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Magnetization studies have been made of single-crysta§sa, ;¢CuQ, with H||c in order to determine the
magnitude of the flux expulsion and free energy in a material that has substantially less than optimal doping.
Well above the superconducting transition temperature, the normal-state magnetization exhibits a two-
dimensional Heisenberg antiferromagnetic behavior. Bélpwthere is a large portion of tHe-T plane where
the sample shows reversible behavior so that thermodynamic variables such as the free energy and the shape
of the magnetization curves can be determined. At low temperature, the vortices have a well defined Abrikosov
regime that transforms to two-dimensional fluctuation behavior at higher temperatures. The magnetization vs
temperature curves show a unigue crossing point at 22 K where the magnetization is independent of magnetic
field. From this value of the crossing point, the effective layer spasiisgderived to be 1.6 nm compared to
the CuQ lattice spacing of 0.66 nm. The fluctuations are found to obey two-dimensional scaling in that
M/(TH)Y? is a universal function of T—T.(H)]/(TH)Y2 Below 12 K, the data fit the Hao-Clem theory
rather well and givec, values of about 175 and thermodynamic critical fields ranging from 112 mT at 12 K to

133 mT at 6 K.
DOI: 10.1103/PhysRevB.63.064512 PACS nuni®er74.40+k, 74.60—w, 74.70-b
I. INTRODUCTION flux-line lattice, and the nature of defects in the material.

Changes in the flux-line lattice such as the melting transition

Many of the high-temperature superconductors now camre usually measured with transport propertiesit some of
be prepared in single-crystal form with sufficiently high pu- these changes may also be reflected in the free energy and in
rity that there is a wide range of thermodynamic reversibilitythe shape of the reversible magnetization curves.
in the magnetization curves. From these measurements of Some time ago, Kes and co-workéshowed that the re-
reversible magnetization, the change in free energy wittversible magnetization curvedd vs H, of Bi,SrCaCy
magnetic field can be determined frons,—Gg(H) Og. 5, Bi-2212, have two rather different types of behavior
=f§MscdH. There is a very direct connection between re-depending orT. At low temperature, a plot oM vs H fol-
versible magnetization and free energy changes. lowed the classical Abrikosdvrigid-lattice behavior with

The underdoped high-temperature  superconductofM| falling monotonically toward zero for fields larger than
La; oS 14CUQy is a rather special material for the study of the lower critical fieldH ., and smaller than the upper critical
reversible magnetization and fluctuation diamagnetism befield H,. As the temperature rises, however, there are en-
cause it still retains a relatively high transition temperaturefropy termé° in the free energy related to fluctuations in the
and yet it also shows a substantial range of pseudogap b#ux-line lattice, and the reversible magnetization curves
havior well above T, .1 As the sample is cooled, the have been shown to have a crossover from Abrikosov*-like
pseudogap begins to open at about 600 °C and the materigehavior at low temperature to fluctuationlike behal/faas
goes superconducting dt.~30 K. Optimum doping for the temperature approaches the transition temperatre
this material occurs for a Sr content of about 0.15, so thdhere is, in fact, a unique crossing point on tevs T plot
single crystal under study here has about 2/3 the optimurwhereM is independent off. For Bi-2212, where the anisot-
number of charge carriers. There is a rich phase diagram irppy ratio, y=[m./m,,]*2 is about 200, this crossover oc-
the H-T plané with several different changes in the vortex curs at a reduced temperature of abblf,=0.95? The data
lattice. With the onset of superconductivity on cooling, quan-show magnetization vs temperaturd1 (vs T) curves for
tized vortices first form in a liquid state, and then, with fur- various magnetic fields that cross at a single temperature,
ther cooling, this transforms to a variety of glasslike struc-T* =88.3 K whereM is independent oH. If these same
tures or regular lattice structures often depending ordata can be cast aM vs H curves, the curves show
impurities and precipitates in the material. Important vari-Abrikosov-like behavior well below 86 K, and fluctuation-
ables are the superfluid density, the anisotropy of the effedike behavior above 86 K. In the fluctuation regime gtial.”
tive mass,y>=m./m,,, the entropy associated with the have shown two-dimensional2D) scaling behavior for
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Bi,Sr,Ca,Cu04; 5, Bi-2223 in that a plot oM/(TH)Y?is Il. EXPERIMENT
a universal function of T—T.)/(TH)Y2 In addition, Welp
and co-workeShave shown three-dimensional, 3D, scaling
behavior for YBaCusO;_ 5, Y-123, in thatM/(TH)?? is a
universal function of T— T,(H)]/(TH)?3. Theoretical work

The single crystal used in these measurements was pre-
pared by a floating zone method in an image furndemd it
is the same crystal used for NMR spin-lattice relaxation
; studies'® X-ray photographs were taken at several places on
by Tesanovic and Andre&whave worked out these closed e syrface of the crystal to establish that it was a single
form relations for the scaling in both 2D and 3D. crystal and the axis was found to be perpendicular to one of

Oxygen depletion is a standard way to alter the superfluidhe cleavage planes. Magnetization data were takenhlith
density and thus possibly increasing the 2D behavior in thesg, 4 Quantum Design superconducting quantum interference

high-temperature superconductors. This is illustrated by thgqice magnetometer over the full range of temperatures
work of Janossyet all° who have shown that the effective- from 4.5 to 200 K and magnetic fields up to 7 T.

mass ratioy=[m./m,,]"? can be raised in YB&Lu;0,_ 3
from about 5 to 25 by depleting the oxygen content from
~7.0 to~6.5. Depleting oxygen, or underdoping, then may Il. RESULTS AND DISCUSSION
be a method to transform a superconductor from 3D to 2D
behavior. In addition to the work with Y-123, this group also ~ From 55 to 200 K, where the sample is normal, the mag-
has shown that optimally doped {@Sr, ;<CuQ, has an an-  netization is of the form
isotropy ratio of abouty~10 to y~20, and Willelrlninet al.
have shown that LaSr/CuQ,, has y=43 Hence _
La; 951 1dCUQy, might be expected to show a cross-over M=CH+Mstanh(SH), @
from Abrikosov-like magnetization curves to fluctuationlike
magnetization curves at a relatively low reduced tempera@s shown in Fig. 1. The inset shows the behavior at low field
ture. and the solid lines are the fits to EQ).
Two other cases where the magnetization curves resemble Results show that #M¢=0.060+0.001 G and 3
the fluctuationlike behavior are the stripe phase supercon=(8.15x1.54) x10™* G™* over the whole temperature
ductor, Lg 4Ndg4Sh1Cu0,, * and Bi-2212 with a range so the second term in E4) is independent of tem-
dense array of columnar defedfs. For the perature. Over most of thel-T plane, this whole term is
Lay 4Ndg 4051, 1CuQ, sample M vs H curves show fluctua- small compared to botCH and the superconducting mag-
tionlike curves at reduced temperatures as lowTa$,  netization. This means that there is a small “ferromagnetic”
=0.5. For the Bi-2212 sample with columnar defeétthe  moment parallel to the axis that saturates at a few tenths of
crossover point disappears. In addition, many of the vortexd Tesla and remains constant over the entire temperature
cores reside on the columnar defects thus altering the fielthnge.
dependence of the magnetization. Values of C, which is the dimensionless volume suscep-
The purpose of this work is to study the shape of thetibility, range from 1.32107° at 200 K to 8.76¢ 10"’ at 55
magnetizationM vs H, curves for underdoped La-214 in K and are close to those measured by Nakanal ** and
order to determine the free energy of the vortex lattice andlohnstof® in this range of doping. Hence the normal-state
the temperature range over which fluctuation behavior is obmagnetization follows 2D Heisenberg antiferromagnet be-
served. To do this, it is necessary to determine the normakavior rather well.
state magnetizatidn aboveT, to confirm that the Cu spins ~ To subtract the background magnetization at lower tem-
follow a 2D Heisenberg antiferromagnetic behafi@nd to ~ peratures, we follow the lead of de Jongland assume that
obtain analytical fits to subtract background. Several differnagnetization from the Cu spins continues to follow 2D an-
ent spin configurations and models can give a susceptibilityiferromagnetic behavior at temperatures below 40 K. Values
that slowly decreases at the temperature decrfasssis 0of C(T) are obtained by linearly extrapolating ti@vs T
seen here. If one assumes that the superconducting transitisirve between 200 and 55 K to lower temperature. To inves-
does not change the configuration of the background spitigate worst cases for background subtraction, two other as-
susceptibility, then the superconducting flux expulsion carsumptions about the temperature dependenceiuive been
be obtained from the measured total magnetization by subnade:(i) C falls linearly to zero a3 goes to zerofii) C rises
tracting the normal-state background. This procedure, ofibout 20% above the 40-K value @&gjoes to zero as hap-
course, only makes sense if the magnetization is thermodypens for some antiferromagnéfsThe normal-state back-
namically reversible, so it also is important to establish theground is small enough that the basic conclusions about the
irreversibility line, H;,, vs T and verify that there is a large thermodynamic critical field line are not changed within
reversible region in thél vs T plane. Reversible magnetiza- =1 mT.
tion data are then fit to a theoretical model to estimate the With the assumption that the onset of superconductivity
thermodynamic critical field curve. A secondary goal of thedoes not alter the magnetization of the Cu spins, and the
work is to look for diamagnetic fluctuations at temperaturessuperconducting magnetizatiod ;. is derived from Mg,
well aboveT, in the regime normally called the pseudogap =M;—My,, whereM, is the total magnetization and, is
regime. This is difficult because the signal becomes progreghe background magnetization. At 16 K and 5 T, the back-
sively smaller adl increases and the signal gradually disap-ground is about 20% of the total magnetization. A study of
pears into the background magnetization. the irreversibility shows thatl;,, rises from zero at 28 K to
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05Tatl15K,1.0Tat10K, and 2.5 T at 6 K. Hence theretjye layer spacing,s=1.6 nm compared with the CyO
is a wide range of thermodynamic reversibility in theT  plane spacing of 0.66 nm. It is possible that #¥e1.6-nm
plane. value from these measurements arises because only part of
Superconducting magnetization curves are shown for evthe sample is superconducting thus giving rise to smai&r
ery 2 K from 8 to 30 K in Fig. 2. All of these data are in the values as described by Kogam al?* With this interpreta-
region of thermodynamic reversibility. Below 18 K, tMevs  tion, the ratio of 0.66 nm/1.6 nm gives 41% of this under-
H curves monotonically approach zero from the negativadoped La o055l 1LCUO, sample being superconducting. In a
side in a fashion similar to an Abrikosov type-ll closely related measurement, lwasekial.found a value of
superconductot.Above 22 K, the magnetization rises from s=1.49 nm for Lg o,Sr 0dCu0,.?? In addition, Mosqueira
zero atH =0 similar to fluctuation behavidrlf these same et al®® have studied the crossover in @S, ;dCuO, for
data are cast &d vs T, as shown in Fig. 3, there is a crossing grain-aligned powders. They findT,=28 K, aT*
point just above 22 K where the curves cross and the mag=25 K, and essentially the sanM* as seen here.
netization is independent ¢1.%® At the crossover tempera- The crossover feature that is well obeyed from 0.5t0 7 T
ture T* the magnetization is given by M* :kBT*/¢Os.6 is not obeyed in the low flux density limit of 0.001 T or 1
Using T*=22.0 K and 4rM*=—1.13 G gives an effec- mT. As shown by the solid line in Fig. 3, a vs T curve
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taken at 1 mT deviates from zero somewhere in the 26—27-Khown in Fig. 4. In this analysis[;(H) is determined by
range. The curve shown for 0.1 T also misses the crossintaking T,,=26.8 K from the Hao-Clem fits to these data
point. A 1-mT magnetization run is often used to define aand by taking the slope @fH.,/dT=—3.20 T/K from Eq.
Teo. the mean-field transition temperatuire, and for this(13) of Tesanovicet al® Attempts to fit to 3D scaling gave
sample, a temperature more like 26.5 K. This would implyless good fits.

that for this sampleT ., is abou 5 K aboveT*.

In an attempt to make a reasonable estimate of the ther-

There is a substantial amount of fluctuation diamagnetisnmodynamic critical field, each of the magnetization curves in
all the way up to 30 K, as shown in Fig. 3, that might be fit Fig. 2 were fit to theoretical models for the magnetization in
to fluctuation theorie8.Even at 30 K, the magnetization is three different ways. The Hao-Clem motfdk a variational
still increasing with increasing field all the way up to 7.0 T, calculation that includes the energy of the core of the vorti-

as shown in Fig. 2. If the data are plotted Mg$(TH)Y? vs

ces and usesl; and k. as adjustable variables. All of the

[T—T.(H)]/(TH)¥? the data lie on a common curve as data reported in these measurements are far fiepnso the
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fit gives an uncertainty of about 10% iq.. Selecting the In the second method that uses the Kogaal. approach,
average value ok.= 175 for all temperatures, the data have we assume that=0.66 nm given by the copper-oxide plane
been fit to the universal Hao-Clem curve with jlitt as the  spacing and  determine [lpae] from —M*

adjustable parameter with the results shown in Fig. 5. If both=[ kg T*/ ¢,s]In[ na\/e]. Inserting these values into E€L)
k. andH, are taken as variables, the fits can be improvedf Koganet al. and fitting the data givell .,(T) that can be
slightly, but the data are not close enoughtg, to realisti-  converted to théd, values shown by the open circles of Fig.
cally evaluatec, better than this average value. As shown in5,
the inset of Fig. 5 where the dimensionless variakiks The central result of these various methods to determing
=Mg./2H, andH’ =H//2H, are plotted, the data fit the H. from theM vs H data is that all the methods give roughly
Hao-Clent* model rather well with theH. values ranging the same result. An extrapolation of the Hao-Cleimvs T
from H.=133 mT at 6 K toH,=112 mT at 12 K. These data(solid squares of Fig.)5givesT.,=26.8 K in reason-
H. values are plotted as solid squares in Fig. 5. If these arable agreement with the temperature where the 1.QMnE
fit to a parabolic critical field curved.=H[1—(T/T,)?], T curve breaks away from zero. Extrapolating the second
one finds H,=0.140 T and T.,=26.8 K. The slope Kogan methodopen circles of Fig. pgives about 27.4 K.
dH,/dT from these fits gives-2.6 T/K atT. in reasonable All of the H. data of Fig. 5 indicate a ratio dfi;(0)/T.,
agreement with the value derived from Tesandviuf =5.4 mT/K.
—3.2 T/K. These data also are to be compared with a pre- Magnetization curves were measured as a function of the
vious study by Liet al?®> who foundH,=0.143 mT and polar angle away fronH|/c to determine how sensitive the
T.=28.23 K for an x=0.092. They also foundH, magnetization was to orientation. Tipping the crystal by
=0.251 mT andT.=34.39 K for anx=0.154 sample at *10° reduced the magnetization at 10 K and 2.0 T by about
essentially optimum doping. If a straight line is drawn on an5% and tipping by 30 ° reduced the magnetization by about
H, vs x plot from the optimum-doped sample through the 25%. When the field was in the a-b plane, the magnetization
datum for this sampleH, would extrapolate to zero at  was rather noisy and highly irreversible so no extensive data
~0.03. The current. vs T results then are in good agree- are reported here. We assume that the noise arose from
ment with these previous data. bundles of flux jumping from place to place in the crystal.
An alternate way to to determirté; is to use the theory
of Koganet al?! that is based on London theory and takes
more full account of the entropy associated with the fluctua-
tions. In the first method, we determisdrom the crossing Lay 9051 1dCUQy is a bulk superconductor that expels flux
measurements bys=—KkgT*/$,M*=1.66 nm, assuming over the entireH-T plane in a manner similar to the opti-
thatIn[ 7a\e]=1. Then we fit theM vsH data to Eq(1) in  mally doped cuprate superconductors and the classical
Koganet al?! to give the best values of, and\,,. From  type-Il superconductors. Normal-state magnetization data in
these, we calculate thé_ values shown by the open squaresthe temperature range from 55 to 200 K obeys 2D Heisen-
of Fig. 5. berg antiferromagnetic behavior rather well. This gives a

IV. CONCLUSIONS
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relatively small background to subtract in the study of theto be reduced as carriers are reduced below optimal doping.
superconducting magnetization. The background also corFor most classical superconductors, the ratieigf0)/T ., is
tains a small saturating ferromagnetic term parallel todhe about 10 mT/K. For this underdoped high-material the
axis that is the same for all temperatures. It saturates at abotitio is about 5.4 mT/K which may reflect a relatively small
0.2 T. There is a large portion of the-T plane where the yalue ofN(0) compared to that found for classical supercon-
magnetization is thermodynamically reversible giving a largeqyctors.

region where the free-energy change with magnetic field can The atempt to study fluctuation diamagnetism ab®ye

be measured. Superconducting magnetization Curves agas only a partial success. As shown by the magnetization
Abrikosov-like for temperatures below 18 K and and theyqata in Fig. 3, there is a substantial diamagnetic magnetiza-
show fluctuation behavior above 22 K. The cross-over on thgio ot 32 K, well aboveT, . Indeed the magnetization is

M vs T plot shows 4rM*=—1.13 G andT*=22.0 K10  giamagnetic all the way to 40 K. Above 40 K, however, the
give s=1.6 nm compared with the CyGplane spacing of = sjgna| is small compared to the background magnetization of
0.66 nm. The fit of thel vs T data to the model of fluctu- the cy spins. There is sufficient uncertainty in analyzing the
ating pancake vortices is rather good and gives a crossingackground magnetization, that fluctuating diamagnetism in

point for all fields above 0.5 T. The fit of the reversible the 40100 K pseudogap range can not be determined from
magnetization curves to the Hao-Clem model givek@a tnese data.

value of about 175 and a zero temperature thermodynamic
critical field of H,(0)=140 mT. For aT., of 26.8 K, a
classical superconductor like tin would havetég(0) closer

to 300 mT. Hence this underdoped high-material with
about 2/3 the optimal carrier density excludes about half the We thank C. Song for the x-ray study which showed that
flux expected for a classical superconductor. For classicahe sample was a single crystal and determined the direction
superconductors, BCSRef. 26 predicts the ratio of of the major axes. Ames Laboratory is operated for the U. S.
H.(0)/T., to be governed by the density of staté€d), by = Department of Energy by lowa State University under Con-
Hc(0)/Teo=1.7947N(0)]¥%g. It is not known whether tract No. W-7405-ENG-82 and supported by the DOE, the
BCS applies here but if it does, one might expdg(0)/T,,  Office of Basic Energy Sciences.

ACKNOWLEDGMENTS

17. Timusk and B. Statt, Rep. Prog. Ph, 61 (1999. 133, E. Ostenson and D. K. Finnemore, Chin. J. Pliyaipe) 36,
2G. W. Crabtree, W. K. Kwok, L. M. Paulius, A. M. Petrean, R. J. 297 (1998.
Olsson, G. Karapetrov, V. Tobos, and W. G. Moulton, Physica**C. J. van der Beek, M. Konczykowski, T. W. Li, P. H. Kes, and

C 332 71(2000. W. Benoit, Phys. Rev. B4, R792(1996.
3G. Blatter, M. V. Feigel'man, V. B. Geshkenbein, A. I. Larkin, °D. C. Johnston, Phys. Rev. Le@2, 957 (1989.
and V. M. Vinokur, Rev. Mod. Physs6, 1125(1994. 181, J. de JonghMagnetism and Magnetic Materialsdited by C.

4p. H. Kes, C. J. van der Beek, M. P. Maley, M. E. McHenry, D.  D- Graham and J. Rhyne, AIP Conf. Proc. No. (P, New
A. Huse, M. J. Menken, and A. A. Minovsky, Phys. Rev. Lett. York, 1973, p. 561. . )
67, 2383(1991. E. Dagotto, Rep. Prog. Phy®&2, 1525 (1999; S. Bacci, E.
5A. A. Abrikosov, Zh. Fksp. Teor. Fiz.32, 1442 (1959 [Sov. 18AG?232;’e323hiE'aggggtt?epgzz'e Revas zshj’a(ulegrgbg o 321
Phys. JETFS, 1174(1957)]. ' . - veg » P10 - o4
6 . - (1997; S. Petit, A. H. Moudden, B. Hennion, A. Vietkin, and A.
L. N. Bulaevskii, M. Ledvij, and V. G. Kogan, Phys. Rev. Lett. Revcolevschi, Eur. Phys. J. B 163 (1998
; 68, 3773(1992. ) , 19M.-H. Julien, F. Borsa, P. Caretta, M. Horvatic, C. Berthier, and
Q. Li, M. Suenaga, L. N. Bulaevskii, T. Hikata, and K. Sato,

C. T. Lin, Phys. Rev. Lett83, 604 (1999.
Phys. Rev. B48, 13 865(1993.

6 _ 20T, Nakano, M. Oda, C. Manabe, N. Momono, Y. Miura, and M.
U. Welp, W. K. Kwok, R. A. Klemm, V. M. Vinokur, J. Downey, Ido, Phys. Rev. B19, 16 000(1994).

and G. W. Crabtree, Physica I85-189 1785(1991). 2ly. G. Kogan, M. Ledvij, A. Yu. Simonov, J. H. Cho, and D. C.
9Z. Tesanovic, L. Xing, L. Bulaevskii, Qiang Li, and M. Suenaga, Johnston, Phys. Rev. Left0, 1870(1993.
Phys. Rev. Lett69, 3563(1992; Z. Tesanovic and A. V. An- 224 |wasaki, F. Matsuoka, and K. Tanigawa, Phys. Re%dB14

dreev, Phys. Rev. B9, 4064 (1994). 624 (1999.
198, Janossy, D. Prost, S. Pekker, and L. Fruchter, Physit81C 233, Mosqueira, M. V. Ramallo, A. Revcolecschi, C. Torron, and F.
51 (1997). Vidal, Phys. Rev. B59, 4394(1999.

1B, Janossy, H. Kojima, |. Tanaka, and L. Fruchter, Physid¥6  2*Z. Hao and J. R. Clem, Phys. Rev. L, 2371(1991).
517(1991); M. Willemin, C. Rossel, J. Hofer, H. Keller, and A. ?°Qiang Li, M. Suenaga, T. Kimura, and K. Kishio, Phys. Rev. B

Revcolevschi, Phys. Rev. B9, R717(1999. 47, 11 384(1993.
123, E. Ostenson, S. Bud’ko, M. Breitwisch, and D. K. Finnemore,?%J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. R88,
Phys. Rev. B56, 2820(1997. 1175(1957.

064512-6



