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Abstract. An in siru “Mn nuclear Orientation (NO) study of a quasi-ID antiferromagnet 
CsMnCI, . ?H@ is presented anddiscussed. Froma coniparison between CsMnC1, ’ ?H,O, 
and the 3~ antiferromagnet MnCI?. 4HI0,  it is shown that there are significant differences 
in the NO behaviour of quasi-io and 3D antiferromagnets, in the milliKelvin regime. For 
example, i n  zero applied field, ihe “Mn nuclei in CsMnC13.2H,0 can he cooled to much 
lower temperatures than those in MnCI!. 1H20. In one crystal, a base temperature of 
=I0 mKwasreached. H0wever.h thepresenceofappliedmagneticfields,astrongreduction 
in the NO signal is observed in the quasi-ID antiferromagnet CsMnCll. ?HiO. This is in 
marked contrast to MnCI2. 4H10 in which case the application of magnetic fields leads to a 
rapid decrease in the nuclear spin-lattice relaxation time T , ,  and hence to large NO signals. 
It is argued that many of the unexpected ieaturesobserved in the quasi-10 antiferromagnet 
can he understood. at least qualitatively, in terms of both ‘solitons’ and a large zero-point 
motion ofthe Mn2* spins. NO measurementstaken in bolh the axialandequatorialdirections 
reveal that there are about 12.5% spin flopped domains (solitons), in zero applied field. On 
the other hand, thermometric methods have been used tu show that the hyperfine splitling 
of“Mn nuclei in CsMnCI, . 2H20 is 356(15) MHz. This result implies that the Mn” spin$ in 
CsMnCl,. ?H,O are characterized by a large zero-point motion of some 30% In  applied 
fields. i t  is argued that the observed reduction in the y-ray anisotropies can be explained in 
terms of a substantial increase in zero-point motion. as the spin flop field is approached. 

1. Introduction 

In recent years, it has been shown that the nuclear spin-lattice relaxation time TI in 
antiferromagnetic MnC1, . 4H20 can be dramatically reduced by applying a magnetic 
field along the easy magnetic axis (Allsop er al1984). In particular, it was demonstrated 
that as Bepp approaches the spin flop field B,,, the spin-lattice relaxation time TI falls 
from many hours to <l  s. This effect was subsequently used to cool the 54Mn nuclei in 
MnC1,. 4H20 down to temperatures of around 15 mK. For brevity, the technique was 
dubbed the ‘magnon heat switch’ because the nuclear spin-lattice relaxation time TI 
could be manipulated from many hours to seconds, simply by applying an external 
magnetic field close to BSf. The technique has also been successfully used in a pulsed 
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NMRON study of bincl,. 4H20 (Le Gros er a1 1987), and in a determination of NMR 
enhancement factors in the same compound (Bowden et a1 1987). 

Both MnCI,. 4H20.  and the isostructural antiferromagnet MnBr,. 4H20, can be 
classified as ‘ 3 ~  antiferromagnets’ in the sense that the magnetic exchange between the 
Mn’+ ions is roughly isotropic. However, Turrell (1985) and L.c Gros and co-workers 
(1988) have shown that the low dimensional antiferromagnetic compounds 
hIn(HC0011), . 4 H 2 0  and tetra-methyl-manganese chlorate TMMC, possess sig- 
nificantly shorter nuclear spin relaxation times in zero applied field, than the isotropic 
3~ antiferromagnets hlnCI, . 4 H 2 0  and MnBr, . 4H20.  In this paper, it  will be shown 
that this is also the case in the quasi-io antiferromagnet CsMnCl, * 2H20 .  

At first sight, one might expect little or no differencc between MnCI, . 4H20  and 
CsMnClz. 2H20 .  The NCel temperatures of these two easy axis antiferromagnetic 
salts are 1.62K and 4.89K. with spin flop transitions at 0.715(10)T and 1.68(2)T, 
respectively. However, as we shall see there are significant differences in their NO 
behaviour, in both zero and applied fields. For example, in section 3 i t  is shown that the 
largest NO signal in CsMnCI, .2H,O is obtained in zero applied field. This is in marked 
contrast to the NO signals observed i n  lvlnC12. 4H,O. We believe that many of these 
differences can be traced both to the presence of solitons (sections 5 and 6). and a large 
zero-point motion of the Mn” spins (section 7). The theoretical arguments for a large 
zero-point motion in quasi-ID antiferromagnetic compounds characterized by weak 
crystal field anisotropy, have already been discussed in an earlierpaper by Bowden and 
Martin (1989). 

2. CsMnCI$H,O: previous work 

The crystal structure of CshlnCI, . 2H20  is orthorhombic Pcca. with four chemical units 
perunitcell.Thecelldimensionsarea =9.06A.b =7.285,&andc= 11.455,&(Jensen 
er a/ 1962). Below the Nee1 temperature the unit cell doubles in size along the b-axis. 
ThemagncticspacegroupisPZbc‘ca’witheight Mnionsperunitcell(Spenceerall969). 
I t  is also believed that this crystal is characterized by weak hydrogen bonding along the 
c-axis which gives rise to apparently perfect ab cleavage planes (Kopinga et a1 1975). 

In CsMnCI, . 2 H 2 0  strong Mn’+-CI--Mn2+ superexchange along the a-axis. is pri- 
marily responsible for the I D  magnetic nature of thiscompound. The Mn2+ spins point 
alternatively along the +b-axis forming lincar antiferromagnetic chains directed along 
the a-axis. The interchain interactions, in both the b and c directions, are very much 
weaker. Nevertheless. 3~ antiferromagnetic order sets in at T, = 4.89 K (Smith and 
Friedberg 1968 and Spence er al1969). 

Inelastic neutron scattering experiments have been performed on CsbfnClz . 2H20,  
by Skalyo er al(l970). From an analysis of the dispersion curves, it  was found that the 
exchange parameter J(a) along the a-axis is -0.304(3) meV, whereas (J(b) + J(c)) = 
-0.0021(4) meV. As a result, the magnon dispersion curvesin the b-cplane are almost 
‘Rat’. As we shall see below in section 4 this property could have an important bearing 
on the magnitude of the magnon specific heat close to the spin flop field &. Skalyo et a1 
(1970) have also presented neutron scattering evidence, for the existence of ID magnons 
above T,. 

Specific heat measurements. in zero applied field, have been carried out by Kopinga 
er al(l975) in the temperature range 1.1-52.0 K. In particular these authors believe that 
because of the weak hydrogen bonding in the cdirection, the lattice specific heat of this 
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compound is more characteristic of a ZD, rather than a :D Debye model. Following 
Tarasov (1963) therefore, they have interpreted the specific heat data in terms of two ZD 
Debye constants, parallel and perpendicular to the ab layers respectively, together with 
an interlayer coupling constant 19,. 

To date no specific heat measurements have been made in the presence of an applied 
magnetic field. However, Takeda et a/ (1982) have made a specific heat study of the 
quasi-ir, antiferromagnet (CH&NHMnX;. 2 H 2 0  where X = C1, Br. In particular, 
their results (0.5-1.1 K) reveal a dramatic increase in the magnon specific heat, in the 
presence of a spin flop field directed along the easy b-axis. This is associated with 

(i) the reduction in the magnitude of the magnon energy gap, which goes to zero at 
the spin-flop field, and 

(ii) almost flat excitation curves E(k) against kin two directions. 

It should also be noted that antiferromagnetic Mn2+ resonance experiments on 
CsMnCI, r 2H20,  have beencarriedout by NagataandTazuke (1970). From an analysis 
of the applied field dependence of the resonances at 1.5 K. they found B, = 0.045 T 
and Bo = 0.144 T for the orthorhombic magnetic anisotropy fields, respectively. These 
results can be compared with the calculated anisotropy fields BdiP(c) = 0.045 T and 
Bdip(a) = 0.095T arising from the dipolar interactions between the Mn?+ spins (Bot- 
terman et a1 1969). The c-axis results are seen to be in good agreement with each other 
indicating that dipolar interactions could be responsible for the magnetic anisotropy 
field E,. However, Nagata and Tazuke (1970) argue that the difference between the 
a-axis results is probably due to the presence of a single-ion crystal field interaction 
D / g p B  = 0.01 T. Nevertheless it would appear that dipole-dipole interactions, particu- 
larly between the ID chains, could be important in CsMnCI, . 2H20 .  

Finally, direct evidence of coupling between the magnons and phonons in 
CsMnCI,.2H20 has been presented by Weiyi Jia er a/ (1981) who found magnon 
sidebands present in the optical spectra. These sidebands persist above T,.,, which 
suggests that the phonons are interacting with I D  magnons travelling along the a-axis, 
where strong exchange is present. 

3. Experimental details 

Single crystals of CsMnC1,. 2H20,  doped with 54Mn, were grown from a saturated 
aqueous solution containing equimolar concentrations of CsCl and MnClz . 4H20 .  
Small pink orthorhombic crystals were produced 5 mm X 3 nim X 0.5 mm in size. The 
axes of the crystals were readily identified by eye (Jensen et nl1962) since the c-axis and 
a-axis are parallel to the shortest and longest crystal dimensions, respectively. Best 
crystal growth was achieved by 

(i) setting the temperature of the solution at 30 "C, and 
(ii) using a small opening in the lid of the 25 ml beaker, to slow evaporation of water. 

The single crystals of CsMnCI, . 2 H 2 0  were attached to the end of a Cu finger using 
Bakers silver paint. Silver paint was found to be very effective in reducing the thermal 
contact resistance between the sample and the cooled copper rod (Allsop er a[ 1984). 
The copper finger was subsequently screwed into the bottom of an Oxford Instruments 
dilution unit and cooled to a temperature of 6 niK. 
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Figure 2. Axial p r a y  anisotropy of the “Mn 

ialtiopie defector runs Ibl tuodefertoPruns io Iab*rdlory f i ”  

Figure 1. Orientation of the CsMnClr. 2H?O ctystal and Nil1 detectors with respect to the 
laboratory frame of reference. 

In the early set of experiments carried out in the National Measurement Laboratory 
(NML) CSIRO, the crystal was mounted with the easy b-axis in the vertical position, 
parallel to the axial field of a 0-3.5T superconducting magnet. The j4Mn 0.8348 MeV 
y-rays were detected using NaI detectors placed as shown in figure 1. In a later set of 
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Figure 3. Near-axial pray anisotropy of the I'Mn 0.8348 MeV transition in MnCI,. 4H20 
below 300 mK (NML, CSIRO). 
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Figure 3. Near-axial pray anisotropy of the I'Mn 0.8348 MeV transition in MnCI,. 4H20 
below 300 mK (NML, CSIRO). 

experiments carried out at the University College, Australian Defence Force Academy 
(ADFA), the crystal was mounted in essentially the same geometry, however this time 
the 54Mn y-rays were analysed using Ge detectors. Altogether some nine crystals were 
examined, five at the CSIRO and four at ADFA. 

4. Nuclear orientation results 

In the first set of experiments, carried out in the CSIRO, the "Mn 0.8348 MeV axial y- 
rayanisotropies, in both CsMnCI, . 2 H 2 0  andMnC1,. 4H20 wereobtainedasafunction 
ofelapsedtime (coolingcurves). Inobtainingthe~odata,thestartingtimewasset when 
the temperature of the mixing chamber passed below 300 mK, as measured by a Ge 
resistance thermometer. The results can be seen in figures 2 and 3, respectively. 

The 0.8348 MeV y-ray anisotropy pattern was analysed using the standard formula 
(e.g. Steffen and Alder 1975). 

W(B) = 1 + V"T)(A,P;Q,P, COS B t A ~ P $ Q ~ P ~  COS B) (1) 
where W ( @ )  is the normalizedcoldcount, A ,  = - 2 f i / 7 a n d A 4  = -2\/22/21, Q,and 
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Q, are solid angle correction factors, pi and p l  are the Fano statistical tensors which 
describe the orientation of the nuclear ensemble, and the remaining symbols possess 
their usual meanings. 

From a comparison of the NO data shown in figures 2 and 3,  it will be observed 
that there are significant differences in the cooling behaviour of the quasi-ID and 3D 
antiferromagnetic salts in question. In zero applied field the S4Mn nuclei in 
CsMnCI, . 2H20  show little tendency to orientate in the first four hours. By way of 
contrast theS4Mn nuclei in MnCI, . 4 H 2 0  quickly develop -5.5% anisotropy in the axial 
pray emission pattern. However, after four hours, with the Cu finger now' well below 
50 mK, the 54Mn nuclei in CsMnCI, r 2H20  begin to display orientation. Thereafter a 
steady decrease in the y-ray anisotropy is observed, and after twenty hours a value 
of -25% anisotropy is reached. Once again this is in marked contrast to %In in 
MnCI,. 4 H 2 0  which showslittle tendency tocool below 90 mK(-5% pray anisotropy) 
in zero applied field. 

There are also marked differences between quasi-ID and 3D antiferromagnets in 
applied magnetic fields. In MnC12. 4H20, thenuclearspin coolingrate inMnCI,. 4H,O 
is maximized by setting the applied field just below the spin flop field of 0.715(5) T 
(Allsop eta1 1984). This is illustrated in figure 3 where it  will be observed that the %Mn 
spin temperature in MnCI, . 4H20  reaches 38 mK in about 6 h. The situation, however, 
in CsMnCI, . 2H,O isquite different.The measuredaxial y-rayanisotropy, inanapplied 
field of 1.61 T. can also be seen in figure 2. This field is just below the spin flop field of 
1.68(?)T determined during the course of this work (see section 8) .  From a comparison 
of figures2 and3 it will be seen that the5'Mn nuclei, in both salts, show orientation when 

0 8  - 0 T  . "PIo.1 T 
-20%- z 0 2 5 T  

z i . o o  r 
I ~ 1 . 6 1  T I , < B l f I  

D : o s 0  I 

-25%1 
0 1 2 3 L 5 6 

Time lhrrl - 
Figure 4. Axial pray anisotropy of the YMn 0.8348 MeV transition in CsMnCl,< . 2H20, in 
different applied fields (NML, CSIRO). 
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the mixing chamber falls below 100 mK, as expected. In both compounds the energy 
gap in their respective magnon dispersion curves is close to zero. Consequently, the 
nuclear-magnon relaxation rate should be very rapid (Allsop et al (1984). See also 
Beeman and Pincus (1968). Freyne (1974) and Pacquette et al (1975)). However, in 
the case of CsMnCI,. 2H20,  in a magnetic field close to Est, an effective 5JMn y-ray 
anisotropy limit of - 12% is reached after 20 h, cf -25% in zero applied field. Note also 
that, if the magnetic field is subsequently removed, the "Mn nuclei in CsMnCI, . 2 H z 0  
show an immediate increase in orientation, at a rate which is practically identical to the 
zero-field result, but now displaced in time. 

At first sight it might be thought that the difference in the spin-flop cooling behaviour 
could be due to differences in their respective magnon specific heats. As noted earlier, 
quasi-lo antiferromagnets are characterized by flat almost dispersionless excitation 
curves in two directions. Consequently, in the presence of a zero energy gap, the specific 
heat C, in a quasi-lo antiferromagnet should be very large. Thus the reduced NO signal 
(-12%) observed in CsMnCI3.2H,O, could simply reflect the large increase in its 
specific heat, near or at the spin flop transition. 

To test this idea, NO measurements were carried out in various applied magnetic 
fields 0-1.61 T. If the specific heat hypothesis is correct, the observed NO data should 
change rather abruptly near the spin-flop field transition. In practice the magnon specific 
heat depends rather sensitively on the size of the magnon energy gap hw(0) 
( = g p B ( B d  - Bap&) through the exponential term exp(-hw(O)/kT) (see for example 
Akhiezereral(1968), andTakeda era/(1982)). 

The experimental results for applied fields of 0. 0.1. 0.25, 0.5. 1.0 and 1.61 T are 
summarized in figure 4. It will be observed that even modest applied fields have an 
appreciable effect on the observed j4Mn NO data in CsMnCI, . 2H20.  This result there- 
fore stronglysuggests that a mechanismother thanspecific heats isat play. Two possible 
mechanisms, solitons and large zero-point motion, are discussed in sections 5-8 below. 

5. Solitons 

De Groot and de Jongh (1986) have argued that many properties of quasi-ir, anti- 
ferromagnets can be interpreted in terms of solitons. From the NO point of view, a 
soliton can be visualized as a small amount of spin flop phase travelling along a linear 
antiferromagnetic chain. Conversely, in fields above BSf, solitons give rise to small 
amounts of antiferromagnetic phase, in the predominantly spin flopped material. 

It isclear therefore, that quite apart from relaxation considerations, the presence or  
otherwise of solitons should have a pronounced effect on the j4Mn y-ray emission 
pattern. Experiments were therefore carried out using two detectors. in an attempt to 
confirm the existence, or  otherwise, of solitons in CsMnCll. 2H20.  However, before 
presenting these results a few theoretical comments are in order. 

In fields well below the spin flop field B, de Groot and de Jongh (1986), have argued 
that the density of solitons can be gauged using a dilute gas analogy. Explicitly 

n,  = (2 f i /d , f i ) (EJkBT)1 /Z  exp(-E,/ksT) 

where n, is the soliton density at temperature T,  d, is the width of the soliton, and E, is 
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the energy of the soliton. Using an effective anisotropy model, de Groot and de Jongh 
(1986) estimate the energy of the soliton to be 

E,  = 41D,ffj11’2 (3) 

D,ff = D W  + 1)(1 - B:pp/B3 (4) 

where j = JS(S + l), DCff, the effective anisotropy parameter, is given by 

andD is thesingle-ionmagneticanisotropyparameter, whichis related to the anisotropy 
field BA by the relationship 

BA = ~ I W P B .  (5) 
In CsMnC13. 2H20,  using the exchange field BEX = 23T (Butterworth el al1973), 

we estimate BA to be 0.061 T and therefore Es = 2.79 K in zero applied field. Conse- 
quently, at50 mKthedensityofsolitonsshouldbe negligible. Inthisregard,itisperhaps 
worth noting that de Groot and de Jongh (1986) have only used the soliton gas model to 
fit experimental data obtained above 1 K. At these temperatures, of course, the density 
of solitons is finite and will play a role in minimizing the free energy F = U - TS of the 
system. However a sT+  0 K. the density of solitons, and their specific heat, should fall 
rapidly. 

It would appear therefore that in zero applied field, in the mK region, 
CsMnCI, . 2H20should beessentiallyfreeofsolitons. However, thiswill not be thecase 
if the solitons are immobile, i.e. pinned domain walls. Alternatively, it is possible that 
the lifetime of a soliton at mK temperatures is excessively long. Solitons obey a wealth 
ofconservation laws (see for example Davydov 1986). Thus it isconceivable that solitons 
created in abundance at higher temperatures become ‘trapped’ as the temperature of 
the crystal falls to mK regions. If this hypothesis is correct. then we have a ready expla- 
nationof thelackofNosignal in thefirst? h. Foranantiferromagnetcontainingsay50% 
flopped domains, the NO signal will be close to zero even if the nuclei are ‘cold‘. Thus the 
apparent rapid increase of the NO signal after the first 4 h, is not due to a sudden decrease 
in the spin-lattice relaxation time T , ,  but rather to the slow decay of solitions, perhaps 
via the hyperfine interaction A l .  S, as they try to come into thermal equilibrium with 
the lattice. 

An increase in solitons, brought about by the presence of applied magnetic fields, 
can also be used to provide an explanation of the reduced NO signals shown in figure 4. 
The energy required to create a soliton decreases with increasing magnetic field (see 
equations(4)and(5)).Thiswilllead toanincreaseinthedensityofsolitons(seeequation 
(2)), and hence to a reduction in the NO signal. 

The above arguments suggest, therefore, that the thermal estimates of n, may be 
invalid in the mK regime. Additional experiments were therefore carried out, using two 
NaI detectors in the axial and equatorial positions as shown in figure l(b), in an attempt 
to confirm the presence or otherwise of solitons. The results are summarized in figure 5. 
In the following sections, it will be argued that the NO results shown in figures 2, 4 and 
5, can only be fully understood in terms of a large field-dependent zero-point motion. 

6. Solitons or zero-point motion? 

If we assume that the Fano statistical tensors p?, and pd are dominated by the magnetic 
hyperfine splitting, as for thesdMn nuclei in MnCI2 . 4H20, then it  is easily shown using 
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Figure 5. Axial versus equatorial y-ray anisotropy of the "Mn 0.8348 MeV transition in 
CsMnC1, . 2H20 (NML, CSIRO). 

equation (l), that the y-ray anisotropy pattern W(8) - 1, for the 54Mn 0.8348 MeV 
transition, for 8 = 0" and 90°, is given by 

W(0") - 1 = - f i ( 0 . 4 6 3 ~ ;  + 0.357~:) 

W(90") - 1 = f i (0 .2395~ :  - 0.15Op;) 

(6) 

(7) 
where we employed the solid angle correction factors Q2 and Q4 given by Yates (1965). 
Consequently.ifweassume that thesolitonscan berepresentedbyspin-floppeddomains 
orientated at 90" (by calculation we estimate 87.7'7, then the measured pray anisotropy 
for both the axial and equatorial detectors can be written in the form 

W,,,(o") - 1 = (1 - a)(U'(O") - 1) + a(W(90") - 1) 

W,,(9O0) - 1 = (1 - .)(w(9oq - 1) + (Y(W(O0) - 1) 

(8) 

(9) 

respectively, where (Y represents the proportion of spin-flop domains present in the 
sample. Note that thisverysimplemodeldoesnot take intoaccount anygradualchanges 
in spin direction on traversing a given soliton. Thus conclusions based on equations (8) 
and (9) must be viewed as 'first approximations'. 

The zero-field cool-down NO data, obtained using two detectors are summarized in 
figure 5. It will be observed from a comparison of the experimental data, and the 
theoretical curves for various values of a, that the best fit is obtained when (Y = 12.5%, 
i.e. 12.5% of spin flopped domains (solitons) in the predominantly antiferromagnetic 
crystal. Presumably, these solitons introduce energy states into the 'forbidden' magnon 
energy gap, which in turn give rise to a decrease in the nuclear spin relaxation rate T I  
(see Kosevich 1986 and Gladkov 1984). 

The axial and equatorial NO data, obtained in a field of 1.61 T, can also be seen in 
figure 5. Unfortunately, it is difficult to obtain a reliable estimate of n from this data 
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O R t i 0 0  

-80 4 I 
0 5 10 15 

time (hours) 

Figure 6.  ,\aid y-ray anisotropy of the "Mn 0.8348 MeV transilion in CsMnC13. 2 H 2 0  
below 300 mK in zero applied field (ADFA). The temperature scale on the right is based on 
a magnetic hyperfine splitlingof356 MHz. 

because the measured y-rayanisotropiesaresosmall. Nevertheless. it woudappear that 
0 s as 15% i.e. no net increase in solitons. This figure is far from the anticipated 
increase of say 30%. which would be easily detectable. Thus our earlier conjecture, 
concerning the increase in soliton population induced by the presence of magnetic fields, 
is unlikely to be correct. I n  the following section, an alternative explanation based on 
the existence of a large zero-point motion is presented and discussed. In particular, it is 
shown that in zero applied field, the Mn'+ ion is characterized by a near 30% reduction 
in the magnitude of the Mn magnetic hypertine field. 

7. Thermometric determination of the %n magnetic hyperfine field in CsMnCI,ZH,O 

In the second set of experiments carried out at ADFA. much of the earlier work 
presented above was confirmed. Specifically, in three of the four crystals examined the 
lowest 54Mn y-ray axial anisotropy reached in zero field was -25%. The figure of 12.5% 
spin flop domains in zero applied field was also confirmed. However, in one crystal a 
much greater NO signal of -72% was achieved. The measured axial anisotropy as a 
function of time for this particular crystal can be seen in figure 6 .  

The difference in the ultimate NO signal reached in this particular crystal, and that 
obtained in all the other runs, is difficult to explain. In both cases the crystals were 
attached to the cold finger with the same silver paint in an identical manner i.e. with the 
flat U-6 plane parallel to the cold finger. It is possible that the marked difference in the 
zero-field cooling curves of CsMnCI, . 2H20, shown in figures 3 and 6 ,  may be due to 
thetendencyofthecrystalstocleavein thea-bplane. Kopingaetal(l975) have remarked 
that CsMnC13. 2H20 consists of weakly coupled layers, perpendicular to the c-axis. 
Thus it is possible that a substantial temperature difference exists along the c-axis, 
with only the 54Mn nuclei close to the cold finger showing orientation. Later physical 
examination of the crystals indeed showed indications of cleavage, presumably brought 
about by thermal strain. This suggests therefore that small thin crystals should be used 
to minimize Kapitza boundary and cooling problems brought about by cleavage planes. 
However, our experience has shown that even the adoption of this strategy does not 
guaranteesuccess. Furthermore, an experiment with a small thincrystal attached to the 
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Figure 7. Axial 7-ray anisotropy of the "Mn 0.8348 MeV transition in CsMnCl, .2H,O at a 
temperature of 15.5(5) mK in zero applied field (ADFA). 

copper rod with the a-cplane, rather than thea-6 plane, alsogave a max imum~~s igna l  
ofonly -25%. 

Nevertheless. the large axial y-ray anisotropy shown in figure 6 suggests that this 
particular crystalischaracterized by very few solitons, andis inexcellent thermal contact 
with the cold finger. In view of these circumstances, an attempt was made to determine 
the magnetic hyperfme splitting by thermal methods. The results are summarized in 
figure 7 where it will be observed that a steady state NO signal of 50% at 15.5(5) mK, as 
determined by an '%b in Fe thermometer, was obtained regardless of whether the 
15.5 mK temperature was approached from below (7 rnK+ 15.5 mK) or  above 
(400 mK- 15.5 mK). From an analysis of this result we deduce 

which is some 30%. below the magnetic hyperfine splitting of about 500 MHz observed 
in the 3o antiferromagnet MnCI, . 4H20  (Allsopeta11984). We conclude that the MnZt 
spins in the quasi-io antiferromagnet are characterized by a zero-point motion of about 
30%, in good agreement with the RPA prediction of Bowden and Martin (1989). (A 
similar estimate was also obtained at the CSIRO from crystals at higher temperatures.) 
The temperature scale shown in figure 6 is based on the magnetic hyperfine splitting 
given above. A more accurate temperature scale must await NMRON experiments. Note 
that the reduced hyperfine field of equation (IO) implies that a lower temperature 
(and hence a longer cool-down time) is required. to bring about appreciable nuclear 
orientation in CsMnC13. 2H20. 

Finally, we suggest that the reduction in the NO y-ray anisotropiesobservedin applied 
magnetic fields (see figure 4) is due primarily to an increase in zero-point motion, and 
hence toareductionin theS4Mnhyperfinefield. AsnotedbyBowdenandMartin(1989), 
the zero-point motion will increase as the effective anisotropy parameter De, falls with 
increasing magnetic field (see for example figures 2 and 9 of their paper). Thus the final 
y-ray anisotropy observed in a field of 1.61 T, is dictated, primarily, by a reduced 
magnetic hyperfine splitting, which we estimate to be about 200 MHz. 

8. The spin-flop transition in the mK regime 

Butterworth et a1 (1973) have made a detailed study of the phase transitions in 
CsMnC1,. 2H,O, in the temperature range 1-6 K. From their results, they conclude 
that the extrapolated value of the spin flop field Brf is 1.61 T, at T = 0 K .  

g , p N B , , , / h  = 356(15)MHz (10) 
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I!, 1.6 1.7 1.8 ' 1 . 9 " "  2 0  Figure 8. The spin flop transition in 
Bapp (Tesla1 -t CsMnCI,. 2H20 (NML. CSIRO). 

The determination of the spin flop field using an initial NO signal of -25%, is shown 
in figure 8. We find B,, = 1.68(2)T in reasonable agreement with Butterworth et al 
(1973). As withMnCI?. 4H20 ,  nohystereticeffectswereobserved, withinexperimental 
error. on transversing backwardsand forwards through thespinflopfield,Thissuggests, 
therefore, that the spin flop transition is second-order in nature, proceeding perhaps 
through the formation of mixed antiferromagnetic and spin flop domains (see for 
example King and Pacquette 1973). In addition, de Groot and de Jongh (1986) have 
argued that the spin flop phase transition in quasi-io antiferromagnets should be 'con- 
tinuous'. over a fairly wide magnetic field range. Using the NO data we have estimated 
the widths of the transitions, using 10% and 90% limits, for both MnCI2. 4 H 2 0  and 
CsMnCI, .?H:O. We find ABsf = 0.018(2) T and 0.082(6) T, respectively. Clearly, the 
spin flop transition in CsMnCI, * 2H,O is broader than that observed in MnCll. 4H,O 
by a factor of about five. Similar broadening has also been observed in the quasi-io 
antiferromagnet K,FeFj by Gupta et a1 (1979), using Mossbauer techniques. 

Finally, in the previous section it was argued that the SJMn magnetic hyperfine 
splitting is significantly reduced in the presence of a magnetic field. In practice, such 
changes in the magnetic hyperfine field are not observed as the spin flop transition is 
traversed, because the nuclear spin-lattice relaxation times T , ,  in both zero and applied 
fields at base temperatures. are excessively long. Thus the populations of the nuclear 
levels remain undisturbed across the spin flop transition, at least during the time scale 
(2  h )  of the experiment. At higher temperatures, however, considerable hysteresis was 
observed in the NO signal, reflecting the marked differences in nuclear spin-lattice 
relaxation times T, in zero and applied fields. 

9. Discussion and conclusions 

At high temperatures, of around 80mK, the nuclear relaxation time in both 
CsMnCl, . 2H:O and MnC12 4H20 decreases when the energy gap in the magnon 
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dispersion curve is reduced to zero, as expected. However, at lower temperatures there 
aresignificant differences in theNo behaviourof quasi-1D and3Dantiferromagneticsalts. 
In zero applied field, for example, the S4Mn nuclei in CsMnCI, . 2H20 can be cooled 
to much lower temperatures than those in MnCI, . 4H20.  The reduced spin-lattice 
relaxation times observed in quasi-ID antiferromagnets, is presumably due to the pres- 
ence of solitons, which introduce energy states into the 'forbidden' magnon energy gap 
(Kosevich 1986). 

Experimental evidence for the existence of solitons (or pinned domain walls) in the 
mK regime, has also been presented and discussed. NO experiments using axial and 
equatorial detectors have been used to show that, in zero applied field, there are around 
12.5% spin flop domainsin the nominally antiferromagnetic phase. However, in applied 
magnetic fields the observed reduction in the y-ray anisotropy cannot be explained in 
terms of a corresponding increase in solitons. 

Thermometricmethodshavealsobeenusedtoshowthatehe54Mnmagnetichyperfine 
splitting in CsMnCI,-2H20 is 356(15) MHz, cf 500.38(1) MHz observed in 
MnCI,. 4H20 by Allsopetal(1984). Thisconstitutesazero-point motion ofsome 30%. 
This figure is in good agreement with the RPA calculations of Bowden and Martin (1989). 

The reduction in the NO y-ray anisotropy observed in applied magnetic fields has 
been tentatively ascribed to an increase in the zero-point motion of theMn2+ spins. For 
example, using the data shown in figures 2 and 7, we estimate that the 54Mn hyperfine 
splitting approaches 200 MHz, in a field of 1.61 T. Note that this decrease in hyperfine 
field will not be observed in traversing the spin flop transition, adiabatically. 

Clearly it would be advantageous to carry out NMRON experiments on 
CsMnCI, . 2H20  in order to establish the hyperfine parameters of the 54Mn nucleus with 
more precision. However. a calculation reveals that the NMR enhancement factor 7 for 
the 54Mn nuclei in CsMnCI, . 2H20 is about -0.19, much lower than the estimate of 
+24.9 obtained for MnC12 . 4H20. This suggests, therefore, that NMRON experiments in 
the quasi-lo antiferromagnet CsMnC13 . 2H20 are likely to be difficult. 
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