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Abstract. W e  repon an measuren" of the specific heat, C, of the triangular laltiee 
antiferromagnet CsM& in the vicinity of the two successive &ask transitions at TNI = 11.28 
K and TNZ = 8.19 K and in magnetic fields up U, 6 T applied perpendicular to the e a i s .  Near 
T N ~  the data can be fitted with a critical exponent OL = -0.0510.15 for B = 0 compatible with 
the prediction of threedimensional ordering with XY symmetry for this transition. Withii the 
experimental uncertain& the critical behaviour is not affected by a magnetic field. 

1. Introduction 

 recently much effort has been devoted to determining the critical exponents of magnetic 
phase transitions in stacked triangular-lattice antiferromagnets. Within the renormalization 
group theory. the critical behaviouk.of these transitions is supposed to be different from 
the behaviour predicted by ordinary universality classes. Kawamura [l] proposed new 
universality classes for transitions with triangular spin structures, characterized by the 
symmesy of their order parameter, Z2xS; or SO(3) for the cases of X Y  and Heisenberg 
models, respectively. These classes lead to unusual critical exponents which have been 
confirmed experimentally, for example in CsMnBr3 [2-5], which exhibits an easy-plane 
anisotropy thus representing the XY model with chiral symmetry. 

CsMnI3 is a mangular-lattice Heisenberg antiferromagnet with an Ising anisotropy. The 
crystal structure is hexagonal. CsMn13 shows two successive phase transitions to a three- 
dimensionally ordered state [6-8]. The magnetic s ~ c t u r e  is the same as in CsNiCI3 [9-111. 
It is a six-suhlattice spin structure with one third of the spins aligned parallel to the c axis 
and two-thirds canted away from the c axis with an angle 67 (67 sx 50" in CsMnIs). The 
ordering of the spin components parallel and perpendicular to the c axis takes place at TNI = 
11.28 K and TNZ = 8.19 K, respectively. The magnetic structure has been discussed in de@ 
by other authors [6.8,11,121. Theory predicts both transitions to be conventional XY-like 
[131. In this article we report on specific-heat measurements in applied magnetic fields of 
up to 6 T in order to shed more light on the nature of the magnetic phase transitions. 

2. Resalts and discussion 

Single-crystalline samples of CsMn13 were grown by the Bridgman technique. We measured 
the specific heat C with a standard heat-puke method in a 4He cryostat. The relative 
temperature resolution was of the order lo-', giving an accuracy of AC/C 1% with 
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relative temperature increments near the phase mansitions of A T / T  = (see also 
[5, 141). Measurements were carried out in zero magnetic field in a temperature range 
1.4-30 K and in the vicinity of the transition temperatures with magnetic 6elds of 1.5, 3 
and 6 T applied perpendicular to the c axis of the hexagonal crystal. 

In figure 1 the specific heat data for zero field are shown in a linear plot of C / T  against 
T .  The two magnetic transitions at T N ~  = 11.28 K and TNZ = 8.19 K are clearly visible as 
small anomalies on a large regular background. The anomaly near TNZ is bem resolved in 
figure 2, where the data for different applied fields are shown. A small but well resolved 
h-type anomaly is visible. With the application of field, the anomaly keeps its overall shape 
in C / T  against T hut shifts to higher temperatures. At T N ~  only a broader weak structure 
in C is observed. which also shifts to higher temperatures in a magnetic field. 

1.61 1.3, 1 

0.81 I 
9 I 1  13 7.5 8 8.5 9 9.5 

1 IKI 1 ilo 

Figure 1. 
temperatures. B I c. 

C / T  against T near the two transition Figure 2. C / T  against T near TNZ with magnetic field 

The entropy changes associated with the two transitions were determined to 
AV, = 0.045 J mol-' K-' for T N ,  and Aq2 = 0.020 J mol-' K-I for T N ~  by subtracting 
a smooth background. The enmopy of the completely disordered magnetic system is 

and Aq2/qmar = 0.14%. These small values can be explained by the fact that above TNI 
the magnetic system is not completely disordered but shows antiferromagnetically ordered 
chains along the c axis. Only very little entropy is left to be removed when the three 
dimensional ordering occurs driven by the weak inter-chain coupling. Comparable results 
have been found in CsMnBq [15]. 

The magnetic phase diagram for E I c is shown in figure 3, where TNl and Tj~z  are 
plotted for the different fields. The phase diagram is similar to that of CsNiCl3 for the same 
orientation of the field, reflecting the fact that both substances have the same magnetic 
structure with an easy-axis anisouopy. This type of phase, diagram has, to some extent, 
been investigated experimentally [I61 as well as theoretically by means of a Landau-type 
free energy calculation [17], with good agreement between experiment and theory. 

qmx = NkB ln(2S + 1) = 14.89 J mol-'K-' (S = 5/2). Thus we find Aqi/qma = 0.3% 

The specific heat near the phase hansitions can be descrikd by [18] 

A 

A' 

c = + B + E l  (for T > Tc) 

c = + B + Er (for T < T.) 
ff 
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with I = (T - T,)/T,. The fit function consists of the regular contribution approximated by 
a linear I dependence ( B  + E t )  close to T, and the power law for the leading contribution 
to the singularity in C. The fitting procedure is described in detail elsewhere [181. The 
fitted critical exponents for the lower transition, L = TNZ.  are. a = -0.05 rt 0.15 for B = 
0. a = 0.05 & 0.1 for B = 3 T and 01 = 0.05 rt 0.15 for B = 6 T. Within the experimental 
uncertainty, the critical behaviour is not affected by the applied field. Due to. the small 
contribution of the singularity to C. relatively large error bars are given. The complete sets 
of fit parameters for the lhree magnetic fields are given in table 1. 

Table 1. Parameten of equation (1) describing the behaviour at the lower phase vansition 
T, = TNZ.  

.. . 
TC A A' B E (1 AjA' 

B = 0 T 8.185 0.08495' -0.06993 8.857 . 18.19 '-O.OS'+O.lS. ~ 1.215 
B = 3 T 8.59 0.06812 0.08230 6.890~ '19.41 0.05iO.1 ~0.828 
B =6 T 9.28 0.09053 0.10909 8.477 23.93 9.05+0.15 0.830 

The data analysis to extract a is illustrated in figure. 4, where the specific heat is plotted 
against reduced temperature near T,, = T N ~  for B = 0. The open and full circles represent 
data below and above T,  respectively. The full curves show the best fit to the data, with 
a = -0.05. The brolien curves show an attempt to fit the data with a critical exponent 
a = 0.32. as predicted by the hyperscaling relation a: = 2 - ~ d v  (d = 3), with a value,of 
Y = 0.56.for the critical exponent of the correlation length recently obtained from neueon 
dffraction measurements [61. This fit does not reproduce the data close to T., in p a r r i c k  
for T < TC, even if~one~ includes a Gauss-distributed smearing of To [5]  which is not shown 
here. Note that ~ T .  is a free parameter.  the same T. was assumed for a = 0.32~as for 
a = -0.05 in comparing the fits. A change of T, would not improve the fit with (Y = 0.32. 
Thus fits with a large positive value of a (0.24 or 0.34), as predicted for universalityclasses 
with c h i d  symmeny [l], do not match the experimental data 

0.0001 0.001 0.01 , 0.1 
l lT~Tcl/Tcl 

0.0001 0.001 0.01 , 0.1 
l lT~Tcl/Tcl 

Figure~3. Magnetic phase diagram of CsMd3 with Figure 4. C against reduced temperature neVT, = T N ~  
B I c. Thc arrows are schematic pictures of the three . in zero field. The full and broken curves are theoretical 
sublattice magnetizations. me full lies are guider to fits with CI = -0.05 and CI = 0.32 respettively. 
the eye. For the lower transition the e m r  ban are 
smaller than the pire of the poilus. 
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For the phase transition from the paramagnetic to the first antiferromagnetic phase at 
TNI  no reliable extraction of the critical exponent was possible. The reason why the shape 
of this anomaly is broader is not clear. Possibly this vansition is more sensitive to sample 
inhomogenities. 

Recent neuwon diffraction measurements 16.71 revealed critical exponents fi = 0.35 3~ 
0.01, y = 1.04 f 0.03 and U = 0.56 i 0.02 for the spontaneous sublattice magnetization, 
susceptibility, and correlation length, respectively. The experimental values, together with 
theoretical predictions for several different three-dimensional models, are shown in table 2. 
While y and U would 6t the new Z2xS1 and SO(3) classes, fi, and also the value of 01 

close to zero. are consistent with the prediction of the conventional XY model. Of course, 
the values of the Ising and the Heisenberg models are also consistent within the error bars. 
However, the scaling and hyperscaling relations a + Zfi + y = 2 and 01 = 2 - du (d = 3) 
are violated. with deviations somewhat beyond the experimental uncertainty. A possible 
explanation for this discrepancy might be that some of the measurements were not performed 
close enough to T, for the asymptotic critical behaviour to be seen, and that the reported 
exponents are therefore just effective experimental values. 

Table 2. Critical exponents for several three-dimensional univeaality classes together with 
experimental values for CsMnBr3 and CsMnl3. 

OL 6 V 

Iring 1191 0.106 0.326 1.238 0.631 
XY 1191 -0.01 0.345 1.316 0.669 

0.367 
0.30 

1.388 
1.17 

0.707 
0.59 

~ZXS1[11 0.34 0.25 1.13 0.54 
CsMnBr3 0.40 i 0.05 I51 0.25io.0113~ i.io*o.os 141 0 . 5 7 i o . m p i  
CsMnBg 0.39 i 0.09 [20] 0.21 i 0.02 [Z] 1 .Ol i 0.08 [Z] 0.54 i 0.03 [Z] 
CsMnIl (TNI) no data 0.32 * 0.01 [7] 1.12 i 0.07 [6] 0.59 * 0.03 161 
Gm3 (TNZ) -0.05 +z 0.lSt 0.35i0.01[7] l.C4+0.03[6] 0.57&0.02[6] 

tllw work. 

As a final point, we briefly discuss the low-temperature behaviour of the specific heat. 
The magnetic suucture of CsMn13 exhibits antiferromagnetically ordered chains along the c 
axis. For antiferromagnetic Heisenberg chains, several theoretical studies [21-241 suggest 
a T-linear contribution C / R  = &T/\ Jo\ at low temperatures, where JO is the intra-chain 
exchange constant. Different attempts have been made to estimate the constant K which 
determines the exact magnitude of this contribution for spin-512 Heisenberg chains, including 
spin-wave theory (K = 0.209 1211) and numerical calculations ( K  = 0.138 [NI, K = 0.17 
[23]). Experimental studies c o n w e d  the existence of such a contribution in the ABX3 
compound CsNiCI, [251 above the three-dimensional ordering temperature, and in CsMnBr3 
the linear contribution persists even in the three-dimensionally ordered phase [15, 261. 

In figure 5 the low-temperature data are plotted as C/ T against T together with a fit to 
the function 

The fitted parameters are 4 = 0.093 J mol-’ K-’ and b = 0.0177 J mol-’ K-4. From this 
fit and with IJol/kB = 9.1 K exnacted E” FSR measurements [27], we obtain K = 0.102. 
This value is only slightly smaller than the theoretical predictions [21, 23, 241. This is 
surprising because for three-dimensionally ordered antiferromagnets one might expect a T 3  
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dependence of C at low temperatures (or an even stronger T dependence for an anisoaopic 
antiferromagnet) and the low-energy excitations of the one-dimensional antiferromagnetic 
chains should be absent. This point requires further study. 

Taking the Debye temperature & = 153 K of the isosmctural non-magnetic compound 
CsMgBr3 [251 as a crude estimate, the Debye conhibution bD would only be 15% of b. The 
rather large coefficient b of the T3 term indicates that it also contains a large magnetic 
contribution bM. Such a Large magnetic T3 conhibution below the three-dimensional 
ordering temperatures in related compounds has been reported by other authors [?%I. We 
Ulok the spin-wave expression C/R re 5.07 x 104(kBT/IJ1)3 for S = 5/2 Heisenberg 
antiferromagnets with NaCl structure [21] to estimate IJI. Of course, for an exact calculation 
one would have to consider an anisobopic spin-wave model on the triangular lattice (see 
1291). From our estimate we get an 'effective exchange constant' I J e l / k ~  = 0.65 K. 
This value lies between the intrachain exchange constant l J ~ l / k ~  = 9.1 K and the inter- 
chain exchange constant I J l l / k ~  = 0.075 K [27]. Thus the magnitude of the magnetic T3 
contribution seems to be roughly compatible with spin-wave theory. 

However, the fit with equation (2)  has to be taken with some care. As can be seen 
in figure 5, the chosen temperature range for the fit is somewhat ambiguous and the fit 
does not represent the data very weU. Furthermore, measurements on different samples of 
CsMnI3 indicate a strong dependence of the low-temperature specific heat on impurities, 
which might also be the reason for the small upturn towards low temperatures. 

3. Summary 

We have presented measurements of the specific heat near the two antiferromagnetic 
msi t ion temperatures TNI = 11.28 K and T N ~  = 8.19 K of CsMnI3. Whereas at TNI 
no determination of the critical exponent IY of the specific heat was possible, for T, = T N ~  
we found a = -0.05 f 0.15, with no signifcant change in magnetic fields of up to 6 T 
applied perpendicular to the c axis. This value, as well as the value of ,9 found in nenaon 
diffraction measurements, agrees with ordinary 3D-XY ordering, as predicted theoretically 
for this transition. The values of y and v deviate from this prediction. These contradictory 
results need further clarification. Measurements for B pardel to c are being carried out 
for CsNiC13. which exhibits the same magnetic shucture, in order to investigate the critical 
behaviour near the multicritical point with chiml symmetry. 
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