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Electrical transport properties of thin epitaxially grown iron films
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%'e have determined the components of the magnetoresistance tensor through the fifth order in

the magnetization direction cosines for four epitsxially grown iron films with thicknesses between
200 and 60 A at 298, 77, and 4.2 K. %'e have also determined their magnetic snisotropy parameters,
from ferromagnetic resonance, at room temperature. These phenomenological parameters provide
an excellent description of the magnetic field dependence of the planar magnetoresistivity for elec-
tric current directed along the [100], [011],and [&211]directions. The magnetization curves of
iron films epitaxially grown on GsAs{110) show a first-order transition in the magnetization direc-
tion as a function of applied magnetic field. In addition to the single spin Aops previously reported
in such films, we have observed double spin flops in some of the films. The direction and magnitude
of the applied field necessary to produce these consecutive magnetization reorientations have been
calculated from the anisotropy parameters, snd found to be in excellent agreement with experiment.
%e speculate that these transitions are caused by the formation snd propagation of 90' domain
walls. The low residual-resistivity ratios, the large spontaneous Hall coe5cients, the likely appear-
ance of conduction-electron localization, and the high resistivities of these iron films constitute evi-

dence for the existence of a large defect density in Fe/GaAs{110).

I. INTRODUCTION

Since 1981 many papers have appeared which are con-
cerned with the properties of thin iron films grown on
GaAs substrates by molecular-beam epitaxy (MBE).'

These papers reported on ferromagnetic resonance
(FMR), magnetization, and electron-difFraction studies of
single-crystal iron films. The studies were performed in
order to determine the film quality and the magnetic
properties of epitaxially grown thin iron films. These
measurements revealed the existence of several unusual
properties.

A first-order transition in the magnetization direction
as a function of applied magnetic field was observed.
This transition was previously undetected in bulk iron
samples, but it was readily observed in these films because
the demagnetizing field constrained the magnetic mo-
ment to remain in the plane of the film.

The FMR measurements and superconducting
quantum-interference device (SQUID) magnetometer
measurements revealed a dramatic and an as yet incom-
pletely explained decrease in the magnetic moment per
unit volume with decreasing film thickness from the bulk
value 4aM =21.5 kOe.

In an attempt to investigate these epitaxially grown
films further, we conducted electrical-transport measure-
ments on a limited number of samples with iron-film
thicknesses between 200 and 60 A. The resistivity data of
the present paper reveal that very thin films contain a
high density of defects, while the Hall-el'ect data confirm
their low magnetization. In addition, we have discovered
two new e6'ects: First, films with thicknesses less than
approximately 100 A show a resistivity minimum fol-
lowed by a logarithmic increase of resistivity with tem-
perature at low temperatures. This efFect is tentatively
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interpreted as arising from localization and/or interac-
tion effects. Second, we examined the field-induced "spin
flops" in these thin iron 61ms by monitoring the aniso-
tropic magnetoresistivity caused by these abrupt changes
in magnetization. In addition to the transition
discovered by Prinz and Hathaway in (110) plane of
iron, a second spin-flop transition was observed as a func-
tion of increasing field when the magnetic field was ap-
plied in the plane of the film at angles between 90' and
120' from easy-magnetization [001] axis, in films whose
thicknesses exceed 100 A. A model which explains the
existence of both sets of magnetic transitions is presented
in this paper.

II. EXPERIMENT

Thin iron films were grown on GaAs substrates by
MBE techniques. As in previously reported samples, the
substrate orientation 'was chosen to be a (110) face. This
face contains the magnetically easy [001], the hard [111],
and the intermediate [110]directions of bulk iron, mak-
ing it especially useful for magnetic studies. GaAs was
chosen as the substrate because its nearest-neighbor dis-
tances are close ( —1.4%%uo ) to that of bcc iron, and also be-
cause magnetic films deposited on semiconductors have
application potential.

In order to make transport measurements on the iron
films, it was necessary to use a highly insulating GaAs
substrate. Most semi-insulating GaAs substrates are not
electrically stable when heated in a high vacuum. There-
fore, specially grown GaAs substrates were utilized. The
substrates were cut from liquid-encapsulated Czochralski
crystals that were doped with 6X10' atomscm of
chromium and 2&10' atomscrn of tin, which act as
deep-level acceptor states. It was previously demonstrat-
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soldered to these pads for electrical-transport measure-
ments. The conducting strips were 3 mm long by 0.6 mm
wide with a distance between the voltage leads of 2.1 mm.
A fifth pad, in the center of the strip of iron film, was
used as a contact for Hall-e8'ect measurements. A strip
of iron film was also left intact for subsequent analysis by
FMR.

The samples were allowed to oxidize in air. It is be-
lieved that this produces a stable oxide surface of 30-35
A, thus removing approximately 15 A of metallic iron,
and covering the remainder with a protective layer. '

110 DIRECTION

FIG. 1. Enlarged template used for photolithographic etch-
ing of the iron films. Conducting strips are along the [110],
[001],and [~211]axes. Copper leads are attached to pads by
indium solder.

ed that these substrates are stable when heated to 740'C
for 90 min in Sowing hydrogen. These specially doped
substrates did not convert, but remained highly insulat-
ing when heated at 625 'C in a vacuum for 30 min.

(110)substrates were prepared from this material using
the conventional bromine method of polishing and etch-
ing procedures, followed by a 600-'C anneal in ultrahigh
vacuum (UHV). The epitaxial growth of iron films on
GaAs(110) has been described in previous publications. '
Several samples were grown having iron thicknesses be-
tween 60 and 200 A. These thicknesses were measured
by x-ray Suorescence after the samples had been grown
and removed from the vacuum chamber.

The samples were then photolithographically etched
with a pattern of three conducting strips, one along the
magnetically easy [001]axis, one along the [110]axis at a
right angle to the [001] axis, and a third along an inter-
mediate direction 45' from the [001] axis, as drawn in
Fig. 1. Pads of Fe film connected to the conducting strips
were left unetched, and copper wires were indium-

III. SAlMPLE CHARACTERIZATION

A. Ferromagnetic resonance (FMR)

Four samples of iron deposited on an insulating GaAs
substrate were analyzed by FMR using the methods ex-
plained in previous publications. ' The thicknesses of
these samples were determined by x-ray Suorescence, and
were measured to be 200, 160, 90, and 60 A, respectively.
The error in these values is estimated to be +5 A, but
may be greater on account of the subsequent photolithog-
raphy and etching. The 220- and 160-A samples were
found to have their easy direction of magnetization along
the [001] axis, while the two thinner samples have their
easy axis along the [110]direction. The thickness depen-
dence of the anisotropy (presumably a competition be-
tween surface and bulk effects) has been observed in ear-
lier work of this type. The samples are of single-domain
type, and their magnetization lies in the plane of the film.
In order to analyze the observed anisotropy of the FMR
spectra, the following expression for the energy density
was employed,

E=8 M+X, (aiaz+aza&+a3ai)

+E„sin28+E„'sin 8+2mM +Xi(Mi/M),
where 8 is the angle between M and [001] in the (110)
plane of the iron film, the a's are the direction cosines of
M with respect to the cubic crystalline axes, and Mi is
the component of M normal to the surface and is used
only when the field is apphed normal to the film plane.

TABLE I. Phenomenological magnetic and electrical-transport parameters for several thin iron films used in this study. TA
denotes tesla amperes.

Thickness
(A)

4+M'
(kOe)

17.6
16.5
12.6

11.4
21

jC, /Wb

(kOe)

0.27
0.27
0.27

0.27
0.27

j;„/wb
(kOe)

—0.22
—0.05
+0.35

+0.63
0

X„'/mb
(kOe)

+0.009
+0.015
—0.1

—0.16
0

R, (300 K)'
(V m/TA)

+0.5X 10-"

+2.6X 10-"
0.248 x 10-"

R, (300 K)'
(~m/TA)

+23@10-"

880@10-"
6.33' 10-"

p(300 K.)~

(pQ cm)

23.0
30.9
68.1

73.3
177.5

9.71

RRR'

3.3
2.3
1.4
1.3
1.05

variable

'The value of AM is obtained from the extrapolation of the linear portions of Hall-voltage curves and is also in agreement with the
ferromagnetic resonance data.
K&, K„,and E„'are obtained from fitting the angular dependence of the ferromagnetic resonance data.
Ro and 8, is the ordinary and extraordinary Hall coeScients obtained at room temperature {Rt).
p(300 K) is the isotropic components of the resistivity tensor at 300 K.
RRR is the residual-resistivity ratio (i.e., the ratio of the 300-K resistivity and the 4.2-K resistivity).
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EC„and j:„'are the epitaxy-induced uniaxial in-plane an-

isotropy constants, and Kj is the perpendicular anisotro-

py constant. Table I displays, among other values, the
magnetic anisotropy and magnetization parameters de-
duced from FMR for these four 6lms, and those for bulk
iron at room temperature. Their dependence on Nm
thickness is in agreement with previous studies. In par-
ticular, we note (1) the existence of a large uniaxial an-
isotropy attributed to the lattice mismatch between the
GaAs and the Fe film, (2) the change in the easy direction
of magnetization from [001] to [110] when the sample
thickness is less than 100 A, indicated by the change in
sign of E„,and (3) the low magnetization of the iron films

compared to the magnetization of bulk iron at room tem-
perature (4mM=21 kOe). Further discussion of the
FMR results is presented in a later section of this paper.

8. Resistivity

The resistivity of bulk iron at room temperature is 9.7
pQcm. The measured resistivity of the thin films dis-
cussed in this article greatly exceeds that of bulk iron. In
Fig. 2 we have plotted the room-temperature resistivity
of the iron films as a function of thickness (adjusted for a
15-A-thick insulating oxide film) using the data tabulated
in Table I. In Fig. 2 we have also plotted the thickness
dependence of the resistivity predicted by the geometrical
surface scatter theory of Fuchs-Sondheimer assuming a
mean free path at room temperature of 200 A. It is clear
that the measured resistivity departs markedly from the
predictions of the Fuchs-Sondheimer theory, which pos-
tulates a bulk resistivity for the interior of the film and
nonspecular surface scattering of electrons at the film's
boundaries. This departure may be evidence that the
enhanced resistivity is due to the presence of a large con-
centration of structural point or line defects in the film.

prior to these measurements it was hoped that the epitax-

ially grown Nm would have a low resistivity due to their

presumed crystalline perfection, although this reasoning
has been questioned previously. It now appears that the
1.4% lattice mismatch between bulk iron and bulk GaAs
can produce a large number of defects which can propa-
gate through a thin iron film. DifFusion of As atoms into
the 61m near the GaAs/Fe interface is another mecha-
nism which can increase the resistivity of ultrathin iron
61ms. A very-fine-grained mosaic structure can cause
similar efFects.

C. Hall e5'ect

The Hall resistivity of magnetic material, RH, may be
written as

RH ——R,8+4mR, M, , (2)

= 11 kOe

0. 8

0. 6

where 8=H+4mM and R, and R, are the ordinary and
spontaneous Hall coeScients, respectively. The values
of R, and R, are shown in Table I for four thin iron
films. The 60-A-thick film has a much larger R, than the
200-A sample, indicative of its much higher resistivity.
For comparison, the values of R, and R, for bulk iron
are also listed in Table I.

A plot of the Hall voltage as a function of the app1ied
magnetic field for the 60-A-thick film is shown in
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FIG. 2. Resistivity {in IM,Qcm) at room temperature of iron
6lms as a function of their thickness. The theoretical Fuchs-
Sondheimer relationship, which postulates nonspecular scatter-
ing of electrons at Qm boundaries, is shown as a dotted line.
The bulk iron value of room-temperature resistivity is indicated
by an arrow.
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FIG. 3. Hall voltage in 60-A-thick film as a function of ap-
plied magnetic field, at room temperature, with the magnetic
Seld applied perpendicular to the plane of the film. The ordi-
nary {terminal slope) and extraordinary {initial slope) Hall
coeScients are given in Table I. The value of 4aM is obtained
by determining the intersection of the linear regions of the ordi-
nary and extraordinary Hall voltages. These values of magneti-
zation agree with those derived from FMR, and are also given
in Table I.
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Fig. 3 with the construction used to obtain the apparent
saturation moment 4aM .From the extrapolation of the
two linear portions of the Hall-voltage curves, we deduce
4aM =11 kOe for the 60-A-thick film at 300 K, a value
strongly reduced from the value for bulk iron (21 kOe),
but in agreement with the FMR results for the same Nm.
The deduced value of the saturation magnetization at
room temperature may result, in part, from a reduction
in the Curie point from the bulk value, a phenomenon
often observed in thin magnetic films. However, even the
value of the magnetization obtained at 4.2 K is greatly re-
duced in these films. The value of 4aM deduced for the
200-A-thick film from the Hall elect is much closer to
the bulk iron value. The Hall-efFect measurements sub-
stantiate the FMR and magnetization measurements,
which display a large decrease in the magnetization per
unit volume with decreasing film thickness. The ap-
parent value of 4mM deduced by the Hall effect or by
FMR is actually given by 4mM+2Ki/M, where Kt is
the perpendicular anisotropy constant. SQUID and
vibrating-sample-magnetization measurements' reveal
that the perpendicular anisotropy does not contribute to
a significant reduction in the apparent value of 4@M, and
that the observed reduction in the magnetization of the
thin film is a real phenomenon. It has been speculated
that an FezAs compound is formed at the substrate inter-

face, ' with the As supplied by diff'usion from the GaAs
substrate.

D. Spin Nops

Hathaway and Prinz discovered the existence of a
first-order magnetic phase transition in thin iron films
with an [001]easy axis. Using a vibrating-sample magne-
tometer they observed that when a magnetic Seld is in the
(110) plane of the iron film and aligned near the hard
[110]axis, a sudden spin fiop occurs with increasing field
strength as the magnetization abruptly changes from be-
ing in alignment near the [001]axis to alignment near the
[110]axis.

In our study we observed spin Hops by monitoring the
resistivity (or the planar Hall effect}. The measurements
were sensitive to such transitions due to the small but
easily observed magnetoresistive anisotropy in the films.
In addition to the single spin fiops previously reported,
we have observed double spin Aops in some of the films.
The double spin Aops are closely related to the previously
reported work, and can be calculated from a knowledge
of the magnetocrystalline anisotropy parameters derived
from our FMR experiments.

In Fig. 4(a} we have plotted the electrical resistance
measured in the 160-A-thick iron film as a function of ap-
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FIG. 4. (a) Experimentally determined resistivity vs applied magnetic field for various angles of the applied magnetic 6eld in the

160-A-thick film. The magnetic field is applied along the plane of the film with the current parallel to the [011]direction. The mag-
nitude of the spin Hops is predicted by the theory, and the small magnitude of some of them is due to the magnetization flopping by
nearly 180, where only small changes in the anisotropic resistivity result. (b) Theoretical family of magnetization curves as shown in
(a).
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plied magnetic field strength for a series of Axed angular
orientations of the field with respect to the crystalline
axis of the film. The direction of the current is along the
[110] axis. The degrees displayed in Fig. 4(a) represent
the angle in the (110) face between the easy [001]axis and
the direction of the applied field. For example, the curve
labeled "0"' is obtained while the field is aligned along
the [001] axis, the curve labeled "90"' is obtained while
the field is aligned along the [011]axis, and the curve la-
beled "180"' is obtained while the field is aligned along
the [001] axis. Initially, the film is poled with a strong
magnetic field along the [001]axis, i.e., 0'.

For this film, abrupt changes in the resistivity as a
function of applied field are observed whenever 8&63'.
These changes are caused by spin-reorientation transi-
tions which produce a sudden change in the electrical
resistance because of a small (0.3%%uo) anisotropic magne-
toresistance in these iron films.

When 90'&8&120' (for this one particular film) two
magnetic-field-induced spin-reorientation transitions are
seen, and when 8&120' only a single transition is ob-
served. The observations are valid only when the sample
is initially magnetized along the easy axis, with the 6eld
initially oriented at 0'.

The behavior of the transition when 0'g 8~90' has al-
ready been discussed by Hathaway and Prinz and by
Krebs et a/. Neither of these papers investigated the be-
havior of single-crystal iron films when an external field is

applied at angles greater than 90 from the easy axis. It is
this region where double transitions are observed.

In Fig. 5 we plot the magnetic fields at which these sin-
gle and double transitions occur versus 6eld angle in the
(110) plane for the 160-A-thick iron film. The solid line is
the theoretical prediction. The crosses are the experi-
mentally observed values of the spin Aop. The theory nu-
merically calculates the magnetic energy [Eq. (1)] as a
function of initial magnetization state, field amplitude,
and orientation, and predicts the orientation of the mag-
netization. The region of double spin Aops is indicated in
Fig. 5.

To illustrate the origin of the spin Aops and to relate
the transition for 90'& 8 & 120' to the previously studied
case where 63' & 8 & 90', we present a contour mapping of
the energy surface for the magnetization as a function of
magnetization angle in the (110} plane (relative to the
[100] direction} and the applied field for the two sym-
metric cases where the external field is applied at 70', Fig.
6(a), and at 120', Fig. 6(b). At zero field, equal minima
occur at the 0' and 180' positions corresponding to the
equivalent cases where the magnetization is oriented
along the [100] or [OOT]. The magnetization is assumed
to be initially poled along the [001]. In Fig. 6(a), as the
magnetic field is increased, the magnetization slowly ro-
tates as the energy minimum shifts to a larger angle. At
about 260 G the energy for an orientation at approxi-
mately 74 becomes less than the minimum near 24' and
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RUBINSTEIN, RACHFORD, FULLER, AND PRINZ

l'A 4
C3 300

200
LLI

Cg

100

40 80 120

MAGNETIZATION ANGLE (deg)

160

(b)

200
LLIx
Q

100

0 . . . . /. f.
40 80 120

MAGNETIZATION ANGLE (deg)
160

FIG. 6. The contours of energy vs magnetization angle and

applied-Seld orientations in the (110)plane; (a) H applied at the
70' from the [100], and (b) H applied at 110' from the [100].
The trajectories of the magnetization orientation are indicated

by the directed lines intersecting the energy contours. For case
(a} only one magnetization reorientation occurs. For case (b)
two reorientations occur.

the magnetization suddenly reorients. Here we neglect
the domain-wall nucleation energy, and the
magnetization-reorientation trajectory is theoretically re-
versible in applied fields, using this assumption. Experi-
mentally, a small hysteresis is noted. This is an example
of the previously studied magnetization reorientation
transition.

In Fig. 6(b) we plot the case where the external field is
applied at 110 to the [001]. The energy contours are
mirror-reflected about 90' from those of the previous ex-
ample. The magnetization is initially poled along the
[001]. As soon as a magnetic field is applied, the global
energy minimum is found near 180' [001]. We experi-
mentally find that the magnetization does not immediate-
ly reorient to the global minimum, but remains in the lo-
cal minimum near [001] until a transition to the energy

minimum near the [110]becomes energetically favorable.
At this point, we assume two -90' walls are generated
and sweep through the sample, reorienting the magneti-
zation to the global minimum near the [110]. As the field
increases further, the magnetization follows a trajectory
which is the mirror image of the previous case [Fig. 6(a)].
The transition at —100 G is not reversible and the mag-
netization rotates to the [001]as the field is subsequently
reduced to zero.

Since reorientation is delayed until -90 rotations are
energetically favorable, we conclude that reorientations
of greater than 90' occur by a two-step process, and large
reorientations do not occur until "90"' walls can be gen-
erated. In this calculation we assume that the sample is
of single-domain type, except during the magnetization
reorientations when one or more 90' domain walls are
generated and rapidly sweep through the sample.

Thus, using Eq. (1) and the parameters obtained from
fitting the FMR data on each sample, we can numerically
calculate the magnetic energy and generate an acceptable
fit to the transition data. Due to the nature of the calcu-
lation, the calculated magnetization orientation is ex-
tremely sensitive to the values of the measured FMR pa-
rameters.

In order to reproduce the actual data traces we need to
find the magnetoresistance tensor for the film. We do
this by measuring the resistance in a large field as a func-
tion of angle in the plane assuming perfect alignment of
M and 8 and negligible "forced" magnetoresistance.
The high-field data are fitted to a fourth-order expansion
of the magnetoresistance tensor in the direction cosines
of the current direction and the direction cosines of the
applied field (magnetization) with respect to the crystal-
line axis. With a knowledge of the magnetocrystalline
anisotropy constants (obtained from FMR}, we can
reproduce the detailed shape of the resistance (and
planar-Hall-efi'ect} curves as a function of magnetic field.
In Table II we list the magnetoresistivity tensor parame-
ters deduced by measuring the sample resistivity at a sa-
turating magnetic field, and then rotating the field for
four iron Nms; no obvious trends are noticeable. Figure
4(b) shows the "theoretical" results for this sample [while
the experimental results are shown in Fig. 4(a)].

The first spin fiop is not apparent in Fig. 4(b), since the
spin-Hop transition involves a nearly 180' magnetization
reversal which does not result in an appreciable change in
the magnetoresistance. It is observable in Fig. 4(a) be-
cause of the finite speed with which the transition is
transversed, and because of the simplification of the
theory.

IV. PHKNOMENOI OCiY

In this section we describe in more detail how the pa-
rameters characterizing the magnetic and magnetore-
strictive anisotropy are obtained, and how these parame-
ters are utilized to predict the magnetization curves.

The magnetic anisotropy constants were obtained from
FMR with the external magnetic field (H) applied in the
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plane of the film. The FMR lines, observed in a 16-GHz
spectrometer at room temperature, are quite sharp, and
the angular dependence of the resonance magnetic field
can be graphed as a function of the angle (8) between the
[001] axis and the applied field. These plots are shown
for two iron films 200 and 60 A thick in Fig. 7.

The FMR data can be analyzed in terms of the energy
density of a ferromagnetic film in a magnetic field given
by Eq. (1). The resonance equations for the angular
dependence of the uniform mode are obtained by using
the equations of Suhl and Artman. ' The magnetic an-
isotropy parameters are then found by a best-fit analysis
to the angular dependence of the FMR field and are given
in Table I. In Fig. 7 the experimental data are represent-
ed by pluses (+ ), while the solid lines represent the fit us-
ing the parameters in Table I. This method has been uti-
lized previously in the study of similar iron films and in a
recent article Krebs, Jonker, and Prinz' discuss the FMR
analysis and cite many previous papers which used this
techmque.

In a magnetically saturated, single-crystal ferromagnet
the magnetoresistance depends on the orientation of the
interna1 magnetization. This is called the magnetoresis-
tivity anisotropy e8'ect, and has been described success-
fully by the use of phenomenological equations. " In such
ferromagnets the resistivity p is a tensor

o.e

50 )oo
FIELD ANGLE (deg)

150 2aO

FIG. 7. Angular dependence of the external magnetic field
necessary for ferromagnetic resonance in {a) an iron sample 60
A thick and (b) an iron sample 200 A thick.

where p rejects the magnetic symmetry of the crystal.
For cubic iron, the cubic magnetoresistivity tensor'
through fifth order in the magnetic direction cosines a is

C3

TABLE II. Phenomenological magnetoresistance parameters at 300, 77, and 4.2 K for several thin
iron films used in this study. Parameter of sample: all values are X10 ', i.e., —1.8= —1.8)&10 '.
Thickness (A) C& C2 C~ C) D2

200
160
93
60

bulk'

+0.39
—1.80
+ 1.65
+ 1.90
+3.82

—1.53
—0.40
—0.19
+0.57
—1.76

Room Temperature
0.36 —4.98

—1.06 +4.07
+ 1.31 +3.28
—0.46 —3.67
+2.29 +5.93

—0.86
+0.78
—1.09
+1.97
+2.69

+ 1.27
—0.35
+ 1.96
+ 1.10

0

—5.22
—1.94
+ 1.65

1.91
0

200
160
93
60

+3.38
—2.29
+ 1.87

—0.6
—0.9
—0.37

77 K
+7.1

+1.24
+ 1.66

+4.27
+2.14
+3.93

—2.6
+2.85
—1.58

+0.49
+ 1.26
+ 1.35

+2.07
—2.41
+ 1.26

—1.62
+ 1.09
+ 1.81

—2.56
—0.16
+0.74

+3.60
+0.67
—1.58

+0.35
+3.73
—5.17

+2.83
—0.72
+3.48

+3.16
+0.68
+0.04

—2.02
+ 1.05
+ 1.83

'Reference 13.
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2 0 0
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The resistivity tensor is given by the sum of the cubic and
orthorhombic matrices, p=p'+p', and this tensor may
be projected on the (110) plane for comparison with the
experiment. In this plane ai ——az ——( I/v 2) sin8 and

In addition to the cubic tensor of Eq. (3), an ortho-
rhombic perturbation p' is necessary to describe the mag-
netoanisotropy of the iron films. This perturbation is
created by the strained epitaxial bond of the film to the
GaAs substrate, which creates an orthorhombic term in
the resistivity tensor given by

I

a3 ——cos0. The cubic tensor is analogous to the cubic
magnetic anisotropy term in Eq. (1), while the ortho-
rhombic tensor is analogous to the umaxial term. A
more complete discussion of the magnetorestrictive ori-
gin of these noncubic terms is found in the paper by
Krebs et al. ' p' and po are given by Eqs. (4) and (5), and
the parameters are given in Table II.

The components of the magnetorestrictive tensor were
determined using the four-probe technique by measuring
the resistance of three conducting iron strips photolitho-
graphically etched out of a thin MBE-grown iron film.
The strips were directed along the [100], [011], and
[v 2 1 1] directions. The angular dependence of the resis-
tance along each of the three directions was measured
with a field of 6 kOe directed along the film plane and ro-
tated within this plane. The measurements were per-

300K 7ZK 4.2K

1.0

CL0
0 0.0
4O

X

4.0

1.0'

-1.0

100 0 100

ANGLE (deg)

k

-100 0 100

ANGLE (deg)
-100 0 100

ANGLE (deg)

1.0

1.0

0.0'

0.0 I-

-2.0i
1

z
0,

C)
40
V

= %00 0 10b

ANGLE (deg)
0 100

ANGLE (deg)

E

-100 0 ~OO

ANGLE (deg)

FIG. 8. Angular dependence of the planar magnetoresistivity for (a) a 60-A-thick iron thin 61m and (b) a 160-A-thick iron film.
The data are shown for three temperatures: 300, 77, and 4.2 K. The three curves are those in which the current is along the [001],
[110],and [&211]directions, respectively. The applied magnetic field was set at 6000 Oe and rotated within the sample plane.
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formed at room temperature, 77 K, and 4.2 K.
The angular dependence of the planar magnetoresis-

tivity is shown in Fig. 8 for both a 160- and 90-A-thick
61m. The calculated anisotropy coeScients based on the
measured da.ta in four iron films of varying thicknesses
are shown in Table II. The bulk iron data of Hironi and
Hori' are also given for comparison.

%e have graphed the magnetization curves by measur-
ing the resistivity of the strips as a function of angle be-
tween the magnetic field and the electrical current (with
the magnetic field in the plane of the iron, as usual). The
6eld is held at a constant direction and as the 6eld is in-
creased from zero, the magnetization rotates away from
the easy axis and eventually aligns parallel to the applied

field when this 6eld exceeds the in-plane anisotropy 6eld
2K„/M. The magnetization process is uncomplicated be-

cause the 61m is so thin that it is energetically favorable
to eliminate the domain boundaries; the film is of single-
domain type and the magnetization proceeds by single-
domain rotation. For certain orientations of the applied
6eld, spin Aops occur, caused by the creation and motion
of transient domain walls.

We obtain the experimental magnetization (or hys-
teresis} curves by initially poling the sample to saturation
in the easy axis. The 6eld is then reduced to zero and the
magnet rotated so that its north-south axis forms an an-
gle 8 with the easy axis. The 6eld is then gradually in-
creased from zero, keeping the orientation constant,

eo A

I

200 6oo

FIELD (G)
&0OO

l

750
FIELD (G)

1500

200 A

100

I

200
I 1

600
FIELD (G)

i000 O 600
FIELD (G)

FIG. 9. The families of experimentally and theoretically determined magnetoresistance magnetization curves. Current is along the
[v 211]direction, while the field direction is given in degrees in the figures. Note the double spin flops in the 200-A sample.
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while the magnetoresistance of the iron strip is moni-
tored. After the magnetization is clearly ahgned along
the field direction, the magnetic field is rotated back to
the easy axis, and then reduced to zero. The fjteld is then
rotated to another 8, and the process is repeated. Two
families of experimentally obtained magnetoresistance
magnetization curves —the Srst for a 60-A-thick Slm and
the second for a 200-A-thick film —are shown on the
left-hand side of Fig. 9.

The angle 8 is measured from the [001) axis, which is
the magnetically easy axis for the 200-A-thick sample,
while the [110]is the easy axis for the 60-A-thick fBm. '

The current in both curves is along the [~211]axis, 45'
from both the [100] and [011]. Similar curves have been
obtained for the difFerent current directions and film
thicknesses. These curves reflect the rotation of the mag-
netization to alignment along the magnetic Seld, as moni-
tored by the anisotropic resistivity as a function of in-
creasing magnetic field. The near discontinuities in the
data represent the spin Hops discussed earlier.

It is possible to reconstruct the experimental curves of
Fig. 9 by using the phenomenological magnetic anisotro-
py constants derived from FMR (Table I) and the phe-
nomenological anisotropic magnetoresistive constants for
each film (Table II) derived from the angular dependence
of the magnetoresistance as shown in Fig. 8. We use the
magnetic anisotropy constants It.'& and I:„to determine
the angular orientation of the magnetization vector, and
the magnetoresistive anisotropy constants (C„CI,C3,
C4, C5, D, , and DI) to determine the corresponding
resistivity change. The results of this procedure are
shown along with the two experimental families of curves
displayed in Fig. 9. The agreement between the phenom-
enological "theory" and the experiment is quite good.
The discrepancy between the two can be attributed, in
part, to the retention of the spontaneous magnetoresis-
tance and the neglect of the forced (i.e., field-dependent)
magnetoresistance.

V. LOCAI IZATION AND INTERACTION EFFECTS
0

When the resistance of a 100-A-thick iron film was
measured as a function of temperature, a shallow
minimum was found at approximately 15 K. This anom-
alous behavior stimulated a series of measurements on
this and yet thinner samples. The resistance of the sara-
ples at low temperatures was measured using several
methods: four-probe dc, low-frequency (33 Hz) ac, and
an ac bridge. The typical measuring current was ).0 pA.
We found that over most of the temperature range (at
least down to 0.7 K) the use of currents between 0.1 and
1.0 mA did not aSect our results. A summary of our re-
sults is presented in Fig. 10, where resistivity as a func-
tion of temperature is plotted for two film thicknesses, 60
and 200 A. As can be seen, the thicker sample does not
show a resistive minimu. We also found that the tem-
perature dependence did not depend on the orientation
between the film's magnetization and the current. As the
actual 61m thickness increases, the minimum appears to
move to lower temperatures.

At 0.05 K a perpendicular magnetic 6eld was applied

226

4 0
E
O

224

222

200 A

2.0
0 40 60

TEMPERATURE (Kj

220
100

FIG. 10. Resistivity in pQcm as a function of temperature
for the 60- and 200-A-thick samples. The 60-A-thick Slm has
resistivity minimum of 45 K, rvhile the 200-A-thick film does
not have a resistivity minimum. Intermediate thicknesses show
minima at lower temperatures.

to the 75-A-thick film. With the current in either the
[110]or [001]direction, no magnetoresistance (to 0.05%)
was seen for applied 6elds up to 600 G; thus the tempera-
ture dependence of the resistance is not affected by low
magnetic fields.

In recent years many nonmagnetic thin films which
have resistive minima have been studied in terms of
electron-localization and/or electron-interaction effects. '

One might not expect an Fe Slm to exhibit localization,
since the conduction electrons experience such a large
internal magnetic field, 4aM=21 kG, as determined
from de Haas-van Alphen experiments. Magnetic 6elds
of this magnitude delocalize the electrons through the
formation of cyclotron orbits. However, in this case the
internal field and the sample magnetization are in the
plane of the 61ms and, thus, due to the thinness of the
films, the delocalizing orbits cannot exist. A recent paper
on localization effects in itinerant ferromagnets show that
the localization correction for the dc conductivity is
unaffected by the magnetization. '

In Fig. 11 we have plotted o(T)—cr(To) versus lnT,
~here o is the conductance per square and To is the tern-
perature at the resistance minimum. As can be seen, the
result is linear over several decades of temperature for
the Sms showing a resistivity minimum, and the Ao. s
per decade of temperature are all close to 2.9)&10
The theoretical expression for the conductivity in a two-
dimensional localized film is b o =ga ln( T/To )
=2.3(alogio(T/To), where bcr=cr(T) o(To), —
=8 /217 = 1.23 X 10 0, alld a ls a BllInbei' of order
unity. ' %hen a = 1 the theoretical prediction for Ao per
decade of temperature is 2.8/10 . If it is permissible
to apply this theory to ferromagnetic iron, our data yield
an a very close to 1.0. This expression arises from both
the electron-localization and electron-
electron-interaction picture. To distinguish between the
two elects, the magnetoresistance and the Hall effect
must be measured; at least this is so in nonmagnetic alms.
To use the rnagnetoresistance to distinguish between the
two effects, one must be able to separate the magne-



37 ELECTRICAL TRANSPORT PROPERTIES OF THIN. . .

Cg

-80-

D 000 A

+ 76 A (100)

O 75 A (&to)

60 A

D

0 0
co -60- O 0

+ +o 0
+

Q
Q

0-40- +0
Cl +
X + QQ
V +o
UJ +0-20- +

o I I

0.1 1.0 10.0
TEMPERATURE(K)

100

FIG. 11. Conductivity vs log&0( T) for several 61m thicknesses
0

less than 100 A, Measurements were made in a dilution refri-
gerator. The conductivity varies logarithmically with tempera-
ture over several decades of temperature, and the changes in
conductivity per decade of temperature are all very close to
2.9X 10 0 ', the values predicted by either the two-
dimensional localization theory or the two-dimensional interac-
tion theory.

toresistance due to the magnetic material from that due
to localization or interaction effects. In the high-field
limit, which is where it is easiest to distinguish between
the interaction and localization pictures, we observed a
negative magnetoresistance at 4.2 K. Between 30 and
130 kG it appears to be linear with field. (Bulk iron ex-
hibits a positive magnetoresistance at this temperature. )

The localization (interaction) picture predicts a —lnH
(+lnH) dependence at high fields thus, there is some
other effect that is dominating the magnetoresistance in

these iron films. Thus far, most theories have not con-
sidered magnetic thin films where exchange interactions
dominate; one paper' discusses localization in magnetic
films but does not consider the Hall effect, magnetoresis-
tance, or the effects of the simultaneous existence of s snd
d bands. Previously, magnetic Ni films have been report-
ed by other authors to exhibit an lnT conductivity and
weak, negative magnetoresistance. '

The temperature dependence of the Hall resistance is
another way to distinguish between the effects of localiza-
tion and electron-electron interaction. For localization in
nonmagnetic metals there should be no temperature
dependence, while in the electron-electron-interaction
picture the change in the Hall resistance between two
temperatures should be twice the change in the normal

zero-field resistance between the same temperatures. '

To measure the ordinary Hall resistance in iron, one must
utilize high fields ( & 30 kG) since iron shows an anoma-
lous Hall effect st lower fields. %e found that for the 60-
A-thick film the zero-6eld resistance increased by
=0.3% between 4.2 and 15 K. The Hall resistance also
appears to have changed slightly, but not definitively
[(1.0+1.0}%]. Thus, from the Hall measurements one
cannot distinguish between the localization and electron-
interaction theories for our samples. %e can say that the
Hall-resistance results are not inconsistent with either
theory.

A resistive minimum snd the subsequent logarithmic
increase may be explained either by the localization
and/or interaction theories discussed above or by the
Kondo effect. The Kondo effect involves a spin-Aip
scattering of electrons by magnetic impurities; thus a
Kondo effect would not be expected in a magnetic ma-
terial (but can exist in amorphous or highly inhomogene-
ous magnets). ' Also, the Kondo efFect is a bulk eFect
snd thus should be less important as the 61m becomes
thinner and surface scattering increases. Our films show
that the temperature of the resistivity minimum increases
as the film thickness decreases and, therefore, a magnetic
Kondo effect is unlikely to explain observed behavior.

VI. CONCLUSION

The low residual-resistivity ratios, the large spontane-
ous Hall coefficients, the (presumed) appearance of
conduction-electron localization, and the high room-
temperature resistivities of these thin iron films constitute
evidence for the existence of a large defect density in
Fe/GaAs(110). This is a plausible conclusion in light of
the photoemission studies on Fe/GaAs(110) by Ruck-
man, Joyce, and %eaver, ' which indicate that extended
interdiffusion and chemical reaction between Fe, Ga, and
As occur, and the x-ray studies of Qadri et al. , which re-
veal the existence of a very-6ne-grained mosaic structure.

The dramatic decrease in the magnetic moment per
unit volume with decreasing film thickness appears to
have a rather mundane explanation. Chemical reactions
at the interface and diffusion of As into the Fe film may
produce sntiferromsgnetic Fe-As compounds, and also
dilute the Fe concentration near the interface, while
maintaining the epitaxy. Thus, the thinner samples pos-
sess a lower average magnetic moment, since propor-
tionately more sample is near the GaAs/Fe interface.

Resistivity measurements (or possible Hall-eff'ect or
magnetization measurements} off'er the feasibility of a
determination of the defect density for manufacturing
quality control.

The magnetic anisotropy, and the components of the
magnetoresistance tensor, have been determined as func-
tions of temperature and filrn thickness. The parameters
provide a very good description of the magnetoresistance
magnetization curves.

In addition to the single spin Aops previously reported
in Fe/GaAs films, we have observed double spin Aops in
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some of the Nms. The direction and magnitude of the
applied field necessary to produce these spin Aops have
been calculated from the magnetic anisotropy parameters
obtained by FMR, using a speci6c assumption concerning
the conditions whereby a domain wall will sweep through
the sample, and were found to be in agreement with ex-
periment.
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