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Large magnetoresistivity of sputtered 
AI-(O or N)-Bi alloys 
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Application of the sputtering technique to (AI203)xBil0o_ x and (AIN)xBil0o_ x (x -- 0 to 100%) 
has been found to result in the formation of a duplex material consisting of hexagonal bismuth 
particles dispersed finely and homogeneously in amorphous AIxOy and AIxNy matrices. The 
particle size and interparticle distance of the bismuth phase were about 5 to 140nm and 
5 to 35 nm. The duplex alloys have high electrical resistivities ranging from 1.82 x 103 to 
3.1 6 x 1 0 ~ #f~ cm combined with a negative temperature-dependent resistivity of 1 48 to 
342% of ~o273. Furthermore, all the AI-O-Bi and AI-N-Bi alloys have been found to exhibit a 
positive magnetoresistive change and the maximum value, A~o(H), at 4.2 K and 7.5T reaches 
5.85 x 1 0 4 ]2~'~ cm for (A1-0)65. 7 Bi34.3 and 1.99 x 1 0s/ff~ cm for (AI-N)69. 7 Bi30.3. The large 
magnetoresistivities are probably due to the unique sputtered structure consisting of metallic 
bismuth particles with a long mean free path of electrons embedded finely and homogeneously 
in amorphous AIxOy or AIxN V matrix, resulting in the large difference of the relaxation times 
(different mobilities) of electron carriers. It has thus been demonstrated that the oxide- or 
nitride-based composite materials exhibiting large magnetoresistivities, which cannot be 
achieved in metallic composite materials, are obtained by sputtering simultaneously AI20 3 or 
AIN and bismuth which is immiscible to aluminium. 

1. In t roduc t ion  
It has been reported very recently that the rapid 
quenching of immiscible-type alloys from the liquid or 
vapour state results in the formation of the duplex 
structure consisting of metallic particles embedded 
finely and homogeneously in crystalline metallic [1, 2] 
and semiconducting [3, 4] phases and amorphous 
metallic [5-7], oxide [8, 9] and nitride [9] phases. 
Furthermore, these duplex materials have been found 
to exhibit unique electrical resistive, magnetoresistive 
and superconductive properties [1-9]. Among these 
materials, it is particularly notable that (1) melt- 
quenched Ge-Sn and Ge-Pb alloys exhibit high elec- 
trical resistivities (-~ 104/~cm at 250K) combined 
with a large positive temperature dependence of about 
70 to 90% in the range from 4.2 to 273 K [3], and (2) 
melt-quenched Ge-Pb-Bi-Sn alloys have an upper 
critical magnetic field (He2) of 15 T at 3.0 K and the 
He2 value extrapolated to 0 K reaches as high as about 
30 T [4]. Such unique and useful properties have been 
thought to result from the unique duplex structure in 
which the metallic phase dispersed by an immiscible 
phenomenon of the constituent elements has a lattice 
parameter nearly the same as that of pure metals and 
does not contain any other elements constructing the 
matrix. Accordingly, the duplex materials exhibit 
uniquely combined properties of dispersed pure 
metals and semiconductive or insulative matrix. From 
the dramatic effects of the dispersed structure on elec- 
trical properties described above, it is reasonable to 

expect that duplex materials consisting of bismuth 
metal dispersed homogeneously in electrically highly 
resistive materials such as oxide, nitride and semicon- 
ductor, etc., exhibit a large magnetoresistivity, because 
bismuth has the largest magnetoresistivity of the 
metallic materials [10]. The aim of this paper is to 
examine the microstructure, electrical resistivity and 
magnetoresistivity of sputtered A1-O-Bi and Al-N-Bi 
alloys and to investigate the possibility of whether or 
not a new material with a large magnetoresistivity is 
prepared on the basis of the concept described above. 

2. Experimental procedure 
Alloys with compositions of (Al-O)xBi~00_x (x = 0, 
35.1, 65.7, 87.6 and 95.2%) and (A1-N)xBil00_ x 
(x = 29.3, 69.7 and 90.0%) were sputtered on a 
water-cooled ceramic substrate into a form of rect- 
angular film with a thickness of 40 to 60/~m using 
a radio frequency (r.f.) sputtering apparatus. The 
A1-O-Bi and A1-N-Bi films for transmission electron 
microscopic (TEM) observation were sputtered on a 
rock salt substrate into a thin foil with a thickness of 
about 100 nm. The target cathode consisted of pure 
bismuth (99.99 wt %) and highly pure AI203 or A1N 
and the composition was controlled by changing the 
surface area ratio of the two constituent raw 
materials. After evacuating the sputtering chamber 
mounted with the target material up to 2 x 10 -5 Pa, 
argon gas of 4 Pa was fed through an automatic gas- 
flow controller to make argon-plasma in the chamber. 
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The argon-plasma was generated between a tungsten 
filament cathode and a stainless steel anode. The 
anode current usually supplied was 60mA and the 
anode voltage was 1 kV. Prior to sputtering the target 
the substrate was sputtered to clean its surface for 
5rain by applying a negative bias against the sub- 
strate. The gap between the target and substrate was 
fixed at 20 mm. 

The structure of the sputtered films was examined 
by X-ray diffractometry and TEM. Measurement of 
electrical resistivity as a function of temperature and 
magnetic field was done using a conventional four- 
probe technique. A magnetic field up to 8T was 
applied transversely to the specimen surface and the 
excited current. The temperature was measured using 
a calibrated germanium thermometer at temperatures 
below 90 K and a calibrated diode thermometer in the 
higher temperature range with an accuracy better than 
_+ 0.01 and + 0.1 K below and above 90 K, respectively. 

3. Results 
3.1. Sput te red  s t ruc ture  
Fig. 1 shows the X-ray diffraction patterns of sputtered 
(A1-O)xPb~0o_,~ (x = 0, 35.1, 65.7 and 95.2%) films. 
All the patterns can only be identified as hexagonal 
bismuth; no diffraction peaks corresponding to AlxOy 
oxide are seen. It is thus notable that the diffraction 
peaks consist only of bismuth phase even for the 
Al-O-rich film containing 4.8% Bi. Although the 
intensity of bismuth diffraction peaks tends to 
decrease with decreasing bismuth content, there is no 
systematic variation in the peak position of bismuth 
phase with area ratio of bismuth to Al~O3. Addition- 
ally, one can notice that the number of diffraction 
peaks increases significantly with the coexistence of 
AlxOy phase. The change is thought to result from the 
increase in the randomness of crystal orientation for 
the bismuth phase embedded in the AllOy phase. A 
similar X-ray diffraction pattern consisting only of 
hexagonal bismuth phase was also obtained for sput- 
tered (A1-N)xBi,00_~ (x = 29.3, 69.7 and 90.0%) 
films. 

In order to obtain information on the microstructure 
and crystal structure of AlxOy and AlxN~ phases, as 
well as the dispersion state of the bismuth phase in 
sputtered AI-O-Bi and A1-N-Bi films, TEM obser- 
vation was carried out for deposited (AI-O)~Bi~00_, 
(x = 35.1, 65.7 and 95.2%) and (A1-N)xBi~00_~ 
(x = 29.3, 69.7 and 90.0%) thin films. Figs 2 and 3 
show bright-field electron micrographs and selected- 
area diffraction patterns of sputtered A1-O-Bi and 
A1-N-Bi films, respectively. The diffraction patterns 
revealed the coexistence of amorphous AI-O or AI-N 
and hexagonal bismuth phases for the AI-O- and 
Al-N-rich films. With decreasing x content, the broad 
diffraction peaks corresponding to an amorphous 
phase disappear and the patterns consist only of hex- 
agonal bismuth phase. From the distinct appearance 
of amorphous halo rings for the A1-O- and AI-N- 
rich films, it is reasonably considered that the sputtered 
structure consists of amorphous AlxOy and hexagonal 
bismuth phases for (AI-O)~Bi~00 ~ films and amor- 
phous AI~Ny and hexagonal bismuth phases for 
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Figure 1 X-ray diffraction patterns of (AI-O)~Bit0o_ x (x = 0, 35.1, 
65.7 and 95.2%) sputtered films. 

(AI-N)xBi~oo_ x films. As shown in the bright-field 
images in Figs 2 and 3, the average particle size and 
interparticle spacing of bismuth phase tend to increase 
with increasing bismuth content from about 10 to 
65 nm and 5 to 35 nm, respectively, for (A1-O)xBilo0_x 
films and from about 5 to 140nm and 5 to 
30nm, respectively, for (A1-N)xBil00_x films. The 
(A1-O)x Bi,00_x and (A1-N)x Bi~00_x films are concluded 
to have the duplex structure consisting of fine hex- 
agonal bismuth particles embedded homogeneously in 
the amorphous phase of AlxOy and AlxNy. Fig. 4 
shows the change in the lattice parameter of bismuth 
in (A1-O)xBil00_~ and (AI-N)~Bi,00_ , films determined 
from the X-ray diffraction data with area ratio of 
bismuth to A1203 or A1N in the target. The lattice 
parameter for both the alloy systems remains con- 
stant (a = 0.456nm and c = 1.187nm) over the 
whole composition range and agrees with that (a = 
0.45459nm and c = 1.18622nm) [11] of pure bis- 
muth. Therefore, it is concluded that detectable dis- 
solution of aluminium, oxygen and/or nitrogen into 
the bismuth phase does not take place even for the 
AllOy- and Al~Ny-rich films containing about 5% Bi, 
in accordance with the expectation from A1-Bi 
equilibrium phase diagram [12]. 

3.2. Electr ical  res is t i v i t y  
Fig. 5 plots the electrical resistivity at 4.2 and 273 K 
for sputtered (A1-O)xBil00_x and (A1-N)xBi,00_x films 
as a function of area ratio of A120 3 or A1N to bismuth 
in the target. The resistivity at 4.2K is 6.61 x 
103 #f~cm for the bismuth film, increases gradually 
with increasing area fraction of A120 3 or A1N and 
reaches 3.98 x 104#~cm for (A1-O)95.2Bi4,8 and 



Figure 2 Bright-field electron mic rog raphs  
and  selected-area diffraction pa t te rns  of  
(At-O)xBil0o_ x sput tered  films. (a, b) x = 
35.1%; (c, d) x = 65.7%; (e, f) x = 
95.2%. 

Figure 3 Bright-field electron mic rographs  and  
selected-area diffraction pa t te rns  o f  (Al-N),.Bi~0o_ x 
sput tered  films. (a, b) x = 29.3%; (c, d) x = 
69.7%. 
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Figure 4 Change in the lattice parameter of hexagonal bismuth in 
(O) (A1-O),. Bi ~oo .~ and (Q) (AI-N)x BiL0o_x sputtered films with area 
ratios of AlzO 3 or A1N in the target. 

2.40 • 1 0 6 # ~ c m  for (A1-N)95.0Bis. o. A similar com- 
positional dependence of resistivity is also seen for the 
values at 273K. The sputtered AllOy and AI~Ny 
amorphous films have been confirmed to be insulators 
with an ultrahigh resistivity above 1 0 9 # ~ c m  [8, 9]. 

The normalized electrical resistant c u r v e s  (R/R273) as 
a function of temperature are shown in Fig. 6 for 
(A1-O)~Bi~oo_~ (x = 0, 35.1, 65.7, 87.6 and 95.2%) 
and in Fig. 7 for (A1-N)~Bil00_~ (x = 29.3, 69.7 and 
90.0%). The electrical resistivity of all the A1-O-Bi 
and A1-N-Bi alloys shows a negative temperature 
dependence and decreases significantly with increasing 
temperature from 4.2 to 273K, e.g. 3.98 • 104 to 
2.37 • 1 0  4 #s for (AI-O)95.2Bi4.8 and 2.40 • 1 0  6 to 
3.16 • 105 #f~cm for (A1-N)90Bil0. The decrease in the 
negative temperature dependence of resistivity with 
increasing A1,Oy content is in contrast to the general 
tendency that the increase in resistivity results in an 
increase in the slope of the negative temperature 
dependence and the reason for such an unexpected 
tendency remains unknown. 
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Figure 5 Change in electrical resistivity at (O, D) 4.2 and (o, I )  
273 K for (O, o) (A1-O)xBil00_ = and (rq, J )  (A1-N)xBi~0o_ x sputtered 
films with area ratios of AI203 or A1N in the target. 
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Figure 6 Normalized electrical resistance, R/R273, a s  a function of 
temperature for (A1-O).,.Bil00 .~ (x = 0, 35.1, 65.7, 87.6 and 95.2%) 
sputtered films. 

3.3. Magnetoresist ivity 
Figs 8 and 9 show the change in electrical resistivity at 
4.2 K as a function of transversely applied magnetic 
field for sputtered (Al-O)xBij00_ x (x = 0, 35.1, 65.7, 
87.6 and 95.0%) and (A1-N)xBil00_~ (x = 29.3, 69.7 
and 90.0%) films. It can be seen that the transverse 
magnetoresistivities (A~/Q) of all the alloys are positive 
and increase with increasing magnetic field in propor- 
tion to H" with n ranging from about 0.5 to 1.0, in 
accordance with the tendency [13] for a number of 
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Figure 7 Normalized electrical resistance, R/R273, a s  a function of 
temperature for (AI-N)xBil0o_ x (x = 29.3, 69.7 and 90.0%) sput- 
tered films. 
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Figure 8 Magnetoresistivity A~/Q at 4.2 K as a function of applied 
field for (Al-O).,Bi~0o_.,. (x = 0, 35.1, 65.7, 87.6 and 95.0%) sputtered 
films. 

metals and alloys. Fig. 10 shows the change in the 
A~/Q values of(A1-O)xBil00_~ and (A1-N)~Bil00 , films 
under an applied field of 7.5 T at 4.2 K with the area 
fraction of A1203 or A1N to bismuth in the target, 
together with the data of sputtered Ge~Bil0o .~ and 
SixBi~o0_ x films measured under the same conditions. 
The four alloys exhibit a similar compositional depen- 
dence and A~/~ has a maximum value at a certain area 
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Figure 9 Magnetoresistivity Ae/Q at 4.2 K as a function of applied 
field for (Al-N)~Bitoo_ x (x = 29.3, 69.7 and 90.0%) sputtered films. 
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Figure 10 Change in magnetoresistivity A~/Q at 4.2 K and 7.5 T for 
(O) (A1-O)~ Bi]o0_ x and (e) (A1-N)x Bit0o_x sputtered films with area 
ratio of AI203 or AlN in target. The data of(a)  GexBilo0_ x and (Q) 
Si,.Bi~0~_ ,. sputtered films with amorphous germanium or silicon 
and hexagonal bismuth phases are also shown for comparison. 

fraction. However, the area fraction at which AQ/Q 
shows a maximum value is different between the AI- 
O-Bi or Ge-Bi alloys and the A1-N-Bi or Si-Bi alloys, 
being 0.65 to 0.70 for the former alloys and 0.25 to 
0.30 for the latter alloys. It is particularly notable that 
the magnetoresistive change at 7.5T is as large as 
233% for (A1-O)~s.TBi34.3, 130% for Ge70Bi30, 103% 
for (A1-N)29. 3 Bi70.7 and 71% for Sizs Bi72. Furthermore, 
as shown in Fig. 11, the magnetoresistive increment 
increases with increasing x content, reaches as much 
as 5.85 x 104#~cm for (A1-O)6s.TBi34.3 and 1.99 x 
l0 s/~gt cm for (A1-N)69. 7 Bi30.3, and tends to decrease 
with further increasing x content. The large resistive 
increments by magnetoresistivity indicate that the A1- 
O-Bi and A1-N-Bi films can measure very sensitively 
the change in resistivity with applied field, even for the 
short sample. 

4. D iscuss ion  
It was shown in Section 3 that the sputtered AI-O-Bi 
and A1-N-Bi alloys consist of the fine duplex structure 
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Figure 11 Change in the resistive increment by magnetoresistivity at 
4.2K and 7.5T for (O) (AI-O)~Biloo_ x and (e)  (AI-N)xBilo0_.~ 
sputtered films with area ratios of AI203 or A1N in the target. 
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consisting of A1-O or A1-N and bismuth phases and 
the electrical resistive behaviour results mainly from 
the conduction electrons localized in the bismuth 
phase. It is known that the magnetoresistance is 
strongly dependent on the mean free path of electrons 
and relaxation times (different mobilities) of electron 
carriers and the longer the mean free path and the 
larger the difference of the relaxation times, the larger 
is the magnitude of the magnetoresistance. It was 
shown that the metallic bismuth phase embedded in 
the germanium phase does not dissolve an appreciable 
amount of aluminium, oxygen or nitrogen and is 
regarded as a pure metal with a long mean free path 
of electrons. Accordingly, the AI-O-Bi and AI-N-Bi 
duplex alloys are expected to exhibit a magnetoresist- 
ance larger than that of pure bismuth metal. 

Kohler [14] indicates that the reduced magnetoresis- 
tivity, A0/0, where 0 is the zero-field resistivity and A0 
the increase due to the field H, is a function of the ratio 
tl/o: 

AQ/O = f(H/o) (5) 

Fig. 12 shows the so-called reduced Kohler plot [15] in 
which the transverse magnetoresistivities A0/0 of sput- 
tered (Al-O)65.  7Bi34.3 , (A1-N)29. 3Bi70.7, (A1-N)69. 7Bi38.3 

and bismuth films are presented as a function of the 
ratio 1t0o/0 based on the data shown in Figs 8 and 9. 
Here 00 is the resistivity at T = 0D K. It can be seen 
that A0/0 of the A1-O-Bi and A1-N-Bi alloys 
increases almost linearly with increasing 110o/0, in 
good agreement with the tendency for sputtered bis- 
muth metal. This agreement allows us to infer that the 
generation of magnetoresistance for the A1-O-Bi and 
A1-N-Bi alloys is attributed to the bismuth metal 
embedded in A1-O and A1-N amorphous matrices. 
However, the values in the AO/o-HOo/O relation for the 
AI-O-Bi and A1-N-Bi alloys deviate from those of 
sputtered bismuth metal and lie at the higher side of 
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Figure 12 Transverese magnetoresistivity of (AI-O)xBim0_ x, 
(A1-N)xBim0_ x and bismuth sputtered films plotted on a reduced 
Kohler diagram. 

A0/p and at the lower side of 110o/~. This suggests that 
the large magnetoresistance for the A1-O-Bi and A1- 
N-Bi alloys results from the large field dependence of 
the mean free path of electrons for metallic bismuth 
itself, and the increase in the ease of the breaking-off 
of the conducting path caused by the isolated disper- 
sion of bismuth metal in A1-O and AI-N amorphous 
matrices. A more systematic investigation of the mag- 
netoresistivities of oxide-metal, nitride-metal and 
semiconductor-metal duplex materials, which is 
presently being carried out, is expected to shed some 
light on clarification of the mechanism of the enhanced 
magnetoresistivity for A1-O-Bi and AI-N-Bi alloys. 

5.  C o n c l u s i o n  
The magnetoresistivity at 4.2K for (A1-O)xBim0_x 
and (Al-N)xBi~00_ x films is positive and increases with 
H" (n = 0.5 to 1). The magnetoresistive change at 
7.5T is as large as 233% (5.85 x 104#~cm) for 
(A1-O)6s.vBi34.3 and 103% (9.84x 104#~cm) for 
(AI-N)29.3Bi70.7, being much larger than that (31%, 

2.05 • 103 ~ c m )  for sputtered bismuth metal. The 
markedly enhanced magnetoresistivity is thought to 
be due to the fine and homogeneous dispersion of 
hexagonal bismuth metal with a long mean free path 
of electrons in AlxOy or AlxNy matrix and the resultant 
large difference in the relaxation times of electron 
carriers. It is thus very important from the scientific 
and engineering points of view that the duplex alloys 
consisting of fine metallic bismuth particles dispersed 
in AlxOy and AlxNy matrices can be prepared by co- 
sputtering A120 3 or A1N and bismuth by taking 
advantage of the immiscible phenomenon between 
aluminium and bismuth elements, and that these 
duplex alloys exhibit large magnetoresistivities. 
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