
58906-00-105 

Calorimetric Evidence for the Occurrence of a First-Order 
Transition in the Mixed State of Untwinned YBa2Cw07-6 0 s T 1 

A. Schilling,'*$ R.A. Fisher,'* N.E. Phillips,'* U. Welp,2# W.K. Kwok,2# and G.W. Crabtree2# 

1Luwrence Berkeley National Laboratory, Berkeley, CA 94720 
2MateriaL Science Division, Argonne National Laboratory, Argonne, IL 60439 

5th International Conference on Materials and Mechanisms of Superconducticity - High Temperature 
Superconductors (M*S-HTSC V), Beijing, PRC, February 28-March 4,1997. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

Work supported by the Schweizerische Nationalfonds zur FGrderung der wissenschaftlichen Forschung, NF 
8220-042855 (*), by the U.S. Department of Energy, Basic Energy Sciences-Materials Sciences under 
contracts DE-ACO3-76SFooo98 ($) and #W-31-109-ENG-38 (#). 

~~~~~~~~ IS UMl@ 
% ~~~~~?~ CT: TigtA I' <, 



. 



c 

Presented at the M2S-HTSC-V conference, Feb. 28 - Mar. 4 1997, Beijing, China 

CALORIMETRIC EVIDENCE FOR THE OCCURRENCE OF A FIRST-ORDER 
TRANSITION IN THE MIXED STATE OF UNTWINNED YBazCu3e-s 
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'Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A. 
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Using high-resolution differential thermal analysis (DTA) we have demonstrated directly, for the f m t  time in a 
thermal experiment, that the vortex lattice of untwinned Y B ~ C u 3 0 7 4  in the mixed state (for magnetic fields H 
parallel and perpendicular to the c axis of the crystal) undergoes a first-order phase transition. The phase-transi- 
tion line Hm(T) in the magnetic phase diagram coincides with the vortex-lattice melting line that had been de 
d u d  previously from resistivity and magnebt ion  measurements. The value obtained for the latent heat, 
L = 0.5 kBT per vortex per supemnducting layer for H//c, is consistent with that inferred from magnetization 

fluid is larger than that of the vortex solid. This specific-heat difference, ACfT, and the latent heat L, are 
independent of both the speed and the direction (up or down in T or H) of the traversal of the phase boundary 
HmQ, proving that the transition does not have the characteristics of a glass-like melting transition. 

data using the Clapeyron equation, thus proving thermodynamic consistency. The specifk heat of the vortex , .  

1. Introduction 

Earlier experiments on twinned single crystals of 

able step-like increases ACfT in the specific heat 
C/T within the vortex state, for external magnetic 
fields H parallel to the c axes of the crystals. Simi- 
lar, but somewhat larger, changes in the specific 
heat of twinned single crystals were reported later 
[23. Neither thermodynamic consistency nor thenno- 
dynamic equilibrium was demonstrated in either ex- 
periment, however. More recently we have shown in 
a thermal experiment that the phase transition from 
the vortex solid to the vortex-fluid pEzise in un- 
twinned YBa2Cu&_s is a thermodynamic fmt- 
order transition associated with a latent heat L = 0.5 
kBT per vortex per superconducting layer for H//c, 
and have proven thermodynamic consistency using 
magnetization data on the same sample [3]. This es- 
timate for L was later confirmed by the Geneva 
group [4,!5]. However, in those measurements, made 
on twinned crystals, L was not detectable for  OH I 
5 T. Here we report on more detailed specific-heat 
and magnetization investigations near the vortex- 
lattice melting line of untwinned YBqCu3074 that 

YBazcu3oI_s [I] indicated slight but Clearly -1~- 

determine equilibrium values of both L and AC/T. 
The untwinned YBazCu3@2 sample (3.3 mg, 

T,  = 92 K) had been used earlier to measure the la- 
tent heat of vortex-lattice melting for H//c 01. The 
magnetization M(H,T) was meaSured with a SQUID 
magnetometer as described elsewhere 161. The spe- 
cific heat was investigated for H//c and H l c  using a 
differential-thermal analysis (DTA) technique [71. 
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T(K) 
Fig. 1: C/r vs. T of untwinned YBa&h3074 The 
inset shows the melting lines for H//c and H l c .  
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2. Results 

. 
z 

21. The latent heat of vortex-lattice melting 
The specific heat of YBa2Cu&q is displayed 

in Fig. 1 as C/T vs. T for H//c. To obtain these data, 
that are virtually free of instrumental broadening, 
we used dataevaluation techniques as described in 
Eq. 4 of Ref. 7. To summarize, a fmt estimate for 
the specific-heat difference ACo between the sample 
(temperature Ts) and the reference specimen (Tr) can 
be obtained using ACo = C,(TrTr)/(TrTb), where 
C, is the heas capacity of the reference sample and 
Tb is the temperature of the ~ o ~ e ~ t e d  heat reser- 
voir. The instrumental broadening in ACo can be 
very much reduced using AC = ACo + TaCddT, 
which is valid for symmetrical heat links and 
ACo C, (a similar deconvolution formula can be 
derived also for less restrictive conditions). Here, 
Tz = zdTddt, where T is the time constant of the ex- 
periment [7] (see Figs. 2). At the melting tempera- 
ture of the vortex lattice, a very sharp peak in AC 
&velops, indicating a first-ordex transition. The en- 
tropy of melting, AS, can be obtained from conshuc- 
tions similar to those shown in Fig. 2b, and the cor- 
responding latent heat is L = TS. 

As an alternative to evaluate AS, we may f i i  T 
and vary H. We have shown earlier that there is a 
cooling (heating) effect on the sample due to the ab- 
sorption (release) of latent heat, which is entirely 

Figs. 2a-b Representative ACo and AC data that we 
used to extract the entropy of melting, AS (see text). 

5.0 5.5 

Figs. 3a-b cooling effect of the sample (H//c, in- 
cteasing) due the absorption of the latent heat. 

symmetric and only changes sign when the magnetic 
field is ramped up or down. To correct the AT r e  
sults for instrumental relaxation effects due to the 
presence of the fiiite heat links we can use the 
relaion Heft = AT + J(M/H,)<w. Here, Hz = zdtlldt 
(see figs. 3). AT& represents the true cooling effect 
that the sample would experience in the absence of 
the heat links. From the resulting shifts in tempera- 
ture we again obtain AS = C u d .  From all these 
experiments, we can calculate the entropy of melting 
per vortex per superconducting layer, here taken as 
the thickness of one crystallographic unit cell in the 
c direction. We may compare these new results for 
Hllc, which are essentially free of potential instru- 
mental broadening effects or of any assumptions 
about the transition width, with our previously pub- 
lished values for AS 231, and with results from AM 
data taken on the same crystal and using the 
Clapeymn formula AS = -AMdHJdT [3] (Fig. 4a). 
The coincidence of all these data clearly shows ther- 
modynamic consistency. (Note that the AMdata 
presented in Ref. 6 for a similar crystal represent in- 
trinsic values. They had been carefully cross- 
checked with data obtained by a quasi-static dc 
measuring technique [8], Le., without moving the 
sample or otherwise exposing it to unwanted ac 
fields). 



Fig. 4a: Entropies of vortex-lattice melting in 
YB~Cu307-6 from various experiments, for H//c. 
Fig. 4b Difference between C/T of vortex fluid and 
vortex-solid phases of YB~Cu307-6, for H//c. 

Fig. 4a suggests that a (typically = 0.5 kB per 
vortex per superconducting layer for H//c) slightly 
increases with increasing T. We may compare this 
value with entropies of melting for conventional 
solids, where L\s = 1 kEJmolecule (see Table 1). The 
fact that AS for vortex-lattice melting is of the order 
of 1 kg per particle and almost constant over a wide 
range of H (Le., of vortex densities), may suggest 
that the vortices in YBa2Cy074 are essentially 

In Figs. 5 we show [C(H)-C(O)]IT vs. T, for both 
H//c and H l c .  A small but clearly detectable latent 
heat is present also in the H l c  configuration for 
poH2 5 T (with an angle 6= W0 between Hand 
c). The latent heat per vortex is approximately one 
order of magnitude smaller for H l c  than for H//c, 
while H,(T) is steeper by 7” 7.8, which we identify 
as the square root of the charge-carrier effective- 
mass anisotropy [lo]. The corresponding phase- 
transition lines are displayed in the inset of Fig. 1. 

dis~ociated in the vortex-fluid phase. 

A l  
Cd 
cu 
Hg 
H2 
Ni 
N2 
0 2  
Pb 

658 
321 
1083 
-39 
-259 
1435 
-210 
-219 
327 

Element Melting point (“C) Entropy of meltin 
&$molecule) 

1.37 
1.03 
1.16 
1.22 
1.02 
0.97 
1.36 
0.98 
0.95 

Table 1: Entropies of melting for various solids 

2.2 Specific-heat difference between the vortex 
fluid and the vortex-soli state 

From Fig. 5a it is obvious that the (fmt-order) 
liquefaction of the vortex lattice is accompanied by 
an increase in the specific heat CK. This is not un- 
expected because the freeenergy surfaces (as func- 
tions of T and H) of the solid and the fluid phases 
intersect in a lime (the melting he), with finite dif- 
ferences in the first (entropy S, magnetization h4) 
and the second (s@ic heat C/T, ahi@T) deriva- 
tives with respect to T and H, respectively. In con- 
ventional solids, a fmt-order melting transition is in 
most cases accompanied by an increase in CK. We 
plotted the differences in C/T between the vortex 
fluid and the vortex-solid phase, as a function of 
temperature in Fig. 4b. 
To check again thermodynamic consistency of 

the data we compare them with corresponding M ( T )  

T (K) T(K) 

Figs. Sa-b: [C(H)-C(O)llr vs. T of untwinned 
YBa2Cu307-6, for both Hllc and H l c .  



data measured on the same sample [9], using an ap- 
propriate thermodynamic relationship. The Ehren- 
fest formula AC/T = -AaM/ar.dH,,JdT, where 
MMDT denotes the slope difference in M ( T )  be- 
tween the fluid and the solid phase at constant H, is 
valid only for pure second-order phase transitions 
and does not, therefore, apply here. For a fmt-order 
transition we must use instead [ 101 
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Figs. 6a-b [C(H))-C(Ol/T vs. T in poll = 5 T //c, 
with the resulting AS and AC/T for various heating 
rates. 

where M ( T )  is the Tdependent discontinuity in 
magnetization at the melting line H,,,(T) as reported 
in Refs. 3 and 6. We obtain in this way an estimate 
for ACIT rhat is shown in Fig. 4b. The coincidence 
of the data suggests that also .the A C K  steps re- 
ported here represent thermodynamic-equilibrium 
properties of the vortex matter of YBazCu&d 

2.3. Influence of the heating rate 
It is known that fmt-order melting transitions 

can become glass-like in the presence of disorder. 
Therefore it is worthwhile studying whether or not 
the measured latent heat and the specific-heat 
changes at vortex-lattice melting are influenced by 
the thermal history of the sample and the speed of 
the measurement, as it is observed in glass transi- 
tions of conventional solids. We have already shown 
that the thermal features due to the latent heat are 
identical on heating and on cooling, or on ramping 
the magnetic field up or down, respectively [31. We 
report here further systematic investigations varying 
the heating rate. Fig. 6a shows [C(H))-c(OyT vs. T, 
taken in  OH = 5 T for various heating rates. It is 
obvious that the specifii-heat feature associated with 
fsst-order melting does not change quantitativdy 
when the heating rate is varied, although a slight 
hysteresis of unknown origin (of the order of 0.1 K) 
is observed. More importantly, both the evaluated 
AS and ACIT values do norot depend on the rate of 
heating (Fig. 6b). The fact that the same result is ob- 
tained on cooling (or on ramping the magnetic field 
down 131) rules out conventional glassy behaviour of 
the v,ortex matter in our crystal. 
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