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Anisotropy of magnetization discontinuity at vortex-lattice melting in untwinned YBa,Cu;0,_ 5
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We measured the magnetic torquexperienced by an untwinned YEB2u,0;_ 5 single crystal in external
magnetic fields up tquoH=7 T below the critical temperaturé.=93.3K, as a function o, the angle
betweenH and thec axis of the crystal. At the vortex-lattice melting transition we observe discontinuities in
both rand (@7/dH)+, that are related to changes in the transverse components of the magnetizatiodvector
and @M/gH)+, respectively. We use thermodynamic relationships to determine the direction of the vector
AM in space, and show tha&tM is always directed parallel tM. The discontinuities in magnetizatiaxiv
and in entropyA S vanish slightly below the temperature where the melting fi¢l(T) extrapolates to zero,
which could indicate the existence of a lower critical point of the vortex-lattice melting line. From our
(d7/0H)+ data we are able to extract the differences in the reduced specifid#at between the vortex-
fluid and the vortex-solid phases, and we compare these results with corresponding thermal data. We finally
examine the validity of standard angular scaling rules for anisotropic superconductors for the melting fields
Hn(T,0) at temperatures as high &sT.=0.99.

[. INTRODUCTION tinuities in entropyS and magnetizatiodM, may depend on
0.32**For Bi,Sr,CaCuy0Os, the angular dependence of mag-
The solid-to-fluid transition of the vortex system in cu- netization anomalieAM has been measuré#i’®and imply
prate superconductors in an external magnetic fielsepa- discontinuities in entropyp S at vortex-lattice melting via the
rates a magnetically irreversible, zero-resistance state from @lapeyron equation. A direct thermal study about the angular
reversible state with dissipative transport properti@is  dependence of bothS and related discontinuities in specific
transition has been extensively studied by resistivityheatAC has been done only on YBau0;_ 5,24%®and con-
measurements;* torsional oscillator techniqué$, muon-  firmed theoretical treatments of the effects of anisotropy on
spin rotatiori and neutron-scattering experimefitand the  the thermodynamic properties of anisotropic
measurement of thermodynamic properties such asuperconductorg:® Although the angular dependence of
magnetizatiofr * and specific hedf 2 Magnetization data AS in YBa,Cu0;_; is now fairly precisely knowR® no
have been obtained mainly on single crystals ofcorresponding measurements of the angular dependence of
Bi,Sr,CaCyOg, ¥101371%  YBa,Cu0,_;,11121720 and  the discontinuity in magnetizatioAM have been reported.
(La, Sr),Cu0Q,,*® while associated thermal effects have beenln very anisotropic materials such as,8,CaCyOg, M is
detected so far only in the YBE&uO,_ 5 family.*®=3These  virtually parallel toc for a wide range of angle®, except
thermodynamic data indicate that in sufficiently cleanextremely close td® =90°, which considerably simplifies
samples and in moderate external magnetic fields, the phasee geometry of the probleft:® In YBa,Cu;0;_ 5, how-
transition is of first order, while sufficient disorder and/or theever, the electronic anisotropy is rather low, and the magne-
application of large magnetic fields may drive the transitiontization vectorM is markedly tilted away from the direction
continuoust?-19-22:25.29.30 of the c axis of the crystal already for angles of the order of
The magnetic phase diagram of anisotropic superconduc® = 75° and largef® There are plausible arguments based on
ors not only depends on the external magnetic fitlshd the the London theory predicting that for an arbitrary an@le
temperaturd, but also on the angl® between the magnetic AM is always directed parallel thl. In this case, the mag-
field and thec axis of the crystaf:>6141524263ence all  netic inductionB would slightly rotate at the melting transi-
thermodynamic quantities related to the vortex-lattice melttion. However, in an alternative view of the situation it is the
ing transition, such as the melting fiekdl,, and the discon- thermodynamic variabl® that shows the discontinuitB
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=uoAM along B, which simply reflects a change in the 5 ¥ T ' ' ¥ T

number of vortex lines directed parallel to the magnetic-flux r T=919K, ©=35°

density vectoB. In this scenarioAM is not always parallel Of 7
to the magnetizatioM, and would lead to a rotation & at :

the melting transition. For the simple geome@®y=0° that -5t .

has already been studied in the literattfé M, AM, H, &
and B are all parallel to thec axis of the crystal, and the E 10t
above distinction is not necessary. b= I

Recent progress in torque magnetometery and in sample * _45|
preparation techniques allowed us to detect the transverse I
component of the discontinuityM (i.e., the component per- 20
pendicular to the applied magnetic field) at the vortex-
lattice melting in YBaCu,O;_ 5 with previously unknown

%,
ieticnd
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precisiont’*®3"However, the determination of the direction 035 040 045 050 055 060
of AM in an uniaxial situation requires the knowledge of two uoH (T)

components, the transverse and the longitudinal component

(i.e., the AM component parallel tdH). In this work we FIG. 1. Representative magnetic torque per sample voltuse

perform a series of systematic measurements of the transiagnetic-field data for an untwinned Yg1,0,_ s single crystal
verse component ciM. Knowing the angular dependence (T=91.9K and®=35°). The three curves are data taken for in-
of the associated discontinuityS, and applying thermody- creasingupper curvgand decreasinower curvg magnetic field,
namics, we are able to extract also the longitudinal compoand the average of the two data setsddle curve. In the inset we
nent of AM. This makes it possible to finally determine the plotted the magnetic-hysteresis widtf that corresponds to a
direction of AM in space. critical-current density of the order df~2 A/cn?, and that shows

The temperatures where the discontinuities in entropy? Weak peak effect around the melting transitiowicated by an

AS(T) vanish define critical points of the vortex-lattice melt- TOW-

N9 I!ne, where .the first-order gharacte'r of the phase transipseq capacitive cantilevers with a resolution in torque of bet-
tion is lost. While the upper critical point can be very well

identified from thermal data, the determination of a ossible;[er than 10"*Nm. The experiments above=91.5K were
- : ' : . pos done in a normal conducting magnet. Below 91.5 K, we used
lower critical point from our magnetic data is less straight-

forward because it crucially depends on the definition of th%gggrrg?;gﬁ: ngesrwhgﬁazij\rﬁs [l)ségggphys;cilp;tggﬁrty

E::Ic(;vil ttﬁén?:r:qatz:ia}eox;]gﬁa(%d 'Ziifathoﬁi:ig"c’;;i magnet that provided magnetic fields upggH=7 T. The
P m P '’ _temperature scales in the two systems were -carefully

which might mean that the first-order character of the phasﬁwatched by detecting known reference points. The sample is

transition atH,,(T) disappears aT <T.. . ;
Along with the steps in entropy and magnetization at thea 380 ug naturally untwinned YBZU,0;_; single crystal

vortex-lattice melting transition, simultaneous steplike varia—Wlth aT.=93.3K. The very high quality of the sample is
tions in the reduced specific hea€/T and changes in slope
in magnetization,A(dM/dH); and A(dM/JT),, respec-

tively, have been observéd!?17-1922-3rhese changes are
related one to another by a thermodynamic relationship thag

is rather simple foH I c.?* In our experiments measuring the

reflected in a small total width of the vortex-lattice melting
transition, 6T~ 60 mK (see Sec. VI of this papgmwhich has
to be compared to 4T of the order of 200 mK and more as
bserved in earlier samplés!21°-280ur torque data show
ery little magnetic hysteresis below the vortex-lattice melt-
maanetic tor L MXH per volume of sample. w ing transitionl,7ltherefore_vortex pinning is much less pro-
9 queéz= peM <M per volume Ol sample, We s nceqd than in other high-quality samples where the tran-
also observe corresponding changes in slapgir/oH)+. sition is also observable. All experiments described here

¥Ve det\;]elop %sdwtablz th?rmlodynarr;]lc relatlonsthlp to tr"T“"S\'/vere done by rotating the magnetic field in the plane that is
_o(rjm gzseﬂélﬁpdent en dS ope ¢ artlﬁ]es ml? a_rgﬁutﬁr'defined by thea and thec directions of the crystal. Hence, all
Independent ata, and compare tne resuits wi € humerical values obtained in our data analysis are valid for
data from a direct thermal measurement. this geometry

i lrtl .hasg%,gseteh”t \;e”?eq[ by yarl?us tﬁxpe;lmzntzl In Fig. 1 we show typical torque-versus-magnetic-field
echnique at, to lirst ‘approximation, he standard ., qa1a r=91.9K, ®=35°), for increasing and decreas-

scaling rules for thermodynamic quantities in anisotropic Sl.J'lng magnetic field around the vortex-lattice melting transi-
perconductors do apply to the moderately anisotropi

- Sion. In the case of hysteresis we assumed that the “revers-
YBa,Cu07_;. The parameter descnpmg the degr'ee Of aMiple” torque signal is represented by the average of the two
isotropy can be estimated by scaling the melting fields

. ; curves, i.e., that the hysteresis widthset of Fig. 3 is sym-
Hy(T.0) at f|_xed tem_perature: .Smce we are able to deteCFnetric for increasing and decreasing magnetic field. Each of
the vortex-lattice melting transition as a function of angle a

temperatures as high 88T.=0.99, we can test the validity tg]lef?rzt?grr;/gf y;ssﬁgﬁzzizriigén Igrgojh;au:v?tlﬁ nad]:jhrjbutmn
of these scaling rules fdd ,(T,®) up to this temperature. width sH and total a'mplitudeAr. At thé same time
(07/9H)+ was allowed to change its slope continuously ac-
cording to the same Gaussian distribution. A smooth back-
Our homebuilt experimental setup to collect the magneticground was represented either by polynomR({$l) in H of
torque data has been described in detail in Refs. 36—37. Wkhe order 3 or 4, or by polynomials in IHf of the form 7

Il. EXPERIMENT
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FIG. 2. (8 The discontinuity in magnetic torqudA7 per S0 60
sample volume, at the vortex-lattice melting transition fbr
=91.0K, plotted as a function of the anglebetween the applied
magnetic field and the direction of the crystal. The dotted curve
corresponds to a fit to Eq$l) and (A7) using y=28.2, while the
dashed line represents a corresponding fit witk=7.6 (see
text). (b) The melting fieldH,, at T=91.0K, as a function 0®.

FIG. 3. (a) The angles between the magnetization-discontinuity
vectorAM and thec direction of the crystal, as a function 6fand
for different temperature3. The dotted line corresponds to our
expectation according to Eq§A7) and (1) for y=8.2, assuming
thatAM is parallel toM (see text (b) The data from(a), plotted
as tan(-¢) vs tan@). For AM parallel toM, the data should col-
=A;+AHP(In[H]) (with additional fitting parameterd\;  lapse onto a single line with a slope 2 [see Eq.(1) in the tex.
andA,) to account for the approximate logarithniicdepen-  The inset shows the same data, but excluding the data poift at
dence of the magnetizatiod. In the following figures we =89.0° for clarity.
plot the results of all these fits that have been done in a data
range of typically H,,+20%, to illustrate the effect of induction vector would not rotate at the melting transition,
changing the model for the background on our results\for andA7=0 according to Eq(A10). The angle of rotation of
andA(d7/oH) . B, i.e., of the average direction of the magnetic-flux lines, is
plotted in Fig. 4.

The direction ofAM can be compared with predictions
about the direction of the magnetization vedtbrin uniaxial
superconductor®. The anglep betweenM and the negative

At a fixed temperaturd and for each chosen magnetic c direction is given by
field valueH we varied the angl® betweerH and thec axis
of the crystal. The resulting discontinuities in magnetic 1
torque per sample volumé, 7(®), are shown in Fig. @) tan(¢) = 7tar(®), 1)
for T=91.0K, and the corresponding melting fields,(®)
are plotted in Fig. ). From suchA 7(®) data we are able where y? is the effective-mass anisotropy for current trans-
to calculate the angles between the magnetization- port parallel and perpendicular to teedirection® This re-
discontinuity vectorAM and thec direction of the crystal sult should only weakly depend on the geometry of the vor-
[see Appendix with Fig. 9, Eq9A7) and (A9)]. All the  tex lattice, because in deriving Efl) the geometry factors
£(0) data, taken at six different temperatures, are shown imccounting for the vortex-lattice structure cancel out to first
Fig. 3(@. For small angleqi.e., smaller thar=75°), AM approximation. Thus, it is reasonable to assume ¢hags
appears to be almost parallel ¢o At larger anglesAM is  the same value in the vortex solid and in the vortex-fluid
tilted away fromc towards the direction oH (i.e., £<0). state, andAM should always be directed parallel ¥b, with
The fact that a discontinuity inr can be detected in &=—¢. In Fig. 2 we plotted our expectations according to
magnetic-torque measurements already indicates A\t  Eg. (1) using a valuey=28.2 that we derived earlier by sys-
cannot be parallel t®. If AM were alongB, the magnetic tematically scaling all the melting field$,,(®) from

lll. DIRECTION OF THE
MAGNETIZATION-DISCONTINUITY VECTOR AM
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5x10-4 R —— model for describing the thermodynamics of the vortex sys-
| |© 9101K ) tem in YBaCu,0,.** As we will see in the next paragraph,
ax104l : EI'S?E 8 ) the theory only poorly d_escrit_)es the magnitude of Fhe simul-
A 91:94'( @ o taneous steplike variations in the reduced specific Heat,
- v 223K B g B AC/T, that are associated with changes in the slopes
P3X104 | 0 ok ¥ & 2 1 (d7/9H)+ at the vortex-lattice melting transition.
= g 8 o g Qo Both the magnetidAM(T) data and theAS(T) values
S ox1041| g g _ from thermal measurements on a different sample extrapo-
| g g“% ] late to zero around/T,~0.995< 1 [see Figs. &)—(b)]. For
x104| * | both thermal and magnetic data the respective critical tem-
% peraturesl . were obtained by fitting the corresponding melt-
I O ing fields H(T) to a power law,H(T)=Hy(1-T/T)",
00 35 30 45 60 75 %0 with the fitting parametersl,, T, andn [see Fig. &)]. We
O (deg) observe that around/T.~0.985 (i.e., atH,,0=0.36 T for

®=0°) and with increasing temperatuceM ,(T) starts de-

FIG. 4. The angle of rotation of the magnetic-induction vector Viating from the linear trend that extrapolates to zero at
B (i.e., the average direction of the vortex lineson vortex-lattice ~ T/T~1, thereby causing a kinklike feature &M (T) [see
melting, as a function 0® and for different temperaturés Fig. 5(@)]. The fact thatAS(T) vanishes below the tempera-

ture where the melting lines extrapolate to zero might indi-

angular-dependent thermal data on a similar crystal usingate that the first-order character of the phase transition is
Egs. (A1)—(A2).%® The melting fieldsH(©®) that we mea- lost at a lower critical point, that would be located around
sured directly with our torque magnetometer at this particuoH~80mT in our crystals. However, the validity of this
lar temperature are best fitted with=7.6, however, which is  conclusion crucially depends on the definition of the critical
slightly lower than the result from the global fgee below.  temperaturel,. To demonstrate this, we tentatively ignore
A possible variation ofy with a temperature that might ac- the upward curvature of thid ,o(T) data obtained from the
count for this discrepancy is discussed later in Sec. VI of thisnagnetic measuremeritwheren~1.35 (Ref. 17], and ex-
paper. The corresponding ®) line for y=8.2 is shown in  trapolateH ,o(T) aboveT/T.=0.98linearly to zero[see Fig.
Fig. 3. In Fig. 3b) we plotted the same data as tam) vs  5(c)]. We find that with this new definition df ., the melt-
tan@®). Except for the data point & =89°, there is a fair ing field becomes zero only slightly above the temperature
agreement with Eq(1) indicating AM is indeed parallel to whereAS vanishes, making the assumption of the existence
M for a wide range of angle®, even wherM is already off  of a lower critical point perhaps unnecessary. This linear-
by more than 20° from the direction. The deviation of the extrapolation procedure for otit,,o(T) data neaiT . has no
last data point a®=_89° from Eq.(1) cannot be explained physical justification, however. We therefore defihen the
by a systematic offset of the direction of the applied mag-following as the resulting value from a power-law fit to the
netic field with respect to the axis of the crystal, which we H_(T) data as described above.
estimate to be less than 0.03°, leading to negligible error bars The temperature difference betwe€nand the tempera-
in Fig. 3. However, we cannot definitely conclude that thisture whereA S vanishes in our samples 8450 mK, which
deviation is really significant and would indicate a change inhas to be compared with the width of the vortex-lattice melt-
the thermodynamics of the vortex-lattice melting very nearing transition and the width of the transition to superconduc-
the Hllab geometry?®#° It might be due to the effect of a tivity in zero magnetic field. We defined these transition
weak, undetected mechanical vibration of the crystal disturbwidths as follows: Our analysis of the broadening of the
ing the measurement, or to an unknown misalignment insideteplike discontinuities in magnetic torque gives a full width
the crystal leading to additional errors &{®). of the vortex-lattice melting transitioAT~50—70 mK (see
Sec. VI of this paper From resistivityp(H,T) data taken on
a crystal of the same batch, in zero magnetic field and in
woH~1T at the vortex-lattice melting transitidA,we can
also estimate the widthsT, of the respective transitions.

From our data and using Eq6A7) and (A9), we may For H=0 we can fitdp(T)/dT to a Gaussian with a full
extract values for the discontinuity in magnetizatidM,  width 6T, and obtainsT,~80mK. As an alternative, we
for ®=0° [see Fig. $a)], and convert them to changes in can compare the well-defined temperatures whikgr T is
entropy, AS, by making use of the Claussius-Clapeyron maximum and wherg(T)=0. For bothH=0 (i.e., the tran-
Equation(A4). In Fig. 5b) we compare these results with sition to superconductivifyandugH=1 T (the vortex-lattice
the corresponding values that we deduced from our previmelting transition we obtain in this way T ,~100 mK. The
ously published\ M ,(T) data taken on the same crydtiilg.  temperature difference betweeh. and the temperature
5(a)],}’ and withAS data from a direct thermal study on a whereAS vanishes~450 mK) does not seem to be related
similar but larger crystal with a lowef,=92.0K2® The in an obvious way to the above estimates for the “chemical”
data show a systematic, virtually linear decrease in the melffull width of the transition (50—-100 mK. We therefore
ing entropy(counted per mole of samplas T approaches speculate that a lower critical point &f,(T) indeed does
T.. This decrease ilAS has been quantitatively correctly exist in our samples, that might be related to the amount and
reproduced by a recent theory that is based on the Londotie character of disorder as recently shown in Ref. 43 for the

IV. MELTING ENTROPY AND CRITICAL POINTS OF
THE FIRST-ORDER MELTING LINE
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FIG. 5. (a) Magnetization discontinuitieA M, for Hllc, obtained from the transverse componefiid ., according to Eq(A7), and
plotted versus the reduced temperature. Triangles ara khgdata from Ref. 17, while diamonds correspond to additional data points from
this work. The solid arrow indicates where the low-fidlVl ,(T) data extrapolate to zero. The dashed arrow shows whitg(T) changes
its slope(see text The dashed and the dotted lines are to guide the ef§®. Discontinuities in entropy at the vortex-lattice melting
transition, calculated from the data in Figabusing the Clausius-Clapeyron equatigh). The inset shows corresponding data from a
direct thermal measurement on a different cry@Raf. 26. The arrow indicates wher®S(T) extrapolates to zero.(c) The melting fields
from our magnetic experiments, reducedtic valuesH o using Eqs(Al) and(A2) with y=8.2. The dashed line is a power-law fit to the
data, while the dotted line represents a linear fit to the data ab6Ug=0.98 (see text. (d) Specific-healC/T vs T/T. data for uoH
=0.125T parallel tec. At this magnetic field and belovdown to uyH~89 mT parallel tac andT/T,=0.994) the first-order transition can
still be observed magnetically, while/T already shows a distinct upward curvature indicating the strong influence of fluctuations on
thermodynamic quantities nedy, .

case of dilute columnar defects. It is worth mentioning herethe excellent fit of our low-fieldH,,o(T) data (i.e., woH

that in some moderately twinned or artificially detwinned 4 » T) to a power law witm~% (see above which may

YBa;CwsO7 5 crysltals it was impossib:ce Ito observe a first- hg 5 consequence of the 3D¢scaling of physical quantities
rder transition alr in magnetic fi H~4T an : L

order transition already agnetic fielgs, and iy o magnetic fields and nedr, that has also been ob-

lower, regardless of the sharpness of the transition to SUP€Laved in other experiments#-5'These issues need further

ggnmdpﬂggl\é!%ﬂgggg the high chemical purity of the experimental clarification because they may question the va-

idity of the common picture of a “re-entrant” melting line,

We have detected a discontinuity in the magnetic torqu&%h : Id bend | " t ith d .
at temperatures as high d9T,=0.994 (in uoH~89mT at would bend over to lower temperatures with decreasing

along ¢),"” where the specific heat is already dominated byMadnetic field and not term.|na.te7&g.5°*51 o _
fluctuation effects, as demonstrated by the strongly upward Many experiments have indicated that in higher magnetic
curvature inC/T vs T in the same temperature and magnetic-f'ems the f'lrst-qr.der ch'aracter of the transition is Iogt at an
field range[see Fig. §d)]. The first-order transition is obvi- upper(multi-) critical pomt, the location of which is believed
ously very robust against the occurrence of such fluctuationt depend on the anisotropy parameteaind on the amount
nearT,, which may be difficult to reconcile with the intui- and the character of defects in the sanfpi€.**~>%Unfortu-

tive picture of the melting of an ordered crystal lattice of nately, the relevant magnetic fields are somewhat too high to
well-defined vortices so close T . It can be explained in a do a systematic magnetic study on the upper critical point
natural way by interpreting the zero-fielt, as the critical ~ with our torque magnetometer. We have observed in thermal
point in a three-dimensional 3XY model, where all phase- experiments on similar crystals that f@r=0° and above
transition lines within the critical region, including (T), pmoH=~6.5T, AS(T) indeed starts to decrease with decreas-
eventually merge. Support for this interpretation comes froring temperature, and finally vanishes aroyngH~12.5T
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2.0 - T . and below the first-order transition, respectively. They are
* @ related to changes in slope in magnetizatidifgM/JdH)+
andA(dM/4T)y, by a thermodynamic relationshifIn our
P experiments measuring the magnetic torgete;, uoM X H
1[*“** %* : per volume of sample, we also observe corresponding

-y
3]
T
*
*
|

1 changes in slope\ (d7/dH)+ (see Fig. 1 While a thermo-

* / *ox dynamic consistency check betwe&(oM/JT)y andAC/T

Toritup /% ¥ data is rather straightforward fét|c,?* a transformation of

05L l *,.»-’" * NF - correspondingA(dr/dH)+ data with ®+#0° into thermal
*

AS (mJ/mole K)
5

AC/T values is not as trivialsee Appendix In Fig. 7(a) we
* show a representative set&fd7/9JH) ¢ data as a function of

i

8.75 050 065 o0 " osm 0 for T=92.15K, indicating tha_t this quantity strongly de-

T pends on the anglg. According to standard angular-

¢ dependent scaling rules for thermodynamic quantities in an-

——— . — isotropic superconductors, the associated chaddgesTl at
12 B, (b) 1 fixed T should not depend of, however. In Fig. ) we
NN display the result of transforming our(d7/dH)+ data into
10+ N 1 AC/T values by using Eq/A24). We can conclude that at a
sl given temperatur@ and within the scattering of the data, the
I o5 ] resulting changes in reduced specific hA&/T do not de-
6 S . pend on the angl®, in a similar way as the entropy changes
o AS that also do not depend o@.?%%233|n Fig. 7(c) we
4r N ] compare the magnetically obtain&dC/T data with the data
N ] from a direct thermal measurement on a similar cryS.
In a very contrast to specific-he@(T) data near the vortex-
lattice melting transition, our field-dependent magnetic
torque 7(H) data taken at fixed do not exhibit any strong
variation in the background signal that would give rise to a
large uncertainty in choosing the correct model for fitting the
ing AS from both magnetiq(triangles and thermal experiments data. Th_erefore we judge our mggnetl(ﬁC/T data as
(starg. The arrow indicates wher&S extrapolates to zero at/ T, m_ore reliable than our thermal estimate .ﬁDC/T frorT_1 a .
=0.78, which corresponds wyH =12.5T parallel tcc. The dotted direct C(T) measurement, the evaluation ,Of which is
line is to guide the eye. The error bar represents the estimated erréFrozrgle hampered by the presence of fluctuation effects near
in AS for the data from thermal experiments(b) The melting  Tc- Itis clear that the magnitude afC/T is of the order of
fields H,o(T) for ®=0° from both magnetic and thermal experi- 1 mJ/mole K at temperatures as close as 0.99 Ki'to This
ments. The dashed line is a power-law fit to the data beig means that measured valuesOC/T are at least twice as
=6 T. The dotted line is to guide the eye and to illustrate thelarge as those predicted in Ref. 33, while the temperature
deviation of theH(T) data from a power-law behavior as the dependence oAC/T may be correctly reproduced by the
magnetic field approaches the upper critical point @a§H theory.
=125T.

HoHmo (T)

075 080 085 080 095 I
7T,

FIG. 6. (a) The discontinuities in entropy at vortex-lattice melt-

VI. ANGULAR SCALING OF THE MELTING FIELD AND

: 29,30 ; L ;
[see Fig. 6a)]. At the same time, with increasing mag- OF THE TRANSITION WIDTH

netic field, the melting temperature is more and more shifted

to lower temperatures when compared to an extrapolation of Many experiments have confirmed that the standard scal-
a low-field power-law fit to theHo(T) data, thereby caus- ing rules for thermodynamic quantities in anisotropic super-
ing a slightlyS-shaped melting curve with an inflection point conductors are valid for YB&u;0,_ 5 (Refs. 3, 6, 24, 26
around uoH~6.5T [see Fig. ®)]. This behavior is, of which is only moderately anisotropic. This is not necessarily
course, not reproduced by a London theory that assumesthe case for a very anisotropic compound such as
system without disordet*** A similar but somewhat much Bi,Sr,CaCuQs. If the layered structure of a superconductor
more pronounced feature iH(T) has already been ob- becomes important, anisotropy effects may perhaps no

served in the very anisotropic fir,CaCyOg.1° longer be described by a single, temperature and field-
independent anisotropy parametethat is derived from an
V. CHANGES IN (97/@H); AT THE VORTEX-LATTICE anisotropic effective-mass mod&>* Nevertheless, this pa-

MELTING TRANSITION rameter y can be rather acc_urately determined for
YBa,Cuz0O;_ 5 in the superconducting state, e.g., by scaling

Along with the steps in entropy and magnetization at thethe melting fieldsH,(T,®) or the melting temperatures
vortex-lattice melting transition, simultaneous steplike varia-T,,(H,0),%8242638 or by fitting the reversible magnetic
tions in the reduced specified hes€/T have been observed torque 7(®) to a suitable modef®® This latter method is
in thermal experiment$?>~2°These changes represent thevery simple and does not require the high instrumental pre-
difference in specific heat between the vortex-fluid and thecision that is necessary to detect the first-order melting tran-
vortex-solid state, i.e., ifC/T at temperatures right above sition, but it cannot be applied at temperatures too close to
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FIG. 8. (a) The melting fieldH ,(®) for different temperatures
nearT.. The dotted lines correspond to fits according to E44)
and (A2) to obtain values for the anisotropy paramefefupper
inse). The lower inset showy values that we obtained by fitting
the data for® <75° only. (b) Total transition widthéH (i.e., the
full width according to a Gaussian distribution of first-order transi-
tions), as a function of the angl® for T=91.0 K. The dotted line
ectorresponds to a scaling afH according to Eq.(A2) with vy
=3.2. (c) Transition widths in temperaturéT for T=91.0K.
Within the experimental scattefT is independent 0. Inset: The
respective mean values of the transition widéisas a function of
the critical temperaturé . where fluctuation effects lead to a temperature.

pronounced distortion of the mean-field torque sigrialVe
were able to measure the angular dependence of the vorteisotropy parametey for each temperature. The result of this
lattice melting transition at temperatures as highTd$.  analysis is shown in the upper panel of the inset of Fig).8
=0.99, which allows us to test the validity of the standardTo first approximation, all the melting fields,(T,®) scale
scaling rules foH,(T,®) up to this temperature. very well up toT/T.=0.99. In order to test whether or not
In Fig. 8@ we show the corresponding melting fields the weak variation iny [as shown in the inset of Fig(8] is
H.(T,0®) for different temperatures. Each curve can be fit-significant or not, we examined to what extent changing the
ted according to EqgAl) and (A2), and we obtain an an- range of fitting a set oH,,(T,®) data influences the result-

FIG. 7. (a) Changes in slope in the magnetic torge(él) at the
vortex-lattice melting transition A (d7/dugH)+|, as a function of
0 for T=92.15K. (b) The difference in the specific heat between
the vortex-fluid and the vortex-solid stat® C/T, calculated from
the data from Fig. (&) using Eq.(A24). (c) Comparison between
our magnetic estimategriangles, see Figs.(&@—(b)) and direct
thermal measurements &fC/T (starg for different temperatures.
The error bars represent the estimated errors for the respective s
of data.
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ing value ofy. A simultaneous linear fit with varying fitting direction of the crystal, wher® is already significantly
range to all the available data reveals that the parameter tilted away from thec direction. The smallest magnetic field
weakly depends on the selected range of an@legor 0°  at which the first-order transition is still detectable within the
<@=<75° we obtainy=28.09, for ®<85° we calculatey  resolution of our experiments iggH~89mT along thec
=7.91, and for the full range of data we have an optimumdirection atT/T.=0.994, where other physical quantities are
vy=7.69. We therefore tentatively fixed the range of anglesalready strongly affected by fluctuation effects. The discon-
for fitting the data to® <75° for all temperatures. The re- tinuities AM and AS vanish slightly below the temperature
sulting values fory are plotted in the lower panel of the inset whereH ,(T) extrapolates to zero, which could indicate the
of Fig. 8@a), and they still show a certain change with tem- existence of a lower critical point of the vortex-lattice melt-
perature. However, all these variations)adire within a stan-  ing line in our samples, where the first-order character of the
dard deviation of only=5% around the mean valug  transition is lost. Using an appropriate thermodynamic rela-
=8.2. Therefore, there are no profound consequences on thienship we can convert the changes in slope in magnetic
conclusions that we have drawn in Secs. IlI-V of this papertorque at the melting transitiomy(d7/dH)+, to differences
and we can confirm that scaling the melting fieklg(T,®) in specific heatAC/T between the vortex-fluid and the
is a reliable method to determinenearT... vortex-solid phase. The thus obtained data agree well with
Finally, we want to analyze the width of the vortex-lattice thermal experiments, but also suggest th&/T is some-
melting transition in YBaCu;O;_ 5, that, according to com- what larger than predicted by theory. We have shown that
mon interpretation schemes, reflects the chemical homogen#ie melting fieldsH,(T,®) scale, to first approximation,
ity of the sample. Many previous experiments onvery well according to scaling rules for anisotropic supercon-
YBa,Cu;0;_ 5 single crystals of different sources indicated ductors up to temperaturdgT.=0.99.
that the respective total transition widthssually defined as

the width of the first-order peak in specific-heat measure- ACKNOWLEDGMENTS
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the transition were of a chemical nature leading to a total

width 6T in temperature, the resulting magnetic full-widths APPENDIX

SH should scale asH = 6T|dH,,(T,®)/dT]|, i.e., according _ o o o

to the scaling function(A2). Using uedH,(T,0)/dT= 1. Measuring the Direction of the Magnetization-Discontinuity
—0.4T/K at this temperature, we calculate with2) and Vector AM

v=8.2 the 5T values shown in Fig. ®), that are indepen- In this paragraph we want to show that the direction of the

dent of ® within the experimental scatter. In the inset of the magnetization-discontinuity vectadxM at the vortex-lattice
same figure we have plotted the respective mean values ofielting transition can be determined by measuring its trans-
the transition widthsST as a function of temperature. The verse component alone, if we assume that standard angular-
resulting averaged valuesT~60mK, is significantly dependent scaling rules for thermodynamic quantities in an-
smaller than those reported for earlier samples. We therefoiigsotropic superconductors do apply. We also consider how a
conclude thatsT in YBa,Cu;O;_ 5 indeed most likely de- possible change in the direction of the magnetization vector
pends mainly on sample quality, and that the observed! at the transition would influence other measurable scalar
broadening of the melting transition is of chemical origin. magnetic quantities, such as the longitudinal component of
We expect that any additional broadening of the transitio’AM, or its projection along the axis of the crystal.
due to a geometry-induced inhomogeneous flux distribution A possible scenario is sketched in Fig. 9. We choose the
amounts to much less thaM|dH,,|dT| *~3mK for T  axes in a way that the unit vectey is directed along, with
=91K in YBaCu0O;_, but it may become relevant in a an angle® between the magnetic field ande,. The vectors
strongly anisotropic compound such as®3CaCyOsg. H andM are chosen to be in theplane. We ignore here the
effect of a possible in-plane anisotropy that would make a
distinction betweernx andy (or a andb, respectively neces-
sary. We assume that the magnetization vector discontinu-
We have performed a detailed study on the angular desusly jumps fromM, (solid phase, with an angle; between
pendence of the discontinuity in magnetization at the vortexM, and—e,) to M, (fluid phase, with a respective angg)
lattice melting transition in YB&u;0;_ 5. We have shown at the melting transition, and rotates By = ¢,— ¢, (here
that within the accuracy of our measurement, the veatdr ~ and in the following,A denotes a difference between the
is always parallel to the magnetizatidvi itself, even for  high-temperature fluid and the low-temperature solid
large angle®) between the applied magnetic field and the phases If A¢+#0 the rotation would lead to AM =M,

VIl. CONCLUSIONS
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z Note that in our situationdH,/dT|>0, while dH,,/dT
oM <0. The longitudinal componeriparallel toH) becomes
HoM AMO
A o | AMkmg:eH'AM:W, (AB)
B,
Y x with the unit vector, alongH. It does not depend os and
oMy a possible rotation df1 cannot be detected in an experiment
HoMy |\ 3§ probing only AM,g. The transverse component perpen-
-,,;:A-'."' dicular toH can be experimentally determined by detecting
(mj the discontinuity in magnetic torque per sample volume,
%A/(p |AT|:|MOAMtranJ'||1 and is
FIG. 9. Sketch of the situation for a magnetic first-order transi- AMoo = AMo tan(®+¢) (A7)
tion in a tilted magnetic field. The magnetization jumps discontinu- rans£(@) ’

ously fromM; to M,, which might, in principle, lead to a rotation
of the magnetization vectdv at the transition. If the discontinuity
AM is parallel toM, we expect to have-e=¢,=¢,.

which depends omr. A rotation of M can therefore be de-
tected by measurindM.ns, €.9., IN @ sensitive transverse
superconducting quantum interference device arrangement or
in a magnetic-torque experiment.

— M that is neither parallel t®, nor toM,. The magnetic-
! b ! 2 N For the component parallel mwe calculate

flux density B would show a rotation by an angke. The
angle e betweenAM and e, is unknown, and will be ex- AM,cogs) AM,
tracted from our experimental data. AM were parallel to  AM_ = = - .
M;, we would have e=—¢;, and Ae=0. In f(®)cog®+e) f(O)[cod®)—tan(e)sin(®)]

YBa,Cu;0;_ 5, the absolute value of the melting field (A8)
H,(T,0) at fixedT scales as This component, that is measured in local Hall-array experi-
ments, also depends an In our magnetic-torque experi-
Hn(T,©)=Hmno(T)f(0), (A1) ment, we can detedf7 at fixed temperaturd and for a
with series of angle®. For each®, A7 will occur at the melting
field H=H(®). The angles can then be calculated from
y AM ansusing Egs(A2) and(A7) if the corresponding values
f(©)= [SI(0)+ 72 co2(0)]72" (A2)  AM, andy are known from another experiment. In practice

we can rely on the fact that for small values ®f AM is
wherey=1 is the anisotropy ratio as defined in the main textvirtually parallel toc,3* and
of the paper, andH(T) is the melting field for® =0°3! A
The magnetic torque per sample volume _ T

|AM°|~—,uonsin(®)' 0—0. (A9)

, . The anisotropy parametey can be easily obtained in the
is a vector along the unit vectote,. Angular-dependent game experiment by scaling the measured melting fields
scaling rules for thermodynamic quantities in moderately any (@) at fixed T according to Egs(Al) and (A2).
isotropic superconductors such as ¥8&0; ., require that  The vectorB will also show a slight rotation by the angle

the step in entropy at vortex-lattice meltingS, depends  gjnce in YBaCu0,_ 5, oM <B we can usaxoH~B, and
only on T, but not on the angl®.*** This has been con- yith Eq. (A7) we obtain

firmed by thermal experiment§. Therefore, the Clausius-

= oM X H (A3)

Clapeyron equation 27 |[AMyad  |AM| AN © o) |A 7]
360° H,  H,f(®) anOte)=" 7.
AS=— uoam. hm " (A10
T HeAM T
dH, dHo 2. Difference in the Specific Heat between the Vortex-Fluid
=+ uol AM| a7 cog O +&)=+ ol AM| T and the Vortex-Solid Phases
(A4) In this section we will calculate the difference in the re-

duced specific heahC/T between the vortex-fluid and the
gives a useful relationship between the absolute values of thgortex-solid phases, expressed by the measured changes in
vectorsAM and dH,,/dT and the respective valuesM,  slopeA(d7/dH) of the magnetic torque per sample volume
and dH,o/dT for ®=0°. The quantitiesSAMy(T) and at the vortex-lattice melting transition, and other magnetic
Hmo(T) are well known from experiments:*21"~2°Using  quantities that are known from experiments. The situation is

(A2) and (A4) we obtain complicated by the fact that the magnetic torque per sample
volume, 7= uoM X H, is a vector, while experiments only
AM = AM, (A5) give the absolute valuéq. Therefore one has to carefully
f(®)cog®+e)’ consider the geometry of the problem, and to check the signs
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R ew 5 yem C (aM) dH,, dAM dH,,
X toHm A wosm AT trod| 7 L, dT TrogT AT
R ¥ nodamiat ,

\uode/dT woM D o-¢ & HoAMAT) + 1oAM- 2m -0 (A17)

R Hot2Hn/d T2 . o | 4y A oA@MIBH) T dT

| By

14 J’ x This formula is an extension of an Ehrenfest relationship
4 Tiu MxH - (used to describe second-order phase transitions white

o oM N, km =0) for phase transitions that are of first ordéit can be

£ AT=hoAMxH . obtained by using the fact that the difference in the free
L'/'/ HoAMxe ", v energy between the fluid and the solid statk§, is zero

Y oa@dary e : along H(T), and therefored?’AG/dT?=0 [note that

dAG/dT=0 yields the Clausius-Clapeyron equatio®)].
FIG. 10. Sketch of the same situation as in Fig. 9, bu¥et ~ Combining(A16) and(A17) we obtain
parallel toM. The arrows indicate the direction of the respective
vectors in space that are used for the calculation of the differencein ~ C dAM dH,
the specific heat between the vortex-fluid and the vortex-solid state, A T == 2#«0? AT
AC/T, from A(d7/9H)+ data(see Appendix
|A(droH)1— uoAM X ey| dH,, dH,

of all scalar quantities that_ are r_eIa@ed to vectors such as H sin(® — ) dT  dT €u
AM, 7, A7, H,,, and their derivativegsee Fig. 10 We
already include here the experimental result thist is par- d?H,,
allel toM, i.e., 1= ¢,= ¢=—¢. The anglep can be calcu- ~HoAM- dT? - (A18)
lated from Eq.(1) in the main text.
The derivative §#/dH)+ is To eliminate all the vectors ifA18), we first write
or oM _ ;
— | =pol =5 | XH+uMxe, (A11) 7= o/ M[H sin(® — ¢)>0, (A19)
IH | . IH | |

) ) . (i.e., 7is directed alongt+e,) and the difference
(with the unit vectore, alongH), with a change

o A7=—po|AM|H sin(® — ) <0 (A20)

A _ A&M
an| = HoA| G

XHXuoAM X e, (A12) _
- (along —e). With (A14) and [dAM/dH|=d|AM|/dH we

" . .. have
at the phase transition. To substitute the derivative
(oM/oH)+ we calculate

JaT
dAM [GAM|  [JAM)| dH, i A(m)f‘ﬂo
dT | 4T y dH | dT (AL3)

H+|AM

)Sil’l(@ —¢)<0
(A21)

A(ﬁM)
dH |,

for a fixed®, whereAM(T) is the step in magnetization as along —e,. The negative signs of both7 and A(d7/dH)+

a function of the melting temperatuie We note that the are observed in our experimer(gee Fig. 1

changes in the slope ™ at the transition are identical to the ~ The cross product ifA18) is a vector with the absolute
corresponding slopes of the differenad/, i.e., value

A ﬂ) _(AM) g Al M) _(2AM |AM X e[ =|AM[sin© - ¢), (A22)
JT " aT H oH T oH '
(A14) thatis also directed along e, . Therefore,
From Eqg.(A12) we obtain
Al —| —ugAMX
M\ [A(979H)1— noAM X ey ALS ‘ M| Ho e”’
| woH sin(@ — ) (AL5)
J
with the unit vector, alongM. With Egs.(A12)—(A15) we = —‘A(%) + wol AM|SIN(O — @)
calculate T
dAM _ (M| |A(97H)r—moAMxey| dHy :’ ((;9_;) _Mc;|A®Mo| oo @2
dT it |, LoH Sin(@ — o) a7 T (©)
(A16)

Inserting Eqs(A2), (A5), and(A23) into Eq. (A18) we ob-
The change in reduced specific he’€/T, is given by tain the final result
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AC d|AMo||[dHmo d?H o This formula is valid only if all the relevant vectors are di-

B —2uo “dT |l dT — ol AMg| a7 rected as indicated in Fig. 10. In other situations, one has to
reconsider the signs of some of the terms(&R24). In a

f(0)2 ar ol AMy| different physical contexte.g., for a first-order transition in

H A(a_H) cot®—¢) - Cf(O) other anisotropic magnetic materiasne has also to use an

T appropriate scaling functio(®), and needs to verify that
dHpo\? AS(®) scales according to similar rules as in anisotropic

X( dT ) : (A24) superconductors.
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