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CsCo0.99Feo.olC13 
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DepaNnent of Physics and Astronomy, University ofCanterbuy, Private Bag4800. Christchurch 
I, New Zealand 

Received I November 1994 

Abstract. Massbauer spectra of NHaCoo.svvlFqrmfiCls have been recorded in the temperature 
range 1.3 IO 250 K. The spectra are similar to those of isostructural CsCou.~Feo,~rlC$ which is 
a quai-onedimensiod king-like antifemmagnet. For NHaCou,~Fe+.~x&l3 the transition to 
a partially disordered magnetic state occurs at TN, = (27 i 2) K and to the fully magnetically 
ordered state at T-qz = (11 f 2) K. As for CsCoo,yuFq,.olCI3 the relaxation processes evident 
in the specua were analysed using the stochastic model of Blume and Tjon with electronic 
relaxation occuning for FS'' in the threedimensionally ordered chains below TN, and magnetic 
field reversal, attributed to solitons, in the one-dimensionally ordered chains in the partially 
disordered phase. Models developed for CsCno.usFeu.~~Cla were extended to include relaxation 
involving all the Fez+ mupied elecuoaic levels below TN, (i.e. the three lowest levels) and to 
allow both electronic and soliton~relaxation to occur in the one-dimensionally ordered chains. 
The data for NHaCq~,wFqalxm~~s~Cl~ and previous dam for CsCov.wFq).ulCls were both analysed 
with these extended models. Relaxation rates were lower than those predicted thenretically for 
pure CsCoC13. This may be due to the presence of iron in the coball chains changing the soliton 
dynamics. 

1. Introduction 

CsCoCls is a good example of a quasi-onedimensional, king-like antiferromagnet, of 
interest because of the prediction by Villain in 1975 of moving domain walls (or solitons) 
in such antiferromagnets. In these compounds a soliton is a one lattice unit wide domain 
wall between the two different antiferromagnetically ordered configurations. Using electron 
spin resonance Adachi (1981) first confirmed the presence of solitons in CsCoCl3. More 
quantitative work was done (Boucher et al 1985) using inelastic neutron scattering. 

The one-dimensional nature of CsCoCl3 arises from its perovskite crystal structure: 
chains of trigonally distorted CoCls octahedra are arranged in a triangular lattice, separated 
by large Cs+ ions. The space group is P6,/mmc, with lattice parameters a = (7.2019 k 
0.0004) 8, and c = (6.0315 i 0.0005) .& (Soling 1968). At 25 "C NH.,CoCls has 
the same space group as CsCoCls, with lattice parameters a = (6.967 i 0.001) A and 
c = (6.010 & 0,001) 8, (Swanson et a6 1968). Due to the similar crystal structures and 
bond angles within the chains of CO*+ ions, NH.,CoCIs and CSCOCIS are expected to have 
similar exchange interactions and magnetic phases, with the smaller lattice parameters of 
NH4C0C13 resulting in slightly stronger exchange interactions. 

The two main exchange interactions between CO*+ ions in CsCoCls are the 
antiferromagnetic superexchange between nearest Co2+ neighbours within a chain, with 
exchange constant J ,  and the antiferromagnetic superexchange between CO*+ ions on 
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neighbouring chains, with exchange constant J’. Various experiments (Shiba 1980, Nagler 
er a1 1983, Ohta er a1 1993) confirm the one-dimensional nature of CsCoCls, with J’ /J  in 
the range 0.006 to 0.022. 

In paramagnetic CsCoC1, the ground state of the Coz+ ions in the trigonally distorted 
cubic crystal field is a Kramers doublet (Euler and Garrett 1981). Within the chains, the 
nearest-neighbour Co2+ spins interact according to the effective S = f Hamiltonian 
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1-1 = 25 ~ [ S ~ S ~ + ,  +&(S;”S;+, + STST+i)] (1) 

where the sum is over the spins i within the chain. J and E have been determined to be 
75 K and 0.12 respectively (Achiwa 1969, Tellenbach 1978, Yoshizawa er al 1981). The 
positive sign of J in this Hamiltonian signifies that the intrachain exchange interaction is 
antiferromagnetic. The low value of E means that the Hamiltonian is Ising-like, and so has 
soliton solutions as shown by Villain (1975). 

Due to the large ratio of the intra to interchain exchange interactions, short-range 
antiferromagnetic order along the chains of Co2+ spins develops before the onset of three- 
dimensional ordering. In CsCoCl3 the transition from paramagnetism to short-range order 
occurs at =75 K (Boucher et al 1985). Below 75 K the intrachain correlation length 
gradually increases until the transition to the partially disordered phase at is reached. 
Three measurements (Melamud er al 1974, Mekata and Adachi 1978, Yoshizawa and 
Hirakawa 1979) of the first NCel temperature can be combined to give TN, = 21.2 K. 

Co2+ ions are arranged in a triangular lattice within the a-6 plane so below TN> a 
partially disordered phase occurs with two thirds of the chains correlated and one third of 
the chains frustrated and showing only one-dimensional magnetic oraer. From the work of 
Villain solitons are expected in the frustrated chains. 

At temperatures below T N ~ ~ :  8-9 K (Mekata and Adachi 1978, Yoshizawa and Hirakawa 
1979) the second nearest-neighbour interchain exchange interaction is important in CsCoCls, 
and full three-dimensional ferrimagnetic ordering occurs. In this phase all spins in 
the frustrated chains are ferromagnetically correlated with the second-nearest interchain 
neighbours (the n e w t  frustrated chains). 

The magnetic phases of NH4CoC13 are expected to be similar to those of CsCoCla, with 
slightly higher ordering temperatures, consistent with stronger exchange interactions in the 
NH4CoC13 salt. T i ,  has been found approximately from the Mossbauer spectra taken by 
Asch er a1 (1973) to be (27 i 4) K. 

CsCoCls and NH4CoClj were doped with 57Fe, enabling Mosshauer spectra to be taken. 
The Fe2+ ions were expected to randomly replace the Co2+ ions and participate in the 
magnetic ordering. 

i 

soliton 
crystallographie c-axis I =-ads of quantisation 

I 
c - c - 1 - c  -c 

I 

~ i g u r e  1. A chain of CoZ+ spins in CSCOCI~ or N H ~ C O C I ~ .  

___) -’ 

Within the effective S = $ Hamiltonian (equation (I)) a soliton can be thought of in a 
semiclassical model as ‘flipping the spin’ of successive spins along the chain of CO’+ ions. 
This is illustrated in figure 1. After the passage of a soliton, a spin in the chain experiences 
an intrachain exchange with its neighbours which is exactly the same as if the direction of 
the I axis had been reversed. Due to energy considerations the CO*+ ion must be in the 
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ground state in this new environment, and so the signs of the z components of L and S are 
reversed. Hence the only effect on the CO’+ ion of the passage of a soliton is an effective 
reversal of the z axis of quantisation, and the soliton is a ‘topological’ excitation. By the 
same reasoning, the sign of the magnetic hyperfine field ( B h f )  at the Fe2+ ion, which is 
proportional to L: and S:, is reversed on the passage of a soliton. 

Bhf is also changed when relaxation occurs between the electronic states of the Fezf 
ion. In their study of the Mossbauer spectra of CsCoCl3. Ward et al (1987) observed slow 
(0.5 to 40 MHz) paramagnetic relaxation between the lowest two electronic states of Fez+ 
in the ordered sites at temperatures between Tp+ and TN,, and in all sites at temperatures 
below TN~. This relaxation was reported to be thermally activated with an activation energy 
of (42 i 8) K, much lower than the activation energy of 75 K reported for solitons in 
pure CsCoCl3 by Boucher et al (1985). It appears that the ‘electronic’ relaxation in the 
Fez+ ion dopant is similar to that of a paramagnetic ion in a magnetically dilute crystal, 
caused by interactions between the ion and the phonon bath. It is unusual to observe slow 
paramagnetic relaxation in the Mossbauer spectra of a magnetically ordered crystal. This 
unusual relaxation is presumably associated with the intrachain Fe-CO exchange interaction 
being weaker than the interaction of one chain of CO’+ spins with its neighbours. In this case 
three-dimensional order may occur between chains while the Fe2+ ion exhibits relaxation, as 
observed in the Mossbauer spectra taken by Ward et al(l987). Similar electronic relaxation 
is expected in NH4Co0.9~4Fq.w~C1,. 

Ward et al (1987) developed the two-level relaxation model, based on the stochastic 
model of Blume~and Tjon (1968), for their analysis of the Mossbauer spectra of 
cScOo.~~Feo.o~c~~.  In this model it was assumed that only the two lowest electronic states 
of Fe*+were occupied significantly, and that in the chains of frustrated spins the Mossbauer 
spectrum was dominated by soliton relaxation. The soliton relaxation rate that they obtained 
was much lower than expected from the results of inelastic neutron scattering experiments on 
CsCoC13 (Boucher et a1-1985). Also, some of the results they obtained were not consistent 
with the model, namely: 

(i) The soliton relaxation rate in the frustrated chains was not significantly faster than the 
Fe2+ electronic relaxation rate obtained from the subspectrum corresponding to the three- 
dimensionally ordered chains. This is contrary to the assumption of the model that id the 
chains of frustrated spins the relaxation is dominated by solitons. 

(ii) From fits to the Mossbauer spectra taken below TN,, the magnetic hyperfine field Bhi 
decreased with increasing temperature, in contrast with the prediction that the Bbf associated 
with the lowest magnetic state of Fe2+ should be independent of temperature. 

(iii) According to preliminary calculations, the electronic energy levels of the Fe’+ 
ion in cScOo.p9F~.o~c1~ are such that a third electronic state is significantly populated at 
temperatures above about 15 K. 

The departure from the two-level relaxation model due to thermal occupation of the 
third electronic state of Fez+ was expected to be greater in NH.Koo.994Fq.~~Cl,, which has 
a higher XN,, In order to account for the occupation of the thud electronic state the three- 
level relaxation model was developed. In the threelevel relaxation model the electronic 
relaxation evident in the Mossbauer spectra was assumed to occur by the direct relaxation 
process, as for paramagnetic relaxation. 

A further refinement is that of the combined relaxation model which was developed to 
calculate Mossbauer lineshapes when two different relaxation processes occur at the same 
site. This situation arises at nFe2+ ions in the frustrated chains of’CsCoo.9#q.olCI~ and 
NH4Co0.994Feo,&&, where both soliton and electronic relaxation occur. These models of 
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the relaxation processes are described in section 2.2. Experimental details in section 3 are 
followed by results and analysis of the Mossbauer spectra in terms of the relaxation models 
in section 4. Conclusions are drawn in section 5. 
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2. Theory 

2.1. Determination of Fe2+ electronic Hamiltonian parameters 

The Fe2+ ions substitute for the CO'+ ions,into sites with point symmetries of ?m and 3m 
for CsCoCI3 and NH&oC13 respectively. In the case of these king-like systems, where the 
magnetic exchange field (which is paralIel to Bhf) is along the crystallographic c axis, the 
electronic Hamiltonian for Fe2+ is (Sugano et al 1970 p 134, Ballhausen 1962) 

= %mheanl f %good + %pin-arbit f Eexchangc 
10 1/2 ( 5 4 )  - c(4) 2 (2) 4 (4) = B:[Cp+ (7) ( 3 -3)I+(BoCo +BoCo ) 

+AL. s - Jeff(SC0)Sz. (2) 
Here B: is the cubic crystal field parameter, and Bi  and Bo' are the trigonal and second-order 
axial crystal field parameters respectively. The normalised spherical harmonic operators are 
defined by Sugano et al(1970 p 7) as C$(0, @) = [4k/(2k + 1)]1/2Ykm(0. @). The Yk, are 
the usual spherical harmonics, A is the spin-orbit parameter, Jew is the effective exchange 
constant, and S, is the z component of the spin S of the Fe2+ ion. The thermal average of 
the host CO'' spin is (Sc,), given by the S = 4 Brillouin function (Kittel 1976). 

The crystal field and spin-rbit parameters were obtained by diagonalizing the electronic 
Hamiltonian in the basis of the 25 Fez+ 3d states (Ward eta1 1987), and fitting the quadrupole 
splitting, QS, at temperatures above TN, (where (SC,) = 0). The QS of each eigenstate of 
the electronic Hamiltonian is given by QS = $lelQV,, where 

v,, = v2' + vi;. (3) 
1 

Val - - lel(ra3) ( 3 ~ :  - L(L + 1)) ''' - 427FEo 
where the expectation value (0) of an operator 0 refers to a particular eigenstate of Fe2+ 
and V:; is the contribution to V,, from the rest of the crystal. The QS above TNI is then 
found by taking the average of V,, over the thermally populated eigenstates of the Fe2+ 
electronic Hamiltonian. 

The magnetic hyperfine field B h f  for each eigenstate of the electronic Hamiltonian can 
be calculated from the sum of the Fermi contact, orbital, and dipolar contributions (Ingalls 
1971), 

B h f  = +Bc(~) + (PoP!+T)(r-%L) 

+ ( ~ 0 ~ ~ / 8 4 n ) ( r - ' ) ( [ ~ [ L ( L .  S) + (L . 5)Ll - L(L + l)S]). (4) 
For Fez+ in ~ C O O . ~ ~ ~ F ~ O . ~ C I ~  and CsCo0.99Feo.olC13 above TN, the low-lying 

eigenstates of the electronic Hamiltonian are a ground eigenstate, which produces no 
magnetic hyperfine field, and a magnetic doublet 10 to 15 cm-' above. At temperatures 
below TN, the doublet is split by the magnetic exchange interaction with the Coz+neighbours. 
At 2.8 K the relaxation rate is sufficiently slow for accurate determination from the magnetic 
subspectrum of the magnetic hyperfine field E produced by the magnetic substate. As (r-3) 
and Bc cannot be found independently, (r-') was fixed at a physically reasonable value 
(4.0 au) and B, was then determined from this measured value of the magnetic hypefine 
field. 
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2.2. Relaxation models 

In the two-level relaxation model the nuclear Hamiltonian is 

X ( t )  = Xo + Q'(3I: - 1') + gpBIJ(r ) .  

~. 
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Eo is the unperturbed Hamiltonian for fhe nucleus in the absence of fields and Q' is the 
nuclear quadrupole moment operator. The unperturbed Hamiltonian has the property 

3iolIomo) =,EolIomo) ~ 

gllomo) = golIom0) 

X o l I m )  = E i V p d .  
The g factors for the ground and excited states are given by 

g l f m )  = glI4mi)  
and 

f ( t ) B  is the instantaneous value of the magnetic hyperfine field, and f(r) is a stochastic 
random function of time. If f ( t )  assumes values of unity and zero then equation (5) 
models electronic relaxation between the two lowest-energy eigenstates, producing magnetic 
hyperfine fields of B and 0. If f ( t )  assumes values of 1 and -1, equation (5) models the 
situation where soliton relaxation dominates electronic relaxation and the magnetic hyperfine 
field reverses. 

Following Abragam (1961) it is assumed that f ( r )  is a stationary Markov function, and 
the function W(fzif1, At) is defined as the probability that f(i + At) = fz given that 
f(r)  = f i .  When Ar is small enough, W(f21fi, At)  can be expanded in a power series of 
Af, and when higher orders of At are discarded, for fz # f i  

W ( d l f i ,  At) n(fi, f d A t  ~. (6) 
since W(fzlfi, 0) = 0 when f ~ f  f i .  From the definition of equation (6), 

since W(filf1,O) = 1. The sum of the probabilities W must equal unity, that is 
Er, W(filfi. Ar) = 1, so consequently 

In units of R = 1, the Mossbauer lineshape as a function of frequency w is (Blume and 
Tjon 1968, Abragam 1961) 

I ( O )  = Re 1 D m 0 , , ~ .  A-' . I  (10) 

where D,,,,, ( 1 / r )  [(ZlmilEH-lZomo)lZ, and K ,  is &diagonal matrix formed from the 
occupation probabilities for the different values of f(t) .  Also, A,, = i(orF,, - &6,,) + 
rPv - (I'/Z)8,v, where (Y = (gomo - glml)pB, F,, z f,S,, is a diagonal matrix of the 
values of the stochastic function f(t), and & = -(w - W O  - ~ l e l Q V z z ( 3 m ~ 2  - $1) with 

= El - Eo. r i s  the experimentally observed full width at half maximum depth of the 
absorption line (found from spectra taken at temperatures above those affected by short- 
range magnetic ordering), and 7rPv = n(f,, f,,)~ is the relaxation matrix. 

m m  
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In the three-level relaxation model, f ( t )  in equation (5) assumes values of 1, 0 and -1 
for sites in the three-dimensionally ordered chains, and *1 for the sites in the frustrated 
chains. For sites in the frustrated chains the 3 x 3 relaxation matrix T has three independent 
elements. To avoid undetermined parameters it was necessary to assume that the electronic 
relaxation occurs by some spin-phonon relaxation mechanism, as for a paramagnetic centre. 
The Raman process was rejected because the relaxation rates obtained by fits using the 
two-level relaxation model to NHiCoo,gg4Feo.~& and CsCoo.sgFeo.olCI3 spectra (shown 
in figures 4 and 7) did not show the T7 dependence on temperature characteristic of the 
Raman process for non-Kramers ions (Abragam and Bleaney 1970 p 563). The electronic 
relaxation was assumed to occur by the direct process. For transitions from a lower-energy 
state I$;) to a higher-energy state Iqj}, separated by energy E ,  the rate given that the 
initial state is occupied is (Abragam and Bleaney 1970 p 558) 

E' 
(11) 

where 00 is a parameter that is fitted, and in the simplest approximation is related to the 
density p,  the speed of sound in the crystal U, and the matrix element of the term linear in 
strain, V(I), in the expansion of the crystalline electric potential V = V O + ~ V ( ' ) + ~ ~ V ' ~ ) + .  . .. 

exp[E / (Wl -  1 
Z/t  = 00 

The rate nf l  for transitions from a higher-energy state to a lower-energy state is 

Equations (11) and (13) are used for the off-diagonal elements of T, and equation (9) gives 
the diagonal elements. 

In the combined relaxation model the relaxation at sites in the three-dimensionally 
ordered chains was assumed to be three-level electronic relaxation, as for the three-level 
relaxation model. In sites in the frustrated chains, both electronic and soliton relaxation 
processes were assumed to occur independently. This situation can be modelled by the 
nuclear Hamiltonian 

W ( t )  = WO + Q'(3I2 - p) + gpBIz  f ( t )s( i )  (14) 
where f ( t )  represents electronic relaxation, and the stochastic function s ( f )  = f l  represents 
soliton relaxation. The product f(t)s(i) models the situation where solitons flip the sign of 
the magnetic hyperfine field when f ( t )  = f l ,  and have no effect when f ( f )  = 0. 

Defining W(f2szIf1s1, Af) as the probability that f ( t  + At)  = fi and s( t  + Af) = sz 
given that f ( f )  = f1 ands(t) = SI, the combined relaxation matrix is obtained by expanding 
W ( f ~ ~ z l f i ~ l .  Ai) in a power series in At, 

W ( f z ~ z l f i ~ i ,  At) +,.,yJs,.,y2 + K ( f i s ~ ,  f i ~ z ) A t  (15) 
where z has 36 elements, one for each combination of f l  , SI,  fz, and SZ. 

Assuming that both relaxation processes occur independently, the elements of the 
combined relaxation matrix 7r,> can be related to elements of the electronic 7,. and soliton 
T . ~  relaxation matrices. 

W/.v(YUlXU, At) = W/(YIX, Ar)W(ulu* At) (16) 
for y # x and U # U ,  where x and y label values of f ( t ) ,  and U and U label values of s ( f ) .  
W,(ulu, A t )  is the probability that s(i + Af) = sY given that s ( f )  = sU. 
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If both electronic and soliton relaxation have occurred during time At, then y # J and 
U # U ,  and, using equations (6), (7), and (16). 

= b,& Y )  (1 + n,&, u)At) + n j ( x ,  y ) A t  nS(u, U ) I I ~ , = ~  = x / ( x ,  Y ) .  

Likewise, if only soliton relaxation has occurred, y = x ,  u # U, and xf , (xv ,  xu) = n,(u, U). 
The diagonal elements of nf, are 

n,.&4,xu) = - c ?rf.&U, y u ) .  (17) 
)."+XU 

3. Experimental details 

NH&oC13 doped with nominally 0.5 atomic % 57Fe was grown from a mixture of N H K I  
and (99.5% CoC12 + 0.5% nFeCIz). The CoC12PeC12 mixture was prepared~by dissolving 
57Fe in dilute aqueous HCI, adding CoCIz, and drying the solution. A small excess of 
NH&1 calculated Trom the estimated vapour pressure of " 2 1  at 460 OC (25.4 atm) was 
added so that the stoichiometric amount of N&CI was present in the melt. The mixture was 
sealed in an evacuated silica tube, and the crystal was grown by the Bridgman technique. 

The standard transmission Mossbauer specuometer, velocity calibration method, and 
preparation technique for the polycrystalline absorbers were as discussed in Sheen et al 
(1994). , .  

Chemical analysis of the absorber was performed using a Varian 175 AA atomic 
absorption spectrometer, It was found that the NH&o,-,Fe,C13 crystal had a composition 
of x = (0.595 & 0.002) at.% Fe. 

4. Results 

4. I .  Mossbauer spectra of paramagnetic NH4Co~.994Fe0.~~C1~ 

At temperatures in the range 27.5 K to 250 K, the spectra show a pair of quadrupole 
split absorption lines of unequal intensity, as for CsCoo.~~Fe~.O~Cl~ (Ward et a1 1987). The 
cause of the unequal intensity is presumed to be the same as for G C O ~ . ~ ~ F ~ . ~ ~ C ~ ~ .  with 
the crystallites in the polycrystalline absorber aligning preferentially in the plane of the 
absorber. The higher-energy line is the most intense, giving V,, < 0 consistent with the 
Mossbauer spectra taken below TN,. To correct for this effect on the intensities below TN, 
the magnetically split nir = i$ + 2 ~ ;  &sition absorption lines were multiplied by an 
empirical correction factor derived from the ratio of the line intensities of the spectra taken 
above TN, . 
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Below 40 K there is a gradual increase of linewidth as the temperature decreases, 
consistent with magnetic correlations along the c axis (obtained by Ajiro et al in 1989). 

The QS values above 30 K were fitted using the same general procedure as for 
CsCo~,ggFe~,.~lCl3 (Ward etal 1987). With the cubic crystal field parameter fixed to 10 150 
cm-', as for CsCoo,9~Fe~.o~CI~, it was found that a very good fit could be obtained for any 
value of (rG3) in the range 3.5 to 4.5 au, if IB& IB$, and IAl were allowed to become 
very large. For reasonable values of A (less than 90% of its free ion value of -104 cm-' 
(Trees 1951)), and BJ fixed to values less than 3000 cm-I, the energy splittings between 
the singlet ground state and the first excited doublet were found to be in the range 6.5 to 
17 cm-l at 27 K (&). A value of B: = 1000 cm-' was chosen, which gave the greatest 
stability of xz to variation of (r;'), and gave a singlet-doublet splitting at 27 K of - 11.3 
cm-' for values of (rG3) of both 3.5 and 4.5 au. The fits obtained when (rG3) was fixed to 
3.5 and 4.5 au are shown in figure 2, while the parameters obtained are shown in table 1. 

-1.6 . , . , . , . , . ~  . , . , . , . , . ,  I ,  . # .  

-1.7 - 

-t.9 - - 
li 

Y) 

0 -2.t ~ n 

- -2.0 - 
- 

:: - 2 . 2 -  

o 20 ,O 60 80 too izo WO 160 is0 zoo zza 240 260 
-2., ' 3 " ' 4 " " ' 8 " ' " I ' * ' ' ,  ' 

Temperature (K) 
FXgure 2. The quadrupole splining for NH&OII,WF~~,IWMCI~ fitted at temperatures above 30 K. 
The fitted curves were calculated from the eigennates of the electronic Hamiltonian according 
to the expectation value of V,, for the different parameter sets in table I.  The dashed (solid) 
w e  corresponds to ihe parameter sa of table I with F3) fixed to 4.5 (3.5) au. The QS at 
remperatures below 27.5 K is fmm spectra of ~ C o o . & l , ~ C l 3  fitted using the combined 
relaxation model as described in the theory section. 

Table 1. Parametem obtained from fitting the quadrupole splitting data shown in figure 2 using 
Hamiltonian (2) and QS calculated using equation (3). The superscript f denotes parameters 
which were fixed during the fit, and the numbers in brackets indicate the uneenainty in the least 
significant figure(s). 

1.45 3.5' 10150' 99O(ZO) 1000' -W3) -0.75(8) 
0.92 4.5' 10 150' 950(20) 1000' -70(3) -0.65(8) 
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4.2. Mdssbauer spectra of magnetically ordered NH4Coo.~94Feo.w6C13 

Representative Mossbauer spectra of NH&oo,g94Fq,~Cl~ taken below TN, are shown in 
figure 3. The spectra have unequal broadening of the absorption lines, characteristic of the 
effect of relaxation processes. The spectra are similar to those of C s C o o . ~ ~ F ~ , ~ l C l ~  (Ward 
et al 1987) so initially a similar fitting procedure was followed. 

At 1.3 K and 2.8 K the spectra are only slightly broadened and can be considered a 
superposition of two subspectra: one a six-line spectrum with Bhf - 22 T, QS - -2.3 mm 
s-’, isomer shift (Is) - 1.23 mm s-’, q (asymmetry parameter) and 0 (angle between Bhf 
and the principal z axis of the EFG tensor) both zero; the other a pair of lines with the same 
Qs and IS but with Bhf - 0. This is consistent with having Fe2+ in the two lowest electronic 
states and slow relaxation occurring between these states. 

Thus the spectra below IO K were fitted allowing electronic relaxation between the 
lowest two states (giving Bhf = B and 0). The program also determines the splitting, E l ,  
between these two states. The spectra could be fitted satisfactorily only if we included an 
‘extra’ pair of lines with a relative area of 5.5% as shown in figure 3. To test whether this 
was due to the prescence of Fe2+ rather. than CO’+ nearest neighbours in the chain a sample 
was prepared with a greater (0.84%) concentration of 57Fe. The relative area of the ‘extra’ 
lines was greater for this sample so presumably this assumption is correct. However for 
neither sample could the ‘extra’ lines be observed at temperatures above Tj2 so the origin 
of these lines remains in doubt. 

Assuming that the crystal field parameters and other parameters in the Hamiltonian 
(equation (2)) are independent of temperature, the remaining parameters to be determined 
from the low-temperature spectra are the Fermi contact effective~fieid Bc and the effective 
Fe-Co exchange parameter Jefi. These were chosen to give the observed values of B and 
the splitting, El ,  between the two lowest electronic states for the Mossbauer spectrum at 
2.8 K. These values of .lea and B, are shown in table 2. 
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Table 2. Values of the paramelen fee and BG giving Ihe electmn state splining. E2, and the 
magnetic hyperfine field. B ,  found from fitting the spectrum of NH4Col).p4Fee.,&13 at 2.8 K. 
The other parameten in the Hamiltonian are given in table 1 .  The calculated values of EZ and 
B for two different values of (rG3) are also shown. 

kG3) fen EZ & B 
(au) (cm-l) (cm-‘) (T) (TI 

4.5 -25 1.2 -55 22.3 
3.5 -26 4.2 -53 22.6 

Using the wavefunctions of the electronic Hamiltonian, and these values of Jeff and B,, 
the energy splittings and Bhf produced by the three lowest eigenstates were then calculated. 
It  was^ found that to a good approximation the magnetic hyperfine fields produced by the 
three lowest eigenstates are parallel to the crystallographic c axis with B (state (1)). 0 T 
(state (Z)), and -B (state (3)). The states are labelled according to their energy at 2.8 K, 
state (1) being the ground state at that temperature. 

The two-level, three-level, and combined relaxation models as described in the theory 
section were used to fit the Mossbauer spectra of N H & o o . ~ ~ ~ F ~ . w ~ C I ~  below T j , .  B was 
fixed to the value of 22.3 T for all the fits. In fits using the threelevel and combined 
relaxation models the energy of state (3) was fixed to the values calculated from the 
electronic Hamiltonian. 
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No significant improvement in goodness of fit was observed in fits using the more 
sophisticated relaxation models. This was expected since the two-level relaxation model 
has enough parameters to enable the spectra to be fitted well. 

The energy of state ( 1 )  relative to state (2) is plotted in figure 4. At temperatures 
below 10 K fits using the two-level, three-level, and combined relaxation models yield the 
same E2 parameter as expected given the low occupation probability of state (3) calculated 
from the eigenvalues of the electronic Hamiltonian. For the two-level relaxation model, the 
departure of E2 from the calculated curve at temperatures above 17.5 K is consistent with 
state (3) becoming more populated, causing a breakdown of the two-level relaxation model. 
For E2 obtained from the three-level and combined relaxation models, the deviation from 
the calculated curve above 22.5 K can be attributed to fixing state (3) to too low an energy. 
It is likely that state (3) has a higher energy than that calculated since one-dimensional 
correlations (causing splitting of the magnetic states) are present above TN, , whereas the 
calculation assumes that magnetic exchange splitting occurs only at temperatures below TN,. 

25 '"I 4. 

26 24 22 20 18~ 16 14 12 10 8 6 4 2 
Temperature T (K) 

Figure 4. Elecvonic energy levels of Fe2+ in N H ~ C ~ O , ~ F ~ I , , ~ ~ C I ~ .  The energy of state (1) 
relative to state (2) (the line at zero energy). The parameter E2. which is the enexgy of state (2) 
minus the energy of state (1). is given by the negative of the energy scale. The dashed c w e  
is cdculated fmm equation (2). the A are from fits using the two-level relaxation model. the x 
are from fits using the three-level model, and the + are from 6ts using combined relaxation. 

The electronic relaxation pamneter WO was found to vary by a factor of three for fits in 
the temperature range 2.8 to 25 K. This variation may be considered small in the'context of 
the electronic relaxation rates obtained from fits using the two-level relaxation model, which 
increase by a factor of approximately 50 over the temperature range from 2.8 to 15 K. 

A consistent set of soliton relaxation rate  and^ Bhf parameters could be obtained using 
any of the two-level, threelevel, or combined relaxation models if the spectra taken below 
10 K were fitted with electronic relaxation only, while the spectra taken above 12.5 K were 
fitted with two subspectra, the soliton relaxation subspectrum with relative area of i, and 
the electronic relaxation subspectrum with a relative area of a. Consistent parameter sets 
could not be obtained if the soliton relaxation subspectrum was omitted above 12.5 K, or 
if a soliton relaxation subspectrum was included at temperatures below 10 K. On this basis 
T N ~  may be given as (1 1 5 2)  K. 

The soliton relaxation rates obtained from fitting NF&COO.~~~F~A).C.&~~ Mossbauer 



1944 N I  Sheen and V H McCann 

* 
- .  
2 

spectra using the two-level, three-level, and combined relaxation models are plotted in 
figure 5. The soliton relaxation rates obtained from fits using the two-level and three-level 
relaxation models were the same within uncertainty, so the only effect of adding the third 
electronic state to the two-level relaxation model was to change the fitted energy splitting 
between states (1) and (2). Due to the effect of including electronic relaxation in the soliton 
relaxation subspectrum, the soliton relaxation rate fitted using the combined relaxation model 
is slower than that using the two-level and three-level relaxation models. The equation of 
the line of best fit to the soliton relaxation rate determined from fits using the two-level and 
three-level relaxation models to the Mossbauer spectra of NH&oo.994F~.~6C13 (the solid 
line in figure 5 )  is 

(-(3:4)) 
R = (880 f 200) exp 

where the soliton relaxation rate R is in MHz,  and the temperature T is in K .  The dashed 
line in figure 5 is a line of best fit for the soliton relaxation rate as determined by fits using 
the combined relaxation model. It has the equation 

( - ( ' F 7 ) ) .  
R = (90 f 30) exp 

4.3. Mossbauer spectra of CsCoo.ssFeo.0~ ci3 

Mossbauer spectra of a powder sample of CsCo0.9~Fe0.o~Cl3 have been previously 
recorded in a study in this laboratory (Ward et a1 1987). The Mossbauer spectra taken 
above TN, consist of a quadrupole split pair of absorption lines, similar to those of 
N H ~ C O O . ~ ~ ~ F ~ O . M ) ~ C I ~  in its paramagnetic phase. The electronic Hamiltonian parameters 
of Fe2+ in CsCoo.99Feo.0lCI~ and the empirical correction factor for the line intensities for 
the preferentially oriented powder absorber were obtained as in Ward et al (1987). The 
energy level structure and Bhf produced by the eigenstates was similar to those found for 
NI-bC00.998e~~~C13, with B for C ~ C O O . ~ ~ F ~ , O ~ C I ~  being 24.8 T. Using these results, the 
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Mossbauer spectra taken at temperatures below T,, were fitted using the two-level, three- 
level, and combined relaxation models. 

Again, as found for N & C O ~ . ~ ~ F Q . W ~ C ~ ~ ,  no significant improvement in goodness of 
fit was observed in fits using the more sophisticated relaxation models. 

The energy of state (1) relative to state (2)  is plotted in figure 6. At temperatures above 
14 K the fitted energy of state (1) obtained using the two-level relaxation model is higher 
than that obtained from the three-level and combined relaxation models, consistent with 
state (3) being occupied at these temperatures. The uncertainty of the energy splitting E2 

at 20.1 K is very large, due to the lack of structure of the Mossbauer spectrum. The large 
value of Ez at this temperature may not be significant. 

Temperature (K) 

Figure 6. Electronic energy levels~of Fezc in CsCao.~Fq~.o~CI~. The energy of state ( I )  relative 
to state (2) (rhe line 3t zero energy). The parameter Ez, which is the energy ofstate (2) minus the 
energy of smte (I), is given by the negative of the energy sale.  The dashed c w e  is calculated 
from equation (2). the A are from fits using the two-level model, the x are f q m  fill using the 
three-level model, and the + are From fits using combined relaxation. 

The electronic relaxation parameter WO varied by a factor of five between 1.9 and 
17.9 K. The larger variation in values of WO determined from the Mossbauer spectra of 
C S C O O . ~ F ~ O . O ~ C ~ ~  compared to those determined from ~ c O o . ~ ~ F e 0 . ~ 6 c 1 3  may be caused 
by the poorer signal to noise ratio for some of the CsCo0.99Fe0.0~Cl3 spectra. 

For CsCoo,99Feo,oj Cl3 at temperatures below 8.6 K the Mossbauer spectra could be fitted 
with or without a soliton subspectrum. Above this temperature it was necessary to include 
a soliton relaxation subspectrum in order to fit the spectra. The soliton relaxation rates 
obtained from fits for the various models are shown in figure 7. The solid line is a line 
of best fit to the soliton relaxation rates determined from fits to the Mossbauer spectra of 
CsCoo,~Fe0,0,C13 using the two-level and three-level relaxation models, and is given by the 
equation 

( -(70: 20)) 
R = (2.3 =k 0.6) x 104exp 

where the soliton relaxation rate is in MHz, and the temperature T is in K. 
The dashed line is a line of best fit to the soliton relaxation rate obtained from fits using 
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,050 ,055 .060 . O S  .070 .075 ,080 ,085 .090 
Inverse Temperature (f/K) 

Figure 7. The soliton relaxation rates obtained from fils using the two-level (A), the-lcvel 
(x). and combined (t) relaxation models. The solid (dashed) line is a line of best fit to the 
soliton relaxation rates obtained using the two-level md three-level relaxation models (combined 
relaxation model). 

the combined relaxation model. Its equation is 

r34ri 7. R = (300 rt 100) exp 

5. Discussion of results 

The soliton relaxation rate R can be calculated from the theory for an ideal soliton gas in 
an king-like chain (Smit e ta l  1989) as the product of the soliton density and the thermally 
averaged soliton velocity, 

Using the intrachain exchange parameters J = 75 K and E = 0.12, R is calculated to be in 
the range lo4-lo5 MHz over temperatures from 12 to 20 K. 

The soliton relaxation rates obtained from fits to the Mossbauer spectra of 
NH&oo.994F~.w&13 were slightly slower than those obtained from CsCo0.99Fq.olC13. The 
intrachain exchange parameters for NH4CoC13 are expected to be similar to those for 
CsCoClp, so the predicted ideal soliton gas relaxation rates are similar though no other 
data for NH&oC13 have been found in the literature. 

The soliton relaxation rates in CsCoClp obtained from neutron inelastic scattering 
(Boucher et nl 1985), '33Cs nuclear magnetic resonance (Adachi et at 1979), and p+ spin 
resonance (Mekata 1990) fall in the range IO3 to 2 x lo4 MHz at 20 K. These results 
lie between the relaxation rates found in this experiment (SO to 600 MHz at 20 K) and 
the predictions of the ideal soliton gas theory (8 x lo4 MHz at 20 K). A comparison 
of these relaxation rates provides evidence that the ideal soliton gas predicts a soliton 
relaxation rate which i s  too high. The relaxation rate obtained from the Miissbauer spectra 
of CsCo0.99Fe0,~~ CI3 is lower than for pure CsCoCIp found using the other experimental 
techniques. This may be due to the presence of the iron changing the soliton dynamics. 

' 
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Also there are some problems in determining the part of the spectrum due to electronic 
relaxation, in particular the assumption that in the relaxation rate the parameter WO in 
equation (12) is indepcndent of the states involved in the relaxation process. Despite these 
problems, the most satisfactory relaxation model is the combined relaxation model, since it 
does not need to assume that soliton and electronic relaxation occur at very different rates 
and it includes all occupied electronic levels in the analysis. 

NJ34CoC13 was demonstrated to have similar magnetic properties to CsCoCl,, with 
solitons existing in the pakially disordered phase, and &,= (11 i 2) K. 
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