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Effect of annealing on the giant Hall effect
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We studied resistivity, magnetoresistivity, and Hall resistivity for a few percolating granular NiFg-SiO
films upon thermal annealing. It was found that both the resistivity and the Hall resistivity decrease by two
orders of magnitude upon annealing at 520 °C, accompanied by a crossover from an approxifhately
dependence of resistivity to a metallic behavior. On the other hand, transmission electron microscopy study
showed that this pattern of resistivity and Hall resistivity change is not due to any new phases, but is associated
with changes in particle size distribution. These results cannot be understood in the existing theoretical frame-
work. [S0163-182@6)06621-0

Magnetic granular thin films, consisting of nanometermainly discuss the results for the system with 0.58; other
scale ferromagnetic metal particles embedded in a nearly insamples behave in a qualitatively similar way, though the
miscible insulating or metallic medium, have attracted muchvalues of the quantities are different. For annealing, samples
attention in the last decadgsand continue to be an active Were placed in a quartz tube that was evacuated for half an
research area. Recent interest is due to the discovery of giaReur and purged six times using high-purity helium gas. Be-
magnetoresistance in magnetic-nonmagnetic binary meté@r‘? annealing, the quartz tube was filled with about 0.8 atm
granular films** For metal-insulator films, it is known that a helium gas and was kept at that pressure throughout the an-
number of properties, such as resistivity, increase sharpl ealing process. The quartz tube was inserted into the fur-
when the metal volume fractionapproaches,, the critical ace at the preset temperature, and was pulled out to quench

F L : 0 room temperature after annealing for one hour.
value fqr the metal-insulator transition. Recgnt studies of The Hall resistance was measured using a five-terminal
magnetic and magnetotransport properties in cosputtere[(fj]

. . X : ethod with a potentiometer. The potentiometer was ad-
(NiF€)(SiO2) 1« films showed that the extraordinary Hall justed so that zero Hall voltage was detected in zero field.
resistivity can be enhanced by four orders of magnitud

; . UO€care was taken to ensure that the positions of the electric
compared to that of the contlnuou56magnet|c metal filmSgonacts remained the same after subsequent annealing, to
when x—x. (x;~0.53) from above:® The enhancement gjiminate geometric error. Magnetization was measured us-
factor of 1d is ConSiderably greater than the factor of |ng a Quantum Design Superconducting quantum interfer-
~ (t/®)9<30 [for film thicknesst of 1 um, and granular ence device magnetometer. For all field-dependent measure-
(particle size ®~1 nm], expected from the conventional ments, magnetic field was applied perpendicular to the film
percolation model, wherg (~0.4) andv (~0.9) are the 3d plane. For the TEM study, separate samples-deposited,
percolation critical indices of the Hall resistivity and of the and annealed at 300 and at 520 “@ere prepared in plane
correlation lengtH. This effect, which was termed the “giant view for comparison. First, square pieces-Z.5X2.5
Hall effect” by analogy with the giant magnetoresistance,mm?) of the samples were cleaved from the material and
was suggested as a basis for alternative candidate materigjkied onto TEM hole grids. The samples were mechanically
structure for magnetic-field sensar8in this work, resistiv-  polished from the back to reduce the thickness down to
ity, magnetoresistivity, Hall resistivity, and magnetization 10-30um, and then each sample was thinned by argon ion
were studied for a few percolating granular NiFe-Sifdms  milling to about 10-40 nm. To avoid heating the samples
with different microstructures altered by thermal annealingduring ion milling, the sample holder was cooled by liquid
It was found that both the resistivity and the Hall resistivity nitrogen. TEM images were taken using a Philips CM-20
increase upon annealing at temperatures up to 300 °C, aralectron microscope at 200 kV.
decrease by two or more orders of magnitude upon annealing In bulk ferromagnetic metals, the Hall resistivjty, con-
at 520 °C. Transmission electron microscd@¥M) studies  sists of two terms, of which the ordinary Hall resistivity, due
showed that this pattern of Hall resistivity change was noto the Lorentz force, is proportional to the field. The second
due to any new phases, but rather due to the changes irrm, the extraordinary part, is due to scattering of the polar-
particle size distribution that may be associated with the conized conductiond electrons, and hence is proportional to
nectivity of the metal granules. magnetizatior. If the extraordinary Hall coefficient is much
Percolating granulatNi-Fe),(SiO,) ;_, films of 1 wum  greater than the ordinary one, the plots of Hall resistivity
thick were prepared using a magnetron rf cosputtering sysagainst field will be similar to the magnetization curves, but
tem as described elsewhérehe substrates being held at with a finite slope at fields above saturation. Figure 1 shows
150 °C during sputtering. The metal volume fractiorand  a typical Hall resistivity as a function of the magnetic field
the relative Fe content in NiFe were determined by energyH measured af=5 K in the sample withx=0.58. The
dispersive x-rayEDX) spectroscopy using a Philips EDAX curve has a shape qualitatively similar to that in bulk
XL30, to be 0.58, 0.60, and 0.63, and 0.15, 0.14, and 0.14netals>®1°The Hall resistivities are negative in the positive
respectively, for three of the samples studi@swe will field for all samples studied.
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FIG. 3. Normalized resistivity at zero field as a function of
measurement temperature for samples with0.58 annealed at dif-
ferent temperatures, .

FIG. 1. Hall resistivityp,, as a function of magnetic field for an
as-deposited granular film with the metal volume fracticn0.58
atT=5 K.

Figure 2 shows the resistivity,,, the absolute values of for samples annealed at low temperatures it is negative even
saturation Hall resistivityp,,s, the magnetoresistivity at at room temperature. The temperature dependences of resis-
H=1.5T, orAp,,=p«(0)—p,(1.5 T), and the saturation tivity are close to logarithmic, with the slope decreasing with
magnetizatiorM, all measured at 5 K, as functions of the increasing annealing temperature. Comparing the results in
annealing temperaturg,. In this work, both the saturation Figs. 2 and 3, it can be concluded that the giant Hall resis-
magnetization and the Hall resistivity were determined ativity is associated with a large resistivity with-alnT tem-
H=1.5 T. ForT,<300 C, px, Apxx, and p,ys increase perature dependence. Also the increase in the giant Hall re-
monotonically with increasing annealing temperature. Thesistivity upon annealing is associated with an increase in the
total enhancement gb,, is about 50% and that gfys is resistivity and a decrease in the slopedp,,/d(InT)/
about 70% after annealing at 300 °C compared to the values(5 K). Upon high-temperature annealing420 and
for the as-deposited film, whildl¢ remains nearly constant 520 °O), the giant Hall effect disappears, accompanied by
or decreases slightly<{7%). Upon further annealing above the change from a large resistivity withInT dependence to
420 °C, howeverp,,, Ap,y, andpyys decreased consider- a small metalliclike resistivity. Note that the value of
ably (by a factor of=10?), while the saturation magnetiza- pxys~1 w{) cm upon annealing at 520 °C is close to
tion Mg increased by~20%. Similar behavior ofp,,, What can be expected from the conventional percolation
Apyx, Pxy, andMg was observed for samples wit=0.60  theory at the percolation threshold;, or pyydXc)
and 0.63. ~ Py 1) (/D)9 M where p,,(1)~3.7x10°2 10 cm

Figure 3 shows normalized resistivity at zero field as a(Ref. 5 is the Hall resistivity forx=1.
function of measurement temperature, where the temperature Figure 4 shows the dark-field TEM images for the
scale is logarithmic, for samples annealed at different temsamples withx=0.58 as deposites), annealed at 300 °C
peratures. The temperature coefficient of resistifig¢R) is  (b), and at 520 °C(c). Insets show selected area electron
negative at low temperatures for all samples. Remarkablydiffraction (SAD) patterns. The structure of the particles in

the granular films was identified by SAD to be face centered
cubic with a lattice constant similar to bulk nickel. No

£ 104 —— £ 103 ¢ T : changes in the positions of the diffraction rings were de-
S 10°L e« 1S 102 ovee o i tected in the SAD patterns, and no additional diffraction
% 102 | . % ot b | rings appeared upon annealing, indicating that there is no
T 10} g 8 ’ phase transformation. The dark-field TEM images were
e 100 = U — taken by selecting a quarter of the strong diffraction rings,
g 183 Forene s ' mg 300 . ' ' hence grains satisfying the selected diffraction conditions ap-
<y So00f e - pear bright. There are notable changes in the particle size
% 10 b & 100 distribution from (a) to (c). To illustrate this change, the
g 100 b . s oL . . respective particle size distributions were determined as
150 300 450 150 300 450 shown on the right-hand side of each image. Notice that

particles smaller than 1.5 nm in diameter, which are a ma-
jority in the as-deposited samlEig. 4@)], disappear in the
sample annealed at 300 °®). Upon further annealing at
520 °C, the average particle size grows remarkably from 3 to
Hall resistivity p,s, and saturation magnetization; as functions 6 nm, and the distribution becomes Gaussian-like. This is
of the annealing temperatuf®,, for samples withx=0.58. The  apparently caused by diffusion and is due to the higher sta-
measurement temperature is 5 K. For the as-deposited samplgility of large particles.

T,=150 °C is the substrate temperature during deposition. Based on the comparison of changes in microstructures

T,(°C) T,(°C)

FIG. 2. Resistivity p,,, magnetoresistivityAp,,, saturation
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scaling* would predict that both the resistivity and the Hall

5 resistivity would rather decrease with increasing granular

size. At the same time, the InT dependent contribution to

N resistivity'? is decreased, as seen in Fig. 3. Upon annealing at
[ 2 a higher temperature, the particles in the conduction channels
-2 start to overlap spatially, which leads to a dramatic decrease
-1 in resistivity and a change to ametallic behavior. That also
Lo results in a sharp decrease in the extraordinary Hall effect, or
40 80 120 E dlsapp_earance of the g_mnt Hall effect. _We thus_ conclu_de that
= the existence of the giant Hall effect is associated with the
5 = conduction mechanism that manifests itself in- BT depen-
4 X dence of resistivity in a wide temperature range up to room
-3 g temperature.
Lo E We note that a—InT dependent resistivity is very com-
L 2 mon in granular systems at the metal-insulator
2 transition*>~'°> The explanations in terms of either weak lo-
0 80 120 -8 '(*E‘s f:alizatior} or _glect_ron—elt_actron interactions both have a lim-
o ited applicability, in particular at room temperature. On the

other hand, the existing mechanisms of the extraordinary
Hall resistivity developed for bulk metdlsre also not nec-
essarily applicable for a percolating system at the metal-
insulator transition. It is likely that a yet undetermined
mechanism gives rise to both the giant Hall effect and the
—InT dependence of the resistivity in a hanoscaled granular
system near the metal-insulator transition.

In summary, resistivity, magnetoresistivity, and Hall re-
sistivity were studied for percolating granular NiFe-SiO
films annealed at different temperatures. They were all found
to increase from as deposited upon annealing at 300 °C. Hall
resistivity decreased by two orders of magnitude, and resis-
tivity by almost three orders of magnitude, upon annealing at
520°C. This pattern of resistivity and Hall resistivity

with those in the transport properties, the following scenarioChange’ associated with changes in particle size distribution,

. as accompanied by a crossover from—dnT dependent
can _be sugg(_as_ted for the effgct_ qf annealing. The_tr_end 0\r{‘\tlesistivity to a metalliclike behavior. No existing theory of
altering resistivity, magnetoresistivity, and Hall resistivity, as

well as theo vs T dependence. is associated with changes | conduction in inhomogeneous systems close to the metal-
. €p VS 1 dep ’ . 9€S 1My sulator transition can be called upon to explain these cor-

particle size distribution. In the as-deposited sample, the cur-_|_..

. : relations.

rent flows via many channels formed mainly by small gran-

ules. Upon annealing below 300 °C, the smallest particles

disappear, which reduces the effective number of conduction The authors would like to acknowledge Ying Fan Xu, Jie

paths. That results in the increase for the resistivity, the magXhie, and Stephen Leung for their assistance on film depo-

netoresistivity, and the Hall resistivit§Fig. 2). This shows sition and composition analysis. This work was partly sup-

again that the classical percolation theory is not applicable tported by HKUST infrastructure Grant No. R192/93.SC07

nanoscaled granular composites, as the classical finite-sizand partly by Hong Kong RGC Grant No. HKUST61/95P.

FIG. 4. Dark field TEM images for as-deposited samgle and
those annealed &, =300 °C(b) and at 520 °Gc). Insets show the
corresponding diffraction patterns.

*On leave from Institute of Physics, Chinese Academy of Sciences, L. Chien,ibid. 68, 3749(1992.

Beijing, China. 4G. Xiao, J. Q. Wang, and P. Xiong, Appl. Phys. Lei2, 420
TOn leave from loffe Physical Technical Institute, Saint Petersburg (1993; J. Q. Wang and G. Xiao, Phys. Rev.4B, 3982(1994).
194021, Russia. 5A. B. Pakhomov, X. Yan, and B. Zhao, Appl. Phys. Lei,

1J. 1. Gittleman, Y. Goldstein, and S. Bozowski, Phys. Re\5,B 3497(1995.
3609 (1972; B. Abeles, P. Sheng, M. D. Couts, and Y. Arie, 8A. B. Pakhomov, X. Yan, and Y. Xu, iRProceedings of the 40th
Adv. Phys.24, 407 (1975; B. Abeles, H. L. Pinch, and J. I. Annual Conference on Magnets and Magnetic MateyiBlsila-
Gittleman, Phys. Rev. Let85, 247 (1975. delphia, 1999J. Appl. Phys79(8) (1996)].

2G. Xiao and C. L. Chien, Appl. Phys. Le1, 1280(1987; A. ’D. J. Bergman and D. Stroud, Solid State Ph48;.149(1992.
Gavrin and C. L. Chien, J. Appl. Phy87, 938 (1990; C. L. 8Y. Xu, B. Zhao, and X. Yan, irProceedings of the 40th Annual
Chien, ibid. 69, 5267 (1991). Conference on Magnets and Magnetic MaterigRef. 6.

SA. E. Berkowitz, J. R. Mitchell, M. J. Carey, A. P. Young, S. °A. Fert and D. K. Lottis, inConcise Encyclopedia of Magnetic
Zhang, F. E. Spada, F. T. Parker, A. Hutten, and G. Thomas, and Superconducting Materialedited by J. Evett§Pergamon,
Phys. Rev. Lett68, 3745(1992; J. Q. Xiao, J. S. Jiang, and C. Oxford, 1992, p. 287, and references therein.



53 BRIEF REPORTS 14 035

10A, B. Pakhomov, X. Yan, B. Zhao, and Y. Xwnpublisheg tures, the large particles in a small number of remaining paths
11p. Stauffer and A. Aharony/ntroduction to the Percolation grow, leading to a stronger screening of Coulomb interaction,
Theory 2nd ed.(Taylor and Francis, London, 1992 and hence a smaller slope in thenT dependence as seen in

2The InT dependence of the resistivitfFig. 3 suggests that the Fig. 3.

conduction is unlike conventional metallic behavior. In Refs. 13T chuyj, G. Deutscher, P. Lindenfeld, and W. L. McLean, Phys.
5,6, and 10, we suggested that it might be due to electron- Rey. B23, 6172(198)).

electron interactiongB. L. Altshuler and A. G. Aronov, in 14N sayvides, S. P. McAlister, C. M. Hurd, and I. Shiozaki, Solid
Electron-Electron Interactions in Disordered Systefhorth- State Commuré2, 143(1982.

Holland, Amsterdam, 1985p. 1] in the areas of granular con- 155 R. Beamish, B. M. Patterson, and K. M. Unruh,Rhysical
tacts in the percolating channels, which become important when
the granules are barely in physical contact. Extending that inter-
pretation, one can suggest that upon annealing at low tempera-

Phenomena in Granular Materialedited by G. D. Cody, T. H.
Geballe, and Ping ShenIRS, Pittsburgh, 1990 p. 129.



