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Magnetization and free energy surfaces have been studied for supercondugtigydgaSry 1Cu0;, in
order to determine whether this stripe-phase material has a thermodynamic critical fieldHtunsemilar to
the classical superconductors. A large region of thermodynamic reversibility is found so that magnetization and
free energy surfaces can be determined reliably over much dfitfieplane. In these stripe-phase materials
there is evidence from neutron scattering that the holes collect in the domain walls of the antiphase domain
structure, so the superconducting order parameter might be space dependent and the vortex lattice might be
different from ordinary type-1l superconductors. Although some uncertainty is introduced because a substantial
background magnetization from the magnetic Nd ions must be subtracted, it can be stated khavshe
curve is found to be comparable to Nb. The material is a good bulk superconductor, but the shape of the
magnetization curved\ vs H) is quite different from the predictions of conventional type-1l superconductor
theories[S0163-182697)01530-0

[. INTRODUCTION of this stripe-phase compound is similar to all of the classical
superconductorsso that a law of corresponding states is
Neutron scattering studie$ have shown stong evidence obeyed. Fourth, if the sample is a stripe-phase bulk super-
for a stripe phase in the cuprate superconductoﬁonductor, then it would be important to determine whether
Lay 4Ndy 465t 12U, and there have been several theoretthe magnetization curves Ms vs H) obey a
ical studies showing how the charge might phase separaf@insburg-Landau-Abrikosov-Gorkdwr a Hao-Clerfi M vs
into these structure¥’ As the sample is cooled, there are H curve. With stripes having a periodicity of a few lattice
charge-ordering peaks that appear at about 60 K, then spi$Pacings, one would expect the vortex lattice to be distorted
ordering peaks of the Cu that appear at about 5D¢tailed and, hence, d|ﬁgrgnt fr0|_"n class!cal type—lll supercondt_xctors.
study shows that the peaks are caused by an antiphase mag-1ne central difficulty in carrying out this program is to
netic domain material with charge ordering in which the mo_acc_ount for the background magnetlzatlon of the magnetic
bile holes reside in the domain walls. These stripes of hole d 'OnS’M“’ well enough that it can be'subtractgd from the
run along thegl00) and (010 directions in successive planes otal to give an accurate superconducting contributidg,

; The free Nd ion has a spin of 9/2 and a Largléactor of
of the CuQ layers. Neutron scattering me_asuremémltmt 0.7273. Hence, with 20% of the La sites occupied by Nd, the
also have been done for a Sr concentration of 0.15 sho

- ¢ h i Low-field tizati %agnetization from the Nd is a major factor. In addition, the
evidence for charge stripes. Low-field magnetization meay4ions orde? at abot 3 K so that the modeling oM,

surements show that this Sr 0.15 material has a SUpPercoznnot pe done with a simple Brillouin function for a spin of

ducting transition temperatur&,, of about 10.5 K. If the g5 ‘At present, there are no measurements of the crystal field

material is a true bulk superconductor, then one might expedplittings that occur. Onct is known by subtractingvl,

that this spatial separation of charge might cause a situatiofiom the total magnetization¥ (M=M—M,), then the

in which the order parameter is space dependent and theee energy difference between the normal and superconduct-

vortex structures might differ from classical superconducting state,G,,— G, can be determined from the area under

ors. _ _ _ the magnetization curveM vs H). The thermodynamic
The purpose of this work is to determine whether theseyitical field is given byH2/87=G,— Gs=[—MdH where

stripe phase materials have magnetization curves and a frege |imits of integration are fron =0 to the normal state.
energy surface similar to classical superconductors. First, it

is necessary to demonstrate that the magnetization is thermo-
dynamically reversible over a large portion of tHeT plane

so that reversible thermodynamics can be used. Second, we A 140 mg single-crystal sample, which was a portion of
wish to show that these stripe-phase materials are truly bulthe same sample used for the neutron scattering, was oriented
superconductors that can expel flux at high fields to the samesing x rays and mounted with the axis parallel to the
extent as a classical type-ll superconductor such as Nbmagnetic field of the Quantum Design magnetometer. The
Third, if Laj 4gNdg405151:CUQO, is a bulk superconductor, precision of magnetization measurements is better than 0.1%
then it is important to determine whether tHg vs T curve  and the accuracy of the temperature measurement is better

Il. EXPERIMENTAL TECHNIQUE
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FIG. 1. Normal state magnetization data at 11skilid curve is
compared to data at 20 dotted curvgon anM , vsH/T plot. This FIG. 2. Magnetization data below the superconducting transition
positive magnetization arises from the Nd ions. temperature showing the saturation of the magnetization at 1.85 K

and the onset of irreversible behavior. The open squares are 1.85 K;
than 0.010 K. For each magnetization vs field run, thethe pluses are 4.20 K; the asterisks are 6.00 K. The inset shows
sample was warmed to 20 K and cooled to the desired tentdir VS T.

erature in zero field. The magnetic field was then swept . . . .
?rom zeroto+55Tto—55T an% back to zero field so thatpvers'b'IIty field, Hiy, as the field where the difference be-
the sample had been swept through a full magnetizatiohV€€N the field increasing and field decreasing magnetization
cycle. Then the magnetization data were taken from zerdlffer by about twice the noISe In the datanging from 0.05
field io 5.5 T and back to zero field to map out both the?0 0.10 emu/cr), thenH, is about 1.8 T at 1.85 K 0921
S . i . . t4.2 K, and 0.45 T at 6.0 K as shown by the vertical arrows
reversible region and the hysteretic region. The dominan

: o . on Fig. 2. The full irreversibility line, shown by the inset in
source of error in determining the superconducting magnetigiq 5 indicates that there is a wide portion of #eT plane
zation arises from uncertainty in subtracting the magnetizagpere magnetization is a well-defined quantity and revers-

tion on the Nd ions. ible thermodynamics can be used.
To determine the value of the normal state magnetization
Ill. RESULTS AND DISCUSSION arising from the Nd ions at temperatures between 6 and 11
L K, we adopt a strategy based on the observation that the Nd
The normal state magnetization data were taken at 1.0 Kyoment saturates at 1.85 K for fields above 5.0 MIfvere
intervals from 11 K to 20 K. If the Nd ions were free spin 9/2 truly constant, then the sample would be normal and the
objects, the data would follow a universal Brillouin function ypper critical field would be less than 5.0 T at 1.85 K and
curve on arM vs H/T plot. As shown in Fig. 1, the data at also presumably at all higher temperatures. This would be a
11 K (solid squareslie somewhat below the 20 K datapen  very useful fact in analyzing the higher temperature super-
squares After several attempts to fit the data with crystal conducting data if it were true becausl, could be fit to the
field split levels, it was found that a Curie-Weiss-like ap- measuredM in the 5.0 to 5.5 T region to determirge and
proach in whichT is replaced byT — @ fits the data rather 0. A more detailed look at these 1.85 K data, however, show

well. Fitting the data with the relation that the curve is still rising slightly by about 0.1 emu/m
between 5.0 and 5.5 T with a scatter in the data of about 0.03
N[ juqeta HKT=0)] emu/cn?. This rise could occur because the Nd ions are not
n= [S ke FT—0] 1) totally saturated, or it could occur because vortices are being

expelled. Because this rise in magnetization is so small at

where u=gm;ug, m; is the projection of the angular mo- 1.85 K, the strategy for determining the Nd ion magnetiza-
mentum alond, ug is the Bohr magnetor\l is the number  tion betwea 6 K and 11 K will be to assume thM is too
of Nd ions per cubic centimeter, amdis an index that runs small to measure above 5.0 T so that Eg.can be fit to the
over them; quantum numbers. The solid line of Fig. 1 shows magnetization datayl, for all temperatures above 6.0 K and
a fit to the 11 K magnetization data with=0.7029 and fields above 5.0 T.
0#=3.94 K. Hence, the date fit Eq1) to rather good accu- In this analysis, we assume thilg is negligible above
racy with ag value close to the free ion valy6.7029 com- 5.0 T and seek values gfand 6 that make Eq(1) match the
pared to 0.7278and a# value close to the ordering tempera- measured at both 5.0 T and 5.5 T. To determinég, the
ture seen by neutrorfs. M, fit data are subtracted from the total so that

Typical data taken below the superconducting transitiorM;=M —M . The superconducting magnetization derived
are shown on Fig. 2 for 1.85 K, 4.20 K, and 6.00 K. At 1.85in this way is shown in Fig. @) by the asterisks for the 6.0
K, the initial field increasing datpen squargshow strong K data.
Meissner-like screening at fields below 1000 Oe. At higher To test the size of the errors M resulting from a misfit
fields, the data bend over and approach a saturated behavior the background magnetization from the Nd ions, three
as the magnetic field approaches 5 T. If we define the irredifferent ways of treating the background have been used. In
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1 FIG. 4. Comparison oH for Lay 4gNdg 405f.1sCUO, with Nb.
Solid squares are the first run and the open squares are the second
run.

rect magnetization curvet & K with the asterisks and solid
triangles representing an interval of probable error. Similar
results are shown for 8.0 K data in Figlb}

In some ways the data of Fig. 3 are very ordinary but in
other ways they are rather unusual. If we estimate the ther-
modynamical critical field by taking the area under revers-
ible magnetization, thel, vs T data of Fig. 4(solid squares
a3l are very close to a classical superconductor like’shpwn
by the solid curve. The error bars on the data represent the
uncertainty of fittingM, as described above and shown in

e : : ; . . Fig. 3. There is some error in estimating the area for fields

) HM lower thanHm. A linear extrapolation tdH=0 was used.
After this analysis was complete, a full set of data was taken

FIG. 3. (a) Superconducting magnetizatioh @K derived with again gi_vir_lg the open squares in Fig. 4. Hence, in spite of th_e
three different assumptions about the background magnetizatiofNcertainties on the order of 30%, we can conclude that this
The open squares are fit wi=M, at 4.5 and 5.5 T: the asterisks Material is a good bulk superconductor that reversibly expels
are fit withM =M, at 5.0 and 5.5 T; the solid triangles are fit with flux roughly as strongly as the classical type-Il supercon-
M=M, at 4.0 and 5.5 T(b) Similar data at 8 K. ductor Nb!

_ _ The general shape of the magnetization curves, shown in
the first method, thg and ¢ values are adjusted to match the Fig. 3, is very robust and is preserved regardless of the as-

measurementd/, at 5.0 and 5.5 T with the results shown by sumptions abou,,. ShiftingM,, changes the magnitude of
the asterisk points in Fig.(8). This fit givesg=0.6319 and M, and the area under the curve, but leaves the shape
6=3.096 K. Note that these data represent both field increagoughly the same. Furthermore, the shape is quite different
ing and field decreasing data, so the reversibility is quitefrom Nb and it is quite different from the cuprateg123)
good. In the field range from 4.3 T to 5.5 T, there is a glitch(Refs. 8,9 and Y(124).2° In the vortex regime of thermody-

in the field increasing data of about 0.1 emuferfihis prob-  namical reversibility, NB, Y(123,2° and Y(124) (Ref. 10

ably reflects the level of the accuracy of the data. In thenave a monotonic decrease in the absolute magnitudié.of
second method, thg and ¢ values are adjusted to match the as the field increases. For this;LaNd, 45, 1:CuQ, sample,

M measurements at 4.5 and 5.5 K with the results shown byiowever, starting at high field, the exclusion of flux goes
the open squares. This fit givgs-0.6403 andd=2.9332 K. through a maximum in a midfield range in the vortex state
Within the accuracy of the data, forcing H@) to fitat 4.5 K [about 1.5 T at 6.0 K in Fig.(@®)] and then falls. There even
and 5.5 K produces aktl , that fitsM throughout the whole seems to be another upturn, close to the point where the
interval from 4.5 to 5.5 T. In the third method, tgeand &  sample goes irreversibi@bout 0.5 T at 6.0 K These non-
values are forced to fM at 4.0 and 5.5 T with th# ¢ results  monotonic curves are very common in irreversible magneti-
shown by the solid triangles of Fig.(@. This fit gives zation where different regimes of flux pinning occtirRe-
g=0.6460 andd=2.822 K. With this fit, there is a positive versible magnetization curves that have this general shape
Mg region well above the noise between 4.0 and 5.5 K. Thigecently have also been reported fo(Z12 that has been
positve magnetization cannot physically represent flux exirradiated with heavy ion¥ In the case of a dense array of
pulsion, so we assume that this, is not satisfactory. Of heavy ion defects, the order parameter is suppressed in the
these methods, the second for whid is fit at 4.5 and 5.5 region of the channels and the peak in the reversible magne-
T [open squares in Fig.(8], is probably closest to the cor- tization occurs at approximately the magnetic field where

M (emu/cm3)
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there is one vortex per ion channel. Both the stripe-phase amatdering that appears in the neutron scattering data. The
irradiated B{2212 are similar in that there is a space depen-sample shows thermodynamic reversibility of the magnetiza-
dence of the order parameter. The details of the stripe phas®n over a wide range of thel-T plane with values oH;,
case, however, are different. If an average spacing of vorticesanging from 0.02 T&8 K to 1.0 T at 4.2 K. Byassuming
is defined a§ ¢o/H]Y2, then the average spacing of vortices that the sample is normal above 4.5 T and by taking just the
would be 45 nm at 1.0 T, 26 nm at 3.0 T, and 20 nm at 5.0area under the curve in the reversible regime, the values of
T. All of these distances are much larger than the spacing dfi, are found to be similar to Nb. Hence,
the stripes seen by neutrdrisso it is not clear that the non- Lay 4dNdy 46St 1:CUQO, is a bulk superconductor and ex-
monotonic behavior arises from any matching effect. Withcludes flux to a degree comparable to Nb. There is no doubt
the stripes rotated by 90° in every successive copper oxidiéhat this sample is superconducting, even though some ear-
layer, it is a bit difficult to picture the structure of vortices in lier phase diagrams indicated that it might not'B&@he de-
these materials. It would, however, not be surprising thatailed shape of thl vs H curves for this stripe-phase ma-
vortex structure and the magnetization curves for stripeterial are different from both classical type-Il
phase materials are quite different from Nb. superconductors and different from the cuprates such as
Y (123 and Y(124).
IV. CONCLUSIONS
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