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Magnetic measurements of the upper critical field, irreversibility line, anisotropy,
and magnetic penetration depth of grain-aligned YBa,Cu,Oy
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We have measured the upper critical field and the irreversibility line of grain-aligned YBa,Cu,Oj3, with
the magnetic field oriented perpendicular to the CuO, planes. The upper critical field’s slope, dH,,/dT,
is —1.57 T/K, corresponding to a zero-temperature Ginzburg-Landau (GL) coherence length of 19.5 A.
The irreversibility line obeys a power-law behavior similar to that of 90-K YBa,Cu;0, 5. Using the
lower-critical-field data, we obtain the zero-temperature magnetic penetration depth A,,(0)= 1960 A and

GL parameter «. = 100.

There is no generally accepted theory for high-7, su-
perconductors, and so experimental determinations of
fundamental physical parameters are needed to clarify
the basic mechanism of high-T,. superconductivity.
Among high-T, superconductors, YBa,Cu;0,_5 (Y 1:2:3)
is one of the most widely studied materials. From its
transport, optical, and thermodynamic properties, one
can explore the role of the CuO chains in Y 1:2:3,'7°
which contains two CuQO, planes and one CuO chain per
unit cell. Another system containing CuO chains is
YBa,Cu,0; (Y 1:2:4), having two CuO, planes and two
CuO chains per unit cell. Y 1:2:4 also has a relatively
high superconducting transition temperature (7, ~80 K)
and excellent thermal stability against the loss of oxy-
gen.® Although Y 1:2:4 has important potential applica-
tions, there are only a few publications’ ° on its funda-
mental properties, such as magnetic anisotropy, critical
fields, coherence lengths, and penetration depth.

We report the magnetic anisotropy below 7., the
upper critical field, magnetic penetration depth, and ir-
reversibility line of grain-aligned Y 1:2:4. All our data
were taken with the magnetic field oriented either per-
pendicular or parallel to the CuO, planes. We show that
the properties of Y 1:2:4 are similar to those of 90-K Y
1:2:3. The magnetic penetration depth of Y 1:2:4, howev-
er, is larger than that of 90-K Y 1:2:3, but is smaller than
60-K Y 1:2:3. In addition, we discuss the possible role of
CuO chains in Y 1:2:4, 60-K Y 1:2:3, and 90-K Y 1:2:3.

The superconducting Y 1:2:4 sample was powder, syn-
thesized by a solid-state reaction method. The well-
ground mixture (with the stoichiometric ratio
[Y]:[Ba]:[Cu]=1:2:4) was annealed in 1 atm of oxygen
gas at 880°C for two weeks with several intermediate
grindings. From x-ray diffraction data, the annealed
powder was identified as a mixed phase of Y 1:2:3 and a
small amount of CuO. This prereacted powder was
pressed into pellets and fired in 185 atm of O, at 1000°C
for 10 days with several intermediate grindings. This ma-
terial showed almost entirely a Y 1:2:4 phase with a trace
of CuO, but no Y 1:2:3 or Y 2:4:7, determined by x-ray
diffraction. We mixed this powder sample, which had an
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average grain size of 1.5 um in diameter, with epoxy, and
cured it in a magnetic field of 8 T at room temperature.
The resulting aligned sample was examined by x-ray
diffraction. The full width at half maximum (FWHM) of
the rocking curve was ~ 1° for the (0012) peak, indicating
excellent alignment.

With use of a superconducting quantum interference
device (SQUID), magnetic measurements were carried
out in an applied field oriented either perpendicular or
parallel to the CuO, planes. The Meissner and shielding
effects were measured in 2 mT for both magnetic-field
directions. The upper critical field and irreversibility line
were measured with both zero-field cooling (ZFC) and
field cooling (FC) in applied magnetic fields between 0.1
and 5 T. An almost temperature-independent back-
ground contribution originated from the epoxy; it was
subtracted from the observed values to yield the intrinsic
M (T,H), which we present and discuss below.

Figure 1 shows the Meissner and shielding effects for a
magnetic field of 2 mT oriented both perpendicular and
parallel to the CuO, planes. The superconducting transi-
tion temperature is 79.2 K for both field directions; it was
determined from the intercept of the extended line from
the maximum slope in M (T) with the M=0 line. At
T=10 K, the shielding and Meissner fractions are 67%
and 51% for the H|| ¢ axis and 12% and 9% for the H||ab
plane, respectively, without demagnetization factor
corrections. Defining the superconducting transition
temperature width 87, as the difference between the tem-
peratures at which the Meissner effect attained 10% and
90% of its maximum value, we find 87, ~10 K for both
field directions. The magnetic susceptibility anisotropy
ratio X (T) /X4 (T), where x.(T) is for the H|| ¢ axis and
Xap(T) is for the H|ab plane, is plotted in Fig. 2. The
x(T) anisotropy ratio is almost constant below 70 K,
with a value of about 5.7, and this value is similar to that
of Bi,Sr,CaCu,04,'? but it is larger than that of 90-K Y
1:2:3 (Ref. 11) and the anisotropy of the lower critical
field Y 1:2:4.° The anisotropy ratio X.(7T)/Xg(T) in-
creases sharply at temperatures above 70 K, and this
anomaly is also observed for grain-aligned Y 1:2:3 and
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FIG. 1. Meissner (solid symbols) and shielding (open sym-
bols) effects for grain-aligned YBa,Cu,O; samples, for magnetic
fields perpendicular (circles) and parallel (squares) to the CuO,
planes.

Bi,Sr,Cu04.!%!! As the temperature approaches T, from
either direction, the ratio X.(7T)/x,,(T) goes to zero.
This behavior, which is consistent with previous re-
sults,'!2 shows that X.(T)<x,(T) for T<T, and
X (T)>Xp(T) for T>T,.

The ZFC high-magnetic-field magnetization near T,
for the H|| c axis is shown in Fig. 3. The magnetization
has a linear temperature dependence below T, as expect-
ed from the high-field Abrikosov theory.'> M (T,H) has a
clearly rounded behavior in the vicinity of T, which can
be attributed to the thermodynamic fluctuations or to
possible inhomogeneity of the sample. To determine
T.(H), we used the reversible regimes in high-field ZFC
and FC magnetizations to indicate the interception of the
linear fit and the normal-state background line. As point-
ed out by Hao et al.,' the exact solution for the magne-
tization, including the contribution of the vortex cores, is
not an exactly linear behavior of the magnetization-
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FIG. 2. ZFC (open symbols) and FC (solid symbols) magnetic
susceptibility anisotropy ratio X.(7)/X.(T), where x.(T) and
Xap(T) are for magnetic fields perpendicular and parallel to
CuO, planes, respectively.
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FIG. 3. Temperature dependence of the ZFC magnetization
with the magnetic field perpendicular to the CuO, planes;
H=0.1T(0),025T(@®),05T (V),1T(w),2T(0O),3T (M),
4T (A),and ST (A).

versus-temperature plot close to T, but the difference be-
tween the two methods!>!* can be neglected in practice
(see below).

In Fig. 3, we regard the zero-magnetization line as a
normal-state base line. We find T,(H) to be suppressed
as the magnetic field increases. Figure 4 shows the
H_,(T) curve for the H|| ¢ axis, derived from Fig. 3 by us-
ing the interception points between a linear fit to
M (T,H) below T, and a normal-state background. Be-
cause the signal-to-noise was low for the H||ab plane, we
could not repeat the same measurements for that orienta-
tion of H. In Fig. 4, there is a strong suppression of
T.(H) at low fields, which shows an upward curvature,
and which is consistent with previous results.”>~!7 For
H >0.5 T, we observe almost linear behavior in H_,(T)
up to 5 T. With the magnetic field perpendicular to the
CuO, planes, a linear fit above H=0.5 T shows a critical
field slope dH,,/dT of —1.57+0.11 T/K. Using the
Werthamer, Heelfand, and Hohenberg (WHH) formula
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FIG. 4. The upper-critical-field slope for H perpendicular to
the CuO, planes, determined from Fig. 3. The solid line is a
linear fit for H>0.5 T. The inset is a semilogarithmic plot of
the slopes of the linear part of the magnetization data vs field,
from Fig. 3.
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H_,(0)~0.7T, [dH,,/dT] at T=T,,'® the extrapolated
zero-temperature upper critical field H,,(0)~87 T for the
H|| ¢ axis. This upper critical field, HS, (0), is somewhat
smaller than that of Y 1:2:3 single crystals,'® and is simi-
lar to that of 60-K Y 1:2:3.'® According to the relation
H5(0)=¢0/27mE,(0), we get the zero-temperature
coherence length £,,(0)~19.5 A, which is similar to that
of Y 1:2:3.'51¢ Using the high-field Abrikosov theory, we
can derive the zero-temperature London penetration
depth AL, (0) from the dM /dT versus In(H) relation close
to T,."” In Fig. 4 we plot the dM /dT versus In(H) in the
inset. From the relation

—M=¢,/[32m*A*T)]In(BH,,/H)

with  A(1)=0.7A%0)(1—1)"'%, where A(t) is the
Ginzburg-Landau (GL) penetration depth, AX(0) is the
London penetration depth, and B is a constant of order
unity depending on the vortex structure, we use the ob-
served value of dM /dT to obtain AX(0)~2470 A in the
CuO, planes.

From the high-magnetic-field ZFC and FC data below
T,., we determine the irreversibility temperatures for the
H| c axis, as shown in Fig. 5. We defined the irreversibil-
ity temperature T""(H) as the temperature at which the
difference in the magnetizations between ZFC and FC are
less than 107™* uT, which is just above the limit of
our system’s resolution. Excluding the low-magnetic-
field data, we fit the data points to
H*(T)=Hy[1—T"(H)/T,(0)]", and the solid line
shows that n=1.51 (see the log-log plot in Fig. 6). This
value is close to that of Y 1:2:3.292!

In Fig. 4, we use the high-magnetic-field Abrikosov
theory to extrapolate the temperature dependence of H,.
In Ref. 14, the authors pointed out that the linear-fit
method overestimates the upper critical field by about
10%, compared with a more accurate calculation that in-
cludes vortex core contributions to the magnetization.
Such a 10% error is almost comparable to our uncertain-
ty (7% of the slope in Fig. 4). In addition to that, the
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FIG. 5. The irreversibility temperatures vs H for

YBa,Cu,Oy4, where H is perpendicular to the CuO, planes. The
solid line is a least-squares fit (see text).
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FIG. 6. The log-log plot from Fig. 5. The slope of the solid
line is n=1.51.

Bi,Sr,CaCu,0y4 sample shows different behavior’>** for
M (T,H) close to T,, compared to those of other high-T,
superconductors. The origin of the difference is still not
clear. It has been reported that dH,,/dT~—1.1 T/K,
from magnetization measurements’ on polycrystalline
samples, and that dHf, /dT ~ —0.35 T/K from resistivi-
ty measurements® on thin films. Such values are
significantly smaller in magnitude than our result. Using
the values HS(0)~87 T and HS,(0)= 19.7 mT,’ and the
relation between the upper critical field H,, and lower
critical field H,., [H,,/H ,=In(k3)/2k k3], where k; and
k5 are the first and third GL parameters, and where «;
and k5 are assumed to be approximately the same for
high-k superconductors such as high-T,. superconduc-
tors,'® we obtain k;=k,~ 100 for the H|| ¢ axis. Using
this k., and the relation HS ~¢,/(4mA2, )nk,, we esti-
mate the A, (0)~1960 A. This A, (0) is much smaller
than the value calculated from the slope in Fig. 4, but is
similar to the uSR result’® for polycrystals. The
difference between the value from Fig. 4 and the value
Agp(0)~1960 A might arise from the use of the three-
dimensional (3D) GL theory in the analysis of Fig. 3,
even though one might expect the 3D region in Y 1:2:4 to
be less than that in Y 1:2:3 because of larger anisotropy.

The estimated value A,,(0)~1960 A for Y 1:2:4 is be-
tween those of 60-K Y 1:2:3 (Ref. 25) and 90-K Y 1:2:3.2¢
If we assume the same effective mass m,, for Y 1:2:3
and Y 1:2:4 and use the Hall-effect-measurement result
to determine carrier  density,?’ then the
AY1240)~0.90Y,'23(0), which is inconsistent with our
result. All three of these systems are almost identical ex-
cept for CuO chains. We might therefore expect to see
almost the same A,,(0) ’s if we could neglect the role of
CuO chains in the superconductivity. The clear
difference among the three A,,(0) values could therefore
be interpreted as showing that the CuO chain is related
to the superconductivity. Other evidence for the possible
role of the CuO chains in superconductivity comes from
Raman-scattering results.”®

The irreversibility line of Y 1:2:4, which is shown in
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Fig. 5, is consistent with the results from the single-
crystal and the grain-aligned 90-K Y 1:2:3, in spite of the
different values of the prefactor H,, which may be depen-
dent on the sample’s quality. The behavior
H*(t)x<[1—T'"(H)/T,(0)]" with n~1.51 is similar to
that of Y 1:2:3,° but different from those of
T1,Ba,Ca,Cu;0,0,2° Bi,Sr,Ca,Cu;0,0,°° and PbMogSs.’!
Comparing our data with those for 90-K Y 1:2:3, we can
speculate that Y 1:2:3 and Y 1:2:4 are very similar in
their vortex behavior.

In summary, we have determined the upper critical
field, zero-temperature coherence length, magnetic
penetration depth, and irreversibility line for a grain-
aligned YBa,Cu,O;. In most of these parameters,
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YBa,Cu,Oy is similar to 90-K YBa,Cu;0,_5. The mag-
netic penetration depth, however, is much larger than
that of 90-K YBa,Cu;0,_;. Using the lower-critical-field
result, we determined the Ginzburg-Landau parameters
k.~ 100.

We acknowledge wuseful discussions with J.
Giapintzakis, S. E. Stupp, and T. Imai. We thank C. P.
Slichter, K. O’Hara, and J. Martindale for assistance in
the grain-alignment operation. This work was supported
in part by the National Science Foundation (Grant No.
DMR 88-09854) through the Science and Technology
Center for Superconductivity.

IT. A. Friedmann, W. M. Rabin, J. Giapintzakis, J. P. Rice, and
D. M. Ginsberg, Phys. Rev. B 42, 6217 (1990); U. Welp, S.
Flesher, W. K. Kwok, J. Downey, Y. Fang, and G. W. Crab-
tree, ibid. 42, 10 189 (1990).

2U. Welp, W. K. Kwok, S. Flesher, K. G. Vandervoort, J.
Downey, Y. Fang, G. W. Crabtree, and J. Z. Liu, in Supercon-
ductivity and Its Applications, edited by V. H. Kao, P. Lop-
pens, and H. S. Kwok, AIP Conf. Proc. No. 219 (AIP, New
York, 1991), p. 139.

3Z. Schlesinger, R. T. Collins, F. Holtzberg, C. Feild, S. H.
Blanton, U. Welp, G. W. Crabtree, Y. Fang, and J. Z. Liu,
Phys. Rev. Lett. 65, 801 (1990).

4S. E. Barret, D. J. Durand, C. H. Pennington, C. P. Slichter, T.
A. Friedmann, J. P. Rice, and D. M. Ginsberg, Phys. Rev. B
41, 6283 (1990).

5M. Takigawa, P. C. Hammel, R. H. Heffner, and Z. Fisk, Phys.
Rev. B 39, 7371 (1989); T. Machi, I. Tomeno, T. Miyatake, S.
Tanaka, T. Imai, and H. Yasuoka, Physica C 173, 32 (1991);
H. Zimmermann, M. Mail, D. Brinkmann, J. Karpinski, E.
Kaldis, and S. Rusiecki, ibid. 159, 681 (1989).

6J. Karpinski, E. Kaldis, E. Jilek, S. Rusicki, and B. Bucher,
Nature 336, 660 (1988).

7G. Triscone, T. Graf, A. Junod, D. Sanchez, O. Bruner, D.
Cattani, and J. Muller, Physica C 165-166, 1435 (1990).

8P. Berghius et al., Physica C 167, 348 (1990).

9J. C. Martinez, J. J. Prejean, J. Karpinski, E. Kaldis, and P.
Bordet, Solid State Commun. 75, 315 (1990).

103, B. Shi, B. S. Chiou, and H. C. Ku, Phys. Rev. B 43, 13001
(1991).

11y, C. Lee and D. C. Johnston, Phys. Rev. B 41, 1904 (1990).

12M. Miljak, G. Collin, H. Hamzic, and V. Zlatic, Europhys.
Lett. 9, 723 (1989).

13A. A. Abrikosov, Zh. Eksp. Teor. Fiz. 32, 1442 (1957).

147 Hao, J. R. Clem, M. W. McElfresh, L. Civale, A.
Malozemoff, and F. Holtzberg, Phys. Rev. B 43, 2844 (1991).

15yU. Welp, W. K. Kwok, G. W. Crabtree, K. G. Vandervoort,
and J. Z. Liu, Phys. Rev. Lett. 62, 1908 (1989).

16K . G. Vandervoort, U. Welp, J. E. Kessler, H. Claus, G. W.
Crabtree, W. K. Kwok, A. Umezawa, B. W. Veal, J. W. Dow-
ney, and A. P. Paulikas, Phys. Rev. B 43, 13042 (1991).

17W. K. Kwok, U. Welp, G. W. Crabtree, K. G. Vandervoort,
R. Hulscher, Y. Zheng, B. Dabrowski, and D. G. Hinks,
Phys. Rev. B 40, 9400 (1989).

18N, R. Werthamer, E. Heelfand, and P. C. Hohenberg, Phys.
Rev. 147, 295 (1966).

1M. Tinkham, Introduction to Superconductivity (McGraw-
Hill, New York, 1975).

20y, Xu, M. Suenaga, Y. Gao, J. E. Crow, and N. D. Spencer,
Phys. Rev. B 42, 8756 (1990).

2lp, L. Gammel et al., Phys. Rev. Lett. 61, 1666 (1988).

22p. K. Kes, C. J. van der Beek, M. P. Maley, M. E. McHenry,
D. A. Huse, M. J. V. Menken, and A. A. Menovsky, Phys.
Rev. Lett. 67,2383 (1991).

23W. Kritscha, F. M. Saurzopf, H. W. Weber, G. W. Crabtree,
Y. C. Chang, and P. Z. Jiang, Physica C 179, 59 (1991).

24E. J. Ansaldo, Ch. Niedermayer, J. L. Tallon, D. M. Pooke, J.
H. Brewer, and G. D. Morris, Phys. Lett. A 158, 479 (1991).

25W. C. Lee and D. M. Ginsberg, Phys. Rev. B 44, 2815 (1991).

26L. Krusin-Elbaum, R. L. Greene, F. Holtzberg, A. P.
Malozemoff, and Y. Yeshurun, Phys. Rev. Lett. 62, 217
(1989).

273. Schoenes, J. Karpinski, E. Kaldis, J. Keller, and P. de la
Mora, Physica C 166, 145 (1990).

28E. T. Heyen et al., Phys. Rev. B 43, 12 958 (1990).

29A. Nishida, K. Shiiyama, T. Fujita, H. Shibayama, K.
Iwahashi, and K. Horai, Solid State Commun. 79, 259 (1991).

30A . Nishida and K. Horai, Solid State Commun. 74, 947 (1990).

3I1C. Rossel, O. Pena, H. Schmitt, and M. Sergent, Physica C
181, 363 (1991).



