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In-plane anisotropy and possible chain contribution to magnetoconductivity in YBaCu;O,_ 5

T. Bjornangen, J. Axiig, Yu. Eltsev, A. Rydh, and CRapp
Department of Solid State Physics, Kungliga Tekniskgdholan, SE-100 44 Stockholm, Sweden
(Received 11 September 2000; revised manuscript received 16 February 2001; published 24 May 2001

The magnetoresistivity of untwinned YBau;0;, _ 5 single crystals was measured in magnetic fields up to 12
T, for Blic andBllab, at temperatures up fb.+84 K andT.+ 50 K, respectively. Two issues were addressed,;
determination of the in-plane coherence length anisotrpgyé, /&, and discussion of the role of the CuO
chains in the magnetoconductivityo. A fluctuation conductivity theory that allows for an in-plane coherence
length anisotropy §,# &), as well as an extension of the usual Aronov-Hikami-Larkin theory that does not,
were used in analyses. The results suggest that the anisofrgpyglose to 1. The analyses also suggest a
contribution to the magnetoconductivity from the CuO chains of a sign which depends on the direction
between field and current.
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I. INTRODUCTION results are more spredd.18-2.93, Refs. 11-13The co-
herence length anisotropy=¢,/¢,, was reported to be
Superconducting fluctuations, i.e., superconducting elecl.5 It has also often been taken to be the square root of the
tron pairs existing abov@., are more important in high- resistivity ratiop,/pp, which has been found to be in the
temperature superconductditdTSCS than in conventional range 1.05-1.48Refs. 6-8.
superconductors, due to short coherence lengths and high Microscopic properties, such as the coherence lergth
critical temperatures. In this work we investigate the contri-and phase-breaking time, , can be studied through the fluc-
bution from fluctuations to the electrical conductivity. When tuation magnetoconductivity. Neither the commonly used
studying fluctuation conductivity, the problem of estimating Aronov-Hikami-Larkin (AHL) f'UCtul%t'O” theory?” nor the
the normal state conductivity arises. To avoid this, magneto€xténded calculations by Dorgt al,™ allow for an in-plane
conductivity measurements can be made. This method h&9nerence length anisotropy¥,(* &,). However, there is a
been quite frequently used for studying fluctuation conductheory by Maki and Thompsdfhwhich takes this anisotropy
tivity, e.g., for varying current and field directions in into account, and gives the possibility to determine the ratio
YBa,Cus0;_ 5 (YBCO), see, e.g., Refs. 1-4. A drawback éb/éa- _ _ _
with this method is that aT>T, the problem of possible In this paper we study the in-plane fluctuation conductiv-

contributions from the normal state magnetoresistance thely of untwinned YB@C.u?’OFfS single crystals for botiilic
may enter instead. and Bllab. Such studies have to our knowledge not been

VBCO i characterizd by s doutle CyPlanes, paral- 1200 Delore, e o severa ifcutes | i hard i oty
lel to the crystalab plane, and CuO chains, parallel to the g gn. Y :

. lign, resulting in Hall-eff ntributions. To avoi -
crystalb axis, between these planes. The role of the planea gn, resuiting all-effect contributions. To avoid geo

d chains in th ductivity | d ined etric magnetoresistances, the sample length must be larger
and chains in the superconductivity Is not yet determinedy,,, the sample width. Several batches of crystals were pre-
but it is widely believed that the superconductivity takes

. ) : ) i pared and examined to select large enough samples with suit-
place in the planes, while the one-dimensional chains act as e shapes allowing for reliable measurements.

charge reservoir. Experimental signs of superconducting |t \yas found that foBlic the magnetoconductivity is ap-
fluctuations in chains have, however, been presented eéér"erproximately the same for tha and b directions, and the

One can study the influence of the CuO chains on supef, hiane coherence length anisotropy is thus close to 1 (1.1
conductivity through measurements of in-plane anisotropic.. 1) 'j.e., smaller than expected from the resistivity ratio.
transport properties. The in-plane anisotropyf untwinned 10" measurements withilllab we further observe a dif-
YBCO has bee_r114measured by several ”.‘et.h.OdS a.”d for Sefsrent field direction dependence fawr, andAo,, pos-
eral propertie§~** For ex.ample, thg resistivity amsotropy sibly originating from a CuO-chain contribution.

Jpalpp, has been studit® effective mass anisotropy
vmg/my, has been determined from magnetic-torque
measurement$® and penetration depth anisotropy/\y,,
has been measured through infrared spectrostompadula- Single crystals of YBaCu;O,_ s were grown by the self
tion of the Josephson critical curréitand small angle neu- flux method'® and annealed in flowing oxygen at450 °C.
tron scattering® The coherence length anisotrogy/&,, in ~ Six crystals were selected, from a set of grown crystals
a twinned sample was studied from the direct image of thevhich had been cut into suitable oblong pieces alamadb
vortex lattice, obtained from scanning tunneling directions, respectively. They were verified under polarized
microscopy'* Quite different values ofy have been ob- light to be twin free. The critical temperatures, defined as the
tained. Effective mass anisotropy seems to yield low valuesemperature where the resistivity is 50% of the normal state
(1.12, 1.18, Refs. 9, 10while penetration depth anisotropy value, were in the range 92-93 K with transition widths of

II. EXPERIMENTAL DETAILS
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3 T T T 3 !t could _be_aygued that micrptwin bounqaries might exist
o a2 Hono“o which are invisible to the eye in the polarizing microscope
i Hg,ouﬁo“o N referred.to ab_ove. T_here could not be an odd num'ber of
,E\2— y b2 #8° OOQQOA b_oundarles, since this would pe clearly seen as reglons'of
g < Oﬂ&oﬂ*o oo®°ii“‘“> dlffer_ent color. However, even in the presence of such_palrs
= Oooﬁu:‘“g;,;v’v' of twins, the average property of a sar_nple should still be
s g%%;e}wv"v“" 7 eithera or b oriented, since twin boundaries only have small
v effects on the normal state resistivity.
0 L L L Ill. ANALYSES

|
100 150 200 250 300
T The fluctuation magnetoconductivityo(B,T) is calcu-

FIG. 1. Normal state resistivity,(T) up to room temperature ated from the measured resistiviyas
(for most samples For two samplesl andb3 the thickness was
not known. The resistivity was therefore assumed to be approxi- Ao(B,T)= 1 _ 1
mately equal to the corresponding results for the otheand b ' p(B,T) p(0O,T)"
samples, respectively, and the thickness was calculated from the
resistivity at 100 K {p,;(100 K)=p,,(100 K) andp,3(100 K) ~ We used two methods to analy2er(B,T), the theory by
=[pp1(100 K)+ ppo(100 K)]/2}. Dorin et al. (DKVBL) (Ref. 1§ and a theory by Maki and

Thompson(M-T).’

0.15-0.45 K. The sample sizes were about (300—
450)x (50—200)X (5—25)um?, with the largest side paral- A. DKVBL theory
lel to the current direction. A seventh crystal, with one twin |16
boundary, was also chosen. This crystal figae-93 K and ’
AT.,~1 K. The size was approximately 108@00

@

The theory by Dorinet al.”® includes four orbital(O)
terms[abbreviations O, AL, MT, etc., are used in E@) to
3 X ! label the contributions the Aslamazov-Larkin(AL) term
X5 pm’, with one twin free region 80Qum long and the (gjrect contribution from superconducting electron paitise
other 250um long. o _ regular and anomalous Maki-Thomps@viT) terms (inter-
Contacts were made by applying silver paint, followed bygction petween superconducting fluctuations and normal
a heat treatme_nt in flowingOThe cur_rent was parallel with  gi54e electrons and the density-of-state®0S) term (den-
the crystala axis in three of the untwinned samplegmed ity of states of normal state electrons changes when super-
al, a_2, anda3), and parallel to thd axis in the other three conducting electron pairs are created cutoff in the
untwinned samplesb(l, b2, b3). On the seventh crystal \T(reg) and DOS terms were made, according to the regu-
one potential contact was placed directly on the twin boundsgyization method of Refs. 19 and 20. ZeentZhcorrections
ary. Together with two other contacts, one in each twin freqq the orbital terms were also considered. They were calcu-
region, it was p053|blle to measure resistivity alongdled  |ated from a magnetic field depressionTf (corresponding
b axis at the same time on the same crystal. These Crystg) an increase in the reduced temperaterdn T/T,), as in

parts are denoted4 andb4. _ Refs. 15 and 21. The resulting fluctuation magnetoconduc-
Resistivity was measured using a standard four probyity in this model thus includes eight terms in total:
technique. The normal state resistivities at 100 K were be-

tween 50-8Qu(2 cm with an error 0f~30% due to the un- A (3 -, 74,0F,8) = A O+ AgAZ 4 A MT(e90
certain geometrical form factorg(T) for the two crystal

axes is shown in Fig. 1 up to room temperat(i@ most +AgMTre9Z 4 A GMT(@N0 L A pMT(@nZ
samples Despite the large error we see consistently smaller DOSO DOSZ

resistivities forb samples than fom samples. The magne- AT AT (2)

toresistance was measured in a flowing gas cryostat, Bvith the zeeman terms, in contrast to the orbital terms, are inde-
parallel to thec axis (for all seven samplgsandB parallel to  hendent of field direction. FaBllab the orbital terms were

the ab plane(for four untwinned samplgsin the latter case peglected, leaving only the four Zeeman terms. The com-
both for Bll andBL1. The temperature was varied in the jete expressions used in our analyses, were given in Ref. 22.

range (Tc+2 K, T.+84K). Field sweeps up to 12 T at the = The coherence lengths can be calculated fibmnd 7,
rate ~0.75 T/min were made in two opposite directions gccording to

(0T—12T—-0T——-12T—0T), to be able to compensate

for the Hall drift. (A Hall drift contribution was observed V22
. . . ree E 0
since the small sample sizes made it difficult to perfectly Eap= , 3
align the contact$.The temperature of the sample holder 2
was controlled with a Pt thermometer located 20 cm above
the samples, where Helmholtz coils canceled the magnetic s 2k2572J2f
field. A carbon-glass thermometer was used to measure the §c=§ Rz )
temperature at the samples. Temperature drift during a mea-
surement cycle of 60 min was typically a few mK. where
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f—\p1+ h +\1r1+ h \If’l Blic
07 T\2 7 4mkgTr 2] " AmkgTr o \2) 10°k 9<>A'"""" )
I o4 ]
and ¥ = (d/dx)[InT(X)] is the digamma functionJ is the e o at "%%s ]
hopping integraly the in-plane elastic scattering time, the Tdm E : a2 P
phase-breaking timéaverage time between inelastic scatter- 5 F = Zﬁ v @ 3
ing eventy, vr (=~2X10° m/s) the Fermi velocity? and s <.‘103'_ A b1 v ]
(=11.7 A) the distance between superconducting layers. 2N 32 v
[ <« b4 O]
L MR A | L M TR

B. M-T theory 107 107

€
DKVBL does not treat an in-plane coherence length an-

isotropy  (€.#&p). Based on the three-dimensional g 2. Magnetoconductivithe, at 12 T forBiic as a function
Ginzburg-Landau theory, Maki and Thompson developed &f reduced temperature=In T/T,. Open symbols are samples

theory which allows for studies of,#&,."" This theory  (1ja) and filled symbols aré samples (ib).
includes two terms:

©

Ao(£aréniéeimg) =Mo" Ac™ 6) Sﬁ"‘(x):%2 \/21+1_\/ +; o ©
n=0 n X n

The anomalous terms correspond to the MT term in the tra-
ditional Aronov-Hikami-Larkin (AHL) theory!® while the
regular term corresponds to the AL term. IV. RESULTS
The regular term depends on the direction of the magnetic
field. With the current in the direction, parallel to a princi-
pal crystal axis, the regular contribution to the magnetocon- Figure 2 shows that the systematic difference between
ductivity becomes samples withllla and llb is small whenBllc, i.e., Aoy,
~Aay,, suggesting that the superconducting fluctuations

A. Magnetic field parallel to ¢ axis

e & |1 € 1 are almost isotropic within the planes. These data are in
Ao = £ —Sreg<5 -—= (1) qualitative agreement with our previous results for two
véz| \b 4\ sampleg® To investigate this apparent isotropic behavior
S andb are differently defined depending on the directionfurther, the M-T theory was fitted to our experimental data
of the magnetic fieldlll or BLI (Bliz): by adjusting the coherence lengths and phase-breaking time.
In the expressions for the magnetoconductivity and &,
2eBg,¢&, only occur as a product, or as a ratio multiplied wittg 1/
by =———, (8 [Egs.(7) and (12)]. Therefore varying ratios of,/¢, can
give identical fits. To handle this problem, the parameter
2eBE, £, &,1£&, was varied with an additional constraint: Only small
bu:Ty- ©) differences in¢; in different samples were allowed. In par-

ticular no systematic deviations between samples wWith
andlllb were expected since the samples were prepared in
2 the same way. Systematic differences between resultg for
XF+2n+1 Xx+2n+2 for a and b samples are evident in Fig. 3 for=1.2. We
therefore conclude that is likely smaller than 1.2. Sample

sffg(x)=go (n+1)

1 b3 appears to be anomalous, and excluding this sample the
+ ot (100 conclusion is thus thag~1.1+0.1. The resulting parameters

were: é,~11-14 A £.~1.3-2.8 A(excluding samplé3),
1 and 7,~34-340fs(except for sampleal, that seemed to
reg -3/2 have no anomalous contribution, i.e,~0).
S0 = Zz‘o (x+2n+1)7 (1) As mentioned, there is a substanq'stial error of 30% in the
determination of resistivity values due to the uncertain geo-
The anomalous contribution does not depend explicitly ormetrical form factors. This uncertainty could explain the ob-
the field direction, but the corredt from Egs. (8) or (9), served scattering d&f. values in Fig. 3. However, the results

according to the direction d8, must be used, giving for the anisotropy ratid@, /¢, do not depend omp.
Analyses of the data for sampéet-b4 supported they
an e & Jb [e J€ 0 .d 1 value obtained above. Since the two regions are part of the
Ao e |0 A A e+ Ja|'  samesample, all physical parameters should be equal. When

(12) fitting to the experimental data &f4 andb4 at the same
time, all parameters could then be uniquely determined. The
where 6= m/8kgT 7, is the pair breaking paramet&rand  best fit resulted in an anisotropy~1.07+0.03%° The ob-
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FIG. 3. Resultingé.’s of samplesal-3, b1-3, for different €
fixed ratios of&,/&, in fits of the anisotropic M-T theoryB is I//b
parallel to thec axis. From these measurements we concludethat r — T —
is likely smaller than 1.2 as discussed in the text. The open circle 10°L ) ® ]
shows the result of the best fit using sampds-b4, and keeping e > v v 3
all parameters equal in the two crystal parts. TE103__ N % ]
T > 3
tained coherence lengths and phase-breaking time were then g ¢ > e >
£a~116A, £,~125A, £,~1.5A, andr,~210fs. %mzy b2 - BLI > T ]
As an alternative procedure)o(B,T) of all six un- §;E§'21”|
twinned samples was analyzed at the same time, with two [ bs:Bm
constraints; the ratiog, /&, should be equal for all six 10" e »
samples, as well as the out-of-plane coherence leggth 10 810

Although crystals from the same batch can have different

properties, our samples had similar critical temperatures and FIG. 5. Magnetoconductivitho, at 12 T as a function of re-
transition widths. The variations in microscopic parametergluced temperature=InT/T. (a) a samples (la). (b) b samples

are thus expected to be small. It was then found that (1Ib). In both panels ardlll for filled symbolg andB.L| for open

~12-15 A,§C~1.7 A, 74,~40-380 fs and the rati, /&, symbols.(a) Shows that wherilla, the direction of the magnetic

~1.04 gave the best fit. This result is in qualitative agree- field has no importance{b) Shows that Whemllb".A‘T(B”Chains)

ment with the analyses above. <|Ao(BLchains). In the measurements of p.0|r.1ts markedthe
Since the in-plane anisotropy appeared to be quite Srmil}ern_perature error was larger than normal. This is apparent at small

we also tried to fit the DKVBL theory, which is in-plane ¢s in the figures.

isotropic, by adjusting), 7, and 4. As illustrated in Fig. 4 analyses in the following wayé,~11—15 A with &,/&,

the quality of the fits was almost the same as for the M-T~1.1+0.1, £{,~1.3-2.8A, andr,~34—380fs.

theory. The adjusted parameters wele-200—700K, 7

~2.7-4.4 fs, andr,~110-820 fs, which corresponds to B. Magnetic field parallel to the ab plane

éap~12—14 A, £,~2.1-6.2 A. The results for the various

. When the magnetic field is parallel to tlad plane, the
M-T analyses can be summarized for most samples anﬂl g P b

agnetoconductivity is smaller since the orbital contribu-
tions are much reduced. Compared to the d&isg |Ao| is

DKVBL—th;ory o approximately ten times smaller.

— + + M-T-theory R ; :
T 10 .@,-O’ . If the magnetic field was misaligned out of the-plane,
'.'E o there would be a contribution frolog.. In our measure-
S @Jé ments the angle® between the magnetic field and tlad
2 5k il S plane was not more than a few degrees. Since the measure-
o @-'9 -e—‘@"@ ’ ments were performed abovg where the resistivity varies
T o _@:g_,e_.@.-@'@ smoothly with 6 [unlike below T, where p(6) may vary

Olgrin=6:-8 -%—@‘*9 | . abru_ptl;_ﬂ,_ the contribu_tion _frorm opgjc 10 Aogap Should not

0 5 10 be significant. An estimation of the error shows that it is of
B(M the order~10%.

FIG. 4. Magnetoconductivitho, as a function of magnetic field Incontrast to the caseBllc, ,We _f'nd, that for
(Bllc) for samplea3 at temperatures, from top to bottom, 95, 98, Blab, Aa(B,T) depends on the relative direction of current
and 101 K. Circles are measurements, dashed lines are the fitté'd field. Forllla the magnetoconductivity is the same for
DKVBL theory and dotted lines are the fitted M-T theory. The Blll andBL1 as illustrated in Fig. &), while for Iilb |Aa]is
quality of the two fits is almost identical. The difference betweensmaller forBlil than forBL1, and this difference increases
the root-mean-square valugsof the M-T and DKVBL theories in ~ With increasing temperaturfd=ig. 5b)]. The same data dis-
analyses of different samples wad'"—rPXVBLl|<150-tm™!,  played in Fig. 6 shows that fdlla the magnetoconductivity
[r=y=,(pi—f)?(n—1)]. For samplea3 shown heresMT is approximately isotropi¢panel (a)], while for Bilb, |[Ac|
~75Q0 Tm™ for Ilb is smaller than fot | a.
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Bl//a In this model a few observations can be made. There is
S T good agreement between the results foo,(Blll) and
10 ©o @ ] Aoy(BL1) [Fig. 5a)], i.e., when the current only passes
~ > Ve 3 through the Cu® plane. When the current also passes
‘s o ) through the CuO chaingllib, Figs. 3b) and g, the magne-
Tdm 3 LS v toconductivity differs for different field directions. The fact
5 F a > that this difference only arises féifb thus suggests that CuO
T10%k 0 :g::x: - chains are important for the magnetoconduction. The LuO
E v b3-1b 3 planes are isotropic, according to Figab unlike the CuO
[ pe-um chains[Fig. 5b)]. Then, sinceAo,(Blb)<Aoy(Bllb) in
1C1>0_2 — '1‘6_1 Fig. 6(b), the magnetoconductivity of the CuO chains is posi-
e tive for BIll, i.e., Ao ¢naid Blll)>0. From Fig. 6a) Ao,(Blla)
is approximately equal td o,(Blla) at temperatures close to
Bilb T. and numerically larger than o ,4(Blla) at high tempera-
. o) (b) tures. Thus the chain magnetoconductivity f@LI,
0 L 9 3 [AoenaidBL1)] is negative at high temperatures and be-
— F > 9 comes vanishingly small close Q. .
|E of }v(ﬁ)o
Tdm > ‘>\:\<><> V. BRIEF CONCLUDING REMARKS AND SUMMARY
4'%’102__ O a2-la > > > i Our result fory with Blic is smaller than some previously
3 gg::zg ® reported results, as quoted in the Introduction. In particular it
L » b3-b ] is smaller than estimates from the normal state resistivity in
1c1)‘0_2 — -1'(')_1 L the range up to 1.5In Fig. 1 y=\p,/py, is about 1.2 at 100

K. However, there are significant differences between these
two types of measurements. The normal state resistivity may

be regarded as a parallel circuit of the CuO chains and,CuO
planes, while superconductivity is confined to the planes.
This may account for a difference in anisotropy for normal
conductivity and superconductivity measurements.

The results foBllab are more difficult to interpret. The
experimental results can, however, be summarized as

FIG. 6. Magnetoconductivitho, at 12 T as a function of re-
duced temperature=In T/T.. The magnetic field is parallel to the
crystala axis, Blla in panel(a), and parallel to thé axis, Bllb in
panel (b). In both panels are open symbassamples [lla) and
filled symbolsb samples (Ib). In (a) it can be seen that wheiis
perpendicular to the chainsr is independent of the direction of the
current. (b) Shows that whenB is parallel to the chains, Ag,(Blll)=Ac,(BLI) [Fig. 5a@)], Acoy(Bll)>Ac,(BLI)
|Aa(llb)|<|Aa(llla)]. In the measurements of points marked  [Fig. 5b)], Ac,<Ao,(BIl) [Fig. 6b)], Ac,~Aoc,(BLI)
at small€'s in the figures, the temperature error was larger thangt |ow temperatures antlo,>Ao,(BL1) at high tempera-
normal. tures[Fig. 6a)].

) ) o ) In conclusion, we have made magnetoresistivity measure-
The field direction is consequently only important when ants abovd.. . on YBa,Cu,0,_ 5, with B parallel to thea
the current is parallel to the CuO chains. This can be disy, gndc axes Cand parallel to thea or b axes.llla and|lb

cussed in terms of a simple model, previously often used fogaye approximately the same magnetoconductivity when
o(T)."""Let o, be the resistivity of the Cupplane(a ¢ Using a fluctuation theory which allows for an in-plane

direction), ando, the result of a parallel circuit of the resis- ¢oherence length anisotropy, the anisotropy was found to be
tivity of the CuG; plane(b direction) and the CuO chain. The (j5se to 1, 1.4 0.1. Ao for Bllab was found to depend on

conductivities of the Cu@planes are assumed to be isotropic e relative directions oB and I, suggesting a contribution

(Tplanea= Tpianep) - The  conductivities thus become,  from the CuO chains to the magnetoconductivity.
= Oplaner AN Tp= T pjanet Tchain- The magnetoconductivity,

Ao=0(B)—a(0), canthen be expressed correspondingly: ACKNOWLEDGMENTS
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