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Thermodynamic Evidence for a Flux Line Lattice Melting Transition in YBa;Cu3zO7-5
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Moving- and stationary-sample SQUID magnetometry indicates discontinuous jumps of the
magnetization of an untwinned single crystal of ¥Ba;O;_s. The location of these jumps in
the H-T plane coincides with the location of the resistive drops measured on the same sample.
These results demonstrate the existence of a first-order melting transition of the flux line lattice in
YBa,Cw;0;-5. [S0031-9007(96)00456-5]

PACS numbers: 74.60.Ge, 74.72.Bk

The phase diagram of the high temperature supercoments and measurements of the field and temperature de-
ductors contains a vortex liquid phase which occupies @endence of the magnetization of an untwinned crystal of
large part of theH-T plane below the mean field upper YBa,Cuz0;—s. Moving- and stationary-sample SQUID
critical field, H.,. Upon cooling, the flux line system magnetometry indicates discontinuous jumps of the mag-
transforms from the liquid into a solid state exhibiting netization. The location of these jumps in tHeT plane
zero linear resistance and the onset of a finite static sheabincides with the location of the resistive drops. These
modulus. The nature of this transformation has been theesults demonstrate the existence of a first-order melting
subject of extensive recent research. For a clean sampleansition of the flux line lattice in YB#Cu307—5.
the transition into the flux line lattice phase is predicted The sample used in this study is an untwinned single
to be of first order [1,2]. Recent Monte Carlo simulationscrystal of YBaCuz;07-s with a mass of 1.286 mg and ap-
for a three dimensional flux line system [3,4] support thisproximate dimensions of.1 X 0.7 X 0.22 mm?. It has
behavior. In the presence of disorder due to point or cora transition temperatur&. = 92.9 K with a (magnetic)
related pinning the transition is believed to be continu-width of 0.3 K. The magnetization measurements re-
ous transition, possibly to a vortex glass [5—7] or a Boseorted here were performed in a Quantum Design SQUID
glass [8]. In addition, due to the large anisotropies a demagnetometer equipped with a 7 T high homogeneity
coupling transition [9,10] of vortex lines into vortex pan- magnet. The transport measurements were performed us-
cakes is expected. ing standard lock-in techniques with a measuring current

In the case of clean, untwinned YB2u;0,-s sharp  density of 0.65 A/cr at a frequency of 23 Hz.
drops of the resistivity in high magnetic fields [11-17] Inset (a) of Fig. 1 shows the magnetization at 84K in
which are accompanied by the onset of non-Ohmic beincreasing and decreasing fields applied parallel tocthe
havior as well as by hysteresis in their temperature andxis. For these measurements the sample was cooled in
field dependence [11,14,16] are interpreted as manifes-

tations of a first-order melting-freezing transition of the 3 . g
flux line system. Recent dc-transformer experiments [18] T=84K (@) _g ot To84K
on untwinned YBaCus;0O;_s indicate that these sharp 0.3} -1} *Hup OAC;; %Y = 4
drops coincide with the loss af-axis coherence. How- % 2, & Hup
ever, transport measurements do not probe the defining & 8 ) L ° Hdown
characteristics of a magnetic first-order transition, that is, = 0.2f sl & L a -
. . . . . ) 3.6 4 44 ®

a discontinuity in the entropy (latent heat) accompanied = HT) 4501 .
by a discontinuity in the magnetization. Neutron scat- = b= |Tewx O
tering [19] and muon spin rotation [20] experiments on & 0-1f ° 5’ e o008, 2%
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Bi,Sr,CaCw0Og reveal abrupt changes in the line shapes ! o P 3 |pe e % 4487
consistent with the occurrence of a melting transition. o po Lo D F [ Faa ®
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SQUID measurements [21] and, in particular, magnetiza- 0 o fﬁﬁ%&fgﬁ%ﬁ Y0155 T

. . . o
tion measurements on single crystals 0p®,CaCw0Og L .
utilizing micro Hall probes [22] have shown very sharp 3.6 4 H(T) 4.4 4.8

jumps in the magnetization giving further support to the ) o ,
existence of a first-order vortex lattice melting transition.F!G: 1. Jump in the magnetization at 84 K measured in

. increasing and decreasing fields. Inset (a) shows the raw data.
Previous m'eas.urements of the tempgrature_depgndenceﬁie dotted line represents a linear extrapolation of the low
the magnetization of YBZu30;—; indicate a jump in the  field variation. Inset (b) shows the magnetization hysteresis,
magnetization [23]. Here, we present transport measure-m(Maown — Mup).
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the starting field of 3.6 T. After an equilibration time of the low temperature behaviotzM;, as shown in the

of 1 h data were taken in 100 G steps with a pause oinset for several applied fields. The shift in the position
30 sec after each field step. The data display a markedf the jump and the reduction of the height are seen in
jump of the magnetization at 4.2 T. This is clearly seencorrespondence to thd (H) data shown in Fig. 2. Also

in the main panel of Fig. 1, where the magnetization isshown is the temperature dependence of the resistivity in
plotted relative to a linear extrapolation of the low field various fields applied parallel to theaxis. The resistive
behavior,47M,, indicated by the dotted line in inset (a) transitions show the familiar broadening at high tempera-
of Fig. 1. The jump heigh47AM = 47 (M, — M,),is  tures followed by a sharp drop to zero resistance at the
about 0.3 G occurring over a width of about 700 G. Herefreezing temperaturd,,. These data are typical for the
M, and M, denote the magnetization in the liquid and behavior of clean samples as reported earlier. These re-
solid states, respectively. It is important to note that thesults show that at temperatures corresponding to the drop
magnetization is reversible within the scatter of the datdo zero resistance a discontinuity in the magnetization oc-
of about 0.05 G. This is shown in inset (b) of Fig. 1, dis- curs as expected for a first-order magnetic transition. The
playing the magnetization hysteresis (Mqown — Myp).  Magnetic transitions display hardly any precursor effects
Any residual irreversibility is smaller than the size of due to critical fluctuations which are expected on both
the magnetization jump by an order of magnitude, sugsides of a second-order transition. The positive value of
gesting that the jump is not caused by some kind oAM = M; — M, implies that the vortex density in the
depinning effect. A minimal detectable hysteresis ofliquid is higher than in the solid phase analogous to the
0.05 G would correspond (using Bean’s model for thebehavior observed in Bsr,CaCuyOg [22]. The relative
present sample geometry) to a critical current density ofeduction in average vortex spacinfyag/ag, across the

1.5 A/cm?. Thus, the apparent observation of zero resistransition is(2.5-5) X 10~° for the fields measured here.
tance (see the inset of Fig. 3) is consistent with magnetiét 4.2 T this corresponds to an addition of about ¥X0r-
reversibility at our level of sensitivity. We note that the tices to the sample. The expansion on freezing is rather
determination of a critical current density from transportunusual for conventional atomic solids with the notable
measurements depends on the voltage criterion used in tlexceptions of water, Ce, and Ge. It has been suggested
nonlinear/-V curves. Within the resolution of the magne- [25] that the entropy gain in a denser liquid of flexible en-
tization measurements the transition in increasing and degangled vortices with long-range interactions outweights
creasing fields occurs at the same field value even thoughe cost in potential energy of the additional vortices.

the field dependence of the resistivity shows hysteresis of Figures 1 and 3 shown that the slope&//oH and
about 30 G. The jump height decreases rapidly with in9M /T change across the transition. Thermodynamic
creasing temperature and drops below our resolution of
0.05 G at temperatures around 90.5 K (Fig. 2) which is
well belowT,. This point will be discussed below.

A magnetization jump is also visible in the temperature of H=42Tle 7
dependence of the magnetization as shown in Fig. 3 for I ]
a field of 4.2 T. AroundT,. the familiar broadening ex- i f 1 |
pected for superconducting fluctuations is seen [24]. Near . é; o8t 1
83.8 K a marked change in slope and a small discontinuity -10- & Gl 56 42 29 18T Hie -
with a width of about 0.15 K occur. This is clearly seen ~ [ § 304_ ,f
when the data are plotted relative to a linear extrapolation % ééc" § ' f ! ;
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0 . '1 — '2 .5 y i ‘{6‘ = FIG. 3. Temperature dependence of the magnetization in
H(T) 4.2 T. The dotted line represents a linear extrapolation of

the low temperature variation. The inset shows the jump in
FIG. 2. Field dependence of the jump in the magnetizationthe magnetization in several fields (top) and the temperature
47 (M — M), at various temperatures. dependence of the resistivity in the indicated fields (bottom).
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consistency requires that these slopes be relateof an inherent magnetization jump and rely for precise
by d(AM)/dT = (0M,;/0T — oM,/dT) + (dM;/0H —  quantitative measurements on the conventional mode of
oM,/oH)dH,,/dT. The partial derivatives are taken just operation of the magnetometer.
below or about the transitionH,,(T) is the phase bound-  The data from the resistivity and magnetization mea-
ary for the melting transition (melting line) as shown surements are compiled in Fig. 5. The bottom panel
in Fig. 5. At 84 K the data in Figs. 1 and 3 indicate shows the phase diagram as determined from the resis-
a value of0.17 = 40% G/K for aM,;/dT — dM,/dT  tive drops inp(T) and from the magnetization jumps in
as calculated with the above expression, whereas th&(H) andM(T). The good coincidence of all three de-
experimental value i9.2 = 25% G/K. Even though terminations underlines the conclusion that both the mag-
the error bars are large (reflecting the uncertainties imetization jumps and the resistivity drops are caused by
determining the differences in slopes), the temperaturethe same first-order flux line lattice transition. The melt-
and field dependent data appear to be consistent. ing line is well described by a power law of the form
It has been noted that the motion of the sample in ari,,(T) = 99.7 (1 — T/T,)'3°. Similar forms have been
inhomogeneous applied field can cause spurious effects neported earlier [12,23]. The exponent observed here is
magnetization measurements [26] since in each scan thlwose to that expected for a 3BY critical point analysis,
sample goes effectively through an ac-field cycle. For v = 1.33. However, a critical point analysis appears in-
4 cm scan the maximum relative field variation for ourcompatible with the first-order nature of the transition.
system is2 X 1074, We have performed measurements In the top panel on the left is shown the tempera-
at various scan lengths (ranging from 3 to 6.8 cm) andure dependence of the height of the magnetization jump
various scan speeds and not observed any effect on tles determined fromM(H) (squares) and fromM(T)
magnetization jumps. In addition, we have mounted thédiamonds). The overall size of the magnetization jump
sample and a thermometer on a stationary sample holdebserved here is similar to a previous report [23] and
and recorded the SQUID voltage as the temperature i® that in Bi,Sr,CaCuOg [22]. The melting fields
varied. Figure 4 shows the SQUID voltage in 4.2 Tof YBa,Cus;0;-s are, however, much higher than in
for increasing and decreasing temperatures. The SQUIBI,Sr,CaCu,0Og due to the much smaller anisotropy.
voltage shows long time drifts which are in part dependenThus, in the present experiments only the high tempera-
on cooling and warming rates. However, the data displayure region around’, can be accessed. The maximum
a small step near 83.8 K which is clearly seen when

plotted relative to a linear extrapolation of the low , 1 . . 108 >
temperature behavior (shown in the inset). The step 0.3 _—%@\ i 7
. . . . . ~& _¥-0- T"EZ°N
occurs on cooling and warming, and its height of 40 mV - z0= ~ ‘%\;\ o ———> 3106 g\
is close to the expected value of 47 mV corresponding to © (_‘ﬁ]\ Y E =3
a magnetization change of 0.3 G. We note the remarkable = 02¢ R 5 o4 =
similarity of these data with those shown in Fig. 3. Since & 3 HJ 9 ] g
the long time drifts of the SQUID voltage are difficult to 0.1F \:} \ ; 02 >
control, we take the data in Fig. 4 as proof of the existence 4 .{JEF E 2
; \ E g
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H=42Tlc FIG. 5. Top panel: Temperature dependence of the magneti-
) zation jump 47 AM, and the jump in entropydS. The dotted
04 L o , lines are guides to the eye. The results for the entropy have
E: 83 84 85 86 the same relative errors as the magnetization data. Error bars
T(K) have been left off for clarity. Bottom panel: Phase diagram of

the melting transition as determined from resistivity and mag-
FIG. 4. Temperature dependence of the SQUID voltage imetization measurements. At temperatures about 90 K there is
a field of 4.2 T on warming and cooling, with the sample no discontinuity in the magnetization detectable, and the dotted
stationary. The inset shows the jump of the SQUID voltageline represents a continuous extrapolation of the low tempera-
for increasing and decreasing temperatures. ture data toward¥,.
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value of AM and a possible critical point of the melt- crystal of YBaCus;0;—s exhibits discontinuous jumps
ing line similar to that in B}Sr,CaCu0Og [22] have not of the reversible magnetization. The location of the
been located. Transport measurements [13] indicate thatagnetization jumps in thH-T plane corresponds to that
the sharp resistive feature associated with the first-ordesf the sharp drops of the resistivity and the onset of non-
melting transition of YBaCu;0;_; crystal is suppressed Ohmic behavior of the same sample. These results give
in fields larger than 10 T. This field value will depend on proof to the existence of a first-order melting transition
the purity of the specific sample. of the flux line system in untwinned YBEu;O;_s.
Using the Clausius-Clapeyron equation for a magneti@he density of the flux line liquid is higher than that
first-order transitiondH,,/dT = —AS/AM, the entropy of the solid, as observed in EBr,CaCu0Og [22]. The
jump per vortex per Cu@double layer in units okg is  relative reduction of the average vortex spacing across the

given by transition is aboutt X 107°. The latent heat associated
AM dH,, ¢od with the transition amounts t@.65k3T,,/vortex)/CuG,
ASy = T d_Tm e double layer at temperatures below 88 K and drops to
m B

zero rapidly at higher temperatures. We suggest that
Here, ¢ is the flux quantum,d = 11.7 X 1073 cm  the temperature dependence &% and AS nearT, is

is the c-axis lattice constant, anfl is the Boltzmann governed by sample inhomogeneities.

constant. (Since a magnetization of about 16 G is This work was supported by the DOE-Basic Energy
negligible as compared to an applied field of 42 kG, we asSciences-Materials Sciences under Contract No. W-31-
sume throughout this paper that the internal magnetic field09-ENG-38 (U.W., W.K.K., G.W.C., B.V.) and the
is uniform and equal to the applied field.) The results forNSF Science and Technology Center for Superconductiv-
the entropy jump are shown in the top panel on the rightity under Contract No. DMR 91-20000 (J. A. F.).

The discontinuity of the entropy has an almost tempera-

ture independent value of abo(.65kg/vortex)/CuO,
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