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A device concept of tunable microwave filter consisting of a double layer of high temperature
superconducting and ferromagnetic layers, is described. La(Ba)MnOs; thin films are fabricated. The film
has a metal-insulator transition temperature of 82.2 K, and a Curie temperature of 140 K. Then the film is
insulating and ferromagnetic in 82.2-140 K. Origins are discussed in terms of phase separation.
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1. Introduction

High superconducting  (HTS)
microwave filters are most expected since these devices
may be used at base stations of mobile communication
system. Currently dielectric resonators are used as the
microwave filters at most of the base stations. Such
filters, however, have large insertion losses then high
power amplification of signals is required after the
filtering. Furthermore, a skirt performance of the filters
is not so good. Though, the numbers of mobile phones
must be increased a lot, in addition, higher grade of
functions are expected much in the near future. To
realize these, such problems must be solved. A
downsizing of the device is also an important factor,
because there is no space for the large base stations in
big cities. If the insertion loss is reduced, it can
contribute to the energy saving owing to the lower
power amplification.

temperature

2. HTS Tunable Microwave Filter

The HTS microwave filters can solve these
problems [1-3]. Basically the HTS thin film is
fabricated into a strip line, then a resonating microwave
with a wavelength equal to the strip line length can be
transmitted. In this filter, the microwave propagates on
the superconducting thin film which has very low
surface resistance. Therefore, the HTS filters have
extremely low insertion loss and fine skirt performance.
The total size can be reduced using excellent
cryo-coolers, leading to the solution of crowded base
stations. A part of base stations are already employing
the HTS filters in USA.

We have a demand to obtain tunable filters which
are widely applicable for various mobile phone systems.
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This leads to high efficiency of the production and
energy conservation. Now we have two ideas for the
tunable filters. One is a stacking of HTS film layer on
ferroelectric layer [4]. The other is a stacking of HTS
film layer on ferromagnetic layer as shown in Fig.1 [5].
When magnetic field is applied, a permeability (1) of
the ferromagnetic layer is modified then the microwave
propagation mode (velocity) on the HTS layer is
modified accordingly. It results in the shift of center
frequency (fo) as

fo=n—e,
2LJeu

where n is order of resonant wavelength, ¢ light velocity,
L strip line length, and £ dielectric constant of medium.

M

3. Key Factors for Tunable Filter

The HTS layer must satisty several demands. A
superconducting critical temperature T must be higher.
Because we can set a device temperature T4 higher (Tq<
T,). This is an important factor in terms of the
cryo-cooler power consumption. Further, if T, is higher,
the surface resistance of HTS layer is lower at Tg.
Therefore, the microwave surface resistance should be
absolutely low [2,6]. If it is high, the microwave is
absorbed in the HTS layer, leading to the larger
insertion loss. Surface roughness of the HTS layer is
also very important factor because it causes microwave .
scattering. The resonant standing wave is affected by the
surface roughness then characteristics of narrow
band-width and sharp skirt-cut are degraded. Therefore
it is strictly important to obtain the smooth double layer.
The factors which affect the surface resistance of HTS
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Fig.1  Schematic diagram of HTS/Ferro double layer.
A straight arrow indicates the interdiffusion. A dashed
wave indicates the microwave propagation. Sub:
substrate.
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Fig2  Schematic diagram of resistance (R) and
magnetization (M) vs temperature (T) for the
ferromagnetic layer. n:carrier density. See text for
other symbols.

(YBa,Cu;30y) layer are crystal defects such as a-c phase
boundaries, twin boundaries, grain boundaries and any
other point defects [7-10]. In this paper, we do not
mention on these subjects of YBa,Cu;Ox layer any
more. The details are refered in ref 8.

We mention here on important factors of the
ferromagnetic layer (Ferro) and the double layer of
HTS/Ferro. First, interdiffusions of both elements as
shown in Fig.1 are always fundamental problem in the
stacking deposition. One of basic solutions is a low
temperature deposition. The second, the surface
roughness must be especially reduced in the deposition
procedure of Ferro— HTS. Because, if the surface
roughness of underlying Ferro layer is large, it must be
enhanced in the process of the overlying HTS layer. In
this case, the [ow temperature process is also desirable
since it can bring the smooth surface. However, we have
to keep the good crystallinity of both layers even by the
low temperature depositions. Then, it is quite necessary
to make use of other energies than thermal energy
during the depositions.

Let us think of the important properties which
Ferro layer should fumish. The permeability must be
large because we can induce its large modification by
applying small magnetic field. The most difficult

demand is that Ferro layer must be insulating though it
is ferromagnetic as illustrated in Fig.2. Because, if it is
metallic, the microwave is absorbed due to high density
carriers. If perovskite manganites are used for Ferro
layer, it is very difficult to satisfy these two properties
simultaneously. Usually when the phase of manganite
colossal magnetoresistance materials is changed from
paramagnetic to ferromagnetic with decreasing
temperature (T), it is changed from insulating to
metallic due to the “double exchange coupling” (DEC).
This is surely very difficult in bulk crystals. However, in
case of thin films, there is some possibility that the
metal-insulator transition temperature (Tp) and the
ferromagnetic-paramagnetic  transition  temperature
(Curie temperature Tc) are slightly separated. If it is
realized, we can obtain the Ferro layer with insulating
property at T, Then the condition required fo the
characteristic temperatures for the double layer is shown
as Tp (Tq (Te (Ty), (see Fig.2).

4. Experimental

We selected Lag;Bag;MnO; as the manganite
ferromagnetic layer because its intrinsic Tc is very high.
LBMO (La-Ba-Mn-O) thin films were deposited on
MgO (100) and LaAlO; (LAO) (100) substrates by ion
beam sputtering [11]. A target was sputtered by Ar” ion
beam. The substrates were heated and substrate
temperature (Ts) was monitored. Oxygen plasma (PL)
was supplied, and the oxygen partial pressure (Po) was
adjusted.

Crystallinity of LBMO thin films was estimated by
X-ray diffraction (XRD). Electrical resistance (R) was
measured on the films at various T by four-probe
method, and magnetoresistance (MR) was measured
under magnetic field (H,) for H, L plane. Magnetization
(M) was measured using SQUID magnetometer for H,
L plane. A part of the samples were annealed at 900°C
for 5 hin 1 atom oxygen atmosphere.
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Fig.3 Typical XRD patterns of LBMO thin films
deposited on LAO at (a) Ts=500°C, Po=ImTorr (8-1)
and (b) Tg=750°C, Po=0.5mTorr (S-2). L:LAO peak.
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Fig4 (a) R-T and (b) M-T curves for S-1 (500°C).
The film is paramagnetic or weak ferromagnetic.
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Fig.5 (a) R-T and (b) M-T curves for S-2 (750°C).
The values of R are plotted under H,=0 and 4.2 kOQe.

5. Results

Excellent crystalline LBMO thin films could be
grown at various Tg from 750°C down to 650°C on
MgO while down to 480°C on LAO at various Pg. This
difference is caused by lattice mismatching for MgO
and lattice matching for LAO [12-14]. Typical XRD
patterns are shown in Fig.3 (a) for Ts=500°C and (b) for
T¢=750°C. Single phases of cubic perovskite crystalline
films are grown.

We show the results of R-T and M-T in Fig.4 (a)
and (b) for the film (S-1) deposited at 500°C. With
decreasing T, the R-T shows insulator to metal (In—Mrf)

transition at Tp=149 K. There is, however, no
paramagnetic to ferromagnetic (PM—FM) transition in
the M-T in the measured T range. Usually the In—>Mt
transition is explained by the DEC theory for the
manganites but it must be accompanied by the PM—
FM transition [15-17]. Then this In— Mt transition
cannot be explained merely by the DEC model.

Next, we show the R-T and M-T in Fig.5 (&) and
(b) for the film (S-2) deposited at 750°C. With
decreasing T, the R-T shows the In—Mt transition again
at Tp=82.2 K. This film shows the PM—FM transition
at a Curie temperature Tc=140 K. However, T does not
correspond to Tp, then these two transitions cannot be
explained merely by the DEC again. But anyway, we
could obtain the film which has the characteristic
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Fig.6 MR vs H, at various T for S-2.
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Fig.7 (a) R-T and (b) M-T curves for the annealed
sample S-2°.
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temperatures of Tp<T, that is, the film is insulating and
ferromagnetic in 82.2-140 K.
Carefully watching the R-T curves, they show negative
MR effect in the In-regime while positive MR effect in
the Mt-regime. Then we measured MR in more detail,
the results are shown in Fig.6. In higher temperature
regions of the In-regime, it clearly shows the negative
MR which is explained by the DEC. Whereas in lower
temperature regions of the Mt-regime, it clearly shows
the positive MR which cannot be explained by the DEC.
The value of Tp=82.2 K is not sufficiently low for
the double layer of HT S/Ferro tunable filter because the
HTS layer should have T higher than 822 K. This is
not easily achieved. Then we tried to anneal this film at
900°C. The results of R-T and M-T after the annealing
(8-2") are shown in Fig.7 (a) and (b). The Tp is shifted
to lower T of 31 K, while T¢ is shifted to 180 K in the
opposite direction. Then the film is insulating and
ferromagnetic in 31-180 K. The Tp=31 K is sufficiently

low and T=180 K is sufficiently high for the HTS layer,

then this ferromagnetic layer can basically be used for
the HTS/Ferro tunable filter at the device temperature
T4 between 31 and 180 K.

The as-grown S-2 sample showed the curious MR
effect as shown in Fig.6. Therefore we examined MR
ratio (AR/R) also on this annealed sample S-2°, the
results are shown in Fig.8 (a). The amount of AR/R is
plotted in Fig.8 (b) as a function of T at a fixed H,=4
kOe. At the all T, it shows only the negative MR down
to 50 K, though the S-2 sample shows the positive MR
at the same T. That is, the positive MR disappeared by
the annealing. The MR ratios are small at lower T,
increase and decrease with increasing T, showing the
maximum at T=125 K. The maximum ratio is 17% for
H;=4 kOe. It should be noted that even the sample
shows only the negative MR in the measured T region,
it is insulating, not metallic. Thus it still violates from
the DEC model.

6. Discussion

Generally the negative MR in the manganites is
interpreted by the DEC model as schematically shown
in Fig.9 (a). At high temperatures, localized spins (t;)
are fluctuated, then a traveling electron spin (e;) is
scattered by these random spins, leading to high
resistive insulating (In) nature. Whereas, at low
temperatures, the localized spins are aligned, then the
traveling electron spin is not scattered by these aligned
spins, leading to high conductive metallic (Mt) nature.
This is the mechanism why the In—=>Mt and PM—>FM
transitions occur simultaneously with decreasing T.

Qur results (Figs.4, 5 and 7) do not obey this rule,
then we have two possibilities. The first is that the
grown films have different nature from the ordinary
manganite nature. Sometimes the positive MR is found

2
o kb (2) 1
| M 50K 1
Ll 275 ;
100
— L —_112 j
°\3 -8t V¥ 125 1
% . 19 ]
&2 [ & S$-2’ annealed 3
< 6| 900°C 5h N ¢ 20
20
0
~~
S s
A
~ . § S22
2 mi § annealed
< 900°C Sh
-18 1L X - . L oy
50 100 150 200

T(X)

Fig8 (a) MR vs H, and (b) AR/R vs T at H,=4
kOe for S-2°.
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Fig.9 (a) Double exchange coupling model. (b)
Phase separation model. PM: paramagnetic, FM:
ferromagnetic, COL: charge ordered insulating. The
boundary changes between insulating (In) and
metallic (Mt) phases following temperature and
magnetic field.

on the manganites, and it is explained in terms of

“superexchange interaction” [18], “domain structures”
[19] and other models [20]. But it is very difficult to
interpret all the results by a particular nature at present.
Then we try to interpret the results by the second
possibility in a framework of the DEC, and employing
phase separation.

Let us consider the results on the S-2 sample
shown in Fig.5 using the “phase separation model” {21]
as shown schematically in Fig.9 (b).With decreasing T,
the PM—FM transition takes place following the DEC
inside “PM-FM phase” grains, then the film shows a
kink in the M-T curve at Tc=140 K. At the same time,
the In—>Mt transition should take place. But the PM-FM
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grains are surrounded by “charge ordered insulating
(COI) phase” grains and grainboundaries. Therefore the
high conductive pass is not connected at Te. Thus the
films is still insulating. The resistance increase is
dominated by these insulating regions. With further
decreasing T, the PM-FM grains are extended or the
COI grains shrink due to phase change from insulating
to metallic nature of the grainboundary. This results in
the connection of metallic PM-FM grains then the In—
Mt transition of the film takes place at the lower
temperature of Tp=82.2 K.

The negative MR (Fig.6) in the In-regime is caused
by the ordinary DEC inside the metallic phase of
PM-FM grains. Whereas in the In—> Mt transition
temperature region below Tp=82.2 K, the magnetic
tield-induced DEC becomes less effective due to well
aligned spins while the In — Mt change of the
grainboundary is suppressed by the magnetic field
application (hypothesis). This results in the positive MR
in the Mt-regime (exactly speaking, in the In—>Mt
transition regime) as shown in Fig.6 (d) and (e). Thus at
the boundary temperature between the negative and
positive MR regimes, the MR ratio is very small as
shown in Fig.6 (¢) for T=100 K due to the cancellation.
A saturated behavior at 77 K indicates that small
amount of metallic elements are exhausted for the Mt—
In change by the magnetic field at H;=1 kOe. Whereas
at 50 k, there is no saturation by the field, indicating that
there are sufficient amount of metallic elements due to
the strong In—Mt change at the well low T.

As shown in Fig4, the sample S-1 does not show
the conspicuous ferromagnetic nature even though the
In—>Mt transition takes place at Tp=149 K, because the
PM—FM transition in the PM-FM grains may take
place at much lower T. In this case, the PM-FM grains
should be “weak metallic” paramagnetic. Then the In—
Mt transition of the film is caused by the grainboundary
phase change in this sample as well. Altemnative
explanation is possible. The PM-FM grains may be
“weak ferromagnetic” metal in this temperature range.
The PM — FM ftransition takes place at higher
temperature around 250 K or more. This can be
confirmed if the MR in this temperature range shows
negative, but unfortunately we have not measured yet.

The annealed sample S-2° shows the similar
behaviors of R-T and M-T (Fig.7) to the sample S-2.

Then basically the same interpretation can be applicable.

Differences are that the PM—FM transition takes place
at the higher Tc=180 K due to enhanced ferromagnetic
nature of the PM-FM grains, and that the In—Mt
change of the grainboundary takes place at much lower
Ty=31 K by the annealing. The negative MR (Fig.8) is
caused by the DEC inside the PM-FM grains in the FM
temperature range of T<180 K (Fig.7 (b)). Thus the MR
effect is absent for T=200 K and negligible for T=175 K

as observed in Fig.8 (b). At T=50 K, the MR eftect is
small again. This is explained by the two mechanisms as
mentioned above already. The positive MR might take
place when T is decreased below Tp=31 K. The 50 K is
near the cross over temperature between the negative
and positive MR regimes. The other origin is that the
localized spins are already well aligned at well low T of
50 K, therefore the magnetic field has less effect on the
further spin alignment.

7. Summary

It is described on the HTS microwave filter and
HTS/Ferro tunable filter. The LBMO film deposited at
500°C shows very high Tp (149 K) and very weak
ferromagnetic nature. The film deposited at 750°C
shows rather low Tp of 822 K and stronger
ferromagnetic nature with rather high T¢ of 140 K. This
film is hopeful for the Ferro layer, because it is
insulating and ferromagnetic. These characteristic
temperatures can be improved by the annealing,
resulting in Tp=31 K and T¢=180 K. Therefore it can be
used as the Ferro layer combined with the HTS layer
because Tp is well below T of HTS.

The origins are discussed for the separated Tp and
Tc, and for the negative and positive MR. It can be
interpreted by one of the hypotheses, phase separation,
employing the ordinary DEC model.
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