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AbstracL The role of Polarized Neutron Reflectivity (PNR) for studying natural and synthetic exchange biased

systems is illustrated. For a partially oxidized thin film of Co, cycling of the magnetic field causes a considerable

reduction of the bias, which the onset of diffuse neutron scattering shows to be due to the loosening of the

ferromagnetic domains. On the other hand, PNR measurements of a model exchange bias junction consisting of an n-

Iayered Fe/Cr antiferromagnetic (AF) superlattice coupled with an m-layered Fe/Cr ferromagnetic (F) superlattice

confirm the predicted collinear magnetization in the two superlattices. The two magnetized states of the F (along or

opposite to the bias field) differ only in the relative orientation of the F and adjacent AF layer. The possibility of

reading clearIy the magnetic state at the interface pinpoints the commanding role that PNR is having in solving this

intriguing problem.

Exchange bias was first discovered in 1956 by Meiklejohn and Bean in CO-COOparticle systems [1]. It

refers to the occurrence of a unidirectional magnetic anisotropy that manifests itself in shifted hysteresis

loops as well as an increase in coercivity for coupled ferromagnet (F)-antiferromagnet (AF) systems

cooled through the N6el temperature in the presence of a magnetic field. In the earliest model [2] both F

and AF spin structures were assumed to be a rigid sequence of ferromagnetic planes, with an antiparallel

sequence for the AF component. Unfortunately this model overestimates the size of the exchange-bias

fields. Subsequent models [3] attempted to address this difficulty by invoking some roughness at the

interface and/or some breakdown in domains of the AF structure. In this paper results obtained primarily

with Polarized Neutron Reflectivity (PNR) for two totally different exchanged bias system are discussed.

The first example is represented by a partially oxidized thin film of Co. A strong training effect,

which is indicated by the difference in magnetization between the first and subsequent cycles,

considerably decreases the magnitude of the exchange bias field [4]. The most notable PNR result is the
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Figure 1: Linear contour plot of the neutron intensity measured

for trained magnetization state. The vertical line of intensity at

61+6/= 2.02” is the specular reflectivity, while the diagonal line

intensity is the Yoneda scattering.

appearance of spin-dependent diffuse scattering

after training. Figure 1 is a contour plot of the

intensity as a function of the wavelength A and

the angle of incidence Oi and exit of for

neutrons polarized parallel to the applied field,

for the trained magnetization state. For this

spin state the reflectivity is higher than for

neutrons with opposite polarization. The

dispersion relationship of the diffuse scattering

is consistent with “Yoneda scattering” [5]. The

spin dependence of the scattering, pinpoints to

a magnetic “roughness”, i.e. an assembly of

magnetic domains distributed along the depth

of the cobalt layer.
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Phase Stability Domains of (Bi,Pb-2223): Data Sources, Correlation, and Assessment

M. Tetenbauma, V. A. Maroni’, N. M. Murphyb and S. E. Dorrisb

‘Chemical Technology Division and bEnergy Technology Division,
Argonne National Laboratory
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An assessment of the phase stability of lead-doped Bi-2223, (Bi,Pb)-2223, as a function of temperature and partial
pressure of oxygen, p(02), derived from equilibration and electromotive force studies carried out by numerous
groups of investigators is presented. The data obtained from this assessment, coupled with additional more recent
data from our laboratory, can be used to estimate the stability of this promising high-Tc bismuth cuprate system in
the temperature range from 650 to 870°C and for oxygen partial pressures ranging from 10-5to one atm.

1. INTRODUCTION

The phase relationships for the (Bi,Pb)-2223 system
are more complex than those of YBCO and related
123 systems. Phase rule constraints make precise
thermodynamic measurements difficult and hence
complicate the task of rigorously defining the phase
stability of (Bi,Pb)-2223. (Bi,Pb)-2223 is a solid
solution phase, consequently, variation in cation ratios
and oxygen content can affect the phase stability of
this system as reported by various investigators. In
this paper we have extended the assessment of Moon
et al. [1] to include additional EMF measurements of
Tetenbaum et al. [2,3] and recent equilibration
measurements of Murphy and Dorris [4] carried out at
ANL, as well as the results of other pertinent studies
on this system reported in the literature.

2. RESULTS AND DISCUSSION

Figure 1 shows EMF and equilibration results
obtained at ANL together with the results of Zhu and
Nicholson [5], Daumling et al. (with and without Ag)
[6], and Tallon et al. [7]. The measurements of Zhu
and Nicholson [5], shown as solid lines in Fig. 1, have
been chosen to serve as a reference phase diagram for
comparison with the results of other studies. We
believe that a portion of their phase diagram which we
have represented by dotted lines may not be correct.
From Fig. 1 it is seen that the EMF results of
Tetenbaum et al. [2,3] in the temperature range 750-
850”C are in reasonable agreement with the upper

phase boundary of Zhu and Nicholson [5], as well as
the limited results of Daumling et al. [6], and Murphy
and Dorris [4], which reflect the influence of silver on
(Bi,Pb)-2223. At the lower phase boundary, the values
derived from our EMF measurements lie close to the
coexisting CuO/Cu02 diphasic couple [8]. Based on
the results of Murphy and Dorris [4], it is seen from
Fig. 1 that silver shifts the decomposition temperature
of (Bi,Pb)-2223 to lower values, as is also implied in
the work of Daumling et al. [6] (see below).

The results of Zhu and Nicholson [5] (based on
120 h anneals in air) show that (Bi,Pb)-2223 coexists
with Bi-2212 and Ca2Pb04-type phases at temp-
eratures ranging from 800-840°C. Above 870”C, the
superconductor decomposes to 2201 and an unknown
phase. In the temperature range 700 to 840”C, (Bi,Pb)-
2223 coexists with Ca2Pb04. At temperatures ranging
from 820 to 840”C, the phases consist of (Bi,Pb)-2223
and 2201. However, at higher temperatures ranging
from 850 to 870”C, only single-phase (Bi,Pb)-2223 is
present. According to the measurements of Daumling
et ai. [6], for a given oxygen partial pres-sure, the
(Bi,Pb)-2223 phase coexists with 2201 for
temperatures above, and 2212 for temperatures below
the stability regions as determined via XRD. The
effect of silver is to lower the decomposition
temperature for a given oxygen partial pressure by
about 10 degrees. Based on EMF measurements,
MacManus-Driscoll et al. [9] report that (Bi,Pb)-2223
decomposes to 2212, 2201, CaO, CUZO, and 02 at
temperatures less than 785°C and partial pressures of



oxygen ranging from about 10“5to 10_”atm. Above
785°C incongruent melting occurred yielding a liquid
close in composition to 2212 and an alkaline earth
cuprate of composition (Ca,Sr)zCu03. Silver was
found to have little effect on the stability of the
(Bi,Pb)-2223 phase in the temperature and pressure
range investigated. Kusano et al. [10] reported
precipitation of small particles of a phase with
composition Srz.sPbsCazCuOxwhen (Bi,Pb)-2223 was
annealed in air below 830”C. When reheated in air at
850”C the precipitates dissolved into the (Bi,Pb)-2223
phase.
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3. SUMMARY

Key findings of our assessment are that (1) the
phase stability boundaries (for bulk (Bi,Pb)-2223) are
reasonably well known based on data from several
sources (the data for Ag/(Bi,Pb)-2223 is less com-
prehensive); (2) generally good agreement exists for
p02 = 0.075 to 0.21 atm at temperatures between 810
and 850°C; (3) proximity to silver, e.g., in silver-
sheathed wire configurations, lowers the upper
(temperature) stability boundary; (4) discrepancies in
the data for bulk (Bi,Pb)-2223 exist at low POZ(<10-2
atm) and low temperature (<700°C).
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F@re 1. Phase stability boundries for (Bi,Pb)-2223
as a function of temperature and oxygen partial
pressure.


