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Normal-state magnetotransport in La goBag g9CUO, single crystals
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The normal-state magnetotransport properties gf LBa,CuO, single crystals witkx=0.095 are measured,
at this composition, a structural transition to a low-temperature tetragbial) phase occursvithout sup-
pression of superconductivity. None of the measured propditigdane and out-of-plane resistivity, magne-
toresistance, and Hall coefficigrdhows any sudden change at the LTT phase transition, indicating that the
occurrence of the LTT phase does not necessarily cause an immediate change in the electronic state such as the
charge-stripe stabilizatiofS0163-1829)10221-3

La,_,Ba,CuQ, (LBCO) has been generally considered asT.rr is higher (79 K) than that forx=0.12. Since high-
a rather peculiar higi~, cuprate, not only because it is the quality single crystals are available for Nd-doped LSCO, the
first high-T. cuprate discovered by Bednorz and IMu* but ~ in-plane resistivityp,, and the out-of-plane resistivity,
also becaus@, of this compound is drastically suppressed inhave been studied in this systérfiorx=0.12, bothp,, and
the composition range near=1/82 known as the “1/8 Pc shc_)waclearjump af, r1, suggesting that the e_I_ectromc
anomaly.” Soon after the 1/8 anomaly was recognized, jState is changed upon the structural phase transition. It was

was found that the LBCO system shows a structural phasi®und thatpc shows a jump aT rr even forx=0.20, indi-
transition from a low-temperature orthorhombit.TO) cating that the change in the electronic state persists t& the

. value where the suppression of superconductivity is weak.
phase to a low-temperature tetragofhll T) phase in a . A
rather wide range of around 1/6:* On the other hand. the (4%, PR BEBRCERT ST B8 U O R
La,_,Sr,CuQ, (LSCO) system, which has the same crystal h » Sup Y pietely

: destroyed atx=1/8, bulk superconductivity remains for
structure as LBCO, does not show a clear suppressidi of #1/8, and the structural phase transition to the LTT phase

near 1{8; sinceet_he_re is no struct_ural transition to the LTTOccurs around 60 K, which is almost independent.dfiow-
phase in LSCG, itis generally believed that the occurrence gyer hecause of the difficulty in growing single crystals of
of the LTT phase is responsible for the suppressiofioih | BcO, the anisotropic resistivity and the magnetotransport
LBCO. properties have not been well studied in LBCO witmear
There have been many experiments that tried to investiy/g and thus the electronic states n&ar1/8 are not well
gate the fundamental mechanism of the 1/8 anomaly. Fofinderstood.
example, Yoshidat al. studied the effect of partial substitu- One of the compositions of particular interest in LBCO is
tion of the B&™ ion in LBCO with smaller divalent cations x=0.09; around this composition, the structural phase tran-
and found that such replacement oBdeads to a suppres- sition takes place buf, is not suppressedT{=30 K). In
sion of the LTT structural transition and simultaneouslyother words, the superconductivity for=0.09 does not
leads to a recovery of the superconductivifihis result sug- seem to be affected by the occurrence of the LTT phase. It is
gests that the LTT transition temperature and the strength dghus interesting to study whether the electronic system shows
the T, suppression are closely tied to each other. Thusany change at the LTT phase transition for 0.09, where
Yoshidaet al. concluded that the “1/8 anomaly” is caused the LTT phase does not affect superconductivity at all. This
by a Peierls-type mechanism with cooperative electronic andhay clarify the importancéor unimportancg of the occur-
lattice instabilities. However, there is evidence that suggestence of the LTT phase to the electronic structure.
that the occurrence of the LTT phase alone does not neces- With the improvement in the crystal-growth technique,
sarily mean a destruction of superconductivity. The behaviohigh-quality single crystals of LBCO witlx near 1/8 have
of the Lg_,,Nd,Sr,CuQ, (Nd-doped LSCPsystem is one recently become availabfe® In this paper, we report our
such examplé.In this system, while there is a clear struc- detailed measurements of the anisotropic normal-state resis-
tural phase transition to the LTT phase at 71 K and the sutivity (p,, and p.), in-plane magnetoresistan¢dR), and
perconductivity is almost completely destroyed %3¢ 0.12, the Hall coefficientR,, of LBCO single crystals withx
there remains a bulk superconductivityith T.=16 K) for =0.095. As discussed above, this is the particular composi-
x=0.20 even though the LTT phase-transition temperaturéion whereT, is not suppressed despite the presence of the
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LTT phase. In fact, oux=0.095 crystals showed midpoint 10 . T . . . 0.8
T. of 31 K, a very high value for LBCO. It was found that La,, 07
none of the measured transport properties shows any drastic sl '
change at the LTT phase transition, which strongly supports 0.6
the picture that the occurrence of the LTT phase does not € 05 o
necessarily change the electronic system. 8 6r o
The question of whether the occurrence of the LTT phase & 04 ¥
alone can be responsible for the change in the electronic state  ~, 4} 2 03 3
is particularly intriguing in the light of the recently reported 5y g '
“stripe order” in the Nd-doped LSCO witkx=0.12; using oL g 0.2
neutron-diffraction techniques, Tranquad# al. observed . © do1
elastic magnetic superlattice peaks of the type (1/2 =y . ‘:° s°| T‘K’Bo. Rl

+¢,1/2,0) and charge-order peaks att(2¢,0,0), wheree
=0.118 at low temperaturéd!? Such an observation
strongly suggests the presence of a one-dimensional charge
order (“stripes”), which intervenes in the antiferromagnetic g5 1. T dependence g, (left-hand-side axisand p,, (right-

spin order. Tranquadet al. proposed that the modulated an- pang.-side axis T, 1+ is indicated by arrows. Inset: Plot df,/d T
tiferromagnetic order is pinned and stabilized in the LTT gngdp,/dT vs T. Arrows mark the kinks.

phase but not in the LTO phase, which is the reason why

such static structure is not observed in pure LSCO. Followtem, the resistivity data suggest that there is no sudden

ing this picture, it can be inferred that the fundamental originchange in the electronic system in LBCO witk=0.095 at

of the change in the electronic state in Nd-doped LSCO idl| 1. If we look at the temperature dependencelpf,/dT

the occurrence of the stripe phase and not the occurrence (fig. 1 inset, upper curye there is a kink neafT 1t

the LTT phase itself. If so, it may be that the stripe order is(=60 K), which may suggest that the scattering of electrons

not stabilized by the LTT phase transition in LBCO at gradually increases in the LTT phase. On the other hand,

=0.095, which can be the reason for the coexistence of dp./dT (Fig. 1 inset, lower cunje does not show any

“high” T, of 31 K with the LTT phase. change afl 17, although there is a kink at lower tempera-
The single crystals of LigyodBay 0osCUO, are grown using tures, about 52 K. It is intriguing thatp,,/dT anddp./dT

a traveling-solvent floating-zon€'SF2) technique. Details show kinks at different temperatures.

of the crystal growth of LBCO are described elsewhere. Figure 2 shows the temperature dependence of the in-

After the crystallographic axes are determined, we cut thelane Ry . Here, the magnetic field is applied along the

crystals to sufficiently small dimensions, typicallyx®.4  axis and the current is along tké plane. For comparison,

x 0.1 mn?, to ensure homogeneous Ba concentration in the&R,, data of the LSCOX=0.1) polycrystalline sampté are

crystal. The crystals are annealed in flowing-oxygen atmoalso shown by a dashed linR, of LBCO shows a peak at

sphere at 650 °C for 24 h to remove oxygen deficiencies. Thabout 50 K, which is nearly the same temperature whgge

actual Ba concentrations in the crystals are determined by thstarts to show an upturn. There is no appreciable change in

inductively coupled plasma spectrometry technique. A stanR, at T, 11 (=60 K). The behavior and the absolute value of

dard six-terminal method is used for the simultanepys the Ry of our LBCO crystal are quite similar to that of

andRy measurement. Both the MR aR, data are taken in  LSCO (x=0.1) system, which does not show an LTT phase

the sweeping magnetic field at fixed temperatures with an agansition.

technique. The temperature is very carefully controlled and One popular way of analyzing the normal-state transport

stabilized using both a capacitance sensor and a Cernox rproperties of cuprates is to consider two scattering timgs,

sistance sensor to avoid systematic temperature deviations

0
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with magnetic fields. The stability of the temperature during 5.0 - - T - -
the MR andR,; measurements is within 10 mK. [ ]
Figure 1 shows the temperature dependencegfand 40 LSCO polycrystal (x=0.1) ]
pc. These data are measured in two different samples cut %) L e - : ]
from the same rod. In both samples, the orfigeis 33 K and = a0 o * . o e ]
the resistivity becomes zero at 29 &, is linear inT down 5 . ‘. Ty
to 150 K and shows an upward deviation from thdinear 5 ] e, ki
behavior at lower temperatures. A slight upturndg, is = 20 ]
observed below 45 K, which is cqnsistent wjth the data on o I ]
polycrystalline samples around this composittdriihe ex- 1.0 La, Ba CuO, ]
trapolated residual resistivity is negligibly small, which is i x=0.095 ]
similar to the behavior of high-quality LSCO crystafsin i ]
the case of Nd-doped LSCO, clear jumps in bptg andp, 00530700 180 200 250 300

have been observed @t 1 in underdoped sampléshow-
ever, there is no clear jump, either g, or in p. in LBCO
as shown in Fig. 1. Note that the structural phase transitionto FIG. 2. T dependence of the Hall coefficieiR, (T) (solid
the LTT phase takes place at about 60 K for thigalue in  circles. The dashed line is the,(T) data of LSCO k=0.1) poly-
LBCO3™® Therefore, contrary to the Nd-doped LSCO sys-crystalline sample from Hwanet al. (Ref. 16.

Temperature (K)
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FIG. 3. T2 plot of cotéy at 10 T. The dashed line is a fit to the
data with coty=a+bT? (a=32.1 andb=21.3). Inset: A modified
plot of the main panel to show that tA@ law holds down to 45 K.

FIG. 5. Orbital MR andaX (cotéy) 2 vs T.

We tried to analyze whether this steep enhancement in the
transverse MR can be understood by the superconducting
fluctuation conductivity, whose contribution is large only for
the transverse geometry. The fluctuation conductivity con-
sists of an Aslamasov-LarkifAL) term and a Maki-
Thompson(MT) term; both terms are comprised of two con-
tributions, the orbital contribution and the spin
contribution!’ Kimura et al. have analyzed the MR in under-
“doped LSCO and concluded that the MT term is ab&ént,
which is actually expected for d-wave superconductdf.
Shus we tried to estimate the fluctuation conductivity by
considering only the AL term. The dashed line in the inset to
Fig. 4 is the estimated AL orbital contribution, where the
parallel tol). The transverse MR consists of orbital and spinzij}rr,ﬁl ;?jettﬁfszrs?j\%?s_;so tf/\péilcna(le g\‘;;?l)};ﬁ% eAér(gxgljgztrtazf

contribytions, .whi'le the Iongitudinal MR comes only from MR, which is obtained by subtracting the longitudinal MR

the spin contrlbl_Jtlon. By comparing the two MR’s, W€ CanN trom the transverse MR, is also plotted in Fig. 4. Clearly, the

see that the spin contribution to the transverse MR is no crease of the transverse MR below 60 K can be accounted
0 ST

Iargegﬁb_out 30/)"dAlth°;ngc;[hKe It?]ngltudmal MRMSF?OVKS & for by the superconducting fluctuations; therefore, it is not

Smooth increase down fo , the transverse shows ﬁ‘kely that the steep increase in the transverse MR is related

rather steep increase below 60 K, resulting in more than al

. i : the occurrence of the LTT phase.
Erder—of—magnltude difference between the two MR’s at 40 It has been proposed that the orbital MR in higheu-

prates reflects the variance of a local Hall angle around the
Fermi surface and therefore is proportional to the square of

and 7y .Y" 7,,(T) and 74(T) are determined by the tempera-
ture dependence gf,, and the cotangent of the Hall angle
O . respectively® Figure 3 shows caly (=px/py,) at10 T
plotted againsT?. Since the Hall angle is proportional to the
inverse ofry, itis clear from Fig. 3 tha1r,]1 obeys ar? law
very well acrossT| + down to 45 K.(The inset to Fig. 3 is a
modified plot of the main panel to show directly the tempera
ture region where th&? law holds)

Figure 4 shows the result of the MR measurements of th
LBCO crystal. We measured both the transverse MK
within the ab plane andH is parallel to thec axis) and the
longitudinal MR (I andH are within theab plane andH is

10" T 6,,%° which is sometimes called the “modified Kohlers
T 5 102 . rule.” Figure 5 shows the temperature dependence of the
o LTT T 107 . o . . -2 .
» B o] e ot conmouten | orbital MR plotted together witlax (cot6,) <, wherea is a
107 ol 500l o | fitting parameter.[Note that (coﬁH)‘zzeﬁ when 6, is
'; Y ';10-1 | SO small] The orbital MR does not scale so well to (&) 2.
- " O % 102 el R In particular, the orbital MR shows weaker temperature de-
by 107 7 Temperature (K) pendence above 200 K compared to (caty) 2. This might
& U . be an indication that the modified Kohler’s rule is not uni-
< 104 to ; ; * o versally applicable to all high-, cuprates. It would be inter-
3 oo esting to study the applicability of the modified Kohler’s rule
¢ Transverse to the LBCO system in a wider carrier-concentration range.
(08 § Lf’"gl"”d'"all o The above results indicate altogether that the electronic

0 50 100 150 200 250 300

Temperature (K)

system as inferred fromy and,, does not show any sudden
change at the LTT phase transition, which seems to be dif-
ferent from the result of Nd-doped LSCHn particular, the

FIG. 4. T dependence of the transverse Mlid circleg and ~ fact that cot; shows a 90_05—2 behavior down to 45 KFig.
the longitudinal MR (open squar@sat 10 T. The arrow shows 3) suggests thaty is not influenced by the LTT phase. On
T_7r. Inset: Orbital part of MR and the estimated AL orbital fluc- the other handz;,* seems to grow gradually with lowering
tuation conductivity(dashed ling temperature in the LTT phase, which causes a faster increase
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in resistivity. Based on these observations, we may concludéolycrystalling samples used in the studyolume fraction

that the coexistence of a “highT, of 31 K with the LTT  of the LTT phase was about 70% fer=0.10). Very recent

phase is possible in LBCO at=0.095 because the LTT neutron-scattering experiments by Tranquatial. (unpub-

phase transition does not immediately affect the electronished on LBCO crystals withx=0.08 also found an in-

system. This, however, does not rule out the possibility thafOmPplete transition to the LTT phase. Therefore, the absence

the electronic system is gradually changed in the LTT phaséf @ny anomaly in the charge transporffagr in the present

The localization behavior ip,;, below 45 K might actually work may be due to the incomplete LTT phase transition.

be the result of some gradual change in the electronic state. The authors would like to acknowledge Professor S.
Note added in prooflt was reported in Ref. 3 that the Uchida for valuable discussions and for showing us unpub-

transformation from LTO to LTT was incomplete in the lished results on polycrystalline LBCO.
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