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Magnetic-field effects on the in-plane electrical resistivity in single-crystal La_,Ba,CuQ,
and La; g «Ndg ,Sr,CuO, around xzé: Implication for the field-induced stripe order
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Temperature dependence of the in-plane electrical resistpgtyin various magnetic fields has been mea-
sured in the single-crystal haBa,CuQ, with x=0.08, 0.10, 0.11 and Lg-Nd, ,Sr,CuQ, with x=0.12. It has
been found that the superconducting transition curve shows a so-called fan-shape broadening in magnetic fields
for x=0.08, while it shifts toward the low-temperature side in parallel with increasing fiekforl1 and 0.12
where the charge-spin stripe order is formed at low temperatures. Asfd 0, the broadening is observed in
low fields and it changes to the parallel shift in high fields above 9 T. Moreover, the normal-state valye of
at low temperatures markedly increases with increasing field up to 15 T. It is possible that these pronounced
features ofx=0.10 are understood in terms of the magnetic-field-induced stabilization of the stripe order
suggested from the neutron-scattering measurements in the La-214 systep, ifhéhe normal state at low
temperatures has been found to be proportional (tb/IP) for x=0.10, 0.11, and 0.12. The(lt/'T) dependence
of pap, is robust even in the stripe-ordered state.
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I. INTRODUCTION scattering measurements in magnetic fields for LSCO with
o . x=0.10 (Ref. 8 under the orthorhombic mid-temperature
Magnetic fields can tune the electronic state of stronglyomr) structure(space groupBmab have revealed that the
correlated electron systems. It is well known that magnetigntensity of the incommensurate magnetic peaks ardumd
fields strongly affect the superconducting properties as well) in the reciprocal lattice space increases with increasing
as the normal-state ones. For conventional superconductosgg|d parallel to thec axis, suggesting the stabilization of the
the superconducting transition curve in magnetic fields shiftsnagnetic order. For LSCO witk=0.12, on the other hand,
to the low-temperature side in parallel with increasing field,the enhancement of the incommensurate magnetic peaks is
which is attributed to the small superconducting fluctuationobservable but small The magnetic order is considered to
originating from the large superconducting coherence lengtfbe almost stabilized even in zero field for- 5,19 so that
(This is called a parallel shiftFor the highT; cuprates, on the development of the magnetic order by the application of
the other hand, the superconducting transition curve shows @agnetic field is slight. The enhancement of the incommen-
so-called fan-shape broadening in the underdoped retfme, surate magnetic peaks has also been observed for the excess-
which is attributed to the large superconducting fluctuatioroxygen-doped L#gCuQ,,; (LCO) with the stage-4 and
originating from the small superconducting coherence lengthitage-6 structuré$:'® For La, 5. Nd, Sr,CuO, (LNSCO)
and the quasi-two-dimensional superconductivity. with x=0.15 where the charge-spin stripe order is stabilized
As for the magnetic-field effects on the normal-state prop-under the tetragonal low-temperatufeLT) structure(space
erties, some interesting behaviors of the normal-state electrgroup: P4,/ncm), on the contrary, field effects on neither the
cal resistivity at low temperatures below the superconductingharge nor magnetic peaks associated with the charge-spin
transition temperaturel;, have been found through the de- stripe order have been observed up to ¥ These results
struction of the superconductivity by the application of mag-suggest that a sort of spin stripe order in the OMT phase of
netic field. In the underdoped LgSr,CuQ, (LSCO), for ex-  LSCO and in LCO is stabilized by the application of mag-
ample, the in-plane resistivityp,, in the normal state netic field, while the charge-spin stripe order in the TLT
exhibits an insulating behavior at low temperatures, divergphase of LNSCO is almost never affected.
ing in proportion to Ii1/T), though the origin of the In this paper, with the aim to clarify the relation between
In(1/T) dependence has not been clarifi¢dThe I(1/T)  the superconducting and normal-state properties and the for-
dependence has also been observed in the underdopethtion of the stripe order, we have performeg measure-
Bi,Sr,_La,CuQ;,s (BSLCO) below p (the hole concentra- ments in magnetic fields up to 15 T for the single-crystal
tion per Cy ~0.12? suggesting that the (/T) dependence La,_BaCuQ, (LBCO) with x=0.08, 0.10, 0.11 and LNSCO
may be a common feature pfy, in the normal state of the with x=0.12. As shown in Fig. 1, it is noted that both
underdoped higfi- cuprates at low temperatures. LNSCO withx=0.12 and LBCO withx=0.11 are located in
Recently, magnetic-field effects on the charge-spin stripghe regime where the superconductivity is suppressed in the
ordef’ have also attracted great interest. Elastic neutronneighborhood ofp:x:%, while LBCO with x=0.08 is lo-
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esefi, defined as the midpoint temperature in the resistive super-

conducting transitioriRef. 15. Open squares represent the structural phase-transition temperature between the OMT and TLT ghases,

(Ref. 16. (Right) Phase diagram of Lg_Ndg .St CuO, (Ref. 17.

Open circles represerf;. Open squares represent the structural

phase-transition temperature between the OMT and HCEhphasesTy,. Open triangles represent the temperature betweeRdbeand
TLT phases. Closed circles and squares in both diagrams represent the Pges®iiy, estimated from the,, measurements, respectively.

cated outside this regime. LBCO witt=0.10 is just at the

Focusing the attention on the superconducting transition

boundary between the inside and outside of this regime. leurve, the broadening is observed with increasing field for

the elastic neutron-scattering measurements of LEREf.

18) and LNSCO(Refs. 6, J, the incommensurate elastic
charge and magnetic peaks associated with the stripe ord
have been observed fa=0.10 and 0.12 below the structural
phase-transition temperature between
TLT/Pccn phases,Ty,, in zero field, but not forx=0.08.

x=0.08, as usually observed in the underdoped Highu-
prates. Forx=0.11, on the other hand, it is found that the
gyperconducting transition curve shifts to the low-
temperature side in parallel with increasing fiéldTo be

the OMT andnore visible, contour maps gf,, in the H vs T plane are

shown in Fig. 3 for LBCO withx=0.08, 0.10, and 0.11. In

These mean that the static charge-spin stripe order is forme@fichx, the region where the color starts to change from that

at low temperatures belowg, for x=0.10, 0.11, and 0.12

at high temperatures of60 K with decreasing temperature

even in zero field. Moreover, it has been found that the infoughly corresponds to the onset region of the superconduct-

tensity of the elastic charge peaks is weakex#0.10 than

in x~ 3 of LBCO,'819 suggestive of a less-stabilized static
charge order irx=0.10. Forx=0.08, on the other hand, the
stripe order is not stabilized even at low temperatures.

Il. EXPERIMENTS

Single crystals of LBCO witix=0.08, 0.10, 0.11 and LN-
SCO with x=0.12 were grown by the traveling-solvent
floating-zone method under flowing,Qas of 4 bar. The
detailed procedures are described elsewffei®a and Sr
contents of each crystal were analyzed by the inductively
coupled-plasma atomic-emission-spectromettZP-AES
measurements. Thpg,, was measured by the standard dc
four-probe method on field cooling in magnetic fields paral-
lel to thec axis up to 15 T.

Ill. RESULTS

Figure 2 displays the temperature dependence,gfin
various magnetic fields for LBCO witlk=0.08, 0.10, 0.11
and LNSCO withx=0.12. Forx=0.10, 0.11, and 0.12, a
jump in p,, is observed affy,~41 K, ~51 K, and~67 K
with decreasing temperature, respectively. &er0.08, no

ing transition. Forx=0.08, it is found that the relatively
sharp transition op,, aroundT, in zero field is broadened

with increasing field. Fox=0.11, on the contrary, the tran-

sition of p,, aroundT, remains sharp even in magnetic fields.
The parallel shift ofp,, is also observed fox=0.12 in LN-
SCO as shown in Fig. 2. These suggest an intimate relation
between the parallel shift and the suppression of supercon-
ductivity aroundpzé or the formation of the charge-spin
stripe order.

A remarkable feature is for=0.10 that the superconduct-
ing transition curve shows the broadening in low fields,
while it changes to the parallel shift in high fields above 9 T.
Tn Fig. 3, itis found that the broad transition @f, aroundT,
below 9 T changes to the sharp one above 9 Txf0.10.
This dramatic change indicates that the application of mag-
netic field causes a crossover from the usual state of the
uqderdoped higf~. cuprates to the peculiar state aroynd

8Another remarkable feature observed #6r0.10 is that
the normal-state-like behavior gfy, characterized by the
almost lineafT dependence, is observed betw@gpand the
onset temperature of superconductivitg™®' of ~15 K at
9 T and thatp,, betweenTy, and T2"**"increases with in-
creasing field above 9 T and finally exhibits an insulating
behavior forH=13 T. Forx=0.11 and 0.12, on the other

jump is observed, suggesting that no structural transition tdiand, the increase @k, betweerT, and T"**'with increas-
the TLT phase occurs and that the OMT phase remains aig field is negligibly small up to 15 T, compared with that

least down to the lowest measured temperature of 1}8 K.

for x=0.10. To summarize, LBCO witk=0.08 is a typical
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FIG. 2. (Color onling Temperature dependence of the in-plane electrical resistpgtyin various magnetic fields parallel to tleeaxis
for Lay,_,Ba,CuQ, with x=0.08, 0.10, 0.11 and LgNd, ,Sr,CuO, with x=0.12. The temperature where a jump @, occurs is in
correspondence to the structural phase-transition temperature between the OMT amtdibpiiasesT 4.

underdoped sample characterized by the broadening of tH&12 and forx=0.10 above 9 T. The parallel shift has also
superconducting transition curve in magnetic fields. Bothbeen observed in LNSCO witk=0.15(Ref. 14 and LSCO
LBCO with x=0.11 and LNSCO wittx=0.12 are peculiar with x=0.12(Ref. 22 where the static stripe order of charges
samples around=3 characterized by the parallel shift of the and/or spins is formed at low temperatures. These suggest
superconducting transition curve in magnetic fields. LBcothat both the superconductivity with small superconducting
with x=0.10 is a rather unique sample that shows the broadluctuation and the static stripe order are realized in one
ening in low fields and the parallel shift in high fields above SaMPple. Here, it is an important issue whether the supercon-
9 T, and whose,, in the normal state below,, markedly ducting region and the static stripe-ordered one coexist mi-

increases with increasing field up to 15 T croscopically or are separated macroscopically. From the
' neutron-scattering measurements in 888y 105,SKLCUO,,

the static stripe order has been suggested to compete with the
superconductivity> Moreover, from the muon-spin-
relaxation measurements in 1g5rCu;_,Zn 0O, around x

First, we discuss the intimate relation between the superzé, it has been suggested that the superconductivity is de-
conducting transition curve and the stripe order. It is wellstroyed in a region where frequencies of the dynamical stripe
known that the broadening of the superconducting transitioffluctuations are lower thar 10** Hz 24 Therefore, the super-
curve observed fox=0.08 is characteristic of the under- conducting region and the static stripe-ordered one are prob-
doped high¥, cuprates with large superconducting ably separated macroscopically.
fluctuation*? On the other hand, the parallel shift of the  The reason why the superconductivity with small super-
superconducting transition curve is observedx¥e0.11 and  conducting fluctuation is realized in a sample with the static

IV. DISCUSSION
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FIG. 3. (Color online Contour maps 0p,p, in
0 the H vs T plane for La_,BaCuQ, with
x=0.08, 0.10, and 0.11.
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stripe-ordered region is still an open question. A possible Next, we discuss the relation between the change of the
origin is that the out-of-plane superconducting coherenc&ormal-state behavior gf,, in magnetic fields and the field-
length, &, might be relatively large under the influence of theinduced stripe order. Considering the results of the elastic
correlation of the static stripe order along thexis,?°lead-  neutron-scattering measuremérit§®°mentioned in Sec. |,

ing to the three-dimensional superconductivity with smallthe negligibly small increase qf,, below T4, with increas-
superconducting fluctuation. ing field forx=0.11 and 0.12 seems to indicate that the stripe
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order is nearly perfectly stabilized in zero field and is insen-

sitive to the applied field? As for x=0.10, the marked in- 1r (},I/z;i:) 108
crease ofpgy, below Ty, with increasing field reminds us LNSCO
some possible origins. The first is the normal-state magne- 08} x=0. 0.6

toresistance. However, this is not applicable, because the

normal-state magnetorgsistance is usually as small as an or- g osl LBCO 04 E
der of 1 % at 15 T, as in thease ofx=0.11 and 0.12. The g <= 011 é
second is the suppression of the superconducting fluctuation "3 T IR
by the applied field. The positive magnetoresistance appears e 04r ,G\“—/‘/ 02 8
even at temperatures just beldly, far from T2"*®!in high

fields. On the other hand, reports on the Nernst effect in 02}

LSCO have suggested that the vortex state survives even at

higher temperatures far aboV¥g meaning that the supercon- 0

ducting fluctuation exists even at high temperatdfes.
Therefore, this possible origin cannot be excluded and fur-
ther measurements are needed to conclude. Nevertheless, itgig 4 piot of o Vs InT at 15 T for La_Ba,Cu0, (LBCO)
appears that this is not a candidate, because the large positiygy, x=0.10, 0.11 and Lgs,NdySKLCUO, (LNSCO with
magnetoresistance is observed only %6r0.10 and not for y=q 12 ' '

x=0.11 or 0.12. The third is enhancement of the localization

of holes induced by the applied field. The localization l:)ehav'the case of the underdoped LS@®Although the true origin
lor of pa, becomes marked with increasing field and aPPearyt the In(1/T) dependence qi,,is not clear, the localization
to approach the behavior of LNSCO wik+0.12 where the f hol ith the Ifid/T) d abd b ’ d widelv in th
stripe order is perfectly stabilized. In the long run, the most0! 0'es with the 01/T) ependence observed widely in the
probable origin is that the charge-spin stripe order is Stabiynderdoped higff;, cuprates is robust even in the stripe-
lized by the applied field ic=0.10. This may be the first °'dered state of LBCO and LNSC®.

experimental evidence, to our knowledge, of tblearge

stripe order stabilized in magnetic fields. To be more conclu- V. SUMMARY

sive, the neutron scattering measurements in magnetic fields It has been found that the superconducting transition

are under way. - o :
. . curve shows the parallel shift by the application of magnetic
Finally, we discuss the temperature dependengg,giie- field in LBCO witrﬁ)xzo.ll and IB_/NSCOp\F/)vith(:O.lz whe?re

low Tg,. So far, it has been clarified in the underdoped I‘Scothe charge-spin stripe order is formed at low temperatures.

and BSLCO(Refs. 33 that py in the normal state shows These suggest that both the superconductivity with small su-

t_he In(1/T) dependence at low temperature_s in magneﬁcperconducting fluctuation and the static stripe order are real-
fields, suggesting that the(VT) dependence is a common j,qq in one sample fok=0.11 and 0.12. For LBCO with

feature of the, underdoped high-cuprates. To check this y_q 10, the broadening in low fields changes to the parallel
suggestionp,ps of LBCO with x=0.10, 0.11 and LNSCO  gpjft in high fields above 9 T. Moreovep,, in the normal
with x=0.12 at 15 T are plotted versusTinas shown in Fig.  state pelowT,, increases with increasing field up to 15 T. It
4. Below ~20 K, it is found thatp,, in the normal state is g hossible that these pronounced features=d.10 are un-
proportional to I1t1/T) in eachx, thoughp,, deviates down-  gerstood in terms of the field-induced stabilization of the
ward from Ir(1/T) at low temperatures because of the superchargestripe order. Thep,, in the normal state at low tem-
c_onducting transition fok=0.10 anc_i 0.11. The small devia- peratures has been found to be proportional td. M) for

tion below 3K for x=0.12 is irrelevant to the =010, 0.11, and 0.12, suggesting the localization of holes
superconducting transition, becayggis independent of the  ith the In(1/T) dependence of,, which is robust even in

field strength foH =11 T, as seen in Fig. 2. The slope of the o stripe-ordered state of LBCO and LNSCO.
In(1/T) dependence is found to increase with increasing

indicating that the localization of holes becomes strong with
increasingx towardx=é at 15 T. The I41/T) dependence is
known to be characteristic of the weak localization and the The high magnetic field experiments were partly sup-
electron-electron interaction in the two-dimensionalported by the High Field Laboratory for Superconducting
Anderson-localized state where the in-plane electrical conMaterials (HFLSM), Institute for Materials Research, To-
ductivity, o, actually changes in proportion to(lVT) even  hoku University. This work was supported by a Grant-in-Aid
in magnetic field$8 For x=0.10, 0.11, and 0.12, however, for Scientific Research from the Ministry of Education, Cul-
o, does not show the (A/T) dependence beloWy,, as in  ture, Sports, Science and Technology, Japan.
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