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The magnetic properties of HoBa,Cu;0; are investigated by taking account of the quantization of the
induced Ho** moments to superconducting vortices. Based on the London model, we show that the in-
duced moment decreases the penetration depth, and increases the equilibrium flux density by a factor of
(1+41y), where Y is the susceptibility of the Ho* ions. Therefore, when the induced moment is greater
than the Meissner diamagnetism, flux lines move into the specimen as temperature decreases and move
out of it as temperature increases. This flux motion, together with flux pinning, causes different magneti-
zation hysteresis, particularly in flux expulsion, from that of YBa,Cu;0,.

I. INTRODUCTION

The superconductivity in the cuprates RBa,Cu;0,
(RBCO), where R is the rare-earth elements with magnet-
ic moments, is known to be independent of the local mo-
ments of R** ions or their magnetic order."?> The in-
terest of this study was the effects of the induced local
moments on the flux density and magnetic properties for
the cuprate superconductors. The local moment may
produce a weak perturbation on both microscopic and
macroscopic flux distribution and alter the magnetiza-
tion. However, for the above cuprates, including the title
compound, the role of the induced local moment of the
R*' ions has not been properly discussed. Some
anomalies, such as the smallness of the measured moment
of Ho** ions in HoBa,Cu;0, (HBCO) at low tempera-
tures, were ascribed to insufficient flux penetration and
strong crystal-field effects (CFE).> >

In the course of studying the role of Ho’" ions in the
magnetization of HBCO, we observed a hysteretic flux
expulsion at intermediate fields H (H,, <<H <<H_,). The
hysteresis in the flux expulsion for type-II superconduc-
tors has been investigated theoretically® as well as experi-
mentally for both low fields (H ~ 10? G or lower)’ and in-
termediate fields (H ~10* G).® It has been known that
YBa,Cu;0; (YBCO) shows hysteretic flux expulsion at
low fields (H ~10? G), but negligible (or practically no)
hysteresis in the flux expulsion for the field range H > 10*
G.2 However, the hysteresis in the flux expulsion of
HBCO was observed at H~10* G, and was greater the
higher the H. Therefore, it became obvious that the flux
expulsion behavior of HBCO could not be accounted by
simple addition of local Ho’" moments to the flux expul-
sion of YBCO. Since the critical-state model® adequately
describes the magnetization as a function of field M (H)
(Ref. 10) and temperature M (T) (Refs. 6-8, 11, and 12)
for YBCO, it must be logical to expect that the model
works equally well for HBCO. The critical-state model
does account for the hysteretic flux expulsion of HBCO if
the Ho®" contribution in M (T) were irreversible. This
seeming irreversibility of the Ho>* moment, which is be-
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cause the induced moment is quantized to superconduct-
ing vortices, must be an example of electromagnetic in-
teraction between the local moment and superconductivi-
ty in the cuprate superconductors.

For ferromagnetic (or antiferromagnetic) superconduc-
tors such as RRh B, or RMo¢Sg, however, the role of the
local moments has been extensively investigated.!3™!°
Maekawa, Tachiki, and Takahashi!® discussed theoreti-
cally the quantization of superconducting vortices in the
ferromagnetic superconductor ErRh,B,. They showed
that the polarization of local spins induced by the super-
current in a vortex is quantized along the magnetic field.
As a result, the penetration depth A is reduced by a factor
of u~!2, where p is the permeability of the spins.
Description of the ferromagnetic superconductors in-
cludes consideration of various exchange interactions,
pair breaking, nonlocality of the susceptibility and super-
current, and so on. For instance, the magnetic isotherm
for RRh,B, was described by taking account of the elec-
tromagnetic interaction was well as the s-f exchange in-
teraction between the conduction electron and local mo-
ments.!® Therefore, one can predict the magnetic proper-
ties of RBCO by the same process. However, since the
Néel temperature Ty [=0.14 K for HBCO (Ref. 17)] is
too far from the measuring temperatures (>4 K), the ex-
change interactions, conduction-electron polarization, or
any pair breaking may be safely ignored. In this sense,
the above process would be ideal, but not practical for
such simple systems as paramagnetic RBCO supercon-
ductors.

This study starts with the London model for nonmag-
netic superconductors to describe the magnetization for
RBCO. We treat the RBCO system as a linear paramag-
netic medium with uniform susceptibility of Ho** ions
with no exchange interactions between them. So, super-
conductivity is superposed on the medium without creat-
ing pair breaking. Based on the London model including
the electromagnetic interaction between the local mo-
ments and superconductivity, we show that the local mo-
ments decrease the penetration depth, and increase the
equilibrium flux density. The critical-state model is then
applied to predict the flux expulsion, and the model pre-
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diction is compared with the experimental data at inter-
mediate fields for HBCO.

II. EQUILIBRIUM FLUX DENSITY
IN A PARAMAGNETIC MEDIUM

Since HBCO is very much like YBCO, we can safely
assume kK =A/£>>1, where « is the Ginzburg-Landau pa-
rameter and £ is the coherence length. Also, the induced
moment of the magnetic ions is small, and linear with the
local field in the measuring T(>>Ty) and H(<5 T).
Therefore, unlike the ferromagnetic superconductor case,
we use the local electrodynamics for the susceptibility y,
the supercurrent jg(r), and therefore, the London
model jg(r)< A(r), where A(r) is the vector potential
at position r. The local magnetic induction is
b(r)=VX A=(1+4my)h(r)=ph(r) with p=1+4my.
Here, h(r) is the microscopic field due to js from
VXh=(4m/c) js. In the surface region of thickness A,
the magnetic induction is enhanced by a factor of u due
to the induced moment as if the superconductor were in
the larger field pH rather than the applied H. In the bulk
region, because of b quantization, the induced moment is
completely embedded in the vortex, and therefore con-
tributes to the magnetization through the vortices. Con-
sequently, the superconductor with paramagnetic ions
may have more vortices than it would without them.
Avoiding too much calculation, this is elaborated in
terms of the free energy of a superconductor with mag-
netic ions. The free energy in the London model associ-
ated with the magnetic field for the superconducting
HBCO system, which is a linear magnetic medium, may
be written as'*

_1
F=—2— [[hb+2}|VXh|’Jdr

1

u

-éf[bz-%-kzlvxblz]dr : (1)

Here, A; is the London penetration depth without local
moments.!® For an isolated vortex, F stands for the vor-
tex line energy €,, and the integration is carried out over
the plane normal to b except at the vortex core, ignoring
the core contribution to the energy. Minimization of F
with respect to b yields the London equation
b+A2VXVXb=0 [or b+A2VXVXb=(b/b)d,5(r) for
a vortex including the core contribution], where
A=A, /u'’? is the penetration depth in a magnetic medi-
um.!® Since y is in the order of 1072, except at very low
temperatures, A is only slightly smaller than A;. Howev-
er, the superconductor significantly reduces the penetra-
tion depth at very low temperatures near 1 K, due to the
large susceptibility of the magnetic ions. § must be in-
dependent of y in the absence of pair breaking. The de-
crease in A simply makes a vortex slimmer. The flux
density at a vortex core is b(0)=(¢y/2mA2)K £/
A)=ph,_o(0), apart from the slowly varying K, term,
where K, is the modified Bessel function of zero order
and h,-(0) is the field at the vortex core for y=0 (no
magnetic ions).'®!® Thus, the vortex line energy
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€,=(¢o/8m)[b(0)/u]=(dy/8m)hy—o(0) is approximately
independent of x, and so is H,, = (4w /¢)€,. This is con-
sistent with the fact that the magnetic ions have little
effect without vortex penetration.

The increase of the Gibbs function density G, associat-
ed with the magnetic field is

G,=F—(1/4m)HB =¢,(B /$o)+2f,;,—(1/4m)HB ,

where F is given by Eq. (1), B is the average flux density,
and 2f;; is the intervortex interaction. Since ¢, is insen-
sitive to X, the y dependence of G; is in 2f;;. A numeri-
cal  estimation shows that Z2f; varies as
Ef,-j(x)~u_12f,-j()(=0). The equilibrium B is obtained
by minimizing G, with respect to B, and is readily avail-
able in literature. For instance, repeating the process
leading to Eq. (5-27) and Eq. (5-39) of Ref. 19, after con-
sidering the factor (1/u) in Eq. (1), we obtain

-2

2 3
B= f"z In - % , H=H,
V3A 4mpuA“(H —H,,)
for H just greater than H,,, and
ln(ch/B)
B=pu H_H“T(KT— , (H, <<H<<H_,) 3)

at intermediate fields. Apart from the slowly varying log-
arithmic term, we find that B increases by a factor of u
for both low H~H,, and intermediate H, therefore,
probably for all H,

B(x)=puB(x=0) . @)

The factor u is traced to the factor (1/u) in Eq. (1). It
is clear that the reduction in the penetration depth is
mainly responsible for the increase in B. The equilibrium
magnetization is

4m™M =B —H=p(4mM,_o) +4myH (5)

with 4mM,_,=B(x=0)—H. 4wH is roughly sketched
in the inset of Fig. 1. At low H, the effect of y on the
magnetization is small and difficult to observe experimen-
tally because of the large Meissner signal and flux pin-
ning. Therefore, of more interest is the flux density at the
intermediate H regime, at which the magnetic ion contri-
bution is comparable to, or greater than, that of the
Meissner effect.

III. FLUX MOTION AND CRITICAL-STATE MODEL

Using H_, >>B ~uH, we rewrite Eq. (3) as
B=(1+4my)H—H, . (6)

The diamagnetic term is replaced by H,, which is essen-
tially the reversible diamagnetism at any given H associ-
ated with the Meissner effect. H, may have a similar T
dependence as H.,. Equation (4) shows that the magnetic
ions contribute to the total magnetization in the form of
flux lines. In this sense, x in Eq. (6) is rather a measure of
the additional vortices than a measure of the induced mo-
ment. The actual flux motion depends on the variation of
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B(H,T). In a magnetic isotherm no anomaly due to the
magnetic medium arises, but the medium slightly
modifies the M(H) curve. The enhancement of di-
amagnetism in Eq. (5) may be invisible because u is close
to 1. In flux expulsion, flux motion changes at T,,, at
which 0B /3T =0. When a specimen is cooled through
the superconducting transition temperature T, in an in-
termediate H, flux lines move out because
H,~H, ~(1—t?) varies faster than 4myH ~t !, where
t=T/T,, unless H is too large. Below T,,, where
OB /0T >0, flux lines move into the specimen through
the surface. When the specimen temperature increases,
flux lines move out below T,,, and move in above it.
Flux pinning hinders this flux motion, resulting in a
greater Mpcw than Mgcc, where Mpoc and Mgcy are
field-cooled (FC) magnetization measured with decreas-
ing T (FCC) and increasing T (FCW), respectively. The
flux profile under flux pinning is given by the solution of
the critical-state relation VXB=(4w7/c)J,, for instance,
in cylindrical coordinates, where J, is the critical current
density.® In this case, B in Eq. (6) serves as the flux densi-
ty at the surface:

B(r)=[1+4mx(t,H)]H —H,(t,H)

* 4777' J (t,H)r —R) . (7

H is assumed to be parallel to a cylindrical sample with
radius R. The + (or —) sign preceding the J, term is for
a flux moving-in (or moving-out). The magnetization
with flux pinning is 4mM =(B —H ), where { ) denotes
the average over the area normal to H.

IV. EXPERIMENTAL, RESULTS, AND DISCUSSION

The sample used in this experiment was HBCO powder
with grain sizes of between 45 and 63 um. The powder

was mixed with vacuum grease and grain aligned in a
commercial superconducting quantum interference de-
vice magnetometer (Quantum Design, Inc.). Both M (T)
and M (H) data were taken for fields parallel to the ¢ axis
of the specimen in the same data acquisition conditions as
in Ref. 8. Possible measurement artifacts due to size
effects, ferromagnetic impurities, or flux creep were
carefully examined. M(T) data at H=1 T between
100 and 300 K best fit the Curie-Weiss (CW)
relation, 4my(T)=4rM/H=4m)x,+C/(T+0O) with
4my,=1.3X10"% C=1.67 K, and ©=14.5 K. The cal-
culated effective moment of the specimen was
10.5+0.2up per formula unit, equal to that of a free
Ho®* ion. Figure 1 illustrates the magnetic isotherm at
10 K (solid circles). The open circles show the average of
M(H), M,,,=[M(H-increase)+ M(H-decrease)]. The
solid line, calculated by Eq. (3) in Ref. 2, is the magnetic
moment due to the Ho®>* ions with a saturation moment
of 10.6up (g;=1.25 and J =8) and T shifted by ©. This
line runs approximately parallel to M avg> in the middle of
the hysteresis loop. This difference between the solid line
and M,,, at 1 T was 146 G, roughly the value of H,. The
difference becomes greater at higher fields, probably indi-
cative of strong CFE. However, the electromagnetic in-
teraction between superconductivity and local moments
is not easily seen in the magnetic isotherm because M (H)
of HBCO is similar to {Ho** moment +M(H) of
YBCO] except CFE. On the other hand, the interaction
is clearly demonstrated in the flux expulsion. Figure 2(a)
exhibits M (T) data at H=1 T (open circles), showing
Fgew >Mpcc >0 except near T,. The hysteresis
A(47M)=4m(Mpcw —Mgcc) becomes greater the higher
the H and the lower the T, the lowest measuring tem-
perature. The maximum A(47M) was 20 G for H=1T,
but 150 G for H=5 T at around 30 K when T; =10 K.
It is obvious that this hysteresis is not obtained by adding
4mxH to M (T) of YBCO. For the M (T) calculation, we
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employed H,(t)=H,(0)(1—¢2), J,(t)=J,(0)(1—1)", and
y=(4m/c)RJ,.(0)/H,(0), which were useful for YBCO.?
In addition, aside from its validity, we used the above
x(#), which was measured above T, and extrapolated to
temperatures down to 7; =10 K. The solid line in Fig.
2(a) is the model fit for H =1 T using Eq. (7), with the pa-
rameters H,(0)=125 G, y=25, and n =6. Figure 2(b)
shows the flux profiles for the FCC process in the model
fit. Two flux freezing profiles are shown by the curve
TM, which looks like a straight line, for the flux move-
out, and by the curve C below 56 K for the flux move-in.
When the specimen temperature increases from 7 in
the FCW process, the flux lines not only move out from
the surface of the specimen, but also move into the center
region of the specimen, at which B is low. This flux
motion leaves a A-shaped maximum, which is equivalent
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FIG. 2. (a) Flux expulsion M (T) for HBCO at H =1 T paral-
lel to the ¢ axis, showing Mgcw > Mgcc > 0. The solid line is the
model fit for the FCC data. (b) Flux profiles B(r) for the FCC
process in (a) are exhibited by T'C (thin dotted line) at T, =91 K,
by TM (thin solid line) at T, =73 K, by CD at 36 K, and by CE
at T; =10 K. The curve B(r) is due to flux freezing. The bro-
ken line F is a sketch for the flux profile at 36 K in the FCW
process. The line F is not numerically correct but is to show
qualitatively the A-shaped maximum in B(r). Numerical pre-
diction of Mgcw was not made because the position for the A-
shaped maximum remains to be estimated. At higher fields, for
instance, H=S5 T, the segment CE moves toward the center,
causing greater hysteresis.
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to the V-shaped minimum for the YBCO case.® Based on
the above idea, the flux profile B (r) at 36 K for the FCW
process is schematically sketched by the broken line F in
Fig. 2(b), showing a A-shaped maximum in B(r). From
the B (r) for FCC and FCW processes, we see that M pcc
is smaller than M.y, qualitatively explaining the hys-
teretic M (T) data. The FCW magnetization was not cal-
culated because the position of the maximum remained to
be estimated. This A-shaped maximum also qualitatively
accounts for the 7, dependence of zero-field-cooled
(ZFC) magnetization M. at intermediate H. Flux lines
in the ZFC process move out of the specimen from the
edge and partially move into the core region as T in-
creases from T, at which H is turned on. Therefore, at
T=T, (>Tp), the flux profile, for which H is turned on
at T=T;, can be different from that for which H is
turned on at T7=7T,.%°

The model fit in Fig. 2 was made using the FCC data.
In this model fit, we used the same 7T dependence of H,(t)
and J_(¢) for HBCO as those for YBCO. Whereas H,(¢)
and J_(¢) are parameters in the model fit, y(¢) is not a pa-
rameter, but a quantity to be determined by a separate
x(2) measurement. We used the y(¢) obtained by measur-
ing M(t) for 100 K<7 <300 K and extrapolating it
down to T; =10 K. Care has to be taken for the extrapo-
lation. The actual x(¢) for HBCO approximately follows
the CW relation down to about 10 K, but significantly de-
viates from it at temperatures lower than 5 K, as deter-
mined by the neutron-scattering experiment.’ For in-
stance, x(t¢) along the ¢ axis decreases as T decreases
below 10 K. In addition, whereas the magnetic easy axis
is parallel to the ¢ axis above 100 K, x along the a axis is
much greater than that along the c¢ axis at low tempera-
tures. Therefore, the apparent Y in the ¢ axis may be
effectively greater than the true value since a vortex due
to H parallel to the ¢ axis may have the ab component by
the vortex wiggling and tangling. For this reason,
ErBa,Cu;0,, which has greater x along the c axis at low
temperatures,21 may be more suitable to demonstrate the
model.

There were three functions to be determined in the
model calculation, x(t), H,(t), and J.(¢), and no unique
set of the functions giving a precise fit for the data was
found. Even so, the model prediction of hysteresis in
M (1) clearly demonstrated flux quantization and magnet-
ic ion contribution by superconducting vortices as stated
above. Although this is analogous to flux quantization in
the paramagnetic state above the Curie temperature of a
ferromagnetic superconductor, it has been ignored in the
magnetization measurement of cuprate superconductors
with paramagnetic ions such as RBCO. The current ex-
periment suggests that the interaction between local mo-
ment and superconductivity should be considered in the
magnetization measurements for magnetic superconduc-
tors, even those with small susceptibility. Also of interest
is the experimental detection of a reduction in A due to
the magnetic ions. It may be possible to observe this A
reduction due to the large susceptibility at low tempera-
tures in the @ axis of an untwinned HBCO single crystal’
or in the ¢ axis of ErBa,Cu;0,.2! This A reduction, which
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is independent of the origin of superconductivity, must
occur with any induced magnetic moment. It might be
worth considering whether this produces nontrivial
changes which might cause inconsistency in A(T) mea-
surements at low temperatures.??

V. SUMMARY

In summary, based on the London model, it was shown
that the induced local moments in a paramagnetic super-
conductor such as RBCO reduce the penetration depth
by a factor of u~!/2, and increase the equilibrium flux
density by a factor of u. The A reduction plays the cru-
cial role in increasing B. As a result, the specimen intro-
duces additional vortices associated with the medium,
which are subject to anisotropy and flux pinning. Thus,
the magnetic ions in a type-II superconductor contribute
to the magnetization in the form of a superconducting
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vortex. The hysteretic flux expulsion of HBCO at inter-
mediate fields was explained using the critical-state model
together with the above analysis. In the flux expulsion
for intermediate fields (H,, << H << H ,), at which the in-
duced moment is greater than the Meissner diamag-
netism, vortices move into the specimen as temperature
decreases, causing greater flux density near the surface
than in the core region. When temperature increases, the
vortex structure relaxes so that vortices move toward the
lower B region; i.e., partially move out from the specimen
and partially move into the center region, leaving a A-
shaped maximum. This flux motion results in different
M (T) patterns with hysteresis from those for YBCO.
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