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First-order vortex phase transition and anisotropic resistivities
in the trilayered Hg (Re)Ba,Ca,Cu;0, superconductor
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We report observation of the first-order phase transition of vortex lattice in Hg(R€EEAWO, with
critical temperature Tc) over 100 K from in-plane magnetoresistance. The behaviorsl gffor high-T
superconductors could be universally understood in terms of a thermally induced sublimation model in wide
ranges of the anisotropy factos?) and T, and in multilayered systems including triple Cu@yers. The
estimated value of? was extremely small500) in spite of possessing large superconducting layer spacing,
which is consistent with the resistivity anisotropy.(pa,) and is comparable with that in nearly optimally
doped (La_,Sr),CuQy.
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The vortex phases in the mixed state of high-temperaturperates having both IP and OP therefore are also attractive
superconductoréHTSC’s) vary complicatedly with tempera- from a viewpoint of vortex physics.
ture and magnetic field reflecting their layered crystal struc- Hg1223 exhibitsT, ~ 135 K being the highest among alll
tures. Therefore, physics of the vortex states has fascinatedTSC materials? and possesses triple Cu@lanes (two
many researchers both from theoretical and experimental a®P’s and one IPin the unit cell. However, difficulty of
pects. In the early stage, after the discovery of HTSC matematerial synthesis and lack of chemical stability in ambient
rials, a number of theoretical concepts and ideas have begwessure of the Hg-based superconductors including the
proposed for dynamical behavior of vortex matters, such aglgl223 phase prevented us from reliable studies on their
vortex-lattice melting transitioh, vortex glass transitiod, physical properties using single crystals. In particular, trans-
and decoupling transitioh? However, experimentally, the port properties have not been clearly understood yet, while
first-order vortex transitioFOT) was first suggested from a only a single repoff has been published so far. We have
resistivity measurement in YB&U;O, (Y123),° and then previously reported that material synthesis problems can be
experimental evidence was clearly and thermodynamicallgircumvented by partial substitution of rheniyfRe) ions for
confirmed from calorimetrfcand magnetizationmeasure- mercury(Hg) sites in 1223 polycrystalline sampl&sAddi-
ments in Y123 and BBr,CaCyO, (Bi2212), respectively. tional effect by the Re-doping was also found in the en-
Consequently, these experimental developments triggered alsanced flux-pinning properties. Very recently, we have suc-
celeration of more theoretical and experimental activities forceeded in the single-crystal growth of Re doped
universal understanding of the FOT in HTSC. HgB&CaCu;0, [Hg(Re)1223| by flux method in a BaZr@

Recently, for several HTSC materials possessing single aerucible which is less reactive with liquid phase containing
double Cu@ planes in their unit-cell structures, a universal Ba-Cu-O*® The obtained single-crystals were confirmed to
temperature dependence of the FOT unidgc was empiri-  be chemically stable in air and of high quality with very few
cally establishetf in terms of the electromagnetic anisot- stacking faults of H(Re)1212.
ropy parameter ¢’=m*/mZ,) and the spacing between the =~ Based on the above backgrounds, the in-plane and out-of-
CuO, blocks(s) as the scaling parameters on the basis of thgplane resistivities and in-plane magnetoresistance of
thermally induced vortex-lattice sublimation model. TheseHg(Re)1223 single crystals were carefully studied in the
reports, however, were limited only for HTSC materials hav-present paper in order to obtain its basic physical informa-
ing CuQ, monolayers or bilayers in the unit cell, becausetion, such as electromagnetic anisotropy and vortex dynamic
high quality and large single crystals suitable for probing thestates.
FOT were not obtained for the compounds with three or Single crystals were grown by a self-flux method using
more CuQ layers. Therefore, the vortex behaviors in trilay- BaZrO; crucibles in a quartz ampoule. Details of crystal
ered or mulitiple layered cuprates will, over 100 K have growth have been reported elsewh&tdhe typical size of
been unclear. These crystal structures consist of two kinds dhe crystals was approximately x®.4x 0.08° mnr.
CuO, planes, pyramidal outer plar®P) and square inner Compositional analysis by a wavelength dispersed
plane (IP). In Cu(C)BaCaCu,O, (Cul234, it was sug- XTay microanalysis(WDX) revealed that the chemical
gested that IP and OP were in underdoped and heavily oveformula of the obtained crystals was approximately
doped conditions, respectively, which was reported byHJoelR& 188CaCu;0,. In order to control the oxygen
Tokunagaet al. through ®3Cu nuclear magnetic resonance content of the crystals, post-annealing was performed at
studiest® For HgBaCaCus0, (Hgl1223, similar studies 270°C for 100 h under three different oxygen pressures,
done on a-axis aligned polycrystalline sample revealed thatPo,=0.01,0.1, and 1 atm. In-plane,, and out-of-plane,
T. in the IP was higher than that in the OP'sThese cu- resistivity measurements were carried out between 100 and
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ducting to metallic was expected from the systematic de-
crease op,;, due to the difference in the carrier doping level
FIG. 1. Temperature dependence of resistivities alongathe ~ @s Were in the cases of Y12Ref. 17 and Lg_SKCuO,
plane (@), pay, and thec axis (b), p, of Hg(Re1223 crystals that systems® From these resistivity measurements, anisotropy
were annealed at three different conditionsPig=0.01,0.1, and 1 factor Y*(=pc/pap) of HY(RE)1223 was estimated to be ap-
atm at 270 °C. Inset shows, normalized byp. (300 K). proximately 1000 at 150 K, almost independent of annealing
atmosphere. Our previous stiddyevealed that each Re cat-
300 K using a standard four-probe and a quasi-Montgomerjon, which was partially substituted for the Hg site in
method, respectively, by applying small ac curréinand 0.1  Hg(Re)1223, introduced extra oxygen atoms and rigid ReO
mA for p,p, and p., respectively. The p,, measurements octahedron was formed. From a thermogravimetric measure-
were conducted in magnetic fiel@d) applied parallel to the ment, Serquiset al?° reported that excess oxygef in
c axis up to 90 kOe. Sensitivity limit of the magnetoresistiv- Hg, _,RgBa,CuQ,. 5 (1201 increased drastically with in-
ity measurement was approximately<30~ 8 Q cm. crease of Re content, while ranges o between two equi-
Figures 1a,b show the temperature dependencepgyf libria of annealed conditionsF’OZ:lO*5 and 1 atm at
and p. for postannealed H&e)1223 crystals, respectively. 309°c. were 0.05, 0.04, and 0.03 for=0,0.10, and 0.15,
Sharp superconducting transition was observed around 13Qspectively. Apparently, for the Re-rich samples, a large
K for each crystal, rather independent of the post-annealinghange of carrier doping levels cannot be expected by the
conditions. Moreover, as shown in Figal, temperature de- ost-annealing at low temperatures below 300°C. The in-
pendence b,y in the normal state showed deviation from a sengitive behaviors both ifi, and of p, to post-annealing
T-linear  behavior, which is generic for  underdoped congitions in the present study are probably due to essen-
HTSC’s:® Therefore, these three crystals are in slightly un-;a)1y small change of the oxygen content in (Rg)1223.

derdoped states. The reduction of resistivities in the normal Figure 2 shows the temperature dependenge,gbf the
state with an increase 6*02 apparently suggests that carrier- Hg(Re)1223 crystal annealed Ro,=1 atm under various

doping is promoted witfPo, and the carrier doping level of agnetic fields up to 90 kOe. The superconducting transition
the annealed crystal &,,=1 atm seems to be close to the was substantially broadened by applying strong fields. For
optimal doping condition. comparison on irreversibility fieldd;,, with Re-undoped
However, thep. of all the annealed crystals showed me-Hg1223, zero resistivity poinT., was determined from a
tallic temperature dependence down 4200 K and then criterion reported by Carringtogt al;*¥ T, is defined as the
changed to semiconducting as shown in Fih)1This be- temperature at which normalized resistivitfp (150 K) de-
havior observed in the HRe)1223 is apparently different creases to below 1. In our case, a value op at T
from that of Re-free Hg1223, which shows semiconductingcorresponds to roughly 16  cm, and theT, was found
pc in a whole temperature region below 300'KThe ob- to be systematically decreased down to 56 K unter
servedp.-T curves were rather insensitive to the annealing=90 kOe from 130 K at self-field. Using this criterion, the
conditions and located in a narrow range less than one ordét;,, at 77 K was estimated to be40 kOe, which is remark-

T(K)
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ably larger in comparison tél;,, =20 kOe in the Re-free 10% T
Hg1223! Since the flux-pinning property was drastically .
improved by the Re doping in polycrystalline HRg122314
the observed highdi;,, in the present single crystals guar- .
antees incorporation of a certain amount of rhenium. This 10" £
result is qualitatively consistent with compositional analysis a
by WDX.

Another important feature in Fig. 2 is the abrupt drop in
pap @t 10°~107°% O cm under applied fields below 30 kOe
(see the broken line in Fig.)2To make the details in the
resistivity drops clearerd(logp,,)/dT vs T plots underH
=6,8, and 10 kOe are shown in the inset of Fig. 2. Discon-
tinuous change in th& derivative of logp,, can be clearly 107 E
seen at-~117~114, and~111 K forH=6,8, and 10 kOe, ;
respectively. These resistivity drops are quite similar to ob-
served behaviors in Bi221Ref. 21 and (La _,Sr,),Cu0, R |
[La(Sn214] (Refs. 8,9 systems, thus the observed resistivity L —
drops are clearly considered to originate from the FOT. In T /T
the present system, the FOT behavior has been picked up c
successfully, strongly indicating excellent quality of our
crystals with respect to homogeneity and crystallinity. Here
when the normalized resistivityp/p(150 K), was intro-
duced, the resistivity anomalies due to the FOT appeared in
region aroundp/p (150 K) ~10"2. (See the broken line in
Fig. 20 Sasagawat al® reported that the normalized resis-

tivi.ty of the FQT has a correlation with the magqitude of theY123, Bi2212, and LéSn214. This strongly indicates that
anisotropy using the Bardeen-Stephan mé@étriguingly, behaviors ofH,, are independent of the number of CuO
the value ofp/p (150 K) in the present study~10 2) planes in the IRt structure.

roughly coincides with that in optimally doped or slightly o more quantitative discussion on the behaviorsl gf
underdoped L&Sr214 systents This suggests that the an- j, multilayered HTSC materials, universally scaled lines for

isotropy faCt_OrSVZ were comparable to each other, indeedihe apove materials were shown as broken lines in Fig. 3
consistent with our results of behaviorstéf, as a function sing an empirical equatiéras follows:

of T/T. (Ref. 15 and ratios ofp./p,}, for these systems.
In order to quantitatively discuss the behaviors of the FOT HoT)[O€]=2.85y"2 s~ }(T./T—1) )

in Hg(Re)1223, the phase-transition fieldsi,'s, of the

Hg(Re)1223 crystal annealed &,=1 atm are plotted as a

function of T./T—1 in logarithmic scale as shown in Fig. 3.
This is because our result in KRe)1223 was revealed to
well follow the scaling law from other monolayered and bi-
layered HTSC's and a layered organic supercoductor as pr
posed by Sasagavet al®° For comparison with the behav-
iors of FOT with other cuprates, results in Y123 (
=92.9 K) 2% optimally doped and heavily overdoped Bi2212
(T.=84.2 and 75.2 ¥* and slightly underdoped and opti-

mally doped L&5)214 (T.=36.6 and 34.9 K(Ref. § are to be ~500, which is comparable with that of nearly opti-

also plotted. In case of the annealed crystal unB@E mally doped L&Sn214, despite the layer spacing of C{O
=1 atm, a series of data was successfully obtained as shovflane, s, in Hg(Re)1223 (~9.5 A) being much larger than
in Fig. 2. For other crystals annealed und& =0.1 and  that in L4Sn214 (~6.6 A). This can be explained by the
0.01 atm, only few data were obtained, because the crystalmprovement of conductivity along theaxis direction at the
were mechanically broken during the measurements. InciHg-O layer by the Re dopintf. Moreover, it was found that
dentally, these results for 0.01 and 0.1 atm were roughhour result followed well the scaling law even for the CuO
overlapped on that for 1 atm annealed crystal. As can béilayered system, suggesting that the vortex states in such
seen, thed ; plot in the nearly optimally doped HB€)1223  multi-CuO,-layered cuprates can be also well explained by
was located intermediately between those in théSp@14  the sublimation model proposed for HTSC's having GuO
samples. As mentioned above, magnitude of for  monolayer and bilayers.

Hg(Re)1223 and these two La214 crystals are comparable, In conclusion, we have studied in-plane and out-of-plane
which is consistent with the suggestiaelevant to a system-  resistivities for high-quality HRe)1223 single crystals. The
atic relationship betweeH ; and the anisotropy factoy? of  electromagnetic anisotropy factosg are roughly 1000 in

100 F

H,q (kOe)

FIG. 3. Plot of Hp (T) vs T,/T—1 for Hyg(Re)1223 crystal
annealed aPo, =1 atm. Asolid line is drawn using E€1) (Ref. 8
with y2=500. For comparisonH(T) vs T./T—1 plots for
Laa(Sr)214(Ref. 8, Y123 (Ref. 23, and Bi2212(Ref. 21) were also
presented. Each broken line is drawn using @&g.

This equation is based on the sublimation model of the vor-
tex system, in which even a tilt modulus of the vortex lattice

is lost and the vortex lines split up into decoupled vortex-
pancake gases above the phase-transition temperature. One
can obviously see that the behaviorshf’s for these ma-
Yerials having monolayer and bilayer obey Ety. In order

to estimate the anisotropy factgf in the superconducting
state in HgRe)1223, the obtained ,; data in the present
study were fitted by Eq(1) with s=9.5 A. As represented

by a solid line in Fig. 3, the estimated value ¢ was found
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the normal state, independent of annealing conditions, whichiniversal sublimation model proposed for Y123, Bi2212, and
reflects suppression of range of oxygen contents by Re dop-a(Sr)214, indicating thaH ,;'s for HTSC are satisfactorily
ing. We have successfully probed the first-order vortex-Scaled in wide ranges of°, and T, and in multilayered
lattice phase transition from in-plane resistivity measuremengystems including triple CuQlayers.

underH||c. The normalized resistivity at which the FOT oc-
curs and the behavior dfi,(T) are intriguingly similar to
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those in slightly underdoped L8214, which is originated Jjapan Science and Technology Corporatid8T), and by

only from similar y? values The behavior OH(T) ob-
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