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Measurement by EPR of the penetration depth in the high-T, superconductors
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Using a newly developed EPR spin-probing methodology, we have measured magnetic penetra-

tion depth X for T12Ba2Ca2Cu30& and Bi2Ca2SrCu20». The temperature dependence of X, is found

to follow the relationship A. AD[i —(T/T, ) l '/, with Ao 2520~100 A and T, 119 K for

T12Ba2Ca2Cu30, and ko 2700+' 100 A with T, 84 K for Bi2CaqSrCu20„.

This paper reports the temperature dependence of the
magnetic penetration depth X, in the high-temperature su-
perconductors T12Ba2Ca2Cu30, and Bi2Ca2SrCu20, .
The A. measurements were made using electron paramag-
netic resonance (EPR) spectroscopy. This study was un-

dertaken first, because X, represents one of the fundamen-
tal properties of superconductors; accurate measurements
of its temperature dependence provide clues to the nature
of the elementary excitations in these materials. '

Second, although the use of EPR spectroscopy has been
suggested recently, the measurements were made only on

YBa2Cu307-~, and only over a narrow temperature range
(= 15 K) below T,. In the present work we have made
some improvements in the methodology by making de-
tailed measurements over a wider temperature range by
applying it to two new compounds, and analyzing the data
with a more accurate theoretical model. The results ob-
tained support the proposal made earlier that the EPR
technique can be complementary to the data obtained by
standard techniques for measuring X,, such as muon spin
rotation (@+SR), neutron diffractometry, and magnetic
susceptibility. This appears to be a significant advantage
because two recent reports5' suggest that each of the
above-mentioned procedures has its advantages and disad-
vantages. In particular, the EPR methodology is more ac-
cessible than p+SR and neutron diffractometry. More-
over, it is quick and essentially a surface technique, which
is particularly useful for the granular superconductors.

The principle of the newly introduced EPR methodolo-

gy is similar to that proposed earlier by Pincus et al. in

1964 for NMR for type-II superconductors. In NMR,
the linewidth or second moment of a resonance signal is
broadened by the inhomogeneous magnetic field due to
the emergence of the magnetic flux lattice' below T„as
long as the Zeeman field Hp satisfies the condition H, ~

& Hp & H, 2. The same amount of inhomogeneous
broadening is expected to influence an EPR line also since
this broadening is field independent within the limit
H, ~ & Hp & H, 2. Thus the EPR method is based on the
measurement of the second moment of an EPR line of a
paramagnetic probe adsorbed on the surface of a type-II
superconductor. The second moment is found to increase
rapidly as the temperature is lowered below T, and yields
a direct measure of the flux distribution in the supercon-
ducting (mixed) state for type-II superconductors.

&hH ) 0.003 71@o/k, (la)
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Here Np is the flux quantum, X,p is the penetration depth at
T 0 K, and t is the reduced temperature T/T, . The
temperature variation of A. is assumed to be described with
the standard two-fiuid form' lEq. (Ib)]. In the super-
conducting phase (T ( T, ), the data are fitted to Eq. (1)
by subtracting the background contribution estimated

The above procedure was used for measuring the tem-
perature dependence of k for T12Ba2Ca2Cu30„(Refs. 11
and 12) and Bi2Ca2SrCu20, (Ref. 13) prepared by solid-

state reactions. The transition temperatures were also
measured via magnetically modulated microwave absorp-
tion, ' found to be 119 K for T12Ba2Ca2Cu30„and 82 K
for Bi2Ca2SrCu20„. The paramagnetic probe used was
the stable free radical diphenylpicryl hydrazyl (DPPH).
In order to absorb the probe on the surface, the supercon-
ductor samples were immersed in an acetone solution of
(= 10 M) DPPH and dried in air. The EPR measure-
ments were made using a Bruker ER 200D EPR spec-
trometer, operating at 9.5 GHz (Xband), Ho = 3500 Oe.
The temperature was controlled to +'0. 1 K using an Ox-
ford Instrument model DTC2 temperature controller. All

measurements were performed with magnetic-field modu-
lation amplitudes in the range of 0.8-4 Oe at a frequency
of 100 kHz. The microwave power level used was kept
low (about 1 mW) in order to minimize power saturation
and broadening.

Generally, EPR spectra of solid DPPH are character-
ized by strong electron-spin exchange which results in an
exchange-narrowed spectrum. ' The signal exhibits only
a small (1-2 Oe) monotonic broadening from room tem-

perature down to = 30 K. ' Figure 1 shows some typical
EPR spectra of DPPH adsorbed on T12Ba2Ca2Cu30„and
Bi2Ca2SrCu20„. It can be noted that the spectra exhibit
no significant change in the line shape for temperatures
T & T„but a rapid broadening below the T, 's for each
sample. Figures 2 and 3 show the temperature depen-
dence of the second moment (LLH & for both samples.

The second moment data (Figs. 2 and 3) were analyzed

by using Brandt's recently reported formula for a perfect
triangular lattice:
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0 . The solid line is a fit to Eq. (1) in the text, yielding
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FIG. 1. Typical EPR spectra of the spin probe DPPH ad-
sorbed on BiqCaqSrCuqO and TlqBaqCaqCu30 . A significant
line broadening can be noted in the spectra below T„82 K for
BiqCaqSrCuqO„and 119 K for TlqBagCaqCu30, .

from the T& T, data

&~H') -&~H'), , +&~H'), , (2)

The best-fit curves are obtained with parameters
A,o 2520 A and T, 119 K for TlzBaqCazCu30„and
)t,o 2700 A and T, 84 K for BiqCazSrCuqO„, respec-
tively. The dashed lines correspond to the same fit but
with the change of A, o by ~ 100 A. As can be seen, all ex-
perimental data lie within these dashed curves. These re-
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FIG. 2. Temperature dependence of the second moment
(AH ) of the EPR signal of DPPH adsorbed on BiqCaqSrCu~O .
The solid line is a fit to Eq. (1) in the text, yielding ljo 2700 ~
with T, 84 K. Dashed lines are curves with lj,o 2700~ 100 A
and a T, 84K.

suits indicate that this method can yield an estimate of Xp
to within ~ 100 A and that within this accuracy the vari-
ation of X, follows the BCS model for both compounds.

At present, accurate measurement of Xp for these sam-
ples by established methods such as p+SR or polarized
neutron diffractometry are not available. However, for
BiqCaqSrCuqO„ the presently deduced value (2700 A.) is
in the range of the values of 1585 and 3650 A, deduced
from critical-field measurements for the related com-
pound Bi4Ca3Sr3Cu40&6. ' Similarly, for TlpBapCap-
Cu3O„Hentsch et al. ' measured the temperature depen-
dence of &hH ) for the related compound TlqBaqCaq-
Cu30„via Tl NMR. The Tl NMR lines also exhib-
ited a sharp increase in &AH ) in the superconducting
phase. However, in this case the experimental data do not
seem to follow Eq. (1), and perhaps this is why A, o was not
evaluated quantitatively. We thus have no literature
values to compare with our results for TlzBapCap Cu30„
but our data appear to be well described by Eq. (1).

In conclusion, while the present results are still prelimi-
nary the EPR spin-probe methodology appears to be an
easily accessible, inexpensive, quick, and sensitive method
which yields A,o with an accuracy of within 100 A. Our
data on the temperature dependence of X for TlqBa2-
CapCu30„and BipCapSrCu~O„can be described by con-
ventional BCS theory, similar to what was found by
@+SR experiments' for YBaqCu307 b. The present
work also has implications for other EPR studies (such as
those on Cu + or Gd +) in which the broadening of sig-
nals due to the magnetic flux lattice formed by the vor-
tices should be considered in any line-shape analysis.

A shortcoming of the method appears to be the de-
creases in the signal-to-noise ratio due to the nonresonant
microwave absorption phenomenon. Moreover,
DPPH is not a suitable probe below 30 K because it un-

dergoes an antiferromagnetic phase transition around this
temperature. Further investigations aimed at improving
this shortcoming via a better probe (which does not under-

go a phase transition) and which utilizes higher measure-
ment frequencies are in progress.
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