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Nanoscale Fe islands on MgO„001… produced by molecular-beam epitaxy
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We report that a 10-nm thick Fe film grown at an elevated temperature on MgO~001! forms isolated islands
of diameter between 10 and 100 nm. Increasing the deposition temperature causes the islands to decrease in
diameter. The resulting films are electrically insulating but show electrical transport properties that vary
strongly with growth temperature when capped with 2 nm Au. Films grown at a temperature of 743 K showed
a giant magnetoresistance of 0.7% when measured at room temperature.@S0163-1829~99!01012-7#
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I. INTRODUCTION

The magnetic and transport properties of granules of m
netic material suspended within a nonmagnetic metal ma
have received much interest on account of the discover
the giant magnetoresistance~GMR! effect1,2 in these granu-
lar systems.3 This effect arises from spin-dependent scatt
ing of electrons at the ferromagnet/normal-metal interfa
and depends critically on the material’s physical structu4

The physical mechanisms governing this effect are of fun
mental importance. However, both measuring and cont
ling the properties of an inhomogeneous system are diffic
and few studies report the correlation of transport and st
tural properties.5

Here we report a method by which a granular system
be formed. When Fe is grown at temperatures above 70
a sharp transition occurs, resulting in the formation of d
continuous islands instead of the continuous films previou
reported.6,7 Their size distribution can be controlled simp
by changing the deposition temperature, the islands bec
ing smalleras the temperatureincreases. The structure of the
film can then be measured directly using a scanning pr
microscope. Capping the film with Au allows electrical co
duction to take place, with GMR occurring due to the pre
ence of ferromagnet/normal-metal interfaces. This sys
can thus provide an unprecedented opportunity to corre
structural, magnetic, and transport properties.

II. SAMPLE PREPARATION

Commercially obtained substrates8 were cleaned ultra-
sonically, first in acetone and then propan-2-ol to remo
surface contamination. Atomic force microscopy~AFM!
showed large terraces of atomic flatness extending ove
much as 200 nm. After introduction into the molecula
beam-epitaxy~MBE! chamber they were heated by electr
bombardment of the sample holder to 1300 K and held
that temperature for 1 min. This procedure is sufficient
desorb any adsorbed hydrogen.9–11 After cooling, Auger-
electron spectra~AES! were taken, which showed a KLL
carbon peak equivalent to 6% of 1 monolayer.

Fe was then deposited from a Knudsen cell~temperature
1680 K! at a rate of 0.13 nm per minute, the rate bei
measured before growth by a quartz-crystal thickness me
In all cases, 10 nm of Fe was deposited. The sample was
PRB 590163-1829/99/59~11!/7350~4!/$15.00
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at the desired temperature to within 10 K throughout
deposition. The pressure during growth was 131029 mbar
or lower. After growth of the Fe layer, the sample w
cooled to 370 K, and a 2-nm layer of Au was deposited. T
thickness was felt to provide sufficient coverage to prot
the Fe from oxidation without obscuring the structure of t
iron. AES showed strong Au peaks, with slight Fe and
peaks visible.

III. SCANNING PROBE MICROSCOPE INVESTIGATION

We examined the completed Au covered films with bo
AFM and scanning tunneling microscopy~STM!. The AFM
measurements were madeex situ in the ‘‘tapping mode’’
using a commercial Si tip of radius 10 nm and internal an
30°.12 Micrographs are presented in Figs. 1 and 2 for grow
temperatures of 793 and 953 K, respectively. Both AF
images have been ‘‘flattened’’ by subtracting each sc
line’s average slope.

The image of the sample grown at the lower temperat
shows large~up to 100 nm major axis! islands of widely
varying shapes and sizes. Channels of typically 2-nm de
can be observed between the islands, which possibly con
smaller islands that are not well resolved due to the curva
of the tip. At this temperature both AFM and STM giv
similar results.

FIG. 1. STM~top! and AFM ~bottom! micrograph of 10 nm Fe
grown at 793 K. Black-white contrast approximately 20 nm. Imag
are 10003500 nm.
7350 ©1999 The American Physical Society
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When the deposition temperature is increased to 953
the islands approximately halve in area, and the depth of
channels between them increases. The AFM and STM
ages are different here, the former showing pyramids inst
of round islands. This is due to the convolution of the py
midal AFM tip and the surface.13 The STM has greater spa
tial resolution on account of tunneling occurring from
single atom on the tip, but the overall aspect ratio of o
mechanically prepared Pt-Ir tips is unknown. STM is prac
cally difficult on this system due to the rapid appearance
double tip effects; thus, we will base the analysis to follo
on the AFM images.

Height profiles of two AFM images are shown in Fig.
with the tip profile superposed. At the higher growth te
perature both the increased depth and greater steepness
channels between the islands is clear. The true structur
the edges of the islands is not reflected by the height profi
since the curvatures of the tip~radius 10 nm! and sample are
comparable. The true steepness is the sum of the two cu
tures, provided that the tip touches only one part of
sample at once.14

A property of great interest for correlation with physic
properties is the average area of the islands. This was
sessed in two ways. First, an estimate of the average is
areaAc was measured by counting the number of islan

FIG. 2. STM~top! and AFM ~bottom! micrograph of 10 nm Fe
grown at 953 K. Black-white contrast approximately 30 nm. Imag
are 5003250 nm.

FIG. 3. Height profiles of the AFM images in Figs. 1 and 2. T
tip profile ~10-nm radius of curvature! is superposed.
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within a square image of sufficient size to contain appro
mately 600 islands. The average radius was then calcul
using the formula

r̄ 5AAc

p
, ~1!

which assumes each island to be circular and that the isla
cover the surface with a packing fraction of 0.87. The seco
method was to trace the outline of each island manually
then measure the areas using commercial software. The
were also calculated using Eq.~1!. Table I gives the results
These two methods do give differing results, but they rely
different premises. The first assumes that each island is
cular and ignores the fact that the spaces between the isl
will be larger than that between perfect circles. The seco
relies on manual measurement and tends to underesti
the island areas. The actual value will be between the
numbers.

Figure 4 shows the histograms of island areas for t
growth temperatures. Superposed is the log-normal distr
tion

s

TABLE I. Average island areas using two different measu
ments. The valuesAc were found by counting the number of island
in a square image of reasonable size. The second and third colu
used direct measurements of each island area. The figures in b
ets represent the area converted into a radius~in nm!. The resistiv-
ities of the completed samples are given. A value of` indicates that
the resistance was too great to measure with standard techniq

Growth temp.~K! Ac (nm)2 Ā (nm)2 s ~nm! r(mV cm)

693 –continuous– 7.7
743 5900 (44) 3640 (34) 0.81 5.73102

793 5600 (42) 3100 (31) 0.90 7.03104

843 4900 (40) 3000 (31) 0.82 7.33105

893 4400 (37) 2900 (30) 1.10 3.43106

943 2200 (26) 1480 (22) 0.71 `

993 1700 (23) 1150 (19) 0.96 `

FIG. 4. Island area distribution for two different temperature
The lines show the log-normal distribution for the means and s
dard deviations in Table I.
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N~A!5N0exp2
@ ln~A/Ā!#2

2s2
. ~2!

This function has no physical significance,15 however, it fits
the experimental data reasonably well. The mean and s
dard deviation were found using

ln Ā5 (
n50

N

ln~An!/N ~3!

and

s25 (
n50

N

ln~2An!/N2F (
n50

N

ln~A!/NG2

. ~4!

These results show that the measured island area drops
factor of 3 as the temperature increases by 250 K, but
overall distribution of sizes remains the same.

IV. ELECTRICAL TRANSPORT PROPERTIES

The electrical resisitivities of these films are not on
much greater than that of a continuous film but depend v
strongly on deposition temperature. Table I shows that
increase inr of almost two orders of magnitude of an islan
~743 K! over a continuous~693 K! film. Raising the growth
temperature further causesr to increase still further until the
film becomes essentially an insulator.

The resistivities of the samples grown at 793, 843, a
893 K all showed a negative temperature coefficient.
approximately followed the law

r5r0exp~g/Tn!, ~5!

suggested by Sheng,16 with n50.5. This gives approximately
a factor of 10 decrease inr when theT is increased from 200
to 300 K. This temperature dependence indicates that
islands are electrically isolated and conduction occ
through thermally generated carriers.

Figure 5 shows the magnetoresistance of the sam
grown at 743 K for two measurement temperatures with
measurement current and the applied field normal to e
other but in the plane of the film. The same behavior is s
when the current and field are parallel. Reducing the te
perature to 100 K approximately doubled the GMR rat
This behavior occurs due to spin-dependent scattering a

FIG. 5. Magnetoresistance curves withH and the current norma
to each other, but both in the plane of the film.
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Fe/Au interfaces. As the applied field increases, the mag
tization vectors of the Fe become aligned, and less scatte
occurs leading to a lower resistance. GMR may also occu
the films grown at higher temperature but this measurem
is practically difficult due to the magnitude ofr and the
strong temperature dependence.

If we assume that maximum resistance occurs at zero
magnetization,17 then Fig. 5 gives the coercivity of ou
sample as 500 Oe. It is also clear that the saturation field
the sample is high: the resistivity is still changing asH in-
creases above 10 kOe. Kreuzeret al.18 report that system of
Fe ‘‘dots’’ 50 nm in diameter and periodicity 320 nm clear
saturates at a field of 1 kOe.

Wang and Xiaoet al.19 have studied the temperature d
pendence of the GMR effect in the Co20Ag80 granular sys-
tem. They found that reducing the temperature from 300
100 K increased the magnetoresistance ratio by 50%. T
claim that this change is due to a reduced magnetizatio
finite temperature due to spin-wave excitations. Howev
they also found a change in theform of the field dependence
of the resistance, indicating that the magnetic properties
the sample change strongly with temperature. Our results
not show any change in the form of the field dependence

V. DISCUSSION

We can only explain the rapid change inr with growth
temperature as a change in the properties of the Au/Fe in
face. The geometry of the Fe islands does not change s
ciently to cause an increase of this order; thus the steepe
sides of the islands must prevent the Au from making c
tact. Au and Fe are immiscible, and the angle between
substrate and the Fe may make a difference to the sur
tension required to connect the two. The Au atoms w
incident at an angle of 15° to the normal during depositio
and since the slope of the sides of the islands is compar
to this ~Fig. 3!, shadowing may play a role. A thicker A
layer should lowerr and allow a direct correlation to b
made between the magnetoresistance behavior and the d
bution of island sizes. A possibility to tailor GMR propertie
in a simple way is also very valuable.

We have yet to explain why islands form; any theory mu
support not only the existence of the transition between
landed and continuous films at 700 K, but the fact that
islands become smaller with increasing temperature. Sev
authors7,20,21have studied islanded Fe films on MgO, but
coverages in the monolayer regime. It also may be poss
that many other metal/insulator systems have this behavi
the deposition temperature is sufficient.
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