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Angle dependence of magnetization in a single-domain YB&u;O, sphere
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The crystal angle dependence of magnetization has been measured in spherically shaped, single-domain
YBa,Cu;0, (YBCO). The single-domain sample is processed by a seeded-melt growth process in which a
small NdBaCu;0, seed is used to induce domain growth through a peritectic reaction in YBCO. It has been
found that the angle dependence of magnetization can be obtained in a series of zero-field-cooled hysteresis
loop measurements with warm-ups well abdyebetween each measurement at a specific angle. In contrast to
previously reported results, we have found that the angle dependence exhibits a sawtooth wave between 0° and
360° over a wide range of temperatures and fields. Furthermore, we have also measured the angle dependence
on a YBCO plate and found similar behavior, indicating that the sawtooth wave is intrinsic to the supercon-
ductor. A physical model has been developed to explain the angle dependence of magnetization observed in
this experiment[S0163-18208)05541-9

INTRODUCTION obstacle for industrial applications of high-temperature su-
perconductors.

In our previous work;?> we have measured the angle de- In an investigation of the angle dependence of magnetiza-
pendence of levitation force in a YBauO, (YBCO) sphere tion, Gyorgy et al. measured magnetization of a YBCO
which was processed by a so-called seeded-melt growtkingle crystal and determined the anisotropic critical currents
method®® The sphere, 6.2 mm in diameter, has a singleby using an extended Bean mofelThe single-crystal
crystal characteristic with only one domain in the sample samples that they used had an average dimensionxdt 2
The angle dependence of the levitation force exhibits a cox 0.1 mn¥. They further noted that the crystals were plate-
sine law between 0° and 360° at 77 K. We have used #ke with the smallest dimension along thexis, which were
magnetic dipole model to explain the angle dependéfice. typical samples commonly used for both transport and mag-
Such a pronounced angle dependence originates from tHetic measur.ements'in previous studies. In their measure-
superconducting anisotropy of high-temperature supercod'€nts, by using a vibrating sample magnetomewsm),
ductors(HTS’s), which was extensively studied by neutron € sample was cooled to a given temperature in zero field
diffraction® transport resistivity measuremeritand critical first. The field was then applred to induce magnetization.
current density studisThe previous experimental results After the establishment ofothe f|eld, the sample was rotated to
indicate that the high electron conduction along the ab planghange the angle_ from O to_ 90°. They found that the mag-
in the unit cell of YBCO is responsible for the pronounced netic hysteree|s drf_ferenczteM m_creased from below S0 G to

. : ; . - “about 700 G in a sine law fashion as the ar(glefined as the
anisotropy in many superconducting parameters includin

- g L - %ngle between the applied field aat plane was changed
critical current densityl., magnetizatioM, susceptibilityy, from 0° to 90°. Using the extended Bean model that they

resistivity p, and upper cr.itical fieldsl.,. Furthermore, asa pronosed, they were able to explicitly account for the pres-
result of the two-dimensional electron conduction nature oknce of anisotropic critical currents that are proportional to
YBCO, it has been observed that the resistivity transition isy p .

severely broadened in a magnetic fighthich in turn yields As is well known, magnetic measurements suffer from
extremely high upper critical fields compared to those ofgemagnetization that is attributed to the geometry of the
low-T, superconductor¥. Of particular importance are the sample'® In particular, as a platelike sample is rotated in the
superconducting anisotropy and its effect on the vortex statmeasurement, the geometric variation along the axis of the
especially for the Bi-Sr-Ca-Cu-BSCCQ compounds. Due applied field becomes even more complicated, which cannot
to BSSCO's higher degree of structural anisotropy, vorticebe easily ruled out by accounting for the demagnetization
are decoupled at moderate temperatures and fitldsfter  factor. Therefore, the correction for magnetization has been a
decoupling, the vortices behave like two-dimensional panserious problem in the study of angle dependence and, hence,
cakes that are difficult to pin down by crystal defects. As athe anisotropy.

consequence, the critical current density decreases drastically In this paper, we report magnetization values of a spheri-
in the presence of a magnetic field, which has been the majarally shaped, single-domain YBauO,, at various crystal
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orientations. Such a sphere will ensure that no geometric
effects will be encountered by rotation of the sample about
the central axis. The spherical sample has a single-crystal
characteristic in terms of crystallographic and electromag-
netic properties. The sample was obtained by using a spe-
cially designed grinding apparatus, after the samples were
sectioned from a large single-domain material processed by
the so-called seeded-melt grond8MG) method. We pro-
pose a model to explain the observed behavior and discuss
the possible physical mechanisms.

SAMPLE PREPARATION

The samples used in this experiment were sectioned from
a large single-domain material processed by the SMG FIG. 1. Optical photograph showing a spherical ¥B8a0y
method. Melt growth processing has been previouslsample.
reported:*~?° The SMG methoti™ utilized here involved a _ _ _ _ _ _
modified peritectic solidification from a partial melt above The VSM, equipped with a helium vapor refrigeration unit,
1010 °C. Here 25 g of precursor material was thoroughlyiS also capable of measurements ranging from room tempera-
mixed and pressed into a hexagonal shape with a face dia§ire down to 5 K. The temperature in the sample chamber is
onal length of 29 mm. A thin NdB&u,0, single crystal of Monitored electronically and is held constant for emu vs oer-
dimension 1.5 1.5x 0.5 mn? was placed at the center of the Stéad measurements. The applied magnetic field of the VSM
top surface of the green pellet. A vertical tube furnace with 45 monitored by a built-in Hall-effect gaussmeter that pro-
Sma” Vertlcal temperature gradlent of 3_5 °Clcm was use&'des afeedback S'gnal to the pl‘lmal’y COI’]U‘O”eI‘ Th|S feed'
for SMG processing. The sample was placed in the furnacBack signal allows the power supplied to the magnet to be
and heated with a 100 °C/h ramp rate until the final temperamonitored and, consequently, the intensity of the applied
ture of 1055 °C was reached. The sample was held at thig1agnetic field to be adjusted, which provides the capability
temperature fo3 h in order to achieve a homogeneous melt.for both static and field sweep measurements.
The furnace was then cooled at 10 °C/h to 1020 °C and fur- The YBCO sphere sample is mounted on the end of a
ther cooled to 980 °C/h at 1 °C/h, at which point the domainthreaded sample holder that is, in turn, screwed on to a long
growth of the sample was completed. The furnace was thef@mple rod assembly as shown in Fig. 2. The sample rod
cooled at the much faster rate of 100 °C/h to room tempera@ssembly consists of a long brass rod with an additional
ture. The final materials possessed a single-domaifuartz rod firmly affixed to the end. The length of the rod is
Structure]_-_5_ The SMG_processed Samp|es were then Oxy_ﬁxed .SO that the attached Sample is Sea..ted preCisely between
genated in flowing @at 400 °C for 7 days. two pickup coils attached to each pole piece of the laboratory

The next step involved sectioning and shaping the SMG-
processed sample in order to obtain the desired shape. The
single-domain sample was initially sectioned and the interior
portion of each section was examined for domain orientation
using optical and scanning electron microscopy. The samples
were then hand ground to a roughly spherical shape and at-
tained their final spherical shape only after being placed in
an aluminum hemisphere lined with SiC powder and me-
chanically ground by the action of a compressed air jet. The
final diameter of the sample is 6.2 m(see Fig. 1 Each
sphere was then oxygenated again in flowingad 400 °C
for 4 days to ensure homogeneity. After oxygenation, each
sample was then inspected individually, utilizing a variety of
microscopy techniques so as to determine the precise domain
orientation. With the crystal orientation definitely deter-
mined, each sample was mounted on the end of a modified
magnetometer sample holder such that thexis of the
sample was perpendicular to the long axis of the holder.

VSM head

Brass rod

Plastic connector

Quartz rod

MAGNETIZATION MEASUREMENTS

| Modified plastic connector

i

YBCO

The magnetic measurements obtained in this study were
conducted with an EG & G model 4500 VSM. This instru-
ment is computer controlled and able to facilitate a wide
range of magnetic moments measurements. The instruments FIG. 2. Schematic diagram showing the sample mounting as-
magnetic sensitivity ranges from>510™° to 1X10* emu.  sembly.

Magnet Magnet
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magnet. The sample holder to which the HTS sample is con-
nected is designed to hold small volumes of liquid, powder,
or bulk samples. Due to the volume of the sample used in
this experiment, the sample holder was modified to accom-
modate a 6.2-mm sphere. The small chamber that was to
hold a standard sample was machined down to a flat surface,
and small holes were drilled along the long axis of the
holder. The YBCO sample was then affixed to the flattened
end of the holder with conductive varnish. Nylon thread was
run through the drilled holes in order to form a basketlike
structure around the sample. This was to prevent the sample L L ‘
from falling to the bottom of the sample chamber should it -10000 -5000 0 5000 10000
become detached. Once the sample had been firmly affixed Field (Oe)
to the sample rod, the entire assembly was lowered into the . . ]
sample chamber. The end of the assembly opposite the _FIG. 3. Magnetic hysteresis loops wikilc at the temperatures
sample is then threaded into the head of the VSM. indicated.

In our VSM measurement, we used two different proce- . ]
dures to obtain the angle dependence of magnetization. THJ the induced magnet moment of the material. In order to
first procedure is similar to the previously reported mefhod illustrate the critical nature of sample shape on these mea-
and was conducted to determine the angle dependence of tAérements, an identical set of all three measurements was
induced magnetic moment. The initial measurement was cafade on a thin plate of HTS material. The results of these
ried out at 70 K with thec axis of the sample initially ori- Measurements will be discussed later.
ented parallel to the applied field. The magnetic field was set
at a constant value and the magnet tqrned on. The magnetic RESULTS AND DISCUSSION
moment of the sample at this orientation was then recorded
and the sample rotated 10° by turning the magnetometer Figure 3 shows the magnetization hysteresis curves for
head. This procedure was repeated every 10°, up to 360the YBCO sphere oriented with tleeaxis parallel to the field
while maintaining a constant magnetic field. The measureebtained at 40, 50, 60, and 70 K by using the first procedure
ment was then repeated for a variety of other field strengtlti.e., no warm-ups between measuremems can be seen
values, both high and low. In this manner, a profile of thein this figure, due to strong pinning and large volume of the
magnetic moment versus sample orientation was developegshmple, the applied field begins to significantly penetrate the
for one full revolution of the sample. superconductor at rather high temperatures near 60 K. It was

The second procedure involved warm-ups between medound that the field penetration became difficult below 20 K,
surements at a particular orientation. Initially, the sampleand the full penetration fieldd* is assumed to be much
was placed in the magnetometer such thatdheis of the  higher than the applied fieldfd T that is available in this
sample was parallel to the direction of the field between thexperiment. Figure 4 shows the pronounced anisotropy ob-
two pole pieces. A series of magnetic hysteresis loops waserved in the YBCO sphere. The magnetic hysteresis along
then collected with the sample in this position for a range ofthe ¢ axis has been found to be 5 times greater than that
temperatures from 80 to 15 Khe stability limit of the in- along theab plane at 3000 G, which is consistent with the
strumen}. Between each measurement, the sample waprevious studies.
warmed to above the superconducting transition temperature Using the first experimental procedure, we have obtained
in order to expel any trapped flux and therefore maintain dhe angle dependence data for magnetization of the YBCO
zero-field cool(ZFC) for each subsequent measurement. Asphere. The data points are shown in Fig. 5. As can be seen
second series of measurements was conducted with the
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Through these two sets of measurements, a profile of the wk E
magnitude of the induced magnetic moment with respect to : Lok ;
temperature was obtained for the two primary orientations of 2 ;j ..... -t T E
the sample. Wb . E

Another set of measurements was then ascertained in a
similar fashion. The YBCO sample was placed in the mag-
netic field such that the axis of the material was parallel to
the applied field. A hysteresis measurement was then col- :
lected for this orientation at a given temperatufer in- 2 . ..
stance, at 70 K The sample was then warmed up to above . et E
the transition temperature to provide a trapped flux relief. ) ]
After advancing the sample by 10°, the system was cooled e
back down to 70 K and another hysteresis measurement was
taken. This measurement was repeated for orientations be-
tween 0° and 90°. These measurements provided another, FIG. 4. Magnetic hysteresis loops withlic and H/ab at the
more accurate means of attaining an orientation dependenoamperature indicated. The anisotropy at 2000 G is about 5.

Magnetization (emu/g)

Field (Oe)
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FIG. 5. Magnetization vs angle at 2000 G and the temperatures
indicated. No flux line relief is employed abovg between each
rotation of the sample.

in Fig. 5, the angle dependence of magnetization in a wide
temperature rang@0-80 K) exhibits a cosine law behavior.

It should be noted that the initial positive magnetization was
a result of the trapped flux from previous magnetic hysteresis
measurements. However, in this particular measurement, we
are only interested in the angle dependence behavior, but not
the specific values of magnetization. Figure 6 shows the
angle dependence of magnetization measured in the same
way, but at much lower fieldsH=1-15 G) at two different
temperaturesT=20 and 70 K. As can be seen, the same
behavior is observed compared to that shown in Fig. 5.

agnet Magnet

Magnet Magnet

The behavior illustrated by Figs. 4 and 5 is similar to that

reported by Gyorget al. on single-crystal YBCO samplés.

Induced moment along field according to orientation

This is important to note as it indicates that the presence of 5 7. schematic diagrams showitay a strongly trapped mo-
low-angle grain boundaries within a sample is not critical toment in the YBCO spheréthe rotation of the sample resuits in
the measure of angle dependence. Furthermore, previouserely a projection of the moment along the applied fieiad (b)
work by Shi and co-workets® has demonstrated that the an induced moment along the direction of the field according to the
low-angle grain boundaries are within the range of a feworientation. Note that, in the second procedure, the induced moment
degrees and would hardly serve as a detriment to the effe@ always parallel to the applied field.

of angle dependence.

The cos¢ dependence of the magnetization is in agreesing this dipole model, we have successfully described the
ment with the levitation force measurement that we reportedosine angle dependence of the levitation force in the YBCO
previously. In the study of the angle dependence of the levispheré In this study, we use the same approach by assum-
tation force, we assumed the Superconductor to be a maghg that the YBCO Sphere is a magnetic d|po|e in the pres-
netic dipole which interacts with the permanent test magnetence of an applied field as schematically illustrated in Fig. 7.

Magnetization (emu/g)
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As illustrated, belowT ., the superconductor will respond to
the externally applied field by establishing an internal induc-
tion B. This induced moment is highest when thexis is
parallel to the applied field, and as a result of anisotropy, it
decreases as thoeaxis rotates away from the direction of the
field. The measured magnetic moment will be the projection
of the dipole moment along the direction of the field as can
be seen in Fig. 7. As the dipole is rotated to the position
normal to the applied fieldd=90°), the projection will then
be zero, which is seen from Figs. 5 and 6. Further rotation
will result in another maximum at 180° and a minimum at
270° as can also be seen in Figs. 5 and 6.

An important point to be noted here is that the angle de-
pendence, as observed in Figs. 5 and 6, does not reflect su-
perconducting anisotropy, but rather the projection of a

FIG. 6. Magnetization vs angle at 70 K and fields indicated. Notrapped magnetic field. It is also to be noted that most of the
flux line relief is employed abov@&, between each rotation of the previous work had employed the same method similar to our

sample.

“first procedure” for the “angle dependence” study. In fact,
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FIG. 9. Magnetization vs angle of the YBCO sphere at 77 K and

. FIG. 8. _Magnetic hysteresis Ipops t_akgn between 0° and 9002000 G. The data points are taken from the hysteresis loops shown
with a 10° interval at 77 K. Flux line relief is employed above Fig. 8.

between each rotation of the sample.

. . . , ture). Figure 10 shows the magnetization versus angle for the
any superconductors including those isotropic fowmate-  ygcQ plate. As shown in Fig. 10, a similar sawtooth behav-
rials will exhibit the behavior shown in Figs. 5 and 6 as IongiOr is again observed in the YBéO plate sample. From the
as the sample can trap significant magnetic field due Qa3 shown in Figs. 9 and 10, we can see that the sawtooth
strong pinning. Therefore, a true angle dependence reflecting.4vior is not influenced by the geometry of the sample and
superconducting anisotropy must_be obtained through a dify harefore intrinsic to the single-domain YBCO.
ferent approach as we described in the “second procedure.™ A mathematical expression for the sawtoothlike behavior
In this procedure, the sample is cooled in zero field below g4\ in Figs. 9 and 10 was developed using London equa-
first. A field is then applied to induce a dipole moment in they;o o and Bean model of flux penetratighoth were dis-
superconductor. This induced field is closely associated witl ,csaq earlier We assume that the magnetization of the
the orientation of theb planes with respect to the applied g3 nje stems directly from a circulating supercurrent in-
field. After recording a magnetic moment value at a specifiGy ced within the superconducting material by the external
orientation, the sample must be warmed up t0 abby&0  magnetic field. Consider a sphere as sketched in Figh)11
remove all the trapped flux lines. The sample is rotated &, 5 sphere has an anisotropic critical current density in
assume another orientation and cooled in zero field to belo%e ab plane (02°) andc direction such thag2®>J°. As we
Tc. After the application of the field, a different moment will will show thecrelative magnitude of thesectwo Cquantities is
be induced in the superconductor that is directly related t(?<ey to de’termine the features in Figs. 9 and 10.
the new orientation of the superconductor. A major differ- We start with the London equation
ence between the first and second procedures is that the
former results in a trapped moment rotating with respect to
the direction of the field and the registered magnetic moment V XB= uels, 1)
is merely its projection. The latter ensures that the induced

moment is always pointing in the direction of the apphedWhere the effective fiel= uoH+M, andH andM are the

field with a varied magnitude that is determined by the Su'applied external magnetic field and the local magnetization,

perconducting anisotropy. Therefore, only in the second proF%spectively.]S is the local supercurrent density. At the sur-

cedure can one truly measure the angle dependence afte of the sphere, the local magnetization of the saniple,
hence the anisotropy of the superconductor.

Following the second procedure, we have measured the
true angle dependence of the YBCO sphere. As shown in
Fig. 8, the magnetic hysteresis loops of the YBCO sphere
were obtained at 70 K and at some representge 40°,
60°, and 90y angles indicated. The sample was warmed up
to 150 K, well aboverl ., between each hysteresis measure-
ment ensuring a ZFC condition for each specific angle.
Based on these hysteresis loops, the magnetization values at
some applied fields were chosen and plotted against orienta-
tion angles as shown in Fig. 9. As shown in Fig. 9, the angle
dependence of magnetizationkt= 2000 G, exhibits a saw-
tooth wave between 0° and 360°, which is distinctively dif- ¥ ]
ferent from the cosine law behavior shown in Figs. 5 and 6. A s 00
For comparison, we have also, in the exact same way, mea- 6 (deg)
sured the angle dependence of a YBCO plate of dimension
4x4x1mnt, which is processed by the seeded-melt FIG. 10. Magnetization vs angle of a YBCO plate at 77 K and
growth method(e.g., the sample has a single-domain struc-2000 G.

L e B
[ H=2000G T=77K YBCO Plate H

Magnetization (emu/g)
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FIG. 11. (a) Profile of the magnetic inductance of a supercon-
ducting sample according to the Bean mod&k ugH at the sur- FIG. 12. Orientation dependence of magnetization of a YBCO
face of the sample and decreases linearly with the depth into thephere with R=6.2 mm,J3*=8x10* Alcm?, J2°/3¢=5, and
sample with slope equal to the critical current dendijty (b) Sche-  H=2000 G. The solid line is calculated from Eq$0)—(13). The
matic diagram of a superconducting sphere with raélis which  dotted line is the “dipole” limit. The solid circles are the experi-

a circular disk is shown with thicknestz and radiusp=R sin 6, mental data. The calculated results are scaled to the experimental
wereR is the radius of the sphere. data.

goes to zero and therefoBe= uoH. Substituting this into the Substituting Eq. (7) into Eq. (6) and noting thatp

London equation above and rewriting E€L) in integral =R Sin 6, we can then calculate the total magnetic moment
form yields of the entire sphere by integration over each slice such that
R /2
B(r)= poH+M(r). 2) mzzf m(p)dz=2f m(R sin 6)%d6.  (8)
We can then see that the local magnetizafibd(r) is such 0 0
that The average magnetization of the sphere is then
P m
M(r)z,uOJ' J.dr’. (3) M= . 9)
r 47R%3

Using the Bean model as illustrated in Fig(d1we assume For R<H/J., the magnetization of the spheM can be
thatJg equals the critical current densifly near the surface written as
of the sample and.. is constant throughout the sample. This

leads to M= 35 TrodcR. (10

M(r)=uodc(p—r) (4a) o ,
o%e For R>H/J., the magnetizatioM can be written as

for H/J.<r<p and

M) ’ 45 3 sin"}(H/J;R) [ H 1( H
r= M(H,Jo)=~= poH] ——————| ——=|cos }| —
fo (H.Jo)= 7 rl| —im |OR J.R
for 0<r<H/J.. Equations(4a and(4b) assumep>H/J,.
For p>H/J., the magnitude of the local magnetization is 13 3 H\? H\?
expressed as BTN IR V1- IR/ | (11
M(r)=uodc(p—r). ®) For Egs.(10) and (11) we can see thatl/J.R is an im-
It is important to note that up to this point we have made ngPortant parameter for the magnetiza_tion_ of th_e superconduct-
assumption with regards to the size of the sample. ing sphere. IfH/J,R<1, the magnetization displays an ex-

Now consider a “slice” of the sphere that is a circular treme_ sensitivity to the external field. qu H/J.R<1, we
disk with radiusp=R sin @ and has a thicknesiz as shown ~¢&n disregard higher-power termstéfJ R in Eq. (11). That
in Fig. 11(b). The total magnetic moment of such a disk can™®Sults in

be written as M~ poH, (12)
p which is the result for the low-field, high-critical-current-
m(p,z)=m(p)dz= . M(r)2mrdrdz. (6) density case.
The magnetizatioM of a YBCO sphere of any orienta-
Substituting Egs(4) and (5) into Eq. (6) results in tion with respect tdH can be calculated from its components
along theab plane andc axis using Eqs(10) and(11) such
m(p)=muoH(p2—HplI+H?J%) for p>H/J, that

M(p)=uodep®3 for p<HIJ,. (7)  M7=M(H cos§,J2°)cos 6+M(H sin 6,J9)sin 6. (19
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Figure 12 shows the calculatédolid line) as well as the tained are not limited to the sphere geometry. The main fac-
experimental(solid circleg orientation dependence of the tors that determine the features of thlevs H curve are the
magnetization My for H=2000 G,R=6.2mm,J3’=8  parametersH/J.R and J3%JS. It would be interesting to
X 10°A/lcm?, and J2%/JS=5. The dotted line isM;  perform experiments for various values df R, andJ, to
=—ugH cosé. Interestingly, the parameters given aboveprobe the behavior dfl+(6) and to test the robustness of the
give rise toH/J2’PR<1 andH/JSR>1. Notice the different assumptions made by the Bean model discussed here in lay-
peak positions of the solid and dotted lines shown in Fig. 12ered superconductors.
The peak position of these two curves can only coincide if
J3s 3¢ If J6=0,M1= — uoH except wherH|lab plane for
H/J2"R<1. For H/J2’R>1,M; behaves very much like a
dipole. The small “satellite” peaks shown in the solid line of  This work is supported by a grant from APRA/DSO
Fig. 12 are the result of the competition between these tw@D.S., B.T., and D.Q.and by the U.S. Department of En-
limiting cases. ergy, Division of Materials Sciences, Office of Basic Energy
It should be noted that although the above calculation isSciences under Contract No. DE-AC02-98CH10886
performed for the superconducting sphere, the results we ol§Z.X.C.).
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