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Vortex-lattice melting in untwinned YBa,Cu3;O;_sfor HLc
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We have measured the latent heatf vortex-lattice melting of optimally doped, untwinned Y&ax0;_ s
as a function of the angl® between the external magnetic fi¢tdand the crystallographic axis. The high
resolution in bothL and ® allowed us to explore the configuration with perpendicular tcc, where the
thermodynamics of the vortex system can be expected to be influenced by the layered structure of the material.
Within the resolution of our experiment, we do not detect any deviations of the data from the predictions made
by a conventional anisotropic continuum theory. In contrast, continuum-theory expectations are confirmed with
high accuracy for magnetic fields that are aligned within 0.01° taoth&is of the crystal.
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I. INTRODUCTION anisotropic scaling theory for a continudf®! the melting
fields H,(®,T=T,) and the discontinuitieAS(®) and
The thermodynamics of the vortex-lattice melti6g-M ) AM(O) scale in a very transparent way with the correspond-
transition in the mixed state of copper-based high-ing values measured fétlic, i.e., for® =0. This scaling has
temperature superconductors has been a matter of consid¢een experimentally verified to hold in the moderately aniso-
able interest° If an external magnetic fielth is not too  tropic YBa,CusO, for angles up to® =88° 2 while it fails
close to the lower critical fieltH (Refs. 26,27 and applied  to explain the data for the highly anisotropic,8i,CaCyOg
parallel to the crystallographic axis of a sufficiently clean  that shows a much more complex vortex-lattice structure in a
crystal, the low-temperature vortex phase is a well-orderegteq field 3233 However, deviations from continuum-theory

Iattl_ce with finite elastic constants, leading to zero eleCtr'CaIexpectations may also be expected to occur in XBgO, as
resistance. As the temperature is increased, the thermal MQon asH approaches thelllab geometry?”-3*-%t can be

tion of the vortices becomes relevant, and the lattice eventu: e -
ally liquefies at a field-dependent phase boundiaty’ Be- argued that for magnetic fields that are sufficiently closely

yond a certain magnetic-flux densiB o [i.€., above a aligned to the copper-oxygen pla_nes, the vortex lattice ac-
lower critical point in theB-T phase diagram, the location of commodat_es to the crystallographu_: structure of the ”_‘ate“a'-
which is sample dependent and ranges in XB&aO, from The resulting highly deformed vorticédosephson vortices

By i o<0.1 Up to 4 T(Refs. 17, 20, and 23 the transition are expecteq_ to show a variety of thermodynamic phases and
is sharp and of first order with a finite latent heat. The re-Phase transitions between them that would not be adequately

spective solid and fluid phases are not only distinctly differ-réated in any scaling theory for a continudff:*® For in- .
ent from each other in their spatial symmetry, but also withstance, the Ilqiuefactlon.of .the Iow—tempgrature ordered s_ol|d
respect to their response to changes of the external magnefiase to a fluid phase is likely to occur in two steps. A first
field or to their reaction to an applied electrical current. Thetransition from the ordered solid to an intermediate fluid
solid phase is magnetically irreversible and has a finite?hase with the long-range order alosgmay occur, that
critical-current density, while the fluid phase is reversibleeventually melts at a second, higher transition temperature to
and shows zero critical current. Above another limiting fluxa fluid state with no long-range order at all. This
density Bt yp (@n upper critical point that may also vary in intermediate-ordered fluid state is very reminiscent to the
YBa,Cu;0; from sample to sample betwe8g;; ,,=9 T and  smectic phases in liquid crystals, where elongated objects are
yet unmeasurably high valli@$>-2>2§, the phase transition also confined to parallel plan&$3®
becomes less sharp and continugi®,and the occurrence Early resistivity measurements on untwinned Y80,
of magnetic reversibility is no longer necessarily associategingle crystals have indeed indicated that the sharp first-order
with it.?° VLM transition is replaced by a smooth crossover as soon as
The discontinuous change of thermodynamic quantities attl is as close as 0.3° to thab direction?! More recent trans-
the first-order transition, such as in entrdpynd in magne- port data have revealed clear deviations from conventional
tization M, has been measured for Yga;0; as a function angular scaling for the phase-transition fiekdlg nearHllab
of magnetic field and temperatut&;?® and is sufficiently  in a number of sampleé.We have, therefore, investigated in
well reproduced by theoriés®*°When the magnetic field is  detail the® dependence of the melting temperatufgsand
tilted away from thec axis by a certain angl®, the melting the latent heats of meltindg,=TAS, for this geometry. Our
temperatured ,, and the discontinuities i andM also de-  strategy is to attempt to treat our data according to conven-
pend on® because of the distinct electronic anisotropy thattional anisotropic-scaling schemes, and to search for system-
is common to all cuprate superconducttté:~2Within an  atic deviations from such a scaling arouéid=90°.
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1

responding melting temperatur@s, show a symmetric de-
pendence o) (see later in Fig. B

Ill. RESULTS
A. The melting temperatures T ,(®,H)

For a simple anisotropic scaling of physical properties of
copper-oxygen-based superconductors, one may assume that
the effective masm* for the current transport can be treated
as a tensof® The square root of the ratio of the effective
masses along each pair of the three principle axes define
three anisotropy ratios, that are, in a general situation, all
different from unity. The weak in-plane anisotropy that is of
the order of one in the cuprates is often ignored for simplic-
ity, however. In such a uniaxial geometry, where the two

FIG. 1. Magnetic phase diagram of the investigated XBgO, crystallographic directions alongandb are assumed to be
single crystal for varying angl® between the external magnetic €lectronically equivalent, only the anisotropy ratio that com-
field H and the crystallographic axis. The symboldcircles, tri-  pares current-transport properties along and perpendicular to
angles, and stargepresent measured VLM melting temperaturesthe copper-oxygen planes is different from unity. In our ex-
T, while the lines have been generated using &%.with the  periments we have rotated the magnetic field within the
material parameters given in the main text. bc plane. The corresponding relevant anisotropy ratio is,

therefore,

HoHm (©,7) (T)
O A M WhA OO N® OO

Il. EXPERIMENTAL

. . Ybc™ V m:/m; ) 1
We have done a series of 250 heat-capacity measurements

for fixed magnetic field$uoH=3, 5, and 7.5 Tand varying where the indices refer to the respective crystallographic
to study the angular dependenceTgf and the disconti- axes. In the following we identifyy=y,. and ignore the
nuity in entropyAS, and forHllc and varyingH to obtain a  in-plane anisotropy that is not further investigated here, al-
reference data set for the respective angular-scaling analysigough we know from our own thermal investigations on this
(see Fig. 1L The sample is 3.3 mg untwinned YR2,0;,  crystal thaty,./y,.=1.07 (see Refs. 19, 21, and this paper
single crystal with a critical temperature ©f=92.4 K. This In this simple picture all physical quantities that are re-
value is defined by fitting théd ,(©=0°,T) vortex-lattice  lated tom* (e.g., the magnetic penetration depthor the
melting line to a power lawWsee Eq.(4) below], and is in  coherence lengtl¥) can be scaled according to the above
perfect agreement with the position of the peak of the szpellulesf13 Along with the scaling ofn and &, one also finds
cific heat at the transition to superconductivity in zero mag-scaling expressions for other derived quantities, such as the
netic field. The crystal has been previously characterized bipwer and the upper critical fields, the elastic constants of the
heat-capacity and magnetization measurementst®?'and  vortex lattice, and the vortex-lattice melting fiektl,,.3* If
thermodynamic consistency of the respective data has bedty, is known at a certain fixed temperatufefor Hilc, we
demonstrated® We used a different type of differential- expect that the corresponding melting field for an arbitrary
analysis (DTA) calorimeter with a significantly increased angle® betweenH andc at the same temperaturé'fis
resolution when compared to the apparatus that we had pre-
viously used to obtain the data presented in Refs. 15, 18, 19, Hn(T,0)=f(O@)Hmo(T), 2
and 21(note that due to a recalibration of our thermometers
the temperature scale in this work differs bp.4 K from the ~ Where
scale used in those referengdsoperates on the basis of the
principle described by Schilling and Jeandupeux in Ref. 9, £(®)= Y
with two calibrated platinum thermometers in a Wheatstone- JsirZ(@)+ y2 co(0)
bridge configuration. Details about the measurement tech-
nigue will be published elsewhere. The experiment is in-(see Fig. L This general results does not depend on assump-
serted into a split-coil magnet syste@ryogenics Ltd.that  tions about the temperature dependenckl gf If an experi-
allows, in principle, for variations in the ang® of the order  ment is done at a fixed value &f and for varying®, how-
of 0.001°. We have checked the accuracydirof the com-  ever, the melting temperatuiig, will depend on® (Fig. 1,
bined setup using external laser optics, and we achieve amrizontal arrow. A formula forT,,(®) can be given only if
effective resolution in angle of 0.01°, which is still suffi- we have an expression for tiedependence ofi,, for any
ciently precise for the present investigation. We have caligeometry, e.g., foHllc. Numerous experimental and theo-
brated the zero point of the angular scale by carefully moniretical work$=%12-2°suggests that we have with high preci-
toring the vortex-lattice melting temperatures for a fixedsion forHllc nearT,
magnetic fieldH around® =90° (that corresponds thbllb).
We have chose® =90° as the angle around which the cor- Ho(T)=Hmo(1-=T/T)". 4

()

054505-2



VORTEX-LATTICE MELTING IN UNTWINNED . .. PHYSICAL REVIEW B 65 054505

14
12
s 10
o
1} 8
& <
6 e
= E
2+
0
7 -
(a) 78 1 2 1 " 1 L 1 " 1 " 1 " 1 " 1
2.0 0 15 30 45 60 75 90 105
(@ o)
Q 15} 104 27T
o 0.3
[] 40.3 ~
§ 1.0 %
£ {02
»
< 05} laa
4
0 : - - %o
70 75 80 85 90

b

\'
2

FIG. 2. (a) Experimentally determined phase diagramHdic in L |
magnetic fields up to 14 T. In the white region above 82.5K, %0 75 80 85 90 95 100 105 110
the T dependence dfl,, follows almost perfectly a power law with b) o (0)
an exponenh:‘g1 (dotted line, see text The upper critical point
Beiitup IS defined by an extrapolation to zero of thé& data shown
in (b). (b) Entropies of meltingAS and the Gaussian half-widi
of the respective melting transition, plotted as functions of tempera
ture T. In the gray-shaded regiodS drops significantly,o in-
creases, and the melting temperatufgsare reduced when com-
pared to a high-temperature fit to a power-lgsee(a)].

FIG. 3. (a) Melting temperature$ , as functions o®, for fixed
magnetic fieldsugH=3, 5, and 7.5 T. The lines represent expecta-
tions according to Eq5) with the material parameters given in the
main text.(b) Magnification of the region aroun@ = 90°.

and y=8.28. Except for the parameter these values have

The scaling fieldH,, and the exponent both depend on the bgen independently obtained from a fit to tHic data from
microscopic mechanism that is assumed to be responsible f&i9- 2@ below uoH=5T according to Eq(4). Above T
the melting of the vortex lattice, and on tfiedependence of =82.5K the agreement is excellent, and there are no signifi-
the Ginzburg-Landau parameters nd@ar23?” Below uoH  cant deviations inT,(©) around®=90° [see Fig. 8)].
=5T, we find almost exactly=%, which seems to be a The systematic deviation o.f thE,(®) data from the result
consequence of the applicability of a three-dimensional XYof EQ. (5) below T=82.5K (i.e., aboveuoH~Bcit,f2) can
scaling on approaching the critical temperatifdear the be a§crlbed to the simple fact that below this temperature, the
upper-critical point(Bei;,,~12 T in our samplg where the meltmg line does no longer follow Eaj4)_. The correspond-
first-order nature of the phase transition is lost, marked deld temperaturesT, are somewhat shifted towards lower
viations from the power law4) have been observed, leading témperatures than we expect from a simple power-law
to a slightlyS-shaped melting linél,(T) (Refs. 23—25[see  behaviof*~**[see Fig. 2a)]. This apparent reduction &,

Fig. 2@]. However, in the region of applicability of E¢4) ~ near the upper critical poirB ,, is not only observed in

we may expresgm(e)) as YBa2CU307, but also in BiszCﬁCLtOg 10 It is reasonable to
assume that the vortex lattice becomes more and more sus-
Tr(®)=T{1—[H/f(®)H o] (5)  ceptible to disorder on approachiiy;,, which manifests

itself in an increased width of the melting transition, a reduc-
We have measured the melting temperatdig8®) for fixed  tion of the latent heat, and a slight decrease of the melting
magnetic fieldugH=3, 5, and 7.5 T and varyin@. TheT,,  temperaturdsee Fig. 2b)].
values have been obtained from fits to corresponding mea-
sured entropy increase¥S(T) across the melting transition
presented later in Sec. Il B. In Fig(& we have plotted the
resultingT,(®) data, together with the expectations accord-  Within the same anisotropic scaling theory one can show
ing to Eq. (5) using ugH,0=110T, n=1.35,T,=92.4K, that the electronic heat capacity at a given temperature

B. The entropies of meltingAS(®,H)
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an external magnetic field (®) that is tilted away from the In Fig. 5, we show the resultinghS data in units of
c axis has the same value as one would measure in a fieltid mole 1K 1. The data do indeed collapse onto one single
Hilc that fulfills the conditior®! curve, with much more precision than we had observed ear-
lier in another experiment with less resolution, where we
H(®)=f(O)H. (6) rotatedH within the ac-plane?! However, this way of repre-

senting the data is not very helpful to identify possible small
This implies that at a given vortex-lattice melting tempera-deviations from anisotropic-scaling expectations, or to reveal
ture T, and in any of the corresponding melting fields the detailed behavior aS near® =90°. Therefore, we are
Ho(0, T =f(®)Ho(T,) the latent heat L=TAS drawing AS vs the angle® in Fig. 6, where the region
should always have the same value. In other wordsaround® =290° is of particular interest. Within the accuracy
the entropy of melting depends only ofif,, and of the measurement, we do not see any discontinuous
AS(O,H,T)=AS(T).?*3%3n our experiment we have first changes iNAS(®) for uoH=>5 and 7.5 T around® =90°.
measuredA S(T) for Hilc as a reference data set, and weThis is particularly true in a window of-0.3° around 90°
compare the result with the corresponding data obtained fdisee inset of Fig. ®)], where such changes can be expected
tilted magnetic fields. If the above scaling arguments holdon the basis of corresponding resistivity measurenttnts.
all AS(T) data will precisely collapse onto one single curve.

2 T T T T T T

We have measured the variation in the entro@escord- 0
ing to similar techniques as we previously described in Ref. f VT8 T 05T
9. We note here that these entropy data are virtually free of _ 1.6 = x g& i ’
instrumental broadening on the temperature scale, because <X gg :
the data analysis includes a simple but efficient deconvolu- % 12}
tion procedure to account for the finite, known thermal con- &
stants of our DTA experimenf We have obtained thAS E 08l o e
values by assuming a Gaussian broadening of the transition 5)/ ' i divarime
with a half-width o centered around,, and by fitting the < bl ' y_ ¢
parameterd ,, o, AS, the associated broadened increase in Gar = ”°H=5T’vary'n?@
specific heatAC/T, and the coefficients for a background A HoH=7ST,vaning €
polynomial(typically of third ordey. The technical details of T a—Y
this data analysis will be published elsewhere. In Fig. 4 we T(K)

have plotted representative entropy chang8sand the cor-

responding heat capacitg§/T data, to show examples for k|G, 5. Entropies of vortex-lattice meltin§S(®,T), for vary-
both large and small values afS, respectively. To visualize jng angles® and magnetic fields, plotted in one graph in units of
the changes inS more clearly, we have subtracted the mJmole K% The data collapse onto one single curve. The ar-
fitted polynomial background and obtain th8 data shown rows indicate the location of the data points r=0° and 90° for

in Fig. 4. each of the considered magnetic fields.
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FIG. 6. (@) The same data as shown in Fig. 5 for tilted magnetic
fields, plotted as functions of the angi (b) shows a magnifica-

tion of the region aroun® =90° whereH|lb.

FIG. 7. (@) The data of Fig. 5, plotted in dimensionless units
kg/vortex/superconducting layer. The arrows indicate the location
of the data points fo®=0° and 90° for each of the considered

magnetic fields.(b) Magnification of the same data set near the

Note that the apparently increased scatter in the data of Figritical temperaturel .=92.4 K (vertical dotted ling The entropy
6(b) is a result of the large number of experiments that weof melting AS(®,T) significantly drops at temperatures above
have done around 90°. T~90.7K.

There is a clear suppression AfS(®) for ugH=3T,
however, starting at an angle of the order®£ 75°, which  =90.7 K, which is more than 1.5 K below the critical tem-
is not observed in the data for higher magnetic fields. Tgperature. This corresponds to magnetic fielgsH
decide whether or not this drop is associated with a deviatior<0.5 Tlc. This apparent collapse &S(T) has been previ-
from anisotropic scaling behavior, we again have to compareusly reported on the basis of magnetizattoand heat-
the data with respectivaS values forH|lc. For this purpose capacity dat® taken on the same crystal, and we have as-
we convert the data into more common dimensionless unitsribed it to the fact that a lower critical poirB i 0w IS
of kg/vortex/superconducting layer, using “normalized” approached with increasing temperatfitdn the present
magnetic-field valuesH(®)/f(®) that would yield the context we can suppose that this dropAiB(T) nearB . ow
same melting temperaturds, in a correspondindfiic mea- is a universal feature for our sample in the sense that the
surement. We have, therefore, to multiply all th& values  same scaling rules apply f@.q oy as for all the other ther-
with ®spf(®)/MH,(0)kg, whered®,=2.07x10 ®Vs  modynamic data. It should, therefore, be observable also in
is the magnetic-flux quantung=1.18 nm is the interlayer corresponding measurements for tilted magnetic fields as
distance between adjacent Cu-O double layeys, soon asugH(®) is of the order of a scaled lower critical
=6380kg/m, and M =0.666 kg/mole are the density and point, f(®)Bg 0w, and below. This is indeed what we ob-
the molar weight of YBsCu;O, respectively, andkg  serve foruoH=3T above® =75°, where the correspond-
=1.38x 10 23J/K is the Boltzmann constant. We realize thating melting temperature§,,, are approximately in the same
these dimensionless units have little physical meaning, espéemperature rangé.e., above around 90 )Kas the corre-
cially for tilted magnetic fields, but they nevertheless offer asponding anomalouA S(T) data forHllc. Within this inter-
convenient way of plotting the data for the purpose of com-pretation scheme, the suppressionAS(®) for uogH=3 T
parison. above® =75° is simply a consequence of approaching the

The result of this procedure is shown in Fig. 7. Né&at scaled lower critical point(®)B, o from above on rotat-
the AS data for Hllc show a distinct drop abover ing the constant magnetic field towards theb axis. With
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Beritlow<<0.5 T forHllc and y=8.28, this effect nedtllic can ing the period of the layered structure of the material, i.e.,

be observed only foroH<4.1T. Therefore, such a suppres- becomes an integer multipteof the distances between ad-

sion is absent in the data far,H=5 T and 7.5 T in Fig. 6. Jacent Cu-O double layers. This happens around

It is reasonable to assume that critical points of the vortex- V3

lattice melting line scale according to E®), if the physical ~ i
g g phy 5. (7)

origin for the occurrence of these points does not impose any 27y(ns)

preferred orientation in the superconducting crystal. If thepor n=1, the vortex-lattice geometry is entirely dictated by

location of a critical point is mainly determined by the the |ayered structure of the material, and no conventional

amount and the character of sample defects, this condition igst-order melting transition can be expectédhe transport

likely to be fulfilled for a pointlike disorder, but not for line- measurements from Ref. 42 indicate, however, that this ef-

like or planelike defects, such as, columnar tracks or twirect hecomes already important for=4. For the present

boundaries, respectively. crystal, this would be relevant aboyg,H~10T, which is
outside our experimental possibilities. Nevertheless, resistiv-
IV. CONCLUDING REMARKS ity data from oxygen-depleted YB@u;O; with a larger an-

Our present data demonstrate that the investigateFOtrOpy ratio y indicate a distinct deviation from conven-

YBa,CuwO; crystal does not show any anomalous behavio I‘Ir?g?-li s(ch_r;_;; r?::%’?;g: glem\g)r':]eeﬁl-lce:(t_tgl:ssph;fzé[snsitéon
in its thermodynamic properties aroun@=(90*=0.3)°. : mh _ gnetich w W

27 M ) . .
This is somewhat puzzling because corresponding resistivitT’ which makes it attractive to repeat such heat-capacity
data taken on samples of the similar origin and chemica easurements on oxygen-depleted YBa0O; samples.
composition show clear anomalies aroufid= 90°.*! After
completing our experiments we have become aware of a re-
cent theoretical work by Hu and Tachikiand an extended This work was supported by the Schweizerische Nation-
experimental investigation by Gordeeval*? According to  alfonds zur Federung der Wissenschaftlichen Forschung,
these results it is likely that the first-order nature of the VLM Grant No. 2024-061948A.S.). The U.S. Department of En-
transition for® =90° persists, within the validity of aniso- ergy, BES-Materials Science, supported the work at Argonne
tropic scaling, up to a limiting flux density, above which the under Contract No. W-31-109-ENG-38U.W., W.K.K.,
intervortex spacing normal to the layers starts accommodat.W.C).
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