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We have measured the specific heat and magnetization versus temperature in a single crystal sample of
superconducting L#&uG, ; and in a sample of the same material after removing the excess oxygen, in
magnetic fields up to 15 T. Using the deoxygenated sample to subtract the phonon contribution, we find a broad
peak in the specific heat, centered at 50 K. This excess specific heat is attributed to fluctuations of the Cu spins
possibly enhanced by an interplay with the charge degrees of freedom, and appears to be independent of
magnetic field, up to 15 T. Near the superconducting transifigil =0)=43 K, we find a sharp feature that
is strongly suppressed when the magnetic field is applied parallel to the crystallogcagptisc A model for
three-dimensional vortex fluctuations is used to scale magnetization measured at several magnetic fields. When
the magnetic field is applied perpendicular to thexis, the only observed effect is a slight shift in the
superconducting transition temperature.
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[. INTRODUCTION length of order 3 Cu-O planes. Abovg,, in the paramag-
netic phase, there is evidence for long-coherence length and

The high-temperature cuprate superconductors are creatéulv-energy spin fluctuatior’sBy applying a magnetic field,
by doping of Mott insulating materials, such as,Cai0,, which suppresses the superconducting order parameter, the
which show quasi-two-dimensiond2D) spin+ antiferro-  magnetic order parameter gro®s° This indicates that there
magnetic(AFM) order. Neutron scattering experiments onis a competition between the magnetic order and supercon-
La,CuQ, have shown instantaneous spin correlations in theluctivity, in spite of the close proximity of,, andT..
copper-oxygen planes that persist to very high temperature To learn more about the superconductivity and magne-
because of the very strong in-plane exchange constant tism, we have measured the specific heat, in fields up to 15 T,
Although the 3D AFM order, resulting from weak interplane and the magnetization, in fields up to 7 T, for,CauQ, 4.
coupling, is destroyed by doping of 4@uQ,, the in-plane  We have removed the excess oxygen from a piece of a simi-
dynamic correlations survive throughout the underdoped anthr oxygen-doped single crystal and have used its specific
superconducting portion of the phase diagram. Therefore, thieeat to estimate the phonon contribution. Subtraction of the
interplay between the spin degrees of freedom and supercofatter reveals a broad peak near 50 K in the specific heat,
ductivity is an important part of the current research on highwhich is insensitive to magnetic field and which we associate
T, superconductors. with spin fluctuations, enhanced by the involvement of

Particulary interesting is the coexistence of static incom-charge degrees of freedom. In addition, there is narrow peak
mensurate spin density wa8DW) order with supercon- near the superconducting transition. The height and width of
ductivity in several cupratesfor recent reviews, see the latter peak, as well as its suppression by the magnetic
Refs. 2, 3. Static SDW's were observed first in field, is consistent with results for a Sr-doped
La;_x—yNd,Sr,CuQ, (Ref. 4 and later in La_,Sr,CuQ,, La, ,Sr,CuQ,, superconductor of similar hole density.
for x neart,® and L::&Cu04+y.6 Oxygen-doped LgCuQ, Analysis of the magnetization indicates strong 3D vortex
is most interesting in this respect not only because it has thBtuctuations when the field is applied parallel to thaxis of
highestT.=43 K of entire doped LgCuQ, family of super-  the sample.
conductors, but also because the transition to the supercon- In the next section we discuss the experimental techniques
ductivity and the in-plane static long-range magnetic orderSec. Il A) and the sample preparation and characterization
coincide. According to neutron scattering and muon-spin ro{Sec. Il B. In Sec. Il we present the results for specific heat
tation experiments, there is a well-defined phase transition t¢Sec. Il A) and magnetizatiofSec. Il B) measurements. In
the magnetically ordered state B,=T..%’ This magnetic ~Sec. IV we discuss the implication of our results, and a sum-
order is two dimensional with the out-of-plane correlationmary is presented in Sec. V.
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Il. EXPERIMENTAL DETAILS T T T T T T
A. Measurement techniques

The specific heat measurements were made with a thin
silicon nitride(SiN) membrane microcalorimeter in fields ap-
plied parallel and perpendicular to tleeaxis by means of a
superconducting magnet up to 15 T. The SiN membrane mi-
crocalorimeters consist in a silicon frame of X111 mn?
with a 5X5 mn? SiN membrane, Jum thick. On the front
side of the membrane there are a platinum resistor that works
as a heater, and three different thermometere platinum
resistor for high temperatures and two NbSi composite resis- 0 20 40 60

1 : J
tors for low temperaturés! On the back side of the mem- H (Oe)
brane, a gold conduction layer is deposited in order to ther- '0'60 "% 20 30 40 50 60
malize the thermometers and heater, and the sample is T (K)
attached on it with a thermally conductive compound. These
microcalorimeters have very low heat capacity addenda, al- FIG. 1. Magnetization vs temperature at an applied field of 3
lowing measurements of small sampl@s the submiligram  Oe. The onset of diamagnetic signal is at 43 K. The structure in the
range, thin films'! or small changes in specific heat of bulk curve at lower temperatures probably indicates the presence of
samples when a small addenda is needed. Recentage-6 phasga) Schematic structure of LEuUO,, showing the
measurement$have proved that in these devices neither thespins of the copper iongb) Magnetic moment vs magnetic field at
membrane thermoconductance nor the addenda change slgw fields (for T=5 K); the line is the result of a linear fit of the
nificantly with fields up to 8 T, whereas our measurementsﬂata_- Both magnetization measurements were done after zero-field
show no change up to 15 T. The film thermometers on th&ooling.
membrane were calibrated in temperature and magnetic field
against a factory-calibrated Cernox thermometer. Theants. Previous neutron scattering experiments show no gap in
method used to measure specific heat is the thermal relaghe spin excitations in this samgie.
ation time techniqué® Magnetization measurements were  Our sample shows the onset of a diamagnetic signal at 43
performed in a commercial 7 T quantum design SQUIDK when measuring magnetization at an applied magnetic
magnetometer, using a scan length of 4 dongitudinal  field of 3 Oe(see the main panel of Fig).1The structure
magnetizatiop with fields applied parallel and perpendicular observed in the magnetization at around 32 K almost cer-
to thec axis. tainly comes from inclusions of the stage-6 phésss than

10% of the total volumewith T.=32 K.
We have estimated the superconducting volume at 5 K
B. Sample preparation and characterization from the slope of the magnetic moment vs field at low fields

Sinale crvstals of LsCuO, have been arown by the trav- LNse€t(b) of Fig. 1], corrected by a demagnetization factor of
J y £CUO, J y 1/3 for a sphere. The calculated volume is 0.453%nolose

eling solvent floating zone technique and subsequently oxi=

dized in an electrochemical cell, as described previdusly.l® the sample volume of 0.43 min deduced from the
Thermogravimetric analysis gives an oxygen excess opample mass. Although the superconducting volume calcu-

0.11%° We study a 3.06 mg piece of a single crystal of lated in this way can be affected by shielding effects, the
La,Cu0, ;; of dimensions 0.80.6x 1.4 mn?, where thec height of the anomaly in the specific heat at the transition
axis is ailong the longer dimension. This is a small piece(see Sec. Il Aindicates that in our sample the superconduc-

of the sample used in previous neutron sc.’:ltteringtsi\éllity is a bulk phenomenon and develops in the entire

experiment$:® mple.
The structure of LgCuO, is shown in inseta) of Fig. 1. To create the deoxygenated sample we place another 0.5

The spind CW2* ions order antiferromagnetically within the M9 Piece of an oxygen-doped crystal in an Ar flow at 500 °C
CuO, planes in the undoped materi@s shown in the dia- for 2 h.. This procedure ehmmate; the excess oxygen .and
gram. The ¢ axis is perpendicular to the Cu-O planes. In results in undoped L&uO, material. We have used th|s”
oxygen-doped LzCuQy., ,, the excess oxygen is intercalated sample to subtract the pho_non background from the specific
between the Cu-O planes and forms a sine-density Wavaeat_r_neasurements, as discussed below. We note that the
which is periodic along the axis. This behavior is called specific heaF of the two s_amples agree very well at low tem-
staging* Stagen corresponds to a period afCu-O layers. peratures without any adjustment.

The sample studied here is predominantly in the stage-4

phase, which has its superconducting transition Tat . RESULTS

=43 K. The onset of static long-range magnetic order coin-
cides with the onset of superconductiVity.Note thatT,
=43 K is higher than that of optimally doped Figure 2a) shows the specific heat data for the
La, ,SrCuQ,, which is possibly due to the absence of La,CuQ, 4, single crystal as well as for the deoxygenated
quenched disorder from a random distribution of'Sdop-  crystal of LgCuQ,, in zero field. The arrow indicates the
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A. Specific heat experiments
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FIG. 3. Same as Fig.(B), with fields up to 15 T applied in

FIG. 2. (a) Specific heat vs Temperature at zero field for super_plane. The curves are displaced for clarity, and straight lines are
conducting LaCuQ, 1; and insulating LaCuQ, (their correspond- added as guides to the eye. The dashed line shows the shift of the
ing molar masses were used to calculate the specific heat per. moléSC transition with field.
The arrow indicates the position of the SC transition in the first
curve.(b) Specific heat divided by above the background at fields Although the origin of the sharp peak at zero field in Fig.
of 0, 7, and 14 T applied parallel to theaxis. The same back-  2(h) and in fields applied perpendicular to thexis in Fig. 3
ground, linear _inT, is subtr_acted from all three curves. The error bar g clearly identified with the superconducting transition, there
shows the typical scattering of points2 mJ/mol K. is an extra contribution to the specific heat in the supercon-
ducting compound, evident from Fig(&). The curve for the

anomaly at the superconducting transition for the former. lnoxygenated sample departs from the deoxygenated one

Erder tobclarifydthebcorlltribut;%n frorIT_1 sup(_arc_:rol;\ductivityé (\)/ve above 30 K. Subtracting the specific heat for the deoxygen-
ave subtracted a backgroun@ygy linear inT between ated crystal, we obtain a plot of the excess of specific heat,

and 60 K from the original specific heat data. The measurezpown in Fig. 4. The curves at the two fields match each

ments have been.made at fi(_alds of 0,7, and 14 T a_pplie ther, except for the superconducting peak in the zero-field
parallel to thec axis, and in Fig. &) we plot the quantity

(C-Cpac/ T as a function of temperature. This is the method

used previously to elucidate the specific heat anomaly at the 0‘07_ i 110 o ' '

transition’*~'"The peak at 43 K at zero field, with full width ~ ~  g.064| 108 € Hile

at half height of 5 K, corresponds to the onset of supercon- X 1l {os & . 3$

ductivity. The height of the peak is 10 mJ/molé,Kvhich is E 0.05q1 04 > °

only 2% of the total specific heat at 43 K. This peak height is S 04' i 102

consistent with other measurements of the specific heat in b ]

La,CuO, ge3(Ref. 17 and in La gsSry 1:Cu0,.*¥When the Ex 003{ 45 ]

field is applied parallel to the axis of the sample, the g ; o,

anomaly is suppressed, as demonstrated by the curves for 7 ¢y  0.02 . .

and 14 T. At these fields, the peak has broadened and there is ¢} ) :

no clear sign of an anomaly over the entire temperature range ™~ 0.01 i ]

measured. 0.00 S5 ]
In Fig. 3 we show the specific heat data in fields applied 30 4 50 60

perpendicular to the axis (in plang. We subtract, as before, T (K)

a background linear in temperature between 30 and 60 K and

divide by T. The curves are displaced for clarity. In this case  F|G. 4. Specific heat for L&LuUO, ;; with that of the deoxygen-
the peak is present in all fields up to 15 T, with no change inated sample subtracted, for zero field and for a 7 T field applied
height and a small shift towards lower temperatures withparallel to thec axis. The superconducting transition is indicated
increasing field§marked with a dashed line on the plothe  with an arrow. The inset shows the entropy associated with the
rate of change is 0.13 K/T. excess specific heat.
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FIG. 6. Expansion of the rectangular region indicated in Fig. 5
(HJlc). The crossing point of these curves is a distinctive feature of
vortex fluctuations. The characteristic temperaturé)(and mag-
netization M*) are indicated.

‘30 40 50 . . N
e 0 >0 €0 marked on the graph. The crossing point in the magnetization

vs temperature curves is a distinctive feature of vortex
FIG. 5. Magnetization versus temperature curvesHgparallel  fluctuations'®~2’

(a) and perpendiculatb) to the ¢ axis. FC indicates curves taken

while field cooling and ZFC curves taken while zero-field cooling.

Ti is the irreversibility temperatureshown forH=1 T). The rect-

angle is expanded in Fig. 6. A. 2D spin fluctuations

IV. DISCUSSION

o . . . We first discuss the specific heat results. One of the fea-
curve (indicated W.'th an grro\)v The inset of Fig. 4 ShOWS, tures in the specific heat of our superconducting sample
the entropy associated with the excess specific heat Obta'”‘?_%zcuq L1is the absence of a clear magnetic contribution at
by numerical integration. The entropy at 65 K is 0.93 J/molihe simuitaneous ordering temperature of 42—43 K. Indeed,
K, roughly 20% of the entropy expected for one spiper e identified a small anomaly due to the superconducting
Cu ion[RIn(25+1)=5.76 J/mol K. transition. However, we did not observe any anomaly asso-

ciated with the simultaneous onset of the static incommen-
o . surate magnetic order neither in the absence nor in the pres-
B. Magnetization experiments ence of the applied field of up to 15 T. This could be due to

Magnetization measurements have been performed on th#e of the following reasonga) the entropy recovered at the
same single crystal used in the heat capacity studies for botiagnetic ordering temperature is quite small, as in the parent
orientations of the magnetic field. Figure 5 shows the data ifompound?® (b) the entropy is significant but distributed
fields applied paralle[panel (a)] and perpendiculafpanel ~ over a broad temperature range. Therefore, we measured a
(b)] to thec axis. In the latter orientation, irreversible behav- deoxygenatedinsulating sample of LaCuQ, to obtain the
ior is observed, and the zero field cool@FC, lower curvg¢ ~ phonon contribution to the specific heat.
and field cooled(FC, upper curve magnetization curves  The insulating sample has two contributions to the spe-
merge at the irreversibility temperatufie,, shown on the cific heat at the low temperatures studied, one from the
figure forH=1 T. In the reversible region of the magneti- Phonons and one from magnons. The magnon contribution
zation, curves at different fields are indistinguishable within(Cm) for undoped LaCuO, was estimated from linear spin-
the scatter of the points. This behavior is consistent with thvave theory for a 2D square lattice antiferromagnet t&' be
specific heat results, which show only a slight displacement
of the superconducting transition temperature with field. ke 2

For the field applied parallel to theaxis, panela) of Fig. C,,=2.385 J/mol K(—B) T2, 1)

5 shows the reversible region of the magnetization up to 7 T. J

Note that the scale of the magnetization axis is 10 times than

that in panekb). We have expanded the region marked withwherekg is the Boltzmann constant. Takingkg= 1567 K,

a rectangle in Fig. 6. A clear crossing point is observed inEg. (1) yields C,,=1.8 mJ/mol K at 40 K, a value that is
curves up to 5 Tcurves at 6 and 7 T are not plotted here four orders of magnitude less than the phonon contribution at
The characteristic temperatur€{(=42.5 K) and magnetiza- that temperaturé20 J/mol K), and well below the experi-
tion (M*=-0.023 emu/crf) of this crossing point are mental resolution. We therefore can use the specific heat of
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the deoxygenated sample as a background of phononic ori- Neutron scattering results show that the ordered moment
gin, leading to the plot of excess specific heat due to théelow the SDW transition increases dramatically with the
doping shown in Fig. 4. application of a magnetic fieflHowever, the excess specific
Doping LgCu0, with oxygen leads to three effects which heat, aside from the small component resulting from super-
might contribute to the excess specific heat:changes in  conductivity, does not depend on the applied field. This and
the vibrational spectrum caused by excess oxyg@énfree  the absence of any critical behavior convince us that the
carrier excitations, andii) changes in the spectrum of mag- observed anomaly cannot be attributedly to the fluctua-
netic excitations. The Staging of the interstitial oxygen iStions of the ordered magnetic moment near the SDW phase
accompanied by a periodic reversal in the direction of the tilyansition. We would not expect such a contribution since the
of the CuQ octahedra along theaxis. This will likely cause  nearest-neighbor spin correlations are already established at
a small change in the phonon spectrum. Changes in the phgyych higher temperatures, and hence there would not be
non contribution of similar mag”"“g'& but OPF’OS“? Slgn’enough excess entropy at 50 K to observe experimentally.
have been reported for YB&U;Og...”" However, a direct There is a connection between the excess specific heat

comparison between these two systems is difficult becaus, ) : -
excess oxygen atoms occupy different sites in their crysta hd the frequency-dependent magnetic susceptibiity)

lattices: interstitials in LgCuQ,,, and chain sites in m_easured with neutron scattering around therf) point for
YBa,Cu;05, 4. The broad peak is reminiscent of the shgh_tly underdoped LﬁXS&CUQ‘" The latter shows a
Schottky anomaly for a system with a finite number of ex-Maximum as the energy transfer is Iower_ed, at grounc_i 7 meV,
cited states, such as a spinmoment in a magnetic field. before going to zero at lower energy. This maximum is most

From the temperature of the peak we infer that, were Sucpronounced4 near the superconducting  transition
two-level systems responsible for the excess specific heatlt?mperaturé. This behavior shows that there is an enhance-
the energy splitting of the two levels would be7 mev. We ~ment of the fm,a) spin fluctuations at~7 meV in
cannot exclude the possibility that the interstitial oxygens-22-xSKCUQ, of similar hole density to the L&uG, 4,
have a two-level systems associated with it, however, w§a@mPple studied here. The susceptibility around #) of
think it is more likely that the excess specific heat is associ-8CUOs11 does not show such a maximum, but rather is

ated with a disordered component of the spin system, agpproximatgly constant at low energie_zs. For the latter ma_te-
discussed below. rial x"(w) is enhanced at low energies relative to that in

The contribution to the specific heat from the free carriers-82-xSKCUO, because of the magnons associated with the
must be small. Indeed, above. we use the BCS estimate static long-range-ordered incommensurate SDW. However,
y=AC/1.43T ,~6 mJ/mol K far less than that Muon measurements indicate that the local magnetic order is

. C 1

observed® In addition, free carriers are not expected to givefully developed microscopically at only about 40% of the
a peak in the specific heat. muon sites:® The remaining 60% of the sample, which has a
We suggest, instead, that the excess specific heat shown Y§™Y smaI_I o_rdered moment, is likely to have spin excitations
Fig. 5 comes from a change in the spectrum of spin excita¢/0Sely similar to those in La,SrCuQ, (x=0.14) and
tions resulting from the doping. The contribution of the spinsShould exhibit the enhanced spin fluctuations at around 7
to the specific heat in the 2B=1% square lattice Heisenberg meV. We speculate, therefore, that the broad anomaly in the
AFM [quantum Heisenberg antiferromag®HA)] become specific heat reflects the enhanced magnetic fluctuations
important at temperatures of order the in-plane exchanggoMing from the disordered 2D spinsystem. .
constant. Monte Carlo simulations of this model show that . Naively, one expects the entropy associated with these
the heat capacity exhibits a broad peakgt=0.6J.27:31:%2 fluctuations to be even smaller than the contribution from the
Since the excess specific heat reported here is observed at §ments that order below 42 K. Consequently, the large en-

K, ascribing the excess specific heat to that of a QHA would@ncement of spin fluptuations observed in the experir_nents
imply that J is suppressed from-135 to~7 meV by dop- must the result of an interplay between charge and spin de-

ing. However, this conclusion contradicts results from neudrees of freedom. The relevant energy scale for the charge
tron scattering. The instantaneous magnetic correlatioff€9rees of freedom is given by the superconducting transi-
length, measured by integrating over all the energies up t§On temperatureT.=43 K, close to the temperature at
~100 meV is almost constant as a function of temperature if/Nich the excess specific heat is observed.

the optimally doped or slightly underdoped,LaSr,Cu0,.!

If J were in fact reduced by doping to 7 meV, then the cor-
relation length would rise dramatically at low temperatures.
Although the instantaneous correlation length has not been We next discuss the behavior of the magnetization and
measured in oxygen-doped JGuQ,,,, its magnetic dy- specific heat near the superconducting transition. Vortex
namics is very similar to slightly underdoped LSE®ur-  fluctuations (fluctuations in the position of vortex lings
thermore, we have measured the widthsgirspace of the in high temperature superconductors have been observed
magnetic fluctuation peaks associated with the SDW ordein  Bi,SL,CaCy0g,2°°  YBa,Cu0;_5,%4**  and

and find no increase in their width up t8¢9 meV. This La,_,Sr,Cu0Q, (Refs. 25,26 among others. Several theoret-
allows us to place a lower bound drin the superconductor ical studies, based on the Ginzburg-Land@l.) free energy,

of 60 meV23 We conclude that the excess specific heat is noexplain the appearance of the crossing pdifitwhere the
described by the QHA with reduceH magnetizatiolM* is independent of the fieltf:?* From the

B. Superconducting transition
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values of T* and M* we estimate the correlation length (T-Te(H)Y(HTY™® (10™ G*°K™)
along thec axis for the vortex fluctuations, using the expres- 0 5 10

sion in Refs. 22 and 23

*

— *— *) =
M M(T*) Dol

wherekg is the Boltzmann constan®, is the flux quantum,

I the correlation length for the fluctuations, and the constant
A'is set to 1. In our case, the correlation length we find,
~125 A, is almost 20 times the distance between planes
(~7 A), which suggests that the fluctuations in our system
have 3D character. For comparison, the correlation length for
La,_,Sr,CuQ, with a Sr contentx=0.14 isl,~60 A, de-
ducted from the data in Ref. 26. This value is half the corre-
lation length in our sample. Also we found that the penetra-
tion depthA o=\ ,,(T=0) is larger for our material that for
the compound doped with Sr. We estimate the penetration
depth for our sample from magnetization vs magnetic field g
curve$? (that we measured separately but do not include in T

. . g 5 0 5 10 15
this paper to be \o~3800-4000 A. This value is in agree- (T-Te(H)/(HT)™ (10° G™*K'®)
ment with a previous estimation on powdered
La,CuQyy (y=0.13), which gives\,~4200 A2 For the FIG. 7. Scaling of the magnetization data in the varialiRs

compound doped with SxE& 0.15), A g~ 2000—2500 A3637  for 3D (a) and 2D (b) vortex fluctuations. The scaling works for
Several physical properties show scaling behavior whem®resumed 3D fluctuations up to 5 T. Inset: FuncfioH) used in

critical fluctuations dominat& In particular, magnetization the 3D scaling. All the curves are ZFC.

vs temperature curves taken at different fields are expected to

collapse to a single function when the variables fields the fluctuations are still present but their dimensional-

ity becomes obscure, possibly related to a 3D to 2D cross-
M Vs [T—Tc(H)] (3 overat high field€> although this point requires more in-
(TH)S (TH)S vestigation.

As we mentioned earlier, such scaling of magnetization is
are plotted"?**°Here the exponens is 3 for 2D fluctua-  very common to different high cuprates, including
tions and$ for 3D behavior. The functioff¢(H), the tran- Bi,Sr,CaCyOg, YBa,Cu;O;_4, and La_,Sr,CuQ,. We
sition temperature as a function of field, is chosen in order talso point out that the 3D nature of the flux lines serves as
optimize the scaling. another confirmation of the doping homogeneity of our ma-

Figure 7 shows the scaling of the variables in B).for  terial. Despite the oxygen-density modulation associated
3D [panel (a)] and 2D [panel (b)] vortex fluctuations, in  with staging, based on the results of neutron and NMR mea-
fields up to 5 T. The differences between the curves for thgurements we know that the degree of doping in the Cu-O
2D case are appreciable, and we are not able to fingld)  layers is as homogeneous as in the best samples of
function that makes the different curves collapse. In contrast.a,_,Sr,CuQ,.%° The existence of 3D flux lines with corre-
panel A shows 3D scaling, for which all the curves up to 5 Tlation length of 20 Cu-O layers serves as an additional con-
scale within experimental error. The inset in Fig. 7 shows thdirmation of this conclusion.
functionT (H) used in the scaling. Curves at 6 and 7 T were  The disappearance of the specific heat peak at the super-
not included in Fig. 7A because they start deviating from theconducting transition with a magnetic field parallel to the
other curves, presumably due to a departure from the scaling axis has been universally observed in cuprate
behavior. superconductor$*°~43Several mechanisms have been pro-

Figure 7 indicates that our system shows 3D vortex flucposed to account for this effect, such as the possible two-
tuations in fields applied parallel to theaxis up to 5 T.  dimensional nature of the superconducting phase transition
The fundamental parameter governing the strength of thin layered cuprates, effective one-dimensional character of
thermal fluctuations is the Ginzburg numbef(; the transition in the presence of the field because the quasi-
=[TC/H§(O)s§3(0)]2/2, whereH, is the thermodynamic particles are bound to the lowest Landau level in the field, or
critical field, £ the anisotropy parameter, agdthe GL co- finite size effectgsee, for example, Ref. 21, and references
herence lengtf® Based on the superconducting parametergherein. All these effects are anisotropic and result in sup-
found for our sample we can estimate a Ginzburg numbepression of the transition by the field parallel to thexis.
G,;~0.07, which, together with the transition temperature For completeness, in Fig. 8 we present the phase diagram
T.=42 K, yields a critical regiolAT=G;T,~3 K wide. constructed from magnetization data. The irreversibility line
This fact is reflected in the plots of Fig. 7, where a region ofis taken from the merging of the ZFC and FC data, kheg
roughly the size of the fluctuations range is shown. In highetine for H||c is taken from the scalingnset of Fig. 7, and
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81 - - - - - - deoxygenated sample is subtracted. We attribute this peak to
7] o Ineversibility o, ch - fluctuations in the disordered spin system associated with the
Line ~o_ 1 optimally doped and underdoped superconductors. The effect
61 % / ol 4 el of these fluctuations is possibly enhanced by an interplay
5 WK O - between the charge and spin degrees of freedom. At the su-
= ol »<>' i - perconducting transition, we find that a sharp specific heat
E’ ] peak associated with the onset of the superconducting state is
34 KO W R dramatically broadened, when the field was parallel tocthe
5] zH//c > & axis. Our magnetizat@on measurements §how evidence of
; strong vortex fluctuations with a correlation length of 20
14 ; H//ab K vl Cu-O planes. 3D scaling fits the data well with a lineégy,
g curve upto 5 T.
10 15 20 25 30 35 40 45 Note added in proofin a recent work by Leet al,** the
T (K) authors report the effect of disorder caused by excess oxy-

gen. They find that the quenched disorder enhances the spin-
FIG. 8. Phase diagram from the magnetization experimentdensity wave order in a manner analogous to the effects of an

Open symbols represent irreversibility line, and solid symbtis applied magnetic field.
Squares are fo L ¢ and diamonds foH||c.
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