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Vortex fluctuations in superconducting La,_,Sr,CuO,4 5
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Vortex fluctuations in the La ,Sr,CuQ,, s system have been studied as a function of magnetic field,
temperature and carrier concentration in order to determine the dimensionality of the fluctuationsx For a
=0.10 sample, there is a unique crossing-temperature on the magnetization vs temperature plots for all mag-
netic fields up to 7 T, and the data scale very well with two-dimensi@2) fluctuation theory. At lowex
values wheréH ., is much smaller, there are two well defined crossing points, one at low figfisally less
than 1 T) and another at high fieldgypically 3—7 T). A fit of the data to fluctuation theory shows that the
low field crossing data scale as 2D fluctuations and the high field crossing data scale as 3D fluctuations. It
would appear that as the magnetic field approathgsthere is a 2D to 3D crossover where the low field 2D
pancake vortex structure transforms into a 3D vortex structure.
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[. INTRODUCTION much larger than the measuring field, the magnetization vs
temperature curves#M vs T have a single well defined
The existence of vortex fluctuations close to the superconerossing poinT* and the fluctuations have 2D character. For
ducting transition temperaturd,, in the high temperature a more isotropic superconductor such as optimally doped
superconductors was reported by Kes and co-workars] ~ YBa,CusOpg o5,“ there also is a single well definett and
theoretical work by Bulaevskii and co-work8ridicated the fluctuations have 3D character. For underdoped
that entropy terms associated with moving vortices could’B2ClsOges,” there can be more than one crossing-point
provide a way to understand the unique crossing point in th@nd & crossover from 2D to 3D behavior. The purpose to the
magnetization vs temperature plots that are observed. Earkfork reported here is to systematically study the change in
work? focussed on the flucutation of two dimensioaD) uctuations that occur as the doping Ieyel is decreasgd in
pancake vortices in materials with a very high anisotropy-22-xSkCUQs-; to look for a systematic transformation

ratio of the effective mass of the electrons- m from 3D to 2D character and to look for the values of re-

Subsequent experimental and theoretical work by Tesanovigﬁrcsed magnetic fielth/H,(T=0) where this crossover oc-

and co-workersand Welp and co-worketsndicated that the
similar crossing-point effects also occur in materials with Il. EXPERIMENT
smallery values, but the fluctuations may have 3D character.
In the case of 2D fluctuations, the magnetization scales to a The samples used in this work are the same grain-aligned
universal curve when the data are plotted asV¥/(TH)Y2 powders and single _crys_t_als that were used for measurments
vs [T—T.(H)J/(TH)*2 In the case of 3D fluctuations, the of the Fhermodynamlc critical fleIHPowdgrs were gr'ound' to
magnetizations scales to a universal curve when the data afeParticle size less than 2om, placed in a low viscosity
plotted as 4rM/(TH)?? vs [T—T.(H)]/(TH)?3. These €POXy and_ aligned in afield of 8 T. Afte;r the epoxy han_jened,
scaling laws provide an easy test to determine whether th¥Tay rocking curves showed a full width at half maximum
fluctuations have a 2D or 3D character. for the (008 peak of 5°. Magnetization studies were made
A recent study of vortex fluctuations in an underdopedWith @ Quantum Designs magnetometén.all of the scaling
YBa,Cu;05 5 sample by Poddar and co-workgfsas indi- a}nalyses presented hgre, the magnetic field dependent transi-
cated that there were two distinct crossing points for differ-tion temperaturd ;(H) is taken from the Hao-Clem analyses
ent magnetic field ranges. Data from 0.2 to 0.75 T show #£f thermodynamic data presented previodsi full discus-
crossing point at 45.2 K and 3D scaling. Data from 1.5 toSion comparing different assumptions fég(H) is given
3.5 T show a crossing point at 42.8 K and 2D scaling. The£lsewhere.
oretical analysis to explain these dateses a Josephson in-
terlayer coupling Hamiltonian that gives 2D behavior if the
ratio .of thec—.axis coherence distance to copper o.xidg plane As reported earlie?, the magnetization vs temperature
spacingé./d is much less than one and 3D behaviofdfd  curves for thex=0.10 single crystal withT,,=26.8 K
IS SUbStantla”y more than one. For the Poddar and COshowed a Sing|e Crossing point Bt =22.0 K and 4rM*
workers samplé, the ratio of the crossing temperature t0 = — 113 G for all data from 1.67.0 T. No extensive
transition temperature is T3p/T,=[43.4 K/45.15 K study was made at lower fields. Fits of these data on a
=0.961 andT3,/T.,=[42.8 K/45.15 K=0.948. 47M/(TH)Y2vs[T—T¢(H)]/(TH)? plot show 2D scaling
Several types of behavior seem to occur. For a highlyover this entire field range. To discuss the case where the
anisotropic superconductor such as®3Ca Cu,Og, 5 (Ref.  crossings occur at different temperatures, we define a new
1), where the critical field at zero temperatuf,(0) is  variableT,, as the temperature where two successivé/i

III. RESULTS AND DISCUSSION
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FIG. 1. Magnetization vs temperature plot for ar-0.143 FIG. 3. 47M vs T data for thex=0.081 sample showing two

sample near optimum doping. The crossing point changes as th§stinct crossing points for the low field and high field regions.
field increases from 0.95 to 2.0 T.

vs T curves cross and pldt,, as a function of magnetic field Hc2(0) so theb=H/H,(0) is small. Data for the=0.10

to show how the crossing point changes with field. single crystal shown by th_e sqlid triangles in Fig. 2, show
Data for a sample close to optimum dopingxat 0.143 that T, drops smoothly W|th field and forms a plateau at
are presented in Fig. 1. The data from 0.50 to 0.95 T cross & =220 K as reported earliéFor this sample, fits to both
about 36.8 K and the data from 2 to 7 T cross at about 35.4D and 3D scaling give a rather good fit to 2D scaffirigyt
K, in a manner similar to the YB&u;0; o5 data reported by @ Poor fit to 3D scaling. For thig=0.10 sampleH,(0)
PoddaP These temperatures are fairly close to one another_ 34 T is much higher than the measuring field of 7 T, so
but they are easily resolved. If data for these two samples af@€ data never approach the upper critical field. The differ-
fit to both 2D and 3D scaling, the 3D scaling gives a signifi-€Nce between the=0.143 sample and the=0.10 sample is
cantly better fit than the 2D scaling for both plateaus. Thethat the optimum doped sample obeys 3D scaling and the
data on Fig. 2 for the two samples close to optimum doping‘nderdoped sample obeys 2D scaling. This would imply that
x=0.156 (open stars and x=0.143 (solid pentagonsare (e c-axis coherence distance to copper oxide plane spacing
very similar. Within the theory of Rosenstein al® the rel-  éc/d is always less than one for the magnetic fields mea-
evant quantity to determine the scaling dimensionalitp is Sured. o
=H/H,(0). For these samples close to optimum doping, Data for a.nx=0.117 sample are sho_vvn by the solid dia-
the upper critical fielcH.,(0) is approximately 33 T, so the Monds on Fig. 2. Thd, data are similar to thec=0.10

measurments up to 7 T never probe the region close t§ample and show 2D behavior over the range measured. For
this sampleH,(0)=32 T, so the measurements upto 7 T

do not probe anywhere close kt.,(0).
In the far underdoped region, data for the 0.081 and
x=0.070 samples differ from the above cases in that the

45 L L L L L L L

Laz_XSrXCuO4 —%— 0.156

40 | ::__ 8'1‘3 i respective upper critical fields oH(0)=11 T and
— A 010 H.(0)=6 T are much closer to the top measuring field of 7
%\ 3D ' ] T. The 47M vs T data for thex=0.081 sample presented in
35 | TT———a—a—n Fig. 3 show a low field crossing point at 19.6 K and a high

field crossing point at 22.7 K. Presenting these data on the
Ter VS uoH plot of Fig. 4 shows that th&=0.081 sample
530 . (open squargshas a plateau from about 0.3 to 1.0 T, and it
has a second plateau from about 3 to 7 T with a gradual
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transition from 1-3 T. Here, data on the low field plateau fit
best to 2D scaling, and data on the high field plateau fit best
to 3D scaling as shown in Figs(® and §b). In a similar
manner, data for the=0.070 samplésolid circles in Fig. 4
shows both a low field plateau at 14.2 K and a high field
plateau at 15.2 K. Here again, the low field plateau data fit
2D scaling and the high field plateau data fit 3D scaling as

FIG. 2. Magentization crossing points for two successive fieldsshown by Figs. &) and §d). Both these samples show that
T.: as a function of field.

with an increasing magnetic field, the sample undergoes a
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FIG. 4. Comparison of the plateau regions 1o with the val-
ues of the theoreticai?® and f3P parameters for théa) x=0.081
and(b) x=0.070 samples.

crossover from 2D scaling to 3D scaling &k, is ap-
proached.

To be a bit more quantitative about the 2D to 3D cross-

over, we plot the Rosenstegt al. parametefSvs magnetic
field. Within this model, if

£/d<1/A\J(b+t—1)2+4bt+(b+t—1)]=12°, (1)

then one expects 2D scaling. Heég,is thec-axis coherence
distance, d is the copper oxide plane spacindy
=H/H(0), andt=T/T.,. Similarly, within this model, if

£ ld>b+t—1+[2(b+t—1)%]/27 =£3P, 2)
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then one expects 3D scaling. It should be pointed ouf that
b+t—1=[T-T.(H)]/T,

so this variable measures the reduced temperature interval
from theH, line.

Both 2P and 3P are plotted vsuoH for each crossing
point, T;, in the insets of Fig. 4 for th&=0.081 and 0.070
samples. From the plot d° (open triangles in both inséts
it is clear that the region of 3D scaling begins at a magnetic
field wheref2P becomes as large as 1.0. TH&’ functions
are also plotted for completeness. These magnetization data
do not provide a measure @f, but it is of interest to note
that 3D scaling begins at a magnetic field where the Rosen-
steinet al. f2° functiorfreaches 1.0 for botk=0.081 and
x=0.070 samples.

IV. CONCLUSIONS

The Lg ,Sr,CuQ,, s high temperature superconductor
system provides a rich arena to study vortex fluctuations.
Near optimum doping th&=0.143 andx=0.156 samples
show 3D fluctuations over the entire magnetic field range
studied. Thec-axis coupling is strong enough in the opti-
mally doped samples to make the fluctations 3D at all the
measured fields. Stated another wgy,d is greater than one
for these samples. As discussed previctslyreduction of
carrier concentration tends to make the material more 2D at
magnetic fields substantially beloi;,(0), presumably be-
cause the relatively weatkaxis coupling in these cuprates is
made even weaker with depleted carrier concentration. Re-
duction of the doping tx=0.117 andx=0.10 gave samples
that showed 2D fluctuations for all magnetic fields up to 7 T.
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Presumably thé?P did not get large enough for fields up to La,_,Sr,CuQ,. 5 data show 2D behavior at low field and 3D

7 T in these two samples to cause a 2D to 3D transition. Fobehavior at high field. The authors do not understand this

all four of these sampledi,(0) was over 30 T so thé difference, but in light of Eq(1) and the data in the inset in

=H/H,(0) values are small compared to the reduced temfig. 4, the 2D to 3D crossover with increasing field seems to

peraturet=T/T. terms and thus thb term in Eq.(1) does pe a reasonable result.

not make a large enough contribution to cause the crossover.

With further reduction in doping t&=0.081 andx=0.070,

the data probes fields comparable Hg,(0). Then theb ACKNOWLEDGMENTS
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