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Metal-Insulator and Superconductor-insulator transitions
1n the magnetic materials
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Abstract

We have measured the magnetization
and magneto-transport in a series of 3D
magnetic Co,(SiO,)1.x samples to study the
metal-insulator trandation. By controlling
the sputtering rates of Co and SIO,, the
degree of disorder of Co(SiO;) can be made
from weakly disordered to strongly
disordered. However, the redly interesting
behavior of the granular material is when the
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material is metaalic, but just barely metalic
above the metal-to-insulator transition. From
the previous studies, resistivity of samplesin
this regime demonstrates the anomalous
“A(T) dependence and hysteresis MR ratio
depends on degree of disorder of sample. It
has been known that the magnetoresistance
is due to spin-dependent scattering effect
and the magnitude of GMR ratio increases
with increasing resistivity. Here, we found
that MR ratio depends nearly linear with
dp(T)/d"A(T), characterizing the degree of
disorder of sample.

Besides, we aso studied resistivity,
magnetoresistivity, and the anomalous Hall
effect for samples near metal-to-insulator
transition  upon  therma annealing.
Experiments on our samples provide important
indghts into the mechanisms driving the
metd-insulator trangtion (MIT).

Keywords: quantum interference effects,
disorder, magnetic moment, anisotropic MR,
ferromagnetism, percolation.
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Magnetic granular samples, consisting of
nanometer scale metal particles embedded in
anearly immiscible insulating medium, have
attracted much attention in the last couple
decades and continue to be an active
research topic. Recent interest is due to
discover of giant magnetoresistance (GMR)
in  magnetic-nonmagnetic  binary metal
granular samples.[1] We would like to take



consideration of magnetic moment into
problem of disordered tuned phase transition
to understand how it influence the dominant
mechanisms that drives the transition.

In the previous projects (/3 & 2/3), we
concluded that the evolution of temperature
dependent  resistivity with  increasing
disorder in granular Coy(SiO,)1.x sample is
similar to that observed in non-magnetic
CuGe systems. However, MR due to
quantum interference effects is greatly
decreased because that magnetic moment in
each grain is detrimental to the quantum
interference effects. Near the metal-insulator
transition with a “A(T) dependent resistivity,
scattering length of electron is more than
numerous of gain distance, MR can be
described by the two-current model as in
multilayer systems. The magnitude of MR
ratio is in the range of 0.05%~2% at 10K
and scales nearly linear with disorder piox.
For sample in strongly disordered region,
MR comes from spin-dependent tunneling
effect. The magnitude of MR ratio is in the
range of 2%~10% at 10K. Negative MR due
to quantum interference in hopping regime
become importance and is comparable to
spin-dependent MR.

Here, we carefully examined much more
samples near the MIT to explore the
physical origin for the occurrence of MIT.

I RERES

(1) Granular Cox(SiO2)1.x samples

As reported before, the behaviors of
these samples can be cataloged into three
regimes. Sample with piox <500uQcm, low
temperature transport Ap(T) o« -TY2. For
sample with  500pQcm<p;0k<100mQcm,
close to MIT, ApocP(T) is better than any
other form to describe the transport behavior.
[2,3] For sample with pigx >100mQcm, p
becomes much more sensitive to temperature
and follows the hopping mechanism
resulting in the form that Apocexp[1/T¥?]. [4]
Fgure 1 shows the temperature dependence of
the normdized resdtivity for 5 representative

sanples ner med-insulaor trandtion. The
temperature dependence of resgivity a low
temperature shows a gradud evolution. As
illugrated in fig.2 for numerous samples with
0.8mQcm <pzy<B0MQcm, a “A(T) dependent
resgtivity is very common in granular sysem
near MIT[2,3]

10

14 |-

13

8
6
4
1 ", A
% 5%,
% 2
0

"\
Y

1 1 1 1 1 )
50 100 150 200 250 300

12

/P

11

10

09 i | 1 | 1 | 1 | 1 | 1 |

TK)

Fig.1. Temperature dependences of normalized resitivity for

5 Co(S0,)1x samples near the MIT. pax ae ()09,
(235(3)6.2, (422, (5)79 mQcm, repectively.
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Fg.2. Normdized resdivity as a function of “2(T) for
severd samples near MIT a temperature range from 1.5K
to 45K. Linesarelesst squarefitsto data

The explanations in terms of ether wesk
localization or eectron-dectron interaction have a
limited gpplicability. Beloborodov et al. have
atributed this logarithmic behavior to charging
effect in grans as an evidence of granular
dructure of doped high-Tc cupraes It was
expected tha the conductivity change in a
granular sample a low temperaturesfollows, [5]



Ac(T)=o, [1— o ’?I(g—ECD
T

where E; is the charging energy. Our data agree
with the above eguaion. By taking s as the
normdized dope of daa shown in fig.2,
dlp(M)/p2x ]/ A(T/20)], s increeses with
disorder (resgtivity) nearly linearly.

The magneto-transport of al samples
demonstrates a clear hysteresis loop. This
behavior was certainly not observed in CuGe
samples. From DC magnetic moment
measurements using PPM S we found that the
MR curve is consistent with MH data. We
believe the structure of magnetic Co grains
can successfully explain data with the two
spin current model. This is similar to that
found in magnetic/metal multilayer systems.
We define the value of MR as the maximum of
vaue, (R(H)-R(Hs))/R(Hs). MR is about 0.6% for
sample shown in the insat of fig.3. We plot MRy
vs. s tha is obtaned from the logarithmic
temperaiure dependence of resdivity for dl
sanples near MIT in fig.3. As shown, MR
increases with s (disorder) nearly linearly. Despite
the concentration X, there is a corrdaion between
the zero fidd dectric trangport and
magneto-trangport. The origin can be the coupling
between grains that correspond directly to s (degree
of disorder). MR increases dowly in the hopping
regime where the multiple tunneing effects
dominate.
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Fg.3. The maximum MR versus s (disorder) for numerous
Co(SO,) samples a T=10K. Lineis aleast square fit to data.
Inset is magnetoresstance as a function of goplied magnetic
filed for one sample & 10K. Direction of field is perpendicular
tofilmplane

(I Effects of Annealing

We also studied resistivity,
magnetoresistivity for some disordered
granular Co/SIO, samples upon thermal
annealing.  Samples were prepared by
magnetron sputtering system and then were
ex situ annealed at 150, 200, and 250°C for
seven hours in vacuum. The target
temperature is not high enough to change the
phase of the sample, while the distribution
of the grain sizeis dlightly changed.[ 6]
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Fig4. Normdized redtivity 'Véfus (8) temperature and (b)
logarithmics of temperature for Co(SO,) samples annedled &
different temperatures. The room temperature resigtivity for the
as-depodted sampleis 13.6mQecmand itisnear MIT.

Fig.4 shows normalized resistivity at
zero field as a function of temperature for
samples annealed at different temperatures.
As seen, the temperature dependences of
resistivity are still close to logarithmic, with
the dlope decreasing with increasing
annealing temperature. Overall, the higher
annealing temperature the sample has been
through, the more metallic the sampleis, the
smaller of the slope of resistivity versus
logarithmics of temperature.

This trend is associated with changes in
grain size distribution. In the as-deposited
sample, the current flows via channels formed



mainly by small grains. Upon annedling, the
small grains disappear and collapse into
dightly bigger grains. According to the
classical percolation theory, the resistivity
would decrease with increasing grain size
based on the classical finite-size scaling.[7]
Meanwhile, the -"2(T) dependent contribution to
resdtivity is decreased.

Other work in the Hall resistivity
measurements for these Co(SIO,) is under
investigation. A gpecific  feature  of
ferromagnetic metas is that py=RyH+RA47M
possesses two components, the first term
(normal part) is due to the Lorentz force and
the second term is related with the influence of
the spin-orbit interaction on the spin-polarized
electrons. The second term is much greater
than the first term for granular system, and
usualy is referred as anomalous Hall effect
(AHE). [2,8] This AHE was also observed in
our samples near the MIT.
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Fg5. Hdl resdtivity veraus resgtivity for Co(SO,) samples
anneded a different temperatures. The room temperature
resigivities for the as-deposited sample (@) and (M) are
22.2 and 6.2 mQem, respectively.

We plot Hal resistivity for numerous
samplesin Fig.5. As shown, the more disorder
sample has the bigger value of Ry. Moreover,
Hall resistivity decreases upon annealing in
consistence with the classical percolation
theory.

E B

From the dudies of Co(SOy)1.x systems, MIT
can occurs by adjuging the rddive

concentrations between Co and SO, The
evolution of temperature dependent residivity
with increesng disorder is Smilar to tha
observed in non-magnetic composite or binary
sysems. The classical percolation theory can
be used to describe the metal-to-insulator
transition. The “A(T) dependent resdivity
obsarved in samples near MIT is evident for the
gran dructure and is atributed to the DOS
correction due to  electron-electron
interaction. Resistivty and Hall resistivity for
samples near MIT upon anneding further
support the dassicd percolation modd. The MR
demondrates hysteress behavior due to the
magnetic couplings between grains. Near MIT,
scattering length of dectron is more than couples
of gran digance and scatering of up and down
spins through grain channd's depends on whether
padld or anti-pardld dignment of magnetic
moments of dl grans MRy increases with s
(disorder)  nearly linearly. Despite  the
concentration X, there is a corre ation between the
Zero fidd eectric transport and

magneto-transport.
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ELECTRICAL PROPERTIES OF GRANULAR FERROMAGNETS NEAR
METAL-TO-INSULATOR TRANSITION

Shibovine Heg, V.T. Cheng, and C.H. Chang

Drepartment of Electrophysics, Mational Chiao Tung University, Hsinchu 300, Taiwan

Introduction

Disorderad samples have a long history as systems
m which new and iteresting phenomam can be
studied and umeovered. The different  physical
behaviors due to the evolution of wave fimction from
extended to localized m two extremes were well
understood. Recent interest is due to discover of giant
magretoresigance (GMR) 1 magnetic nomagnetic
birery metal granular samples. Withthe mtroduction of
magnetic element i disordered systens, we e
mvestigate the mfluence of local electronie spin to the
dommant mechansms in phase trasitiors sxch as
quanturn nterference and electron-electron nteraction
effects. We have performed carefll expermments on
cosputtermg Cog(Si0:),  disorderad  samples  to
elicidate the physical effects behind the profound. Co
searms fomm grans embeddad in Si0; sea and giant
MR due to the couplngs of magnetic moments
between grains appears in these samples. Experiments
on our saples provide mmportant nsights 1o the
mechanisms  driving  the metabinsulator  transition
(MIT).

Experimental

The samples were obtainad by co-sputterng of Co
and Si0,; onto Sapphire substrates n 7.4mTom of
Argon. The base pressure of the chamber was less than
Tx107 Tow. Deposition rate of each material was
adjusted by controlling  sputtering  power.  The
thickness of each composite samplke is  about
150~300mm. By ths method we have successfully
fabricated a series of magnetic granular samples with
disorder spanming from weakly to strongly discrdered
regions. The rtoom temperature resisivity pag
changes flom couple 0.lmikem to 10°mikm. The
relative concentration is unknown and however, & not
mrportant according to the following analyses.

Four terminal measurements of  longitudinal
resistance were performed in a pumped ‘He cryostat.
Sample was placed n the center of a 9Teda
superconducting solencid magnet.

Results and Discussion

Figure 1 shows the temperature dependence of the
nomrelized resistivity for 5 representative samples near
metal-msulator  tramsition. The  temperature
dependence of resistivity at low temperature shows a
gracual evolition. In the weakly disordered sample,
the ncrease of resstivity with decreasing tenperature
follows that Ap=T'™ that can be attributed to the
quantum mterference effects m the extended states.
In the strongly disordered sanple. the resstivity
bacomes much more sendtive to temperature and
follows the hopping mechansm resulting i the form
that Ap-cexp[ 1T

O T
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Fig.l. Temparature depandances of normalized resiztivity for
5 CogfSithy, samples.  paos are C0E (235 (362,
(4122, (5079 mlbom, respactively.

However, as the sample is close o the
metal-msulator  transiion(MIT),  the form  that
ApxdniT) is better than any other form to describe the
transport behavior, as llustrated m fig.2 for numerous
sampks with 0.8meem <pyg=50melem . A Fn(T)
dependent resstivity is very common i granular
system near MIT.[1] The explarations n fens of
either weak localization or electron-electron interaction
have a limited applicability. Beloborodov ef al. have
attributed this logarithmic behavior o charging effect
n grains as an evidence of granular structure of dopead
high-Te cuprates. It was expected that the conductivity



change in a gramubar sample at low temperatures
follows, [2]

Ac(T) =, |le o n|$| |

where E, & the charging energy. Our data agree with
the abowve equation. By taking s as the nommbzed
slope of data shown m fig.2, dp(T ¥p o[ n(T20]],
s mereases with disorder (resstivity) nearly lineardy.
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Fig2. Mormalized resistivity a5 a Tunction of GaTy for
sevieril samiples near MU at temparature range from 13K o
43K Lines ane least squane Gt o data,

The change of magnetoresstance of one sample is
plotted i the 1wset of figure 3 with the applied field
direction perpendicular to film plane at T=10K[3]. As
seen, data demonstrates a clear hysteresis loop. This
result was certamly not observed in nor-magnetic
birary samples such a8 Cu/Ge, CwSi0.,...ete. From
DC magnetic moment measurenents using PPMS we
found that the MR curve is consigent with MH data.
Whan the magnetic field is apphed n film plane,
magnetoresistance demonstrate similar results. Exeept
the Hp at maximum MR is smaller than that with fiekd
perpendicular to plane, size of MR is about the same.
It & easy to figure out since gran has non-symmetne
shape. Magnetic moment & easar to rotate and align in
plane than out of plane. Coercive field is weaker n the
fommer than m the latter. As the same size of MR. 1t 1s
evidence that sample & three dimensioral. We believe
the stncture of magnete Co grams can successfully
exphin data with the two spin current model. This is
similar to that found i magneticinetal multilayer
systems.

We define the value of MBqg as the maximum of
valie, (R(H)-RiHa) VR{Ha). MR is about 0.6% for
samphe shown in the inset of fig.3. We plot MR, vs. s
that 15 obtaned from the logarthmic temperature
dependence of resstivity for all samples near MIT m
fiz.3. As shown, MRne mereases with s (disorder)

(o]

rearly Imearly. Diespite the concentration x, there 1s a
correlation betwean the zero field electnic transport and
magneto-trarsport. The ongin can be the couplng
betwean grams that correspond directly to s (degree of
disorder). MRmx hereases slowly in the hoppng
regime where the multiple tunneling effects dominate.

]

MR,

) o o ol %

Fig3 The memimum ME vasus s (dizorden for numenus
CoSichy samples al T=10K. Ling is a keast square G o data,
Inset is magnetoressiance as a fincion of applied magnatic filad
fir one sarmple at WK, Direction of fizld is papendicular to film
plani

Conclusion

From the studies of CodSiO:)., systems, MIT
can oceurs by adjusting the relative concentrations
betwean Co and Si0.. The evolution of tenperature
dependent resistivity with mcreasing disorder is similar
to that observed n non-magnetic composite or birmry
systems. The MR demonstrates hysteresis behavior
due to the magnetic couplngs between grans as an
evidence of the fonmation of magnetic Co grains. Near

the metal-imsulator transiion with a #x(T) dependent
resistivity. scattering length of electron & more than
couples of grain distance and scattermg of up and
down spms through gram chamnels depends on
whether parallel or anti-parallel ahgnment of nagnetic
moments of all grains,
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