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The low-frequency relaxation behaviour of the linear-chain antiferromagnet CsMnC13.2H20 at the spin-flop transition 
has been determined from dynamic susceptibility measurements on a single crystal placed in direct contact with liquid 
helium. The experiments were performed between 1.4 and 4.2 K in the frequency range 0,1 Hz-3.0 kHz with a frequency- 
sweeping SQUID susceptometer. Below Ta =2.17K, the relaxation rate ~.-1 manifests an exponential temperature 
dependence, ~.-t = too e -EIkT, where E/k = 3.19 +-0.04 K is approximately equal to the magnitude of the intrachain exchange 
interaction constant Jo/k. Above Ta the apparent deviation from the exponential behaviour has been explained satisfactorily 
by using the thermal conduction model of relaxation. The field-dependent factor too is directly proportional to the ratio of 
the adiabatic Xs to the isothermal XT susceptibilities. 

1. Introduction 

A phase transition between two ordered 
magnetic phases is usually characterized by the 
occurrence of an intermediate state in which the 
two ordered phases co-exist as domains. Such 
domain structures, whose formation is ener- 
getically favourable,  exist in a small field range 
(the intermediate state) when a sufficiently large 
magnetic field is applied parallel to the easy axis 
of magnetization. In a weakly anisotropic 
Heisenberg antiferromagnet  this phase transition 
is the spin-flop transition, at which the co-exis- 
ting antiferromagnetic (AF) and spin-flop (SF) 
phases are separated by 90 ° domain walls [1]. In 
a strongly anisotropic Ising antiferromagnet ,  180 ° 
domain walls separate  the AF and, for example,  
the ferrimagnetic (FI) phases at the correspond- 
ing metamagnet ic  transition. 

The existence of the intermediate state at the 
spin-flop transition has been ascertained 
experimentally for several antiferromagnets  in- 
cluding MnF2, NiWO4, CuCI2 .2H20 and 
CsMnCI3.2H20 [2-4]. Studies of optical ab- 
sorption, Faraday rotation, Barkhausen effects 
and N M R  were used to observe the intermediate 
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state in these compounds.  For MnF2 the cor- 
responding domain structure was observed [2] 
with photographic techniques involving selective 
optical-absorption of the AF and SF phases. 

A variety of physical propert ies  such as sus- 
ceptibility, magnetization, magneto-striction, 
thermal expansion, thermal conductivity and 
ultrasonic attenuation, which exhibit a more or 
less sudden change of behaviour at the A F - S F  
phase transition, are used to study the spin-flop 
transition [5]. However ,  there are very few in- 
vestigations, of susceptibility for example,  at the 
spin-flop transition in the presence of a small 
oscillating magnetic field. The reason is that the 
conventional (mutual inductance) field-sweep 
technique is not really suitable for measuring the 
dynamic susceptibility g = g ' - i x "  at phase 
transitions, especially at the A F - S F  transition, 
where X is very sensitive to small variations in 
temperature ,  magnetic field, sample position and 
orientation. With the automatic frequency- 
sweeping S Q U I D  susceptometer  [6] recently 
developed in our laboratory,  used in com- 
bination with a digital phase sensitive detection 
and data acquisition system [7], it is now possible 
to perform, directly and with high sensitivity, an 
accurate and rapid measurement  of the 
frequency dependence of X. 

Our  investigation of the spin-flop transition is 
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concerned with the dynamic behaviour of the 
domain walls between the AF and SF phases in 
the presence of a perturbing small oscillating 
magnetic field. This domain wall relaxation ap- 
pears to be a low-frequency (<10 kHz according 
to Rohrer  [8]) relaxation phenomenon exhibiting 
an exponential temperature T dependence of the 
relaxation time r given by [9] 

-1 e x p ( - E / k T )  (1) T = (.D O 

where E is the activation energy for domain wall 
motion and k is the Boltzmann constant. The 
coefficient too depends on the relative fraction of 
the co-existing ordered phases. According to 
Tinkham's phase-nucleation theory [10] for 
metamagnetic transitions in low-dimensional 
magnetic systems [11], the activation energy E = 
[J[ for surface or impurity-site nucleation or E = 
2]J] in the case of volume (inner site) nucleation. 
Here J is the intrachain exchange interaction 
constant. In a previous experimental in- 
vestigation [9] of the spin-flop transition relax- 
ation in CsMnBr3- 2I-I20, the relaxation time was 
found to increase exponentially with decreasing 
temperature according to eq. (1) with E / k  
3.6 K. This value of E is of the same order of 
magnitude as the intrachain exchange constant 
for this compound, indicating a probable phase- 
nucleation behaviour for the relaxation. 

The measurements on CsMnBr3.2H20 [9] 
above the lambda transition T~(=2.17K) of 
liquid helium yielded relaxation curves which 
were markedly different from those predicted by 
the Casimir-du Pr6 [12] theory. This apparent 
behaviour, which is an indication of the strong 
influence of the thermal and geometrical pro- 
perties of the sample and environment,  can be 
easily accounted for in the thermal conduction 
model [13] description of relaxation. Successful 
applications of this model have already been 
performed [14, 15]. A similar analysis for 
CsMnBr3.2H20 has not yet been completed 
because of insufficient thermal data at the spin- 
flop transition for this compound. As a result 
only the time constants for T <  T~ in ref. [9], 
where the environmental influence is weak, were 
used to verify eq. (1). 

This paper presents the results of an extensive 

experimental study of the spin-flop relaxation 
behaviour for CsMnCI3.2H20. The experiments 
were performed in the frequency range 0.1 H z -  
3 kHz between 1.4 and 4.2 K using the automatic 
frequency-sweeping SQUID susceptometer. By 
using the thermal conduction model for 
measurements above T~ it has been demon- 
strated that for CsMnCIa.2H20 eq. (1) is pos- 
sibly valid for temperatures above T~ as well. 
The relevant magnetic properties of CsMnCI3- 
2H20 are discussed in section 2. This is followed 
by a brief outline of the experimental procedures 
in section 3. In sections 4 and 5 the experimental 
results and discussion, respectively, are 
presented. 

2. Magnetic properties of CsMnCi3.2H20 

2.1. Magne t i c  and crystallographic structure 

The quasi-one dimensional Heisenberg anti- 
ferromagnetic compound CsMnC13.2H20 has an 
orthorhombic crystallographic structure with 
space group Pcca [16]. The chemical unit cell 
contains four formula units and has dimensions 

o o o 

a = 9.060 A, b = 7.285 A and c = 11.455 A. Four 
CI- ions and two water molecules form a dis- 
torted octahedron surrounding the magnetic 
Mn 2÷ ion. Two of the CI- ions are shared by 
neighbouring Mn 2+ ions, thus forming a slightly 
zig-zag Mn2÷--CI--Mn 2÷ chain which extends 
indefinitely in the crystallographic a direction. In 
the b and c directions the chains are separated 
from each other by non-magnetic atoms. The 
Mn 2+ ion is in the 6S ground state with a mag- 
netic moment  corresponding to spin S = 5/2 and 
isotropic g = 2.00. In the AF state the magnetic 
space group is P2bC'Ca' as determined from NMR 
and neutron diffraction studies [17, 18]. This 
magnetic space group implies a magnetic unit 
cell that is twice as long as the chemical one 
along the b axis and antiferromagnetic exchange 
interactions along the three crystallographic 
axes. The b, c and a axes are respectively the 
easy, the intermediate and hard directions of 
magnetization in the antiferromagnetically 
ordered phase. 
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2.2. One-dimensionality 

The one-dimensional character of CsMnCI3. 
2H20 above its three-dimensional ordering 
temperature TN is evident from the magnetic and 
crystallographic structure (section 2.1), the broad 
maxima in the susceptibility and magnetic heat 
capacity versus temperature curves at T > TN 
and the low entropy gain (-14%) for 0 < T ~< T~ 
[19-23]. Further evidence of linear-chain anti- 
ferromagnetism is provided by the neutron 
diffraction experiments [18] which show that the 
development of substantial spin-spin correlations 
along the a axis of CsMnCI3.2H20 begins at 
temperatures as high as 10TN. The intrachain Ja 
and the interchain Jb and Jc exchange interaction 
constants for this compound have been deter- 
mined using different techniques (see table I for 
references). On the average Jdk=-3 .2OK,  
JdJa ~ 6 x 10 -3 and JdJo ~ 16 x 10 -3. 

and SF phases with TN = 4.886-0.005K and 
bicritical point T b = 4.354K, tzoH b = 2.0144T 
[33]. In the AF phase the magnetic moments are 
aligned parallel to the b axis whereas in the SF 
phase they lie nearly parallel to the c axis. For 
T < 0.9Tb the spin-flop field HsF exhibits a linear 
temperature dependence: 

p.0Hsr = cl + c2T. (2) 

Values of the constants c~ and c2 are given in 
table II. 

CsMnCI3.2H20 has a uni-axial anisotropy 
relative to the a axis at temperatures above 10 K 
[34]. Below this temperature the anisotropy is 
orthorhombic with K1/K2~ 0.31 [21, 35], where 
Kt and K2 are the anisotropy energies in the c 
and a directions respectively. Dipolar inter- 
actions are chiefly responsible for the anisotropy. 

2.3. Magnetic phase diagram and anisotropy 

The magnetic phase diagrams of CsMnCI3. 
2H20 have been studied extensively both 
theoretically and experimentally [21, 30-33]. For 
H parallel to the easy (b) axis the H - T  phase 
diagram displays the paramagnetic (PM), the AF 

3. Experimental procedure 

Measurements of the dynamic susceptibility X 
using the 5T frequency-sweeping SQUID sus- 
ceptometer [6, 7] were carried out on a 10.9 mg 
single crystal of CsMnCI3.2H20 placed in direct 
contact with liquid helium. The dimensions of 

Table I 
The intrachain Jo and interchain Jb, Jc exchange interaction constants for CsMnCI3. 
2H20. Cu is the magnetic heat capacity at constant magnetization M;  X is the 

susceptibility. 

Jdk (K) Jb/Ja Jc/Ja Source 

-3.115, -3.00 
-3.39 
-3.14 
- 3 . 3 ± 0 . 3  
-3 .0±0.2/0 .4  

-3.53 --- 0.04 

-3 .2  

-3 .0  
-3.13+_-0.15 
-3.17 -+ 0.03 

(Jb + Jc)/Jo = 6.9 x 10 -s 
2 x 10 -2 - 2.6 x 10 -4 2.0 X 10 -2 - 2.6 x 10 -2 

,~3.5 x 10 -2 3.5 x 10 -2 

~ l . 3 x  10 -3 6.3× 10 -3 

(Jb + Jc)lJo = 8 x 10 -3 

x(T)  at T > TN [19] 

xi [201 
) (T )  at T > T~ [211 
Cu for 12 < T < 52 K [22] 
CM(T) with different 
model for CL [23] 
neutron scattering [24] 
ESR line shape [25] 
proton spin relaxation 
at T = 300 K [26] 
x(T) ,  M(T)  spin wave 

analysis [27] 
CM(T) spin wave analysis [28] 
optical birefringence [29] 
X~ (to/2~" = 70 Hz) [30] 
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Table II 
Parameters cl and c2 for linear temperature dependence of the 
spin-flop magnetic field Hsv: #0Hs~ = cl + c2T 

el(T) c:(T K-l) Source 

1.64 0,084 magnetization in static field [21] 
1.610 0 .102  inflection pts. of isentropes [31] 
1.6485 0.0866 static parallel susceptibility [30] 
1.63 0 .0873 x'(H), our measurements 

the crystal along directions parallel to the a, b 
and c axes were 3.0, 1.9 and 0.7 mm, respec- 
tively. We used the sample-holder rotation 
mechanism [9] to rotate the sample completely 
about its c axis, with the field direction always 
lying in the ab plane. The crystal was oriented 
with the magnetic field parallel to the easy (b) 
axis by using the sine wave-like angular depen- 
dence of the zero-field dynamic susceptibility X0 
measured in the AF phase. The parallel (Hllb 
axis) and perpendicular (Hlla axis) orientations 
were easily located as they coincide with the 
minima and maxima in the X0 rotation curves, 
respectively. 

The A F - S F  phase boundary in the H - T  plane 
was approached in two ways. The first method 
was to measure the dynamic susceptibility as a 
function of the magnetic field at discrete values 
of H at fixed tempera ture  T. Continuous field- 
sweep measurements  are not possible without 
filtering the substantial noise from the magnet ' s  
power amplifier which disturbs the operation of 
the SQUID.  The second method was to measure 
the dynamic susceptibility continuously as a 
function of tempera ture  at a constant but 
sufficiently high magnetic field. The latter 
method proved to be more suitable in determin- 
ing the maximum X in the A F - S F  region. The 
frequency dependence of X was then measured 
at constant tempera ture  in constant magnetic 
field. Except for the results in section 4.1.1, all 
the measurements  presented here were perfor- 
med for hp~< 1 0 A m  -~ as the amplitude of the 
oscillating magnetic field component .  

4. Exper imenta l  results  on C s M n C I 3 . 2 H z O  

In general the dynamic susceptibility X is a 
function of the magnetic field vector H relative 

to the crystal axes, the tempera ture  T, the 
frequency to/2?r and amplitude hp of the small 
oscillating magnetic field component .  It also 
depends on crystal shape (demagnetization) and 
the nature of the environment  (for example 
liquid or gaseous helium, vacuum, etc.). We dis- 
cuss the field and tempera ture  dependence of X 
in section 4.1 and then analyse the frequency 
dependence of X, and therefore the relaxation 
behaviour,  at the spin-flop transition in section 
4.2. The influence of the environment  is dis- 
cussed in section 4.3. 

4.1. Field and temperature dependence of 
dynamic susceptibility 

4.1.1. x (H)  near the A F - S F  phase transition 
Fig. 1 shows an example of the variation of the 

dispersion X' and absorption X" as functions of the 
magnetic field H obtained at T = 2.776 K for 
t0/27r = 127 Hz and hp -- 33 A m -t. The peaks in 
the X'(H)  and X"(H) curves, centred at H = HSF = 
1.492 × 106A m -a, identify the intermediate state 
between the lower-field AF  and the higher-field SF 
phases. The HsF values obtained in this manner  
were used to verify the linear tempera ture  depen- 
dence of HsF (eq. (2)). The results are in good 
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Fig. 1. Magnetic-field dependence of the dispersion X' (open 
symbols) and the absorption X" (closed symbols), relative to X' 
at H = 0 (X0), showing the AF-SF phase transition in CsMnCI3 • 
21"I20 at T = 2.776 K for to/2?r = 127Hz and hp= 33Am -1. 
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agreement  with previous measurements  (see table 
II). The half width A H  at half height of the peak in 
the x'(H) curve is about 2.5 x 103 A m -1 so that 
hJAH ~ 10 -2. 

In the AF state X is independent  of H and is 
equal to its zero-field value X0- In the SF state X is 
constant but a little larger than X0. At the spin-flop 
transition x'(H)/Xo "> 1 and has its maximum value 
when X ' =  XT and minimum value when X ' =  Xs 
(see subsection 4.1.2). Fig. 1 also shows that X" at 
to/2~-= 127 Hz is zero in both the AF and SF 
phases but in the intermediate state between the 
two ordered phases a small peak has been obser- 
ved. This clearly demonstrates  the occurrence of a 
low-frequency relaxation at the A F - S F  phase 
transition which is absent in the ordered phases. 

4.1.2. x(T) in the AF-SF intermediate state 
At a sufficiently large field H the dynamic 

susceptibility X measured as a function of tem- 
perature  exhibits a peak associated with the A F -  
SF intermediate state. In fig. 2 we show the 
tempera ture  dependence of the dispersion X' near 
T = 2.00 K at H = 1.44 x 106 A m -1 for to/2zr = 
29.2, 141 and 2085 Hz. The sharpness and height of 
the x ' (T)  peak at the spin-flop transition decrease 

with increasing frequency of the oscillating mag- 
netic field component .  Away from the A F - S F  
phase transition x'(T)  appears to be frequency 
independent.  The frequencies 29.2 and 2085 Hz 
were deliberately chosen in order to observe the 
isothermal XT and adiabatic Xs limits of X' for the 
low-frequency relaxation discussed in section 4.2. 
The observed frequency dependence of x'(T)  
clearly shows that the low-frequency relaxation 
does not occur in the ordered AF and SF phases, 
thus corresponding to the result in section 4.1.1. 
The tempera ture  half width AT at half height of 
the x'(T)  peaks increases from its minimum of 
- 0 . 0 1 2 K  for xT(T) to its maximum value of 
--0.023 K for x~(T). 

4.2. Relaxation at the spin-flop transition 

4.2.1. Shape of the Argand diagrams 
With the CsMnCI 3 • 2H20 single crystal in liquid 

helium at temperatures  below Ta, the frequency 
dependence of the dynamic susceptibility X(tO) at 
the spin-flop transition was characterized by fairly 
perfect semi-circular Argand 0("(to)-x'(to)) 
diagrams. This behaviour is in accordance with the 
ideal behaviour (Casimir-du Pr6 theory) of X'(to) 
and X"(to) given by the equations 

i ' - O / ~  ' 
C s M n C I 3 . 2 H  2 

x (:5 29.2Hz] / 

qD 
E (5 

P< 

× ;  

~ 4  

~ I I I | 

-6 -4 -2 0 2 4 
T/TsF-1  (10 -2  ) 

Fig. 2. Temperature dependence of the dispersion X' near 
the spin-flop transition HsF = 1.44 x 106 A m -1, Tsr = 2.00 K 
for CsMnCI3" 2H20. Xmax is the maximum isothermal suscep- 
tibility at the phase transition. 

x'(co) = x T -  ~0rB(~),  (3) 

x"(o~) = B(o~), (4) 

where 

B(o~) = ,o~'(Xv- X3/(1 + ,o2r2). (5) 

Consequently the time constants 7di s and zab s 
derived f rom the frequencies of the X'(to) 
inflection point and the X"(to) maximum, respec- 
tively, are equal to the intrinsic relaxation time z. 
From the measurements  above T~, however,  
flattened dispersion X'(to) and broadened ab- 
sorption X"(to) curves, resulting in non-semicir- 
cular Argand diagrams, were obtained. In this case 
rdi s and %bs are not equal to ~-. Typical Argand 
diagrams from measurements  above and below Ta 
are given in fig. 3. The semi-circular Argand 
diagram A was obtained at the spin-flop transition 
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Fig. 3. Typical Argand (X"-X') diagrams for the relaxation at 
the spin-flop transition obtained from measurements on a 
CsMnCI3.2H~O single crystal in contact with liquid helium 
(A) at T = 1.894K, H = 1.4288x 106A m -1 and (B) at T = 
2.358K, H =  1.4624x 106Am -l, below and above Ta, res- 
pectively. 

H = 1.4288 x 106 A m -1, T = 1.894 K and the non- 
semicircular Argand diagram B is the result of a 
measurement  above T a for T = 2.358 K and H -- 
1.4624 x 106A m -l. Although both measurements  
were per formed over  the same frequency range 
(0.1 Hz to 3 kHz) curve B shows that the isother- 
mal limit XT was not reached. A quantitative 
measure  of how much an Argand diagram has 
deviated from the ideal semi-circular shape is 
given by a deviation parameter  d defined by 

d = 1 - 2X"mxlO(r - X,) .  (6) 

For the semi-circular shape, d = 0. In the case of 
the Argand diagram B, in fig. 3, d -  0,52. 

4.2.2. Field dependence o f  the relaxation rate "r -1 
At constant tempera ture  the low-frequency 

relaxation rate in the A F - S F  transition region 
depends on the magnetic field H. From the 
frequency dependence (fig. 4) of X'(aJ) and X"(to) 
measured at T = 1.955 K for H = 
1.4338 x 106 A m -1, 1.4334 × 106 m m -1 and 
1.4331 x 106 A m - l ,  with the corresponding ~.-l = 
7 .85x102s  -1, 1 .00x103s  -1 and 1 .35x103s -1, 
respectively, it is observed that r -l varies rapidly 
with H. In addition both the adiabatic Xs and the 
isothermal X'r susceptibilities, as well as their 
ratio XJXT, change with the field. In particular 
XJXx and 'r -1 exhibit similar field dependences 

0 

a 

b \ 

0 I I I I I I l l l  , I I I I I I I I  I I I ~ I l l l l  I I I I I I I I i  I , I I I I I I ,  

10 -1 10 0 tO 1 10 2 10 3 10 4 

t0/21r (Hz) 

Fig. 4. Effect of small magnetic field changes on the 
frequency dependence of X' and X" in the A F - S F  inter- 
mediate state of CsMnCI3.2H20 at T = 1.955 K. (a) H = 
1 ,4338x106Am -l, "r - l = 7 . 8 5 x 1 0 2 s  -1. (b) H = 1 . 4 3 3 4 x  
106Am-l,  ~ . - l=10 .0x102s  -I. (c) H = 1 . 4 3 3 1 x 1 0 6 A m  -j, 
z -1 = 13.5 x 102 s -1. 

such that for a given value of xdx 'r  at constant 
temperature,  the relaxation rate ~-~ is the same 
irrespective of the applied magnetic field within 
the transition region. For example  in fig. 5, 
where r -1 and Xs/XT are plotted against H at 
T = 1.955 K, the relaxation rate is 0.95 × 103S -1 

for XdXT = 0.35 at both H = 1.4334 x 106 A m -1 
and H =  1.4342x 106Am -l. Using the ther- 
modynamic identity XJXT = CM/CH and the rela- 
tion ~.-l= oUCH, where ct is a proportionali ty 
factor and CM and CH are the magnetic specific 
heat capacities at constant magnetization and 
constant field respectively, we obtain the equa- 
tion 

• - ' =  ( ,~ lCM)xdx~.  (7) 
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Fig. 5. Magnetic field dependence  of ~--~ and J(s/XT in a small 
field interval ~0 .5  A H  around H = HsF at T = 1.955 K. 
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Fig. 6. Variation of z -1 with XJX'r at the  spin-flop transition 
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Then a plot of z -1 against xdxr at constant T 
should yield a straight line with slope a/CM and 
intercept at origin of co-ordinates, provided o#C M 
is independent of H. A linear dependence of ~--x 
on XdXT is indeed found as shown in fig. 6 at 
several temperatures. These results show that 
a/CM is independent of H at constant tem- 
perature. 

4.2.3. Temperature dependence of the relaxation 
rate ~.-1 

In our previous study of relaxation at the 
spin-flop transition of CsMnBr3-2H20 [9], the 
temperature dependence of r -1 was determined 
from the frequency dependence of X(oJ) at the 
susceptibility x(H) peak at which the quantity 
XJXr-0.4 was found to be nearly independent 

of temperature. From the present relaxation 
experiments on CsMnCIa.2H20 it has been 
found that also for this compound XJXT is tem- 
perature independent, although the actual 
measurements at the x(H) peak may be ham- 
pered by its sharpness. When this behaviour of 
Xs/Xx is considered together with eq. (7) in sec- 
tion 4.2.2., it becomes obvious that the tem- 
perature dependence of r -1 is simply that due to 
the variation of the field-independent factor 
a/CM, that is the slope of the ~--~ versus XJXT in 
fig. 6. This shows that it is not necessary to 
measure X(t0) at the x(H) peak in order to 
determine the temperature dependence of ~.-1. 
Therefore ~--1 was evaluated at each temperature 
for a fixed value of XJXT. An example of the 
results obtained is displayed in fig. 7 by the 
log-linear plot of ~.-1 against T -1 for Xs/XT = 0.42. 
At temperatures below T~ the ~'-~(T) data yiel- 
ded an exponential dependence. Above T~ the 
substantial environmental influence on X'(to) and 
X"(t0) was observed to give values of 1-;1~ much 
lower than the intrinsic relaxation rate ~--~ (see 
section 4.3). Strictly speaking, fig. 7 shows the 
observed temperature dependence of ~;ds. 
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Fig. 7. A typical example of the  dependence  of the relaxation 
rate ~.-1 on the  reciprocal tempera ture  T -I for X./XT = 0.42 at 
t h e  spin-flop transition. The  straight line represents  
r -t  ~ e x p ( - E / k T )  with E/k  = 3.19 K. 
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However,  as indicated earlier (section 4.2.1), the 
data for T < T~ correspond to z-~(T), whereas 
the data at T > TA does not. 

The activation energy E for the relaxation 
process and the coefficient too were obtained by 
fitting the z-~(T) data at T < TA to eq. (1). Fig. 8 
shows the variation of Elk and to o with X,IxT. It is 
observed that E/k is independent of XdXT and 
has a value, 3.19--- 0.04 K, approximately equal 
t o  IJo/kl for CsMnC13.2H20. This result gives 
the same relationship between E/k and Jdk as 
that found for CsMnBr3.2H20 in ref. [9]. The 
parameter  too increases linearly with Xs/XT ac- 
cording to the empirical formula. 

too = d ( x s / x O ,  (8) 

where d = 1.41 x 104 s-L By combining eqs. (1), 
(7) and (8) it can be shown that 

a/CM = d exp( -E /kT) .  (9) 

4.2.4. Variation of r-' with Xf lX r  from X'(to) ver- 
sus T curves 

As a further check on the variation of r -1 with 
XdXr, the X'(to) measured as a function of tem- 
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Fig. 8. The  activation energy E/k and the coefficient to0 as 
functions of the susceptibility ratio XdXT at the spin-flop 
transition of CsMnC13.2H20.  

perature at constant magnetic field (section 
4.1.2.) was analysed by using eq. (3). Three 
simultaneous equations in X'(to,) and to,, for n = 
1, 2 and 3, were set up in order to calculate ~', Xs 
and XT. This analysis, however, has limited scope 
because a non-trivial or physically meaningful 
solution of such a set of equations is only found 
for X'(toi)#X'(toj) when toi ¢ % Where this 
condition is valid, the anticipated linear depen- 
dence of r -1 on gs/gT was found. 

4.3. Application of the thermal conduction model 
(TCM) 

In section 4.2.1. it was shown that the obser- 
ved behaviour of X(to) for a sample in contact 
with liquid helium at temperatures above T, 
cannot be described by the Casimir-du Pr6 
equations. As a result the intrinsic relaxation 
time ~- cannot be readily obtained from such 
curves. In this section we use the thermal con- 
duction model [13] (TCM) to describe the 
frequency dependence of X(to) and therefore 
relate these curves to the expected intrinsic 
relaxation time r at T > T,. Thus according to 
TCM the effects of thermal properties of the 
environment and sample on the X(to) curves is 
accounted for when X'(to) and X"(to) are given by 

X'(to) = XT- to~'B(to) • (1 + W1 - W21to~') (10) 

and 

X"(to) = B(oJ)" (1 + W1 + W2tor), (11) 

with B(to) given by eq. (5). Here  W 1 and W 2 
are the real and imaginary parts of the geometry- 
dependent  complex function W, 

W =  W(D,F ,P ,Q ,R ,S ,  to,~') 

= (p/L2)(L - Z-l)/(1 + itoz), (12) 

where 

L = B(to).  [1 + i(1 + to2& + D)/to~'D]P (13) 

and Z is a function describing the heat transport 
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properties in the sample and the environment.  
The dimensionless group-variables D, F, P, Q, R 
and S are defined in table III. The shape of the 
CsMnCI3.2H20 crystal used is approximately 
plate-like with thickness 2r = 0.7 mm, in which 
case the function Z is written as 

Z = Q + (1 - i)S/(2PRStor) '/2 + coth(LU2)/L u2 
(14) 

When Wl = WE---- 0, eqs. (10) and (11) reduce to 
the Casimir-du Pr6 relations. When the sample 
is thermally isolated, Z -~ = 0. 

In order to calculate values for the dimension- 
less group parameters we used the heat capacity 
CB and thermal conductivity AB for liquid helium 
[36] and the lattice thermal conductivity of 
CsMnCI3.2H20 at the spin-flop transition [37]. 
The thermal resistance RK at the crystal-bath 
interface was taken as zero while the simple 
Debye T3-1aw was used to estimate the lattice 
heat capacity CL. With this information, together 
with the susceptibility measurements,  only F, Q 
and S can be calculated. The remaining 
parameters D, P and R require the knowledge 
of the constant field magnetic heat capacity CH. 
Since there is no CH data for CsMnC13-2H20 at 
the spin-flop transition, C H was taken as a vari- 
able parameter  while assuming that the 
exponential temperature dependence of ~- found 
below TA can be extended to temperatures above 
T A. It is now possible to evaluate D, P and R as 
well, and therefore the g'(w) and X"(t0) curves. 
In the comparison between the calculated and 
experimental X(tO) curves the best agreement 
was found for CH values ranging from 
11 J mol -~ K -1 at T = 2.23 K to 15 J m o r  t K -~ at 

T a b l e  III 
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Fig.  9. C o m p a r i s o n  b e t w e e n  the  e x p e r i m e n t a l  d a t a  a n d  

t h e o r e t i c a l  ( T C M )  c a l c u l a t i o n s  (curves  a)  of  \ ' ( to)  a n d  X' ( to)  
fo r  CsMnCI3  • 2 H 2 0  at  H = 1.4624 × 106 A m -1, T = 2 .358  K.  

T h e  e x p e c t e d  in t r ins ic  r e l a x a t i o n  b e h a v i o u r  is r e p r e s e n t e d  
b y  the  cu rves  b fo r  ~" = 0 .616  × 10 -3 s. 

T = 2.65 K, which are comparable to the only 
available experimental molar heat capacity CH at 
the AF-SF  transition [38] for the compound 
MnCI2.4H20.  Fig. 9 shows an example of the 
agreement found between the experimental data 
and theoretical (TCM) calculations (curves a) at 
T = 2.36K. The anticipated intrinsic relaxation 
process is represented by curves b calculated 
with eqs. (3) and (4) for ~- = 0.616 × 10 -3 S, which 
is about 17 times smaller than the Tab~-- 
10.5 X 10 -3 S. 

5. Discussion 

In this section we discuss the general 
behaviour of the dynamic susceptibility, the 
domain structure, the thermodynamics and the 
relaxation phenomena at the spin-flop transition. 
A comparison between metamagnetic and spin- 
flop systems is given at appropriate places. 

D = CH/CL 

F = 1 - Xs/XT = I -- Cu/CH 
P = r2ot/AL , w h e r e  ot = CH/'c 
Q = ALRK/r  
R = CB/CH 
S = AL/AB 

5.1. Dynamic susceptibility behaviour at the 
phase transition 

From the field and temperature dependence of 
the dynamic susceptibility at several frequencies 
it has been shown that the low-frequency relax- 



22 M. Chirwa et al. / Relaxation behaviour of CsMnCI3. 2HeO 

ation, found at the spin-flop transition of 
CsMnCl3-2H20,  does not exist in the low-field 
AF  and high-field SF phases. A similar 
behaviour  of the dynamic susceptibility has also 
been observed in CsMnBr3 .2H20  [9]. Relax- 
ation within the ordered domains (paraprocess), 
where T - l >  105 S -1 [39], is at least 102-103 times 
faster than the domain-wall relaxation at first- 
order phase transitions. At  2.0 K the relaxation 
rates at the spin-flop transition of CsMnBr3. 
2H20 and CsMnCI3 .2H20 and at the metamag-  
netic transition of [(CH3)3NH] COC13.2H20 [40] 
are - 4 × 1 0 3 s  -~, - 1 × 1 0 3 s  -1 and - 0 . 4 x 1 0 3 s  -~, 
respectively. In the case of the compounds 
CoBr2 .2H20  and COC12.2H20 which exhibit 
two metamagnet ic  transitions at Hc~ and H~, the 
relaxations rates are ~<10 -~ s -~ and <~3x 103S -1 
at the first (Hc~) and the second (H~) transitions 
respectively [41, 42]. 

The adiabatic limit of the susceptibility in the 
region of the spin-flop transition is expected to 
be Xs = (1 - E)XAF + ffXSF where 0 ~< E ~ 1 and XAF 
and XSF are the susceptibilities in the AF and SF 
phases. This would be the case if the low-frequency 
domain-wall relaxation and the high-frequency 
paraprocess were the only relaxation processes at 
the transition. However  experimentally Xs for the 
low-frequency relaxation is considerably larger 
than XAr or XsF. Our  measurements  indicate that 
there is an additional relaxation process at higher 
frequencies, but with a lower relaxation rate than 
that for the paraprocess.  This second relaxation 
process should also be related to domain-wall 
motion. However  further investigations are 
required in order to understand this process. 

At  a first-order magnetic phase transition one 
expects the maximum isothermal susceptibility 
(here denoted by Xm~) to be equal to the 
reciprocal of the demagnetizat ion factor D. For a 
uniformly magnetized ellipsoidal (constant D )  
crystal sample placed in a uniform magnetic 
field, this would be the case. However  it is 
observed that Xr has a maximum value less than 
D -~ and varies continuously over  a field interval 
larger than D .  AM, where AM = (Xsv-XAF)HsF 
is the magnetization change over  the transition. 
For CsMnCI 3. 2H20 the observed Xm~ is about 
60X~. At  3 K, XAF = X0 = 2 X 10 -3 (S.I.) [20] s o  

that ) t , ~ 0 . 1 ,  about 50 times less than D - ~  5 
for the crystal. At this tempera ture  XsF = X± = 
4.7 x 10 -3 [20] and Hsv = 1.5 x 106A m -1 so that 
D • AM ~ 8 x 102 A m -1 whereas the full extent 
of the spin-flop transition (see fig. 1) is well over  
4 x 104 A m -I about 50 times larger than D • AM. 
De Jongh et al. [43] suggest that in low-dimen- 
sional systems the extent of the transition bey- 
ond D -  AM may be explained by considering the 
non-linear contributions to M arising from the 
thermally excited zr-solitons. In this theory the 
7r-soliton near the spin-flop transition can be 
considered as an excitation of a small portion of 
one phase (AF or SF) into the other. At H = HSF 
the soliton contribution to M is zero but it is 
positive at H < Hsv and negative at H > HsF, so 
that the total M is expected to exhibit a gradual 
transition over an extended field interval. We 
have not pursued this subject further because 
our measurements  were per formed on a crystal 
with non-ellipsoidal shape. 

5.2. Domain-wall  structure at the spin-flop tran- 
sition 

In the absence of an external magnetic field or 
weak ferromagnetism, an ant i ferromagnet  should 
not form domains. Nevertheless a domain struc- 
ture in an ant iferromagnet  may exist due to the 
kinetics of crystal growth or of a phase tran- 
sition. The reason for domain-wall formation at 
the spin-flop transition has already been con- 
sidered in the introductory part  of this paper.  
The wall at the spin-flop transition lies with its 
surface parallel to the easy axis. In a sample with 
purely uniaxial anisotropy there are numerous 
equivalent planes parallel to the preferred axis. 
F o r  an or thorhombic  system, however,  the 
anisotropy in the plane perpendicular to the easy 
axis limits the degree of f reedom of orientation 
of the wall in comparison to the uniaxial case. 
The domain-wall width depends strongly on the 
strength of the anisotropy but is not expected to 
be appreciably influenced by the kind of aniso- 
tropy. Therefore  we apply the calculations of 
Huber t  and Bar 'yakhtar  et al. [1] for a uniaxial 
crystal to the or thorhombic CsMnCl3 .2H20 sys- 
tem to obtain the wall width 8 = 2~/2a/x± as 
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-103a  where a is the separation between two 
neighbouring magnetic ions and X± - 10-3- This is 
a very thick wall in comparison to the domain 
wall at a metamagnet ic  transition, which is con- 
strained by the strong Ising anisotropy to a few 
lattice spacings only. 

5.3. Thermodynamics  

Using the thermodynamic  relations Xs/Xx = 
CM/CH and r -1= a/CH we have been able to 
explain well the dependence of z -1 on the mag- 
netic field at the spin-flop transition. We have 
also found CM/a to be a field-independent func- 
tion that decreases exponentially with increasing 
temperature .  These results are probably applic- 
able to other spin-flop systems similar to 
CsMnCI3 • 2H20. 

Since CH is directly coupled to Xr and r, its 
behaviour  at phase transitions should correspond 
to the variations in Xv and z. In particular we 
expect Cn to exhibit a peak at the phase tran- 
sition similar to those observed in r and aT. For 
example at the A F - P M  boundary Ca and both r 
and XT exhibit peaks (see refs. [15] and [38] for 
example).  At the spin-flop transition of 
CsMnCI3.2H20 we have observed peaks in ~- 
and Xr and thus we expect a similar behaviour  in 
CH. There  are no heat capacity data for this 
compound at the A F - S F  phase transition. The  
only available Cn data are those for MnCI2. 
4H20 in ref. [38] which however  do not indicate 
any abrupt  change as the A F - S F  boundary is 
crossed at constant applied field. In view of this 
contradiction we suggest further specific heat 
studies at spin-flop transitions. 

5.4. Re laxa t ion  

For both CsMnCI3-2H20 and CsMnBr3. 
2H20, the low-frequency domain-wall relaxation 
rate at the spin-flop transition has been found to 
be an exponential  function of tempera ture  (T  < 
T~), with the activation energy nearly equal to 
the magnitude of the intrachain exchange inter- 
action constant. In the case of CsMnC13.2H20, 
the apparent  deviation from exponential  
behaviour at T > Ta has been explained in terms 
of the influence of thermal propert ies of liquid 
helium and the crystal on the frequency depen- 
dence of susceptibility. In this analysis CH was 
taken as a variable paramete r  in order to fit the 
theoretical curves to the experimental  data as 
there are no  heat  capacity data of CsMnCI3. 
2H20 at the spin-flop transition. 

In the Tinkham model of a metamagnet ic  
transition the activation energy for domain-wall 
motion is equal to 4zJS  2, the energy required to 
reverse the orientation of a single spin against its 
z nearest neighbours in the chain. In the case of 
a spin S = 1/2 metamagnet ,  the activation energy 
is simply equal to z J  and this is found experi- 
mentally (z = 1, see table IV). However  there 
are no experimental  results on compounds with 
values of S larger than 1/2. 

If we apply the same principle to a spin-flop 
system, such as CsMnC13.2H20, we would 
obtain an activation energy of 12.5zJa, which is 
far too large in comparison to the experimental  
results. The Tinkham model may be realistic in 
the case of metamagnets  with small domain-wall 
widths but not for the spin-flop systems where 
the corresponding wall widths are comparat ively 
large. For the latter case an analogous descrip- 

Table IV 
Comparison between the wall motion activation energy E and the intrachain 
exchange constant J in spin-flop and metamagnetic systems 

System type Crystal sample J/k (K) Elk (K) Source 

Spin f l o p  CsMnCl3 • 2H20 -3.20 3.19 -+ 0.04 this paper 
Spin f l o p  CsMnBr3 • 21-120 - - 3.0 ~3.6 [9] 
Metamagnet [(CH3)3NH]CoCi3 • 2H20 13 8.5, 17.5 [40] 
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tion would be that wall motion is initiated by 
rotation of a spin over an angle much less than 
90 °. Then the neighbouring spins in the chain are 
successively induced to rotate through equally 
small angles. In this process the energy involved 
is less than that for one complete 90 ° rotation. 
This gives a partial qualitative explanation of the 
results found. However further experimental 
work on spin-flop and metamagnetic systems 
with different values of J and S, as well as a 
theoretical study of the origin of this behaviour 
are necessary in order to answer the remaining 
questions. 
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