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Abstract

We have studied the magnetoresistive effect in bulk 1-2-3 YBCO + CuO and
1-2-3 YBCO + BaPb,_,Sn,O; composites prepared using the fast backing
technique. We have found that the composites exhibit large
magnetoresistance in low magnetic fields (<100 Oe) for a broad
temperature range. We have studied the experimental dependences of
resistivity versus magnetic field at various transport current densities. The
high-T¢ superconductor (HTSC) based composites exhibit a much higher
sensitivity to weak magnetic fields at liquid nitrogen temperature, compared
to that for pure HTSC ceramics. This effect is attractive for practical
applications and the composite materials can be used as active elements in

magnetic field sensor devices.

1. Introduction

The possible practical aspects of the application of bulk
high-T¢ superconductors (HTSCs) as magnetic field sensors
were pointed out soon after the discovery of high-temperature
superconductivity [1, 2].  Polycrystalline HTSCs exhibit
large magnetoresistance in weak magnetic fields (tens of
oersteds) [1-16]. This effect can be used in devices that
demand a sensitive electrical response for a weak magnetic
field. In this sense, polycrystalline bulk HTSCs are more
attractive materials than conventional magnetic sensors which
utilize the Hall effect or the magnetoresistive (MR) effect in
semiconductors [1]. However, to the best of our knowledge,
since 1988 up to the present date there have been no reports
in the literature concerning devices in which bulk HTSCs
would be magnetic field sensors. In our opinion, the following
reasons discourage the practical application of bulk HTSCs as
magnetic field sensors. (i) The temperature interval at which
polycrystalline HTSCs exhibit a large magnetoresistance is
very narrow, typically amounting to several degrees just below
the critical temperature (85-90 K for the yttrium 1-2-3 HTSC

0953-2048/04/010175+07$30.00 © 2004 IOP Publishing Ltd Printed in the UK

[3] and 90-100 K for the 2-2-2-3 bismuth HTSC [11]).
The most convenient temperature at which the sensor would
operate is the temperature of liquid nitrogen, but this is out of
the range of the remarkable MR effect. (ii) There are small
values of observed electrical response R(H) — R(H = 0), which
is due to low resistivity of the HT'SC in the normal state. (iii) In
order to obtain a large enough response of magnetoresistance
of bulk HTSC at 77 K, high transport current densities j ~
10°-10° A cm~2 [1, 2] or strong magnetic fields H ~ 10-60
kOe are required. In the former case, the Joule heat released
at the HTSC/current lead contacts significantly distorts the
voltage drop from the HTSC element. (iv) There is hysteretic
behaviour of resistance R on the applied field [4, 6, 7, 9, 12,
13, 17]. (v) There is nonlinearity of the R(H) dependence
[1, 2, 4, 69, 12, 13, 17]. Moreover, the discovery of
giant magnetoresistance in manganese oxides has significantly
decreased the competitive ability of polycrystalline HTSCs as
magnetic field sensors in comparison with these materials (see,
for example, the review [18]).

Previously, we have studied the transport properties of
bulk composites 1-2-3 YBCO + BaPb;_,Sn, O3 [19, 20] and
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1-2-3 YBCO + CuO [21, 22]. It has been shown that
the composites represent a Josephson junction network, in
which the non-superconducting component forms the barriers
separating HTSC crystallites. The preliminary results of the
effect of magnetic field on the R(T) curves of composites are
given in [23]. In this paper, we present the results of a detailed
study of the MR effect in 1-2-3 YBCO + CuO and 1-2-3
YBCO + BaPb;_,Sn,O3 composites. We show that most of
the problems (i)—(v) listed above can be avoided by using
these composites. Some parameters of the MR effect at weak
magnetic fields obtained on the composites at 77 K at least are
no worse than those of manganese oxides [18] in the sense of
practical application.

2. Experimental details

2.1. Preparation and testing of the HTSC based composites

The preparation of the HTSC Y3,4Lu;/4BayCu305 is standard.
CuO and metal-oxides BaPbO3 and BaPb 755n( 503 are used
as non-superconducting components of the composites.

Composite samples with 70-85 vol% of HTSC and 30-
15 vol% CuO (high purity CuO powder is used) are prepared
as follows. The components of the composite are thoroughly
mixed, with additional common milling of the powders in
the agate mortar, and then pressed into pellets. The pellets
are placed in pre-heated boats and then placed in a furnace
heated to a temperature of 910 °C. The pellets are kept at this
temperature for 2 min and then placed in another furnace for
3 h at a temperature of 350 °C, which is followed by furnace
cooling to room temperature.

BaPbO; and BaPb75Sn,,505 are obtained from BaO,,
PbO and SnO; at 880 °C by the solid-state reaction technique.
The x-ray diffraction (XRD) patterns of these compounds show
only reflections from the perovskite structure. The values
of resistivity at 77 K are 0.0057  cm for BaPbO; and
0.0537 Q cm for BaPbg75Snp,503. Composite samples
with 85 vol% of HTSC and 15 vol% BaPbOj or 15 vol%
BaPb 755192505 have undergone a similar procedure as
described above. The temperature regime is 5 min at 930 °C,
then 6 h at 400 °C.

Hereafter we denote the composite samples as YBCO +
VCuO, YBCO + VBanO3, YBCO + VBan0'75Sn0'2503 where
V is volume content of CuO, BaPbO3; or BaPbg755n(,503
respectively, and the volume content of Y3,4Lu;/4BayCuzO5
is (100—V).

XRD patterns confirm the presence of both phases in
the composites without any additional reflections. This fact
indicates the absence of strong chemical interaction between
the components of the composites. The average YBCO
grain size is estimated to be 1.5 pum from the scanning
electron microscopy (SEM) image. Magnetic measurements
of the composites reveal a single superconducting phase in the
samples with critical temperature T¢c = 93.5 K similar to pure
Y3/4Lu1/4B 3.2CU3O7.

2.2. Electrical measurements

To measure the transport properties (po(7) and p(H)
dependences and current—voltage (I-U) characteristics), the
sample is cut from a sintered pellet in the form of parallelepiped
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with typical dimensions 1 x 1 x 8 mm?’. The standard
four-probe technique is used. The applied direct-current (dc)
transport current density is varied in the range of ~0.004—
1 A cm™2. The accuracy of the indication of ‘zero resistance’
is ~107® Q cm. Copper solenoid is used for the generation
of dc magnetic fields less than 500 Oe. Measurements
in fields higher than 500 Oe have been performed using a
superconducting solenoid (Hpy,x = 60 kOe). The transport
current is perpendicular to the magnetic field direction. The
samples have been cooled in zero magnetic field (the Earth
magnetic field has not been screened). The /-U characteristics
have been measured under constant dc conditions. The value
of critical current density jc is determined from the initial
part of the /-U characteristics using the standard criterion
1wV em™! [24].

3. Results and discussion

3.1. The effect of magnetic field on R(T) dependences of the
composites

Figures 1 and 2 show the temperature dependences of
resistance of composites YBCO + CuO and YBCO +
15 BaPbOs;, YBCO + 15 BaPby75Snp,503 respectively,
measured at different magnetic field strengths H (the values
of transport current density j are shown). The sharp drop of
resistance at 93.5 K observed in figures 1 and 2 is caused
by the superconducting transition in HTSC crystallites. The
critical temperature Tc = 93.5 K coincides with that observed
for the Y3/4Lu;/4BayCuzO7 sample. A broad foot structure
results from the transition of the network of weak links
realized in the composites. Magnetic fields less than ~500 Oe
affect mainly the second part of the resistive transition.
The Ty values decrease with the increase of H. The MR
effect of the composites is observed for a broad temperature
range in contrast to pure polycrystalline HTSCs [5, 8, 11].
Respectively, a weak magnetic field (~20-200 Oe) results
in the growth of resistance of the composites from some
value p(H = 0) to the value p(H). If T < Teo(H = 0),
p(H =0) =0 (ie., p is less than 107° Q cm). The vertical
dashed lines in figures 1 and 2, pictured as isotherms at 77 K,
determine the possible magnitude of variation of resistance at
this temperature caused by the magnetic field. The p(T) curves
measured at H = 10 and 60 kOe (figure 1(b)) exhibit smearing
of the resistive transition in HTSC grains. The magnitude of
this effect is comparable to that observed in single crystals
[25]. We point out high values of p(H) of the composites at
weak magnetic field strengths with respect to that observed
for pure polycrystalline YBa,Cu3O; ceramics [1, 2, 5-9, 17].

The physical mechanism of the MR effect of
polycrystalline HTSC has been discussed in the literature
(see, for example, [1, 3, 5, 6, 8-16]) and can briefly be
considered as follows. It is well known that the resistive
state of granular HT'SCs is governed by intergrain boundaries
which are weak links of Josephson type. Respectively, a small
magnetic field suppresses the critical current of a Josephson
junction and results in the appearance of a junction resistance
[24]. Each grain boundary in percolation traces of transport
current flowing through polycrystalline HTSCs contributes
to the electrical response of the whole sample. This is the
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Figure 1. Experimental dependences of the resistivity of
composites YBCO + 15 CuO (a) and YBCO + 30 CuO

(b) measured at various magnetic field strengths H. The H values are
given in the figures. The vertical dashed lines (isotherms at 77 K)
indicate the possible response of the resistance of the weak-link
network caused by the magnetic field.

physical background of the MR effect in granular HTSCs. A
detailed comparison of experimental data R(T, H) obtained
on ceramic HTSCs with theoretical models of the MR effect
in a Josephson junction network has been carried out in the
literature; see, for example, [14-16, 25].

Figure 3 shows the experimental dependences of resistive
transition width AT = Teo(H = 0) — Teo(H) versus H?/3 for
the studied composites in the range 0 < H < 300 Oe. The
experimental points fit well to the straight lines with the slopes
C ~ 0.7 K Oe~?/? for YBCO + 15 CuO, ~ 0.85 K Oe~%/3
for YBCO + 30 CuO, ~1 K Oe~2/? for YBCO + 15 BaPbOs,
and ~1.25 K Oe~?/3 for YBCO + 15 BaPby75Sno2503. The
behaviour observed is explained in the framework of
the Tinkham theory of resistive transition in HTSCs [25].
The dependence ATcy = CH?/3 was observed on pure HTSC
ceramics in the low field range [5, 25]. The typical value of the
factor C is ~0.155 K Oe~2/3 for polycrystalline YBa,Cuz0
[5]. So, the mechanism of resistive transition under the
influence of the magnetic field is concluded to be similar both
for the composites under study and for polycrystalline HTSCs,
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Figure 2. Experimental dependences of the resistivity of
composites YBCO + 15 BaPbOj; () and YBCO +

15 BaPby 7551503 (b) measured at various magnetic field strengths
H. The H values are given in the figures. The vertical dashed lines
(isotherms at 77 K) indicate the possible response of the resistance
of the weak-link network caused by the magnetic field.

0 10 20 30 40
H 213 (Oe 23)

Figure 3. Experimental dependences of ATcy = Tco(H = 0) —
Tco(H) versus H*3 for the composites: 1, YBCO + 15 CuO; 2,
YBCO + 30 CuO; 3, YBCO + 15 BaPbOs; 4, YBCO +

15 Ban0475Sﬂ0.2503.

while the factor C is significantly higher in the former case.
According to [25], the parameter C is inversely proportional to
the critical current density jc (0 K). The non-superconducting
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Figure 4. Excess resistivity Ap(T, H) = p(T, H) — p(T, H = 0)
(from figure 1) for samples YBCO + 15 CuO (a) and YBCO +
30 CuO (b) for various magnetic fields.

ingredient of a composite is a material forming Josephson
weak links between the HTSC crystallites. This results in
suppression of Josephson coupling (lower values of jc and Ty
than for pure polycrystalline HTSCs) and, as a consequence, in
a wide temperature range of the MR effect of the composites.

3.2. Excess resistance caused by magnetic field

Figure 4 shows the temperature dependences of excess
resistivity Ap(T, H) = p(T, H) — p(T, H = 0) (i.e., the
difference between p(T, H) and p(T, H = 0) from figure 1)
of composites YBCO + CuO caused by the magnetic field.
The dependences Ap(T, H) are characterized by the bell-
shaped curve with maximum shifting to low temperatures
with an increase of magnetic field.  Similar behaviour
of Ap(T, H) is observed for YBCO + 15 BaPbOj; and
YBCO + 15 BaPbg75Sng,503 samples (not shown). We
processed experimental p(7, H) curves obtained on pure
polycrystalline YBa,Cu3O; [5] ceramic in order to derive
Ap(T, H) dependences. These dependences were found to
have a similar bell-shaped form as the composites but the
temperature interval of the ‘bell” was about ~2 K at H &~ 50 Oe
(Tc ~ 91.5 K). The strong dependence of excess resistance
of bulk HTSCs on temperature at fixed H implies that, for
the magnetic field sensor to work correctly, the temperature
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Figure 5. Initial parts of the /-U characteristics of composites
YBCO + 15 CuO (a) and YBCO + 30 CuO (b) at 77 K measured at
various magnetic field strengths: (¢) H = 0 (curve 1), 4 Oe (curve 2),
15 Oe (curve 3), 27 Oe (curve 4), 38 Oe (curve 5), 64 Oe (curve 6),
207 Oe (curve 7); (b) H = 0 (curve 1), 23 Oe (curve 2), 207 Oe
(curve 3).

of the HTSC element must be held with very high accuracy.
Figure 4 clearly shows the effect of an increase in CuO content
in composites YBCO + CuO on the position of maximums
of Ap(T, H). The maximum of Ap(T) at H = 185 Oe of
sample YBCO + 30 CuO is close to 77 K. By varying the
volume content of the non-superconducting ingredient (CuO
or BaPbOj3, etc) in the composite we can shift the temperature
of maximal excess resistivity to any required value in the range
below T¢ including T = 77 K.

3.3. Resistance—magnetic field dependences

3.3.1. The effect of magnetic field on I-U characteristics.
The magnitude of MR effect in composites depends on
transport current because the /-U curves of the composites
are nonlinear in the whole temperature range below T¢. At
T < Tco the I-U curves are characterized by the existence of
the critical current. A typical /-U curve with a portion of U <
107% V cm™! is presented in figure 5(a), with the sample
YBCO + 15 CuO. T¢p is &~ 79 K at H = 0 for this sample.
For the composite YBCO + 30 CuO, Tcp =~ 70 K at H = 0.
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Figure 6. Experimental magnetic field dependences of
magnetization measured by a vibrating sample magnetometer

(a) and resistivity (b), (¢) of sample YBCO + 30 CuO at 77 K. The
values of scanning current are given in the figures. Arrows indicate
the direction of scanning of the magnetic field. The value of

p(H = 0) is determined in (b) and (c¢). Case 3 (j > jc) takes place
for both p(H) curves (b), (¢).

Figure 5(b) shows the [-U dependence of this sample at
77 K. The I-U curve grows from the point of origin and is
strongly nonlinear. The influence of the magnetic field on the
initial part of the /-U characteristics is seen from figures 5(a)
and (b).

3.3.2.  Hysteretic behaviour of the p(H) dependences.
The magnetic field dependences of the resistance p(H) of
composites have been measured at different temperatures.
Below, we present the p(H) data at 77 K because these are
of practical interest.

Figures 6(b) and (c) and figures 7(b) and (c) show
experimental p(H) curves of composites YBCO + 30 CuO
and YBCO + 15 BaPbOj respectively, measured at various
transport current densities. The modification of the p(H)
loops with the increase of transport current is seen from
figures 6 and 7. At T = 77 K in the magnetic field range—
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Figure 7. Experimental magnetic field dependences of
magnetization measured by a vibrating sample magnetometer

(a) and resistivity (b), (¢) of sample YBCO + 15 BaPbOj; at 77 K.
The values of scanning current are given in the figures. Arrows
indicate the direction of scanning of the magnetic field. Case 1

(J < jo) takes place for (b), and case 2 (j & jc) takes place for (c).

37 < H < 37 Oe the p(H) curves are reversible. When
the magnetic field is increased further, the p(H) dependences
demonstrate hysteresis, which results in residual resistance
after the decrease of the field to zero. Such behaviour was
observed earlier on HTSCs [6, 7, 12, 13, 17, 26]. The
hysteresis of the p(H) dependence is connected with
the magnetization hysteresis loop M(H) [3, 6, 9, 10, 12, 13].
The M(H) curves of composites YBCO + 30 CuO and YBCO +
15 BaPbOj; presented in figures 6(a) and 7(a) have been
measured on the same specimens and in the same magnetic
field ranges (—210 < H < 210 Oe) as the corresponding
p(H) dependences. The irreversibility field from M(H) curves
coincides with that obtained from p(H) measurements (Hj, ~
37 Oe). The dependence of resistance on the magnetization
of samples is seen to be very complicated as resistance R is
a function of transport current. Processing of experimental
R(H, j) curves in terms of models for percolating HTSCs
[12, 13, 16, 25] as well as the derivation of R(M) dependence
will be carried out in the future.
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3.3.3. [Initial branch of p(H) curves. Now, we focus on
the initial branch of the p(H) dependence of the composites.
The character of the p(H) curves is found to depend on the
relationship between bias current j and critical current jo. If
current j is less than its critical value, j/jc < 1 (case 1), there
is a part of p(H) where p < 107% Q cm. Starting from some
threshold field Hc, nonlinear p(H) dependence takes place.
Figure 7(b) shows this behaviour for composite YBCO +
15 BaPbO3; (He =~ 9 Oe). For composite YBCO + 15 CuO,
Hc ~ 10 Oe at j = 0.03 A ecm™2 and T = 77 K (not shown).
The magnitude of Hc is easily varied by the value of the
transport current. The p(H) curve measured at current j ~ jc,
Jj/jc &1 (case 2) grows from the point of origin. Figure 7(c)
shows the p(H) dependence typical for case 2. Further
increasing the transport current, j/jc > 1 (case 3), transforms
the initial part of the p(H) curve, which starts to grow from
some non-zero value p(H = 0). Figures 6(b) and (c) show the
p(H) dependences of composite YBCO + 30 CuO at 77 K.
When Ty < 77 K for this sample (see figure 1(b)), the value
Jjc(77 K) is negligibly small (less than 1075 A cm~2). For this
reason, the condition of case 3 takes place at any transport
current. A similar picture is observed for composite YBCO +
15 BaPby 755n( 2503 because its T value is ~76 K. The largest
response of resistance takes place for case 3. It is seen from
a comparison of the data from figures 6(b), 6(c), 7(c) and
figures 1 and 2 that more than 50% of the possible increase of
resistance occurs in fields less than 100 Oe.

Under the condition of case 3, the p(H) dependences
of composites with insulator (CuO) and metal-oxide
(BaPb;_,Sn,O3) demonstrate different behaviours. The p(H)
dependences of YBCO + 15 BaPb;_,Sn, O3 composites are
nonlinear in the whole field range. On the other hand, the
initial part of the p(H) dependence of the YBCO + CuO
composites is linear. The range where p(H ) dependences obey
the law p(H) = p(H = 0) + (dp/dH) x H comes to 0 < H <
20 Oe for the YBCO + 15 CuO sample and 0 < H < 12 Oe
for YBCO + 30 CuO (these p(H) dependences are presented
in figure 8 on an enlarged scale). The values dp/dH in these
ranges are 2.5 m$2 cm Oe~! for the YBCO + 15 CuO sample
and 17.5 mQ cm Oe~! for the YBCO + 30 CuO sample. The
parameter dp/dH is the sensitivity of resistivity of a material
to the magnetic field. The values of dp/dH obtained on
YBCO + CuO composites are two to three orders of magnitude
more than those estimated by us from the p(H) curves of
‘pure’ YBa,Cu3O; ceramics in [1, 2] at 77 K (dp/dH =~
0.15m& cm Oe~! [1] and dp/dH ~ 0.005 mQ cm Oe ™' [2]).

The high values of Ap(H) = p(H) — p(H = 0) and
dp/dH for the YBCO + CuO composites, as compared to
those for pure HTSC ceramics, can be explained as follows. It
was shown in [21, 22] that, in the YBCO + CuO composites
prepared by the fast baking technique, the transport current
flows through both HTSC and CuO grains. The resistivity
of CuO is very high at low temperatures (>10'?> Q cm below
100K [27]). This results in an exponential growth of resistivity
of the composites in the normal state with an increase of CuO
content [22]. The use of an insulator (which does not interact
with the HTSC) as the non-superconducting component of the
composite allows us to obtain the sensitive electrical response
of a composite to the weak magnetic field.

180

1
LI s s s s B B B T T T

1 0

(a)

2000

1000

po(H) X 100%

100
90  (b)

80 -

po(H) X 100%

0 10 20 30
H, Oe

Figure 8. The dependences po(H) x 100% (po(H) = [p(H) —
p(H = 0)]/p(H = 0)) of YBCO + CuO (closed symbols) and
YBCO + BaPbO; (open symbols) composites at 77 K in the
reversible H range. (a) 1, YBCO + 15BaPbOs, j = 0.7 A cm™2,
p(H =0)=0.19 mQ cm; 2, YBCO + 15BaPb 75Sn 503, j =
0.037 Acm™2, p(H = 0) = 1.9 mQ cm; 3, YBCO + 15 CuO,
j=04Acm™2 p(H=0)=12mQ cm. (b) 1, YBCO +

15 BaPby75Sn(2503, j = 0.37 A cm ™2, p(H = 0) = 0.02 Q cm; 2,
YBCO + 30 CuO, j = 0.004 A cm™2, p(H = 0) = 0.725 Q cm; 3,
YBCO + 30 CuO, j =0.04 Acm™2, p(H =0) = 0.83 Q cm; 4,
YBCO + 15 Ban0_75Sn0_2503,j =0.925 A cm’z, p(H = 0) =
0.042 Q cm.

3.3.4. The po(H) dependences. The value pg=[p(H =0) —
p(H)]/p(H = 0) is an important parameter for sensor devices
especially for digital operations [1, 18]. This parameter
characterizes the relative variation (increase or decrease) of
the resistivity of a material under the influence of an external
magnetic field. It is clear that for case 1, where p(H = 0) is
typically less than 107° € cm, the value p, reaches enormous
magnitude. However, the more suitable condition for practical
applications would be the variation of resistivity in relation to
anot extremely small value p(H = 0). This circumstance takes
place for case 3 described above. Figure 8 shows the po(H)
dependences for the composites in the reversible magnetic field
range. The magnitude of oy may reach thousands of per cent
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while p(H = 0) values are not too small (0.2-10 mQ cm;
see the caption to figure 8). The linear part of the p(H)
dependences for YBCO + CuO composites is clearly seen
from figures 8(a) and (b).

4. Concluding remarks

The composites YBCO + CuO and YBCO + BaPbOj prepared
by the fast baking technique exhibit large enough MR effect
in a wide temperature range including the liquid nitrogen
temperature, which is convenient for practical applications.
The composites possess a high sensitivity of resistivity to a
weak magnetic field (<200 Oe) Ap(H) = p(H) — p(H = 0),
compared to that for pure polycrystalline HTSCs. There
is a linear part on the resistance—magnetic field dependence
obtained on the YBCO + CuO composites under the condition
Jj > jcinthe range 0 < H < 20 Oe. The p(H) dependences are
reversible in the range |[H| < 37 Oe at 77 K. The magnitudes of
transport current density j used in this work are small enough
(~1 A cm~2) and do not result in the heating of samples during
measurements, in contrast to pure HTSC ceramics whose jc
values are of the order of 10-100 A cm—2 [1, 2, 7-9, 19] at
77 K. The reported facts point to the possible use of HTSC
based composite materials as bulk magnetic field sensors
operating at 77 K in a wide range of applications in electronic
devices.

We can list the following types of possible application of
HTSC based composites as active elements of magnetic field
Sensors.

Type 1. The detection of a magnetic field in the range 0 <
H < 20 Oe using the linear part of p(H) dependence.

Type 2. The technique of multiply increasing the
resistance with respect to some value p(H = 0) for digital
operations in microelectronic devices. Large values of py =
(p(H) — p(H = 0))/p(H = 0) (up to thousands of per cent)
may be achieved on the composites with respect to o(H = 0)
~0.2-10 m2 cm at 77 K.

Type 3. The response of sensor resistance at some
threshold magnetic field value H¢ (case 1, see section 3.3.3).
The Hc value can be easily ruled by the magnitude of transport
current and volume content of the non-superconducting
ingredient, but it would be less than the irreversibility field
(Hyy = 37 Oe at 77 K for our samples).

5. Conclusion

We believe that the experimental results reported in this paper
can allow us to take a fresh look at bulk HTSC based materials
as magnetic field sensors. The composites possess high
sensitivity of resistivity for magnetic fields compared to that
of pure polycrystalline HTSCs. In the range of weak magnetic
fields, i.e., tens of Oe, where the MR effect is reversible
(Hyy = 37 Oe at 77 K), the values of parameter p( obtained
on the composites do not yield to those of manganese oxides.
The sign of the reported MR effect is positive in contrast to

that for manganese oxides. This may be important for some
devices.
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