PHYSICAL REVIEW B

VOLUME 41, NUMBER 10

First-order magnetic-field-induced phase transition
in epitaxial iron films studied by magnetoresistance

K. T. Riggs* and E. Dan Dahlberg
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455

G. A. Prinz
Naval Research Laboratory, Washington, D.C. 20375-5000
(Received 31 August 1989)

The magnetic-field-driven magnetization-reorientation phase transition in epitaxially grown
Fe/GaAs(110) thin films (thickness 9-20 nm), first reported by Hathaway and Prinz, has been stud-
ied using anisotropic magnetoresistance (AMR) as a probe of the direction of magnetization. In
AMR measurements, just as in ferromagnetic resonance (FMR), the ratios of the anisotropy con-
stants to the magnetization are determined. In the present work the iron film thickness dependence
of the ratios of the fourth-order (K;) and uniaxial (K,) anisotropy constants to the magnetization
were found comparable with previous FMR results. In addition, using values of the thickness
dependence of the saturation magnetization, the present work includes the thickness dependence of
K, and K,. The observed thickness dependence of K is similar to that seen previously in Ni/NaCl
systems and may be due to strain-induced magnetostriction effects. Considerable hysteresis at the
magnetization-reorientation transition is observed. The magnitude of the hysteresis is considerably
less than that calculated from the anisotropy energies for uniform rotation of the magnetization. It
is therefore reasonable to assume that the magnetization process occurs by domain-wall nucleation
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and propagation and that the hysteresis is associated with domain-wall pinning.

I. INTRODUCTION

The recent application of molecular beam epitaxy
(MBE) to the study of magnetism has resulted in an ex-
plosion of interest in the possibility of engineering mag-
netic properties on an atomic scale.! Novel magnetic
properties not present in corresponding bulk magnetic
systems have been widely reported. Magnetic moments,
exchange interactions, and magnetic anisotropies are all
predicted to vary as the local environment of the magnet-
ic species is changed.?> This fact opens up a whole new
area of fundamental study in magnetism, as well as great
technological promise.®’

Two examples of the novel behavior mentioned above
are a uniaxial magnetic anisotropy and a first-order
magnetization-reorientation phase transition (MRPT)
(Refs. 8—11) induced by an applied magnetic field, both
of which have been observed in the epitaxial
Fe(110)/GaAs system.!? A first-order MRPT is predicted
in bulk Fe for applied fields near the (111) direction.'>!*
While this transition has been observed in other cubic fer-
romagnets,'>!® it has been long sought but never ob-
served in bulk Fe single crystals.!”!?

Two factors change the situation in Fe/GaAs thin
films. First, the large demagnetizing field normal to the
film plane due to the shape anisotropy forces the magne-
tization to lie in the plane of the film [no evidence of a
large uniaxial anisotropy perpendicular to the plane has
been found in the Fe/GaAs system!® unlike that predict-
ed for the Fe(100)/Ag system].* This fact alone consider-
ably modifies the bulk Fe MRPT phase diagram and al-

41

lows the transition to be observed for a wide range of an-
gles about the (110) direction. The predicted first-order
discontinuity in the magnetization direction is also in-
creased by a large factor, enabling the experimental
detection of the transition with greater ease.

Second, the uniaxial anisotropy, first proposed by Prinz
et al.'' in order to explain ferromagnetic resonance
(FMR) data, further modifies the MRPT phase diagram
in a well-defined way. The dependence of the MRPT
phase diagram on the ratios of the relevant anisotropy
constants to the magnetization enables one to extract the
ratios from an experimental determination of the first-
order transition boundary as a function of applied mag-
netic field.

We have undertaken a systematic study of the first-
order MRPT in five Fe(110)/GaAs films (thickness 9-20
nm) using anisotropic magnetoresistance (AMR) (Ref. 20)
as a probe of the direction of magnetization. The advan-
tages of using AMR over the more conventional methods
of FMR and vibrating sample magnetometry (VSM) are
the ease of the resistance measurement and the
technique’s lack of sensitivity to the magnetic properties
of the nonmetallic substrate.?!

This paper will focus on a method to extract the im-
portant anisotropy constants from the experimental
MRPT phase diagrams. The results for K, /M and
K, /M, are found to be in qualitative agreement with the
FMR results of Prinz et al. on similar films.'® We will
also present an interpretation of the hysteresis observed
at the first-order transition. Our data support the conjec-
ture that domain-wall pinning'®?%2® and not transitions
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out of a metastable state due to fluctuations?* is the likely
explanation for the observed width of the hysteresis.

II. SAMPLE DESCRIPTION

The epitaxial Fe(110) films are deposited on polished,
chemically etched and ultrahigh-vacuum (UHV) thermal-
ly annealed GaAs(110) substrates. Thickness is deter-
mined by monitoring the Fe flux with a quadrupole mass
spectrometer calibrated via x-ray fluorescence measure-
ments on thicker films. The epitaxial growth of the iron
films is monitored by in situ reflection high-energy elec-
tron diffraction (RHEED) and it is found that the 1.4%
lattice mismatch between the GaAs lattice constant and
twice the Fe lattice constant results in a compression of
the Fe lattice at the Fe/GaAs interface. RHEED data
suggests that this strain relaxes, presumably by introduc-
ing point defects or dislocations; at a thickness of about
20 nm the iron lattice constant is that of bulk iron.

The films were allowed to oxidize after removal from
the UHV environment. A surface oxide layer of approxi-
mately 3 nm is formed removing about 1.5 nm of Fe from
the nominal thickness.?’ In what follows, only the preoxi-
dation nominal thickness is reported. This oxide layer is
self-passivating, inhibiting further oxidation. The oxide
layer is remarkably stable and the measured resistivities
of the films have remained constant over a period of
several years and repeated thermal cycling.

The samples were patterned with photolithographic
techniques with Hall bar geometries enabling transport
measurements along three high symmetry directions con-
tained in the (110) plane. The AMR measurements re-
ported here were performed with the current, J, in the
[110] direction, except for the thickest film (20 nm) where
the current was in the [001] direction. We should note
that results for the thinner films, where both current
directions were used, show that the MRPT phase dia-
gram is independent of current direction.

III. EXPERIMENTAL DETAILS

A simple technique to gain information on the state of
magnetization of a ferromagnetic thin film sample on a
nonconducting substrate is to utilize the fact that the di-
agonal or longitudinal resistivity depends on the orienta-
tion of the magnetization with respect to the direction of
the current. This effect, called the anisotropic magne-
toresistance (AMR), has a long and interesting history
beginning with its discovery in 1857 by William Thomp-
son (Lord Kelvin).?® This effect arises in 3d ferromagnet-
ic transition metals due to spin orbit coupling and d band
splitting.2

To lowest order, the resistivity depends on the angle
(B) the magnetization vector makes with respect to the
current direction as

p(6)=pr+Apcos’B, (1

where Ap=p; —pr and (L) indicates longitudinal (M
parallel to current) and (7) indicates transverse (M per-
pendicular to current) resistivities, respectively. The an-
gular dependence of Eq. (1) has been confirmed experi-
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mentally in our films;?' a detailed analysis of Ap/p for

these films will be presented elsewhere.?’ In practice by
measuring the deviations from the predicted dependence
of the applied magnetic field and the current one can
determine the anisotropy energies. These deviations
occur when the magnetic energy M-H becomes compara-
ble to the anisotropy energies. For the films reported
here the situation is even simpler since in the plane of the
film a hard direction (the [111]) separates the easy axis
(the [100]) from the intermediate direction (the [110]).
The details of how this simplifies the situation are in the
next section.

Before proceeding to the next section, a few additional
comments are necessary. Since the resistivity is an even
function of 6, there is ambiguity as to the sign of M.
However, in what follows we always saturate the sample
along the “easy” [001] direction before each field sweep.
This allows the sample to be left in a known initial state.
Magnetization studies® have shown that the hysteresis
loop is nearly square in the [001] direction indicating that
we are always beginning with a nearly monodomain sam-
ple with the magnetization along this “easy” [001] direc-
tion. Also, since the AMR effect is quite small in Fe
(Ap/p=0.2%) a high sensitivity method to measure the
change in resistance is required. We have used an ac
resistance bridge technique with a typical excitation
current of 20 pA.

IV. THE MAGNETIZATION REORIENTATION
PHASE TRANSITION (MRPT) PHASE DIAGRAM

The MRPT phase diagram can be theoretically calcu-
lated by considering the usual phenomenological expan-
sion of the energy density in terms of anisotropy con-
stants appropriate to a material like Fe with cubic sym-
metry. The energy density of a single domain with mag-
netization M in an applied field H can be written

E=—H-M+27M?}+K,sin’y + K sin*y +K, (M, /M )?
+K (e} +ajal+ajal)+K,(aladad)+ - - -
)

where @ =M /M is the magnetization direction relative to
the cubic crystalline axes, M, is the component of the
magnetization normal to the film plane, and y is mea-
sured in the plane of the film relative to the [001] axis.
There is evidence that the anisotropy term K, is very
small for the Fe(110) surface!® unlike the situation for
Fe(100) on silver’ where K, can dominate the shape an-
isotropy term. For the Fe(110) case we will neglect K,
compared to 27M?2. Thus, the shape anisotropy term,
2wM}, corresponding to a thin film, forces the magnetiza-
tion to reside in the film plane for H,=0 and
K, <<2wM?. Since K;/M ~275 Oe and 47M ~20 kOe
for bulk Fe it is clear that this approximation is well
justified. The terms containing the constants K, and K,
are uniaxial terms introduced by Prinz et al.® in order to
fit FMR data on similar Fe(110)/GaAs films. The in-
plane uniaxial terms can occur due to the reduced sym-
metry of the Fe/GaAs and Fe/Fe oxide interfacial lay-
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ers®® and could be due to strain-induced magnetostric-

tion.

The terms containing K, and K, are the usual anisot-
ropy constants appropriate to a material with cubic sym-
metry.? Since in bulk Fe K, is more than two orders of
magnitude larger than K, at room temperature®® it is safe
for our purposes to neglect K, and all higher order terms
in the expansion. This leaves K, K, and K, as the ad-
justable parameters. In fitting, it was determined that the
only adjustable constants required to explain the ob-
served data are K; and K.

For the purpose of calculation it is convenient to mea-
sure the direction of the magnetization relative to the
[110] direction (angle 6) and to define a reduced energy
density e=E /K, and reduced field h=H /(K,/M) as
well as the ratio k=K, /K,."* Then for the magnetiza-
tion confined to the plane of the film the reduced energy
density becomes

€(6)=—h cos(6—0y)
+3(1 —sin49—§cos46)—K sin%0 , (3)

where 6 is the angle of the in-plane applied field with
respect to the [110] direction and 6 is the angle of the
applied magnetic field again measured from the [110]. In
zero field, when K, >0 and x> —%, the easy axis is the
[001] direction with the [111] axis as the hard direction
and the [110] axis as the intermediate direction. When
k= —% the [001] direction becomes the easy axis. A pro-
nounced dependence of x with thickness has been ob-
served”!! resulting in a switching of the easy axis from
[001] for thicknesses greater than about 10 nm to [110]
for thicknesses less than about 10 nm. The precise thick-
ness at which the easy axis switches is somewhat sensitive
to the conditions of epitaxial growth. We have observed
the same qualitative thickness dependence in this work.

For all of the films discussed here, the easy direction
for the magnetization is a [100] direction. For these
films, an applied magnetic field in the [110] direction
(64 =0) will rotate the magnetization smoothly away
from the easy direction with the magnitude of the rota-
tion determined by the anisotropy energy along the hard
or [111] direction. At some ‘critical” reduced field,
h,(k), the magnetization jumps discontinuously into
alignment with the applied field. In theory this jump
occurs when the two states, the one just before the jump
and the one with the magnetization parallel to the [110],
become energetically degenerate. In practice the transi-
tion is observed to be hysteretic since to jump from one
state to the other involves overcoming an energy barrier.
An example of this first-order jump for a typical sample
is shown in Fig. 1. The two crosses in the figure mark the
location and magnitude of the predicted discontinuity in
the resistance using the K;,K, obtained from the experi-
mental MRPT phase diagram. Note that there is consid-
erable hysteresis at the transition. This hysteresis is com-
pletely reproducible from run to run and does not depend
on the field sweep rate. The likely cause of this hysteresis
is one of the questions we would like to consider in what
follows.
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FIG. 1. The resistive transition in a 16.0-nm-thick film with
the magnetic applied in the plane of the film parallel to the [110]
direction. This figure exhibits the hysteresis which is observed
with increasing and decreasing magnetic field. The + data
points mark the expected position and magnitude of the transi-
tion calculated from the fitted experimental anisotropy con-
stants.

For fields rotated away from the [110] direction, a
similar first-order discontinuity occurs but is shifted to
higher values of the reduced field. At some critical angle
0y, and reduced field A, the transition becomes second
order and the discontinuity in magnetization direction
vanishes. This point is analogous to the critical end point
(CEP) for a gas described by the van der Waals equation
of state. Calculating where the transition occurs for an-
gles between 6;=0 and 6y =0y, becomes analytically
intractable. We have instead numerically solved the sys-
tem of nonlinear equations to map out the phase diagram
in this region. It turns out that phase boundary is very
nearly a straight line connecting 4, and the critical end
point for all values of k. The results of this numerical
calculation, including the relevant parameters corre-
sponding to the MRPT phase diagram, are shown in Fig.
2.

The quantities 6, h , and h, are all functions of the
ratio k=K, /K, only, and can be calculated analytically
by analyzing the behavior of Eq. (3). This can be accom-
plished by looking for the point where the two minima of
the function become equal in energy in the case of h, and
where the two minima become degenerate in the case of
Oy, and h.. The results of this calculation are as follows.
The critical angle 8, is given by the relation

tanf,, =[(7—2«)/(2c+8)1*2, S

and the reduced magnetic field at the critical end point A,
is given by

h, =sing cos¢(2 sin’d —cos’p+2«) /sin(¢p— 6y, ) , (5)

where ¢ is the angle the magnetization makes relative to
the [110] axis at the critical end point. In terms of « this
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FIG. 2. The calculated phase diagram for the first-order
transition of the magnetization. The phase boundary is ter-
minated by a critical end point (CEP) when the magnetic field is
applied located nearly parallel to the hard [111] direction. The
other notation is explained in the text.

angle can be found from the relation
sing=[(21—6x)/45]"/% . (6)

The reduced field for 8,, =0 can be determined by the
expression

h,=(1—7)"2Gn*+2x—1), (7

with 7 being the normalized component of the magneti-
zation parallel to the [001] easy direction (=M q,;/M)
just below the reduced field h =h,. This quantity plays a
role somewhat analogous to the order parameter in a
standard thermal phase transition and is given by the
equation

P =2[(3—2k)+(2+4x)"?] . (8)

The above results are only valid for « within the range
—+=«k=I. When k< — (assuming K, remains posi-
tive), the easy axis switches to the [110] direction and no
first-order magnetization-reorientation transitions are
possible. For x> I the critical end point falls along the
[110] direction (8, =0) and again no first-order transi-

tions can occur.
V. DISCUSSION

A. Anisotropy energies

The anisotropy constants K, /M,K, /M can be extract-
ed from the experimental phase diagrams and the above
expressions in the following manner. We first determine
0y, from the experimental phase diagram by noting
where the hysteresis associated with the MRPT vanishes.
This is assumed to occur at the point where the transition
becomes second order. Operationally, this is accom-
plished by fitting the field sweep up and down transition
points with a low order polynomial (normally linear) and
extrapolating to the intersection of the two functions. An
example of this procedure is shown in Fig. 3. Once an ex-
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FIG. 3. The experimental phase diagram for a 17.2-nm film.
The X points indicate increasing field and the + points indicate
decreasing field. The fact that the hysteresis must vanish at the
critical end point is used to determine its position.

perimental value for 8, is determined, Eq. (4) can be in-
verted to yield the value of k for each film. From the ex-
perimental field at the critical end point, H_(expt), and
the theoretical value from Eq. (5), the ratio

K,/M=H _(expt)h, )

can be determined.

A self-consistent check of the results of this analysis to
determine k can be performed by calculating the predict-
ed field where the jump is expected along the [110] direc-
tion,

H,()=h, (k) K, /M) . (10)

This result can be compared with the experimental phase
diagram. Of the five films studied, the field calculated via
Eq (10) fell between the hysteretic transitions points in all
but the 13.7 nm film, as one might expect. However, no
consistent pattern of exactly where this point falls rela-
tive to the experimental hysteresis points was found. The
field predicted by Eq. (10) was about 10% below the
lower hysteretic point for the 13.7 nm film. A self-
consistent correction on the location of the critical end
point could be attempted, but would not significantly
change the resultant value for K, /M.

Finally, a value for the second important anisotropy
constant can be determined by recalling the original
definition for «, thus

K,/M=k(K,/M) . a1

Experimental results for K;/M and K,/M using the
above procedure are shown in Fig. 4.

A fit of the angular dependence of the resonance field
using the FMR technique, in contrast to our method,
gives two equations involving linear combinations of
K,/M, K,/M, and K, /M. Typically, one must assume
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FIG. 4. The values of K, /M (+) and Ky /M (X) as a func-
tion of thickness for the five Fe films studied. The value of
K,/M for bulk iron is marked with an arrow. The lines are
drawn as guides to the eye.

that K| and M are the same for bulk Fe and solve for the
uniaxial constants. In analyzing the MRPT diagram no
such assumption is necessary.

Absolute values for the anisotropy constants can be
determined if the magnitude of the saturation magnetiza-
tion is known for each film. SQUID magnetometer stud-
ies? have shown that this quantity is thickness dependent.
A good estimate of M can be obtained by using the ex-
traordinary Hall effect (EHE) (Ref. 19) to determine the
field at which M is pulled completely out of the plane of
the film. This field is equal to 47 M if there is no perpen-
dicular anisotropy (K, =0). The EHE data were taken at
4 K but the expected difference between the magnetiza-
tion at 4 K and at room temperature is well within the
experimental error. A plot of K| and K, versus thick-
ness using the EHE results to determine M (the 13.7 nm
film was not patterned to enable EHE measurements) is
shown in Fig. 5.

A thickness dependence of K| has been previously ob-
served in torque magnetometer studies of the single crys-
tal Ni/NaCl system.’! The in-plane strain was deter-
mined from x-ray diffraction data and used to predict the
shift in K, using five constant magnetostriction data.
When the Ni film was floated free of the substrate, the
shift in K relative to bulk (AK ) vanished.

If we assume the Fe lattice is strained by the lattice
mismatch factor of —1.36% parallel to the interface,
then we can determine the complete strain state of the
film relative to the crystal axes. Using the five constant
magnetostriction data of Bozorth and Hamming,* the
preducted shift in K, due to magnetostriction is
AK,=0.88X10° erg/cm®. This result is the right order
of magnitude but the wrong sign to explain the observed
shift in K;. However, this calculation must be viewed
with caution since it involves the magnetostriction con-
stants h; and h, which are extremely difficult to accu-
rately measure and typically have large experimental er-

THICKNESS (nm)

FIG. 5. A plot of K, and K, as a function of thickness using
the thickness dependence of M taken from Ref. 27. The lines
are drawn as guides to the eye.

rors. Unfortunately, we are not able to remove the Fe
films from the substrates to check if K, shifts back to its
bulk value. However, the fact that K, varies smoothly
with thickness indicates that the explanation is consistent
with an origin of magnetostriction arising from a thick-
ness dependent strain.

The variation of K, with thickness has also been attri-
buted to strain and has been modeled using two constant
magnetostriction data by Prinz et al.’ The surprising re-
sult, however, is that one would expect K, to be zero
when K| was equivalent to that of bulk iron. The reason
for this is that since K is sensitive to strain its deviations
from the bulk value are a measure of the strain in the
sample. Since the value of K, is zero in bulk iron, then
when the measured K, equals that of bulk iron, K,
should be zero. As seen in Fig. 5, K,, is monotonically in-
creasing over the entire range of thicknesses investigated
and shows no indication of going to zero. We are
currently investigating this question with a series of
thicker films.

B. Hysteresis

In a previous publication,'® it was speculated that the
hysteresis observed in FMR and magnetization data
could be explained by pinning of domain walls by defects
arising from either strain relaxing dislocations or the
presence of interdiffused Ga or As near the Fe/GaAs in-
terface.® Also, line defects or steps not eliminated by the
substrate pretreatment have also been noticed in some of
the samples. In the present experiments, some of these
steps were sufficiently large to disrupt the electrical con-
tinuity of the Hall bar samples. Based on the present ex-
perimental results, consistent with the above conjecture,
we will argue that domain-wall pinning, and not
fluctuation-induced hopping over an energy barrier, is the
likely source of the observed hysteresis.
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It is interesting to calculate the spinodal lines associat-
ed with the disappearance of the metastable minima of
the energy density corresponding to ‘“‘superheating” and
“supercooling” in a thermal phase transition. These lines
are again dependent on the anisotropy constants through
the ratio k. For an applied field along the [110] direction
these spinodal points can be calculated explicitly as a
function of k. Following the notation of Arrott et al.,’*
we will define h,,, as the reduced field where the metasta-
ble minimum nearest to the easy [001] direction vanishes
as the reduced field is increased. Similarly, the reduced
field at which the metastable minimum nearest to the
[110] direction disappears as the field is reduced will be
called h,,. The results of the calculation for these two
points give

h, =(4V2/9)(1+k)*"? (12)
and
h,y,=2k—1. (13)

It can be verified that the inequality 4, > h, = h ), is valid
for all allowed values of k. As before, for applied field
directions other than along the [110] direction, the prob-
lem becomes impossible to solve analytically. Again solv-
ing the resulting system of nonlinear equations numeri-
cally we can generate a picture of the spinodal boundaries
for given values of the anisotropy constants. The results
of this calculation for the 20 nm film is shown in Fig. 6,
where the numerical results have been scaled to the ex-
perimental data at the critical end point. Of course, at
the critical end point (6 =0,), it must be true that
h,=h,=h,, that is, the spinodal lines must converge at
this point. Clearly the hysteresis cannot be explained by
the disappearance of the metastable minimum as the field
is swept up and down. Also, a point to note is that no
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FIG. 6. The calculated phase diagram for a 20-nm film, fitted
to the position of the critical end point. The spinodal lines cor-
responding to the disappearance of the metastable minima are
also shown along with the experimental hysteresis data. Note
that the experimental points are very different from the spinodal
curves indicating that the hysteresis is not due to the dynamics
of nucleation.
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FIG. 7. The hysteresis of each of the films as a function of
thickness for the magnetic field in the [110] direction. The X
and + points indicate the position of h,; and h,, calculated
from Egs. (12) and (13), respectively. The error bar points indi-
cate the corresponding experimental hysteresis. The lines are a
guide for the eye.
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time dependence of the hysteresis was observed for sweep
rates varying from 5 kOe/min up to 400 kOe/min.
Within this range of sweep rates each hysteresis loop was
identical to within the resolution of the experiment. In
Fig. 7, we show the experimental hysteresis for fields
along the [110] direction as well as the points H,; and
H,, calculated from Eqgs. (12) and (13). Note that for all
but the thickest film, a reverse field would have to be ap-
plied to eliminate the metastable minimum as the field is
swept down if the transitions strictly followed the spino-
dal lines.

The more likely explanation is that the hysteresis is
due to domain-wall pinning. This, as stated previously, is
consistent with the large defect density inferred from the
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FIG. 8. A comparison of the normalized hysteresis

H0)/H,,,, where H,,, is defined as the midpoint of the hys-
teresis, to the room temperature resistivity. The line serves as a
guide to the eye.
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resistivity data. Although it is often stated®® that the
domain walls of a magnetic material are pinned to defects
it is unusual to attempt to correlate the coercivity with
the resistivity. We have taken this approach in Fig. 8
which a a plot of AH/H,,, along the [110] direction
versus p. This figure shows that the relative width of the
hysteresis increases as the resistivity increases, indicating
a correlation with defect density. Although this single
figure does not prove directly that the mechanisms caus-
ing the increased resistivity in these films are responsible
for the increased hysteresis observed, it is suggestive.

VI. CONCLUSIONS

The use of the anisotropic magnetoresistance to probe
the first-order MRPT phase diagram has been shown to
be a straightforward and powerful method to gain infor-
mation on the important anisotropy constants that con-
trol the magnetic behavior of single crystal cubic fer-
romagnets with uniaxial anisotropy. The behavior of the
lowest order uniaxial anisotropy and the fourth-order cu-
bic anisotropy constants are consistent with previous
FMR results. The two advantages of the use of the aniso-
tropic magnetoresistance over FMR are that the experi-
mental requirements are considerably less than for FMR
or even torque magnetometry since all that is required is
a reasonably good resistance bridge and a modest elec-
tromagnet, and the ease of the interpretation of the ex-
perimental results.’

Another feature of the present research is the thickness
dependence of the anisotropy constants as exhibited in
Fig. 5. The data for K, are inconsistent with the expect-
ed strain at the GaAs/Fe interface (the shift in K is of
the wrong sign for a compression of the iron films). Also,
the variation in the uniaxial anisotropy energy K, with
thickness is interesting since K, has nearly reached its
bulk iron value in the thickest films, but K, monotonical-
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ly increases with increasing thickness even though its
bulk value is zero. One might expect if K, and K| have
their origins in the strain of the samples that they would
both relax to their equilibrium values at similar film
thicknesses. The fact that K, continues to increase with
increasing film thickness through the series of samples is
therefore strange. In neither case, the sign of the shift in
K, and the thickness dependence of K, is there currently
a satisfactory answer.

In addition, interesting hysteresis effects confirming the
first-order nature of the transition have been observed.
The data clearly indicate that the hysteresis is not what is
expected from the calculation of the spinodal lines associ-
ated with the disappearance of the metastable minima of
the energy density corresponding to ‘“superheating” and
“supercooling” in a thermal phase transition. It is much
smaller than that calculated and is independent of the
sweep rate of the magnetic fields over roughly two orders
of magnitude. Although it is difficult to provide a casual
relationship for the hysteresis, a correlation with the
resistivity has been observed. The resistivity provides a
measure of the defect density in the thin films which in
turn provides stress fields to pin the magnetic domain
walls.*
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