na,Mn, 45Feq o, F;s 1325 95(5) -85 24 59 tw.
(NH,),Mn, 45Fe, o, F5 143.4 161(5) —10.6 3.0 6.9 [17]
enH,Mn, 45Feg o,Fs 159.5 184(5) —13.6 3.6 8.0 [30]
Rb,Mn, 4Fe, o, F5(H,0) 175.4 234(5) —20.8 5.9 10.1 [13]

Table 5. Comparison between the derived anisotropy con-
stants D on the basis of the sine-Gordon equation (SG) and
classical domain wall theory (CS). E, and E, (see (3) and (4))
are the Mossbauer activation and soliton creation energy,
respectively.

Anisotropy constant D/k [K]

Model SG CS
14.6 5.9 E,=E,
3.7 1.5 E,=2E,

ordering points are few degrees lower. We determined
the values of the Néel temperature Ty =4.2(5),
Ty = 6.0(5), Ty = 8.5(5) K [17], and T =23(1) K [13]
from susceptibility measurements, respectively.

The trend of the activation energy from Mdssbauer
experiments is quite convincing. Since our main inter-
est was to determine the anisotropy energy from
Moéssbauer experiments — as described above — we
consider that such a decrease of activation energy E,
with decreasing exchange energy J/k may be under-
stood from the domain wall theories of (3) and (4).

As mentioned in [13] this approximation may be
convenient if the spin value is large, so that the classi-
cal spin vector is approached, and if the characteristic
wavelengths of the fluctuations in the spin system (e.g.
the widths of the solitons N,) are large compared to
the lattice spacing.

Assuming that the domain wall theories are also
valid in the present case of a random system, and
inserting in (3) and (4) the experimental values of J/k,
E,=E or E, = 2E_ and the average spin of the solid
solutions S ~ 2, we can now estimate from the depen-
dence of E? as a function of the intrachain exchange
interaction J the anisotropy constant D (see Fig. 8),
which may be compared with the predictions from
soliton theories (see Table 5). It is noteworthy that
experimental methods like spin cluster excitations [39]
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1-d Exchange Energy -J/k[K]

Fig. 8. Calculation of the anisotropy constant D/k from the
dependence of EZ on the intrachain exchange interaction J/k.
Inserting E, = 2E_ we derived D/k = 3.7(2) K in agreement
with magnetic susceptibility measurements on single crystal
[17, 29, 30].

and inelastic neutron scattering [40, 41], probe the
excitation spectrum and find excitation energies
roughly equal to 2 E,. Considering that the single-ion
anisotropy of Fe(III) in the Mn(III) matrix amounts to
|D/k| ~3.5K we conclude from the D values in
Table 5 that the dominating relaxation mechanism
also observed in the Mdssbauer spectra is the thermal
excitation of soliton pairs. The single-ion anisotropy
D/k = 3.7 K derived from solutions of the sine-Gor-
don approximation of (4) is in fair agreement with the
D values derived from magnetic susceptibility mea-
surements on single crystals of the solid solutions
(MH,),Mn, _ Fe F, with x =0[17, 25] and x = 0.02
[17] and Rb,MnF4(H,0) [13] (see Table 2).

Single soliton excitations are only found in calcula-
tions of finite chains if free ends are considered [42].
Moreover, for a chain with N spins, the statistical
weight for exciting single solitons and soliton pairs
will be proportional to N and N 2, respectively. There-
fore, experimentally, single soliton excitations can be
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neglected for sufficiently long chains. In our Mdss-
bauer experiments on Li,MnF and Na,MnFjs, two
distinct subspectra are observed up to temperatures of
13 K and 14 K, respectively, where the intensity of one
subspectra becomes negligible. The first one is the
slowly relaxing subspectrum, which shows an activa-
tion energy of E, = 2 E_. The second subspectrum, the
doublet, relaxes fast with a temperature independent
relaxation rate of 10° s~'. De Jongh and his group
identified this subspectrum with the intra-band excita-
tions [35] since the level splittings in the soliton pair
band are small with respect to the temperature, result-
ing in a fast paramagnetic relaxation behaviour. It is
worth mentioning that these rapid fluctuations must
be restricted to only parts of the chain. Otherwise the
slowly relaxing component would not be present.

Conclusion

It is worthwhile to establish that the dependence of
the activation energy E? as a function of the 1-d ex-
change energy J calculated by a least squares fit yields
an intercept on the J axis of about —5 K (see Fig-
ure 8). In the light of our results we have to conclude
that the exchange energies derived from the sine-Gor-
don equation (4) are different from the exchange ener-
gies determined from the susceptibility measurements
of (7). It is well-known that the Fisher model, (7),
applied on susceptibility measurements favours
within the 1-d magnetic phase the antiferromagnetic
exchange energy, whereas the local method of Moss-
bauer spectroscopy may support the effective ex-
change energy, possibly two contributions of an anti-
ferromagnetic and a ferromagnetic part.

The suggestion that a ferromagnetic superexchange
contribution favored for 90° cation-anion-cation in-
teraction reduces the antiferromagnetic coupling be-
tween the manganese ions, at least in the range of very
low bridge angles, is confirmed by the dependence of
the Curie-Weiss temperatures 6, and Néel tempera-
tures Ty vs. the 1-d exchange energies J in Fig. 9 and
Fig. 10, respectively. In accordance with the rules of
Anderson [43], Goodenough [44], and Kanamori [45],
the superexchange interaction can be qualitatively de-
termined from the symmetry relation of the atomic
orbitals involved [19, 46]. The electronic configuration
of a Mn" ion in its high-spin state is de*dl,. The
Jahn-Teller distortion along the chain axis indicates
that the half-occupied d? orbitals are all pointing in
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Fig. 10. Dependence of the derived Néel temperatures on the
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Fig. 11. Linear extrapolations of the experimental data of
activation and exchange energies on the Mn-F-Mn bridge
angle B. The angle for which superexchange J vanishes is
B.~102°. Note that, if the 180° path the Mn**-F-Mn**
interaction J < 0 is antiferromagnetic, the 90° path superex-
change should be ferromagnetic J > 0.
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this direction. If Mn-F-Mn is linear, ¢ bonds are
formed by the p, orbital of fluorine and the d? orbital
of manganese (iron). Since the orbitals are nonorthog-
onal, antiferromagnetic coupling results between
these metal ions. As shown in [19, 46], the antiferro-
magnetic interactions decrease with a reduction in the
Mn-F-Mn bridge angle. This is due to a decrease in
the overlap of the d? and p, orbitals involved. The
simple linear extrapolation of the activation energy E ,
and 1-d exchange energy in Fig. 11 seems to support
this model. A more detailed study is now under
consideration. Attempts for a quantification of the
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