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Temperature and angular dependence of the anisotropic magnetoresistance in epitaxial Fe films
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We perform detailed temperature dependent measurements of the magnetoredidRnaad its angular
dependence of epitaxial F&10) films. The angular dependence of the MRHat 10 kOe is found to change
strongly when going fronT=4.2 K to T=230 K. We analyze the data on the basis ofriBg's equation.
Second- and fourth-order angular dependent terms are found to be of equal importance, indicating strong
deviations of the MR from a simple cog dependence. One of the MR components is the ordinary or Lorentz
magnetoresistance, which is strong at low temperatures and becomes smaller at higher temperatures, due to the
reduction of the mean free path. By subtracting the ordinary magnetoresistance from the MR data we obtain the
anisotropic magnetoresistance. We decompose the temperature dependent anisotropic magnetoresistance in the
temperature dependekitconstants of Dong’s equation. These constants show a reduction betWee20 K
and T=100 K, which reflects the observed decrease of the anisotropic magnetoresistance. We present argu-
ments that the temperature dependence of the anisotropic magnetoresistance is most likely due to the change
from defect-dominated scattering to phonon-dominated scattering, each of which has its own anisotropic

magnetoresistance.
DOI: 10.1103/PhysRevB.63.134432 PACS nunier75.50.Bb, 73.50.Jt, 75.70.Ak
I. INTRODUCTION The OMR is due to the Lorentz force, which bends the

conduction electrons away from the electric field direction,

The discovery of the giant magnetoresistaf@®IR) of  increasing the resistivity of a conductor with increasing mag-
magnetic multilayershas stimulated a strong interest in the netic field® The magnitude of the OMR is proportional to the
properties of ferromagnetic films in genefah particular, in square of the magnetic inductidd, where B=H+47M.
the magnetoresistan¢dIR) of such films. In spite of exten- Like the AMR, the OMR of a ferromagnet shows a maxi-
sive experimental work, the MR of a one-layer film is only mum or minimum aroundi =0 Oe, because the magnetiza-
partly understood. The problem is that the MR of such a thirtion changes direction arourtd=0 Oe. However, since for
film is built up from various contributions of different physi- the OMR p, >p|, the ¢ dependence is opposite to that of
cal origin. The most important contributions are the anisothe AMR. The OMR does not reach saturatiorHat;, con-
tropic magnetoresistancéAMR) and ordinary (Lorent2  trary to the AMR, but always has a positive slope fbH
magnetoresistand@®©MR). >Hgy . The amplitude of the OMR increases with increasing

The AMR is caused by the spin-orbit interaction, which electron mean free path and can be comparable to the AMR,
induces mixing of spin-up and spin-dowehstates’™ This  which leads to an entanglement problem. The magnitude and
mixing depends on the magnetization direction, i.e., the diangular dependence of both the AMR and OMR depend on
rection of the net spin density. Therefore, the magnetizatiofhe temperature and on the purity and structure of the mate-
direction determines the density of unoccupiestates at the rial. To disentangle these contributions, a careful study of the
Fermi level. This gives rise to a magnetization-direction de-angular, as well as the temperature dependence of the MR, is
pendents-d scattering rate, which dominates the resistanceecessary.
in ferromagnets. As a result, the resistivity of a saturated |n single crystals, contrary to polycrystals, averaging of
polycrystalline sample is determined by the anglbetween the AMR resistivity over all crystal orientations is absent.
the electrical current and the magnetizatioM:® p=p,  Already in 1938, Ddng’ showed experimentally that bulk
+(pj—p.)cos ¢. Herep is the resistivity forl[M andp,  Ni single crystals have a much more complicated MR than
is the resistivity forl LM. Usually pj exceedsp, . The polycrystalline samples. The angular dependence did not
cog ¢ dependence results from averaging over all crystabbey a behavior involving only the relative orientation of
orientations’ In bulk alloys at low temperature, where only current and magnetization. Instead, the orientation of both
impurity scattering occurs, the magnitude of the AMR effectcurrent and magnetization with respect to the crystal axes
can be several tens of percents, e.g., 20% for NiFd at had to be taken into account. Later, measurements on single
=20 K. Phonon scattering in bulk alloys brings the magni-crystal Fe rods and whiskers confirmedribg’s resultss=**
tude down to about 5% at room temperature. In thin films theThe thin film equivalent of a bulk single crystal is the epi-
AMR is further reduced to a few percent due to surface scattaxial film, which can be grown on a suitable substrate with
tering and additional structural defects. When the field ismodern deposition techniques. MR measurements on epitax-
swept through the range H;«<<H <Hg, (Hsq is the satu- ial ferromagnetic films also indicate deviations from the
ration field either a resistance maximum or minimum is simple cod¢ behavior and suggest that the directions of
found, depending on the angie This reflects the evolution both the current and magnetization with respect to the crystal
of a multidomain state to a single domain state. axes are important, as for bulk single cryst&is'® However,
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20 (°) peaks with#=22.4° andy=60° (full line, left-hand-side axis 6

=21.7° andé=28.7° (dashed line, right hand side axisespec-
FIG. 1. 6-26 scan of M@10 nm/Fe(100 nm deposited on tively, using CuK« radiation h=1.542 A).
(1150) sapphire, using CK « radiation (\ =1.78897 A. The ver-
tical lines denote the peak positions for unstrained bulk materials.materials, represented by the vertical lines in the figure. The
Mo peak has satellites due to the finite thickness of the layer,

the data and analysis are rather limited. , indicating a uniform layer thickness, and therefore a flat
We investigate the MR of high purity epitaxial Fe films as Mo/Ee interface

a function of the in-plane magnetization direction with re-

) . o Figure 2 shows twab scans. In ab scan, the sample is

spect to the crystal orientation. This is done for two currentrotated about the normal to the lavers. The geometry ®f a
directions and over a broad temperature range. We will dem- . Yers. 9 ry !

can differs from that of a norm#&26 scan, such as in Fig.

f the MR h ireC-"" L
onstrate a strong dependence of the on the current dire in that the sample is tilted through an angleThe angles

tion, magnetization direction, and temperature. In particular;’
9 b P and 29 are set to the expected Bragg peaks. Therefore, the

from detailed MR measurements as a function of the ang| S X .
between the magnetization and crystal axes, we show hO\R/Iane from whychﬂ IS measured ISno I_ong_er parallel W't.h the
' plane of the film, i.e., we are investigating the stacking of

the MR deviates from the polycystalline éasbehavior. We . .
analyze the data with the theoretical description based on t fomic _planes at an angje with respect to t_he plane of the
ilm. This reveals the texture of the films. Figure 2 shows an

symmetry of the crystdl,which yields the temperature de- .
o example of twod scans, adjusted for thgl10h Fe peaks
pendence of the Ding constants. At low temperatured ( (0=22.4°, y=60°, full line, left-hand-side axjsand the

=50 K) AMR and OMR are of comparable magnitude. At 7 _° :
higher temperatures the AMR dominates the OMR. We in{1123} Al,O; peaks ¢=21.7°, x=28.7°, dashed line,
terpret the temperature dependence of the MR contributiondght-hand-side axijs respectively. Analysis of the scans
on the basis of the change of dominant electron-scatterinfgads to designation of the peaks, as shown in the figure, and
mechanism. Our results expand on previous experimentdhdicates that we have a close to single-crystal(ih&0) ep-
resultst?—19 itaxial Fe layer, with the in-plang¢111] direction aligned
with the [0001]] direction of the A}O5;. The same holds for
Il. EPITAXIAL Fe FILMS Mo, as deduced from the relevadt scan. The weak Fe
peaks correspond to a small Fe fractien@.3%) which has

Epitaxial F.e films are grown in a YS'V&)M UH.V €-9UN the[111] direction aligned with th¢0001] direction of the
evaporator with base pressure<x20 - mbar, using the AlLO,

: 20
regpe of Clemensst al: §ubstrates are %66 0.5 mn? The strain in the Fe layer can be calculated from the po-
pieces of (11R) sapphire, i.e., hexagonalhombohedral  sjtion of the Bragg peaks. For tHa10] direction this is
Al20;, on top of which a 10 nm bcc Mo seed layer is grown found to be (- 0.40+0.05)% (compressive For the[101]

at T:.923 K it a rate .Of 0'02_ nm/s. The bee Fe layer iSand[lOT] directions the strain can be determined by tilting
deposited aff =473 K with a thickness of 100 nm and at a o sample tg=60°, ® to the angle determined from tide

rate of 0.07 nm/s. The purity of the Fe granules used for th§Can and by scanning and 20 over the Bragg peak. The
melt is at least 99.95%. The pressure during evaporation esult is a strain of (0.1:£0.05)% (tensile for the [101]

Fe is approximately X 10~ '° mbar. L . —
We use x-ray diffraction to characterize our samples, ap_c_llrectlon and (0'_15 0.05)% (tensilg _for_ the [101] direc-
tion. Therefore, if we take the principal axes along the

plying both #-26 scans andb scans. In Fig. 1 we give an ~ " = -
example of a9-26 scan in the normal geometry, where the [111], [112], and[110] directions of the Fethe [0001],
plane from whichd is measured is the plane of the film, i.e., [ 1100], and[1120] of the sapphirg then within the experi-
we are looking at the x rays diffracted from atomic planesmental accuracy e€;,=€,,=(0.003:0.001) and €33
parallel to the surface. Both for the Mo layer and the Fe layer=(—0.0040+= 0.0005). These strains are consistent with the
strong and sharp110 peaks are present, which are shifted Poisson ratiov(Fe)~0.32! The cubic symmetry of the Fe
with respect to the peak positions of the unstrained bulKattice is thus broken due to the slight strain anisotropy.
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Thus we have well characterized epitaxial Fe films, which 2.0

allow accurate measurements of the dependence of the resi X [110] 001 =easy axis
tance on the electrical current direction and the magnetiza: e=-%o 5%0 &
tion direction with respect to the crystal axes. These epitaxiakg ™ o p=0+0 M

films have the standard crystalline anisotropy of bcc Fe,vﬁ
which has the easy axes of magnetization along{t@0) & 1.0F
directions. Taking into account the magnetostatic energy for~

Sample A

the thin film geometry, théin-plane [001] direction is the ’j
single easy axis of the films. e 05
From these films we make strips with different in-plane o

crystal direction by mechanical scratching approximately 1.5~ 4 )
mm wide and 6 mm long areas. Four wires are bonded tc
each strip, thus allowing a four-point resistance measure-
ment. The positioning of the wires is such that a homoge- -0.5
neous current density is generated between the voltagi 0.5¢

probes, along the length direction of the strip. The resistance 75
of a strip is typically 1Q at room temperature. We will 04 - -30
discuss in detail the results obtained on two samples with— 90
. . . . = 0
different angles between the electrical current direction and~Z & 90
the [001] direction, samples A and B. More samples have
: S e 0.2k 0

been measured, showing similar results. In sample A, the-_
[001] direction and the current direction make an angle of "3 ¢ ,|
6=—20°+3°, as shown in the inset of Fig. 3. This angle . 60
was chosen because it is not one of the high symmetry di-z ¢} .. ; 30
rections, in which a more regular behavior may be expected — R * g 45
The resistance ratio betwed=300 K andT=4.2 K (the -0.1¢ ' ) T =80 K
residual resistance rajiags equal to 16. For sample B, the . L L L

X om0 -10 5 0 5 10
current flows approximately paralleloE0°+3°) to the H(kOe)

[001] direction. It has a residual resistance ratio of 11.5.

FIG. 3. Magnetoresistance traces for sample A at different
angles of the applied magnetic field with respect to the electrical
current at(a) T=4.2 K and(b) T=80 K. The current flows at an

Magnetoresistance measurements are done between 4.2aKkgle of 20° with thef001] axis (the easy axis as shown in the
and 230 K in an He flow cryostat equipped with a Superconinset.M is the magnetization, is the currentp= —20° is the angle
ducting magnet anih situ sample rotation capabilities. The between the current and the01] direction, ¢ is the angle between
resistance of the samples is measured with a dc current of 5p€ current and magnetization, agds the angle between the mag-
mA, which is low enough to prevent significant heating. In netization and th¢o01] direction.

Fig. 3 we show magnetoresistance tracBs-Ry-g)/Ry=o

for sample A, measured for several magnetic field directionshy the competition between the torques on the magnetization
at 4.2 and 80 K. Each trace is measured in field sweeps froraxerted by the external magnetic field and crystalline anisot-
H=10 to — 10 kOe and fromH = —10 to 10 kOe. Figure 3 ropy field. With increasing field strength the magnetization
shows the hysteresis for certain angles between the curredirection rotates towards the field direction. The rotation ei-
and magnetization direction. Th¢é=—75° curve in Fig. ther causes an increase or decrease in the resistance, depend-
3(b) shows a pronounced hysteresidat 0.64 kOe. For the ing on the angle of the field with respect to the electrical
MR curves for¢=—60° and¢=0° in Figs. 3a) and 3b), current direction. At approximatelyH|=0.5 kOe, in certain
respectively, hysteresis is virtually absent. This is represenzurves a nonmonotonous behavior is presentTAt4.2 K,
tative for the other angles as well. Therefore, for those anglemaxima are present in thé= —75° curve and minima are
only a single trace is shown. The curves with-90° and present in the¢p=—60°, —45°, —30° and 0° curves.
¢=—90° coincide, which demonstrates the accuracy of theMinima are also present in th€=80 K curves, for¢=
rotational mechanism, because rotating by 180° is equivalent 75°, —90°, 90°, 60°, 45°, and 30°. It is likely that the
to reversing the magnetic field direction and the MR is sym-maxima and minima we measure in our samples arise as
metric with reversal of the magnetic field. In both Figéa)3 follows. First, when the magnetization points somewhere in
and 3b) a complicated angular dependence of the MR tracebetween the easy magnetization direction and applied mag-
is clearly present, which strongly depends on temperature. netic field direction, the resistance can go through either a

For all traces, the resistancetdt=0 kOe is independent maximum or a minimum as a function of the angle. This is
of the angle of the previously applied magnetic field. Appar-the case for thep=—75°, —60°, and—45° curves afT
ently the magnetization always rotates into the easy magne=4.2 K, and¢$=—75°, —90°, 90°, 60° curves af=80 K.
tization direction aH=0 kOe. The magnetization direction Second, when the magnetization initially rotates towards the
in the low magnetic field regionH{=<3 kOe¢ is determined magnetic field direction, the resistivity can decrease. How-

IIl. MAGNETORESISTANCE MEASUREMENTS
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FIG. 4. The magnetoresistance of sample Adat 10 kOe as a )i\; \ \ 5

function of the angle between the applied magnetic field and the & 0-2F )
electrical current ata) T=4.2 K, (b) T=57 K, and(c) T=150 K. ﬁ 45
The measurement geometry is as in Fig. 3. "3 0.k 30

< 30
ever, the combined effect of the negative AMR and positive & SRy W/ =
OMR results in the observed minimum fgr= —30° and 0° 0975 - 0 A 10
curves afT =4.2 K, and¢=45° and 30° curves at=80 K. H(kOe)

We note that this behavior is strongly different from the be-
havior of polycrystalline samples, which show a single mini- FIG. 5. Magnetoresistance traces for sample B at different
mum and a maximum arouridl=0 Oe for the magnetic field angles of the applied magnetic field with respect to the electrical
parallel and perpendicular to the current direction, respeceurrent at(a) T=4.2 K and(b) T=80 K. The current flows along
tively. the [001] axis (the easy axis as shown in the inseM is the

At the high field region H>Hg,~3 kOe; Hg, is the  magnetization| is the current,§=0° is the angle between the
saturation magnetic fielda monotonous increase in resis- current and th¢001] direction, ¢ is the angle between the current
tance with increasing magnetic field is observed for all MRand magnetization, angi(= ¢) is the angle between the magneti-
curves, which is due to the OMR effect. The magnetizatior?ation and th¢001] direction.
is saturated in this region. In analyzing the angular depen-
dence of the resistance at 10 kOe, we see that also a compéihows that the fixed field measurement as a function of the
cated angular dependence is present, e.g., in k&.tBe ¢ angle agrees well with the measurements in Fig. 3. A small
=—90° and 90° measurements are the topmost, while theffset angle of~4° is present, which is the experimental
¢=—30° measurement is the bottom curve. In Figh)3he  alignment error. Figure 4 confirms that the curves are not
¢=—60° measurement is the topmost curves, while ¢he symmetric aroundp=0° and that the minimum shifts with
=45° measurement is the bottom curve. The resistance at ¥8mperature. Furthermore, the shape is not a simplédsos
kOe is plotted versug in Fig. 4, marked by the solid dots. dependence. For example, in the-4.2 K measurement, the

Clearly, the angular dependence is not a simplé gose.,  minimum of the curve is sharper than the maximum.
the dependence differs from the angular dependence of the MR measurements of sample B are shown in Fig. 5. Also
AMR effect of a polycrystalline material. for this sample, at zero field all curves meet in one point, as

At high fields domain-wall magnetoresistance is notwith the previous sample, but the angular dependence is now
present, because the magnetization of the sample is satmuch simpler. The resistance as a function of the angle be-
rated. This leaves the AMR and OMR of a saturated sampléwveen the current direction and the magnetization direction
as the remaining contributions to the MR. Therefore, to dis-at H=10 kOe is shown in Fig. 6. Curves at higher tempera-
entangle these contributions it is advantageous to focus otures are shown compared to Fig. 4, in order to show the
the angular dependence of the MR at high field, for whichchange to a nonsinusoidal curve at higher temperatures more
we choose 10 kOe. clearly. The curves are almost symmetric arodre0°. For

In Fig. 4 we give examples of the relative resistanceT=80 K andT=184 K a small asymmetry is present. We
change R—Ry,n)/Rmin Of sample A as a function of the observe that also for this sample, the resistance as a function
angle between the current and magnetization,Tfer4.2 K,  of the angle is not a cé), as is the case for a polycrystal-
T=57 K, andT=150 K. Ry, is the minimum resistance. line sample. This is most clearly visible @t= 184 K, where
The resistance is measured by steppifidrom —100° to  an extra minimum is present at ababi= 90°. The other two
100° in steps of 5°. The reverse curves fratw=100° to  curves atT=80 K andT=4.2 K do resemble a sirp, but
—100° are also measured in order to test the reproducibilitythe curves show a much sharper maximum than minimum,
which is good, except for a small temperature drift at higherindicating that again it is not a perfect sinusoidal depen-
temperatures A\R/R due to the temperature drift is 0.02% dence.
for T=230 K andAR/R<0.003% forT<155 K). Figure 4 In the next section we will analyze the angular depen-
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the symmetry of the crystal. Therefore, it is hard to directly

061 il p relate thek constants to physical properties such as the spin-
05 g;g g o ey e orbit interaction. The relation of thi& constants with the

M underlying physics should follow from first principle AMR
0.4 Sample B models, but that is beyond the scope of this article.

For our purpose, we adapt Ed) to the specific geometry
of our (110 films, using a;=—a,=(1/\2)siny, as
=cosy, B1=— B,=(1/\2)sing, and B3=cosh. Here i is
the angle between the magnetization and[0@®l] direction

______ and 6 is the angle between the electrical current and the
------------ ) [001] direction(see inset Fig. B This leads to four indepen-
dent terms in Eq(1):

e
@

—— measurement

(lg-Rm)/ Ry (%)

e
=

0.0

2100 50 0 50
¢ (degrees) p—p*

— —6=Cycosy+Cycosy+Cycosysing
FIG. 6. Magnetoresistance of sample Bt 10 kOe as a func- p
tion of the angle between the applied magnetic field and the current .
at(a) T=4.2 K, (b) T=80 K, and(c) T=184 K. The measurement +C, cosysinty, (2
geometry is as in Fig. 5. where
dence of the resistance on the basis of AMR and OMR. 1 1
Ci= kl( cogh— Esinze) - kzzsinze
IV. ANALYSIS AND DISCUSSION

. 1 1 1 1
We analyze our data with the expression ofring’ for + k3§ + k4(§— Esinzﬁ) + kszsinza, 3
the resistivity, which is based on the symmetry of the crystal.

He assumed that the electric field compondhis E,, and 3

E; along the cubic directions are linear functions of the com- ¢ — _ k.~ 4+,
ponentsj,, j,, andj; of the electrical current densityg; 4
=E§=1wikjk. Herew;, are the magnetization-direction de-

cos O+ %sinze— %) — k% sirfg, (4)

pendent components of the magnetoresistivity tensor, which C3=2k; cos@sind, ®)
describes all ohmic MR effects, including AMR and OMR. Co—k . 6
The resistivity can be written a$=2§k:lwikﬁiﬁk, where 4=Ks COSOSING, )

B1, B», and B are the direction cosines of the electrical and
current with respect to the cubic axes. The components

can be rewritten using the symmetry of a cubic crystal. This _ (1 . 1 1 1 1 1
yields for the relative change in resistivity for arbitrary cur- o=k Esmzﬁ— 3/t k253|n26+ k3Z Tk, Zsmze— 6/
rent and magnetization directiofré? 7
_ o x 1 A linear term iny is added to Eq(2) to take into account the
p—p _ 2p2. 252, 272 T -
=ky| @B+ a5B5+ a5B85— = small temperature drift in our measurements at high tempera-
p* 3 tures (while stepping through the range of angles
[ Pstart» Pena] the resistance drifts linearly in timeA linear
+2Ko(@1@,B1 85+ arasfrf3+ azai B3B1) term is orthogonal to the other terms, so that it does not
2 1 influence these in principle, but helps to correctly weigh each
+kgs+ky| @B+ asBa+ a§B§+§s— §) measurement point. It is not possible to determine hgth
and é from the measurements. Therefore, we se p* (1
. S -
+ 2 n 2 +9)]/p* ~(R—Ry)/Ry, which mtroduges a neghgﬂ;le error
2ks(@razasfhs Bt azasaifizBs (~1%) compared to the other errors in tBecoefficients.
+a3a1a§ﬁ3ﬁl)u (1) We analyze the resistance versus angle data with &Eq.

for measurements at up to 13 different temperatures in the
where p* is the average resistivity of a hypothetical multi- range 4.2—220 K for each sample, usifigr ¢+ 6. In the
domain sample with equal volume fractions with the magneanalysis, the value of the coefficier®, C,, C5, andC,
tization pointing along 4100 direction,ky, k,, K3, k4, @and  results from a fitting procedure. In general, good agreement
ks are temperature dependent constaats, a,, andaz are  between the experimental data and E®). is obtained, as
the direction cosines of the magnetization direction with re-exemplified by the fit results in Fig$4) and (6). The tem-
spect to the cubic axes ase afa3+ a5a3+ a3as. The lo-  perature dependence of tBecoefficients is plotted in Figs. 7
cal magnetization direction should be used if the sample is imnd 8, where the error bars reflect the different fit results
a multidomain state. Equatiofl) then describes the local obtained for curves measured with opposite angle-step direc-

change in resistivity. Equatiofl) is an expansion based on tion at each temperature. The following general observations
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T ' ] of the MR at high fields in Figs. 3 and 5. Therefore, to
X [L10]  [001] —easy axis combine the two data sets, we need to subtract the OMR

0.010}
0.008} 9=-%0 1 contribution from theC coefficients of sample A and B. We
p=4+0 M estimate the OMR froft (Ap/p) owr = (€B, 7/m*)?2, which

0.006r is the solution of the Boltzmann transport equation up to the
second order in the magnetic induction in the limit
(eB, 7/m)?<1. Herer is the momentum relaxation time,
is the electron chargen* is the effective electron mass, and
B, =|H+47M]|sin ¢ is the component of the magnetic field
perpendicular to the current direction. Combining the above
equation for the OMR with the resistivity=m/(ne?r), we
find that QAp/p)ovwr = K(pgoo «/p?)sirf¢. Here x=[B/
-0.004r (nepagok)]? is a temperature independent constant and
0 20 40 60 80 100 120 140 P00k IS the resistivity aflf =300 K. We estimate from the
T (K) MR in Figs. 3 and 5 for fields abovd,;, where the AMR
is constant. This is done by applying the expression for
FIG. 7. Temperature dependence of the fit coeficiéhts C,, (Ap/p)owr to the difference in resistance change for the
Cs, andC,, obtained by fitting Eq(2) to the data from sample A. parallel and perpendicular field orientations, when going
from a small field &3 kOe to a large field &10 kOe¢ and
can be made(1) either C, or C, is significantly different PY t@king into account the magpg:tlzatlonﬁm =22 kG).*
We find that k=(3.5-0.2)X10° at B=32 kG (H=10

from zero, and can be comparable @@ and Cj, at most e X ,
temperatures. This is in contrast to polycrystalline sample<<O®, Which is the field of the angular measuremensing
for which C, andC, are zero for all temperaturég2) There ¥ = ¢+ 0 and rewriting sif¢ in terms ofy and 6, we find
is no temperature where all four coefficients are zero simulthe coefficients without the OMR:

taneously, i.e., there is no “compensation temperature,”

Sample A

0.004}

0.002}

fit constants

0.000F

-0.002f

2
where the resistivity is independent of the magnetization di- A P300K , .
rection. (3) All coefficients excepC, in Fig. 7 change sign C1=Cix p? (sir?6—cos'6), ®)
as a function of temperaturé4) Most coefficients have a
maximum gradient aT~60 K. (5) For sample B(see Fig. 2
8), C; andC, are very close to zero. This agrees with Egs. Ca=Cs+ Kp300 K2 cosfsing, (9)
(5) and (6), which indicate thatC;=C,=0 for #=0°. De- p?

viations from zero relate to the uncertainty th (£3°)
and/or to the nonperfect texture of the sample.

From theC coefficients in Figs. 7 and 8, we calculate the
k constants of Eq(1l). We combine the data from both fig-
ures because the data from only one sample are insufficient
to determine the fivé& constants. However, due to its higher
residual resistance ratio, samples A has a larger OMR at lowve neglect the OMR contribution 16, and C,, which are
temperatures than sample B, as can be seen from the slopgSorder B, 7/m)*, and therefore small compared to the

AMR contribution toC, andC,. Thus we hav&,=C, and

and

5=06—«k (10)

2

p
302 K coge.
p

0.005 . . . . C,=C,.
G, Using 6= —20° andd=0° for samples A and B, respec-
tively, we obtain four equations from sample[Egs. (3)—
q, & T (6)] and two equations from sample [Egs. (3) and (4)],
0.000} which we solve for the fivék constants for each temperature.

The resulting temperature depend&rtonstants are plotted

in Fig. 9. We observe thdt;, k3, k, dominate at low tem-

peratures. All constants are relatively temperature indepen-

dent up toT~20 K, where they start to change. At85 K

- they bunch together in a somewhat narrow range centered
_ . around zero. Apart fronks, all constants change sign be-

b=¢ (q; M[OOl]—easy e tween T=50 andT=95 K5 Furthermore, there is no tem-

fit constants

-0.005} A[110]
Gy 0=0

Sample B perature where all constants are zero.
-0.010; 50 100 150 200 _To explain the temperature dependence of the AMR con-
T (K) tribution to thek constants, we consider three temperature

dependent effects or quantities. These are excitation of ther-
FIG. 8. Temperature dependence of the fit coeficept C,, mal spin waves, lattice strain, and the dominant electron
C,, andC,, obtained by fitting Eq(2) to the data from sample B. scattering mechanism.
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0.10 . . T . T . T constants should follow different power laws of the magne-
tization, because each term in Ed) has a different angular
dependence. This is also contrary to our finding. Therefore,
spin-wave averaging does not cause the observed tempera-
ture dependence.

Furthermore, the lattice strain changes due to the tempera-
ture dependent differential thermal expansion of the Fe film
and substrate. This leads to, for example, a change of overlap
integrals of thed wave functions, which influences the split-
ting of the spin-up and spin-down bands. Such a change will
influence the anisotropy of thed scattering responsible for
the AMR effect. The thermal expansion coefficients for Fe
and sapphire do not go to zero where kheonstants saturate
(T>100 K), but in fact still become largéf. Although the

FIG. 9. The temperature dependencekof k,, ks, k,, andks ~ '€lation between the strain and the AMR is not known, this
as obtained fronC,, C,, Cs, andC, of Figs. 7 and 8. The inset discrepancy suggests that lattice strain is not the dominant

shows the relative resistivity as a function of temperature, formeclhanism.. . . _
sample B. Finally, with increasing temperature the dominant scatter-

ing mechanism in Fés in many other metalshanges from

Spin waves, local and temporal oscillations of the magneelectron-defect scattering to electron-phonon scattering, as
tization direction, are progressively excited with increasingestablished by Isshiki and Igak.Our resistivity data for
temperature, leading to magnetization reducfiorSpin  samples A and B are similar to those of Ref. 29. We there-
waves will also cause angular averaging of the AMR resisfore assume that, also in our samples, a transition from
tivity because of the direction cosines present in Eq(1). electron-defect to electron-phonon scattering octUfhe
This averaging is also known for the magnetocrystalline aninset of Fig. 9 illustrates this, with an estimated transition
isotropy constants which have a similar dependence on themperature of about =60 K. Figure 9 shows that thk
;% For the AMR effect, the averaging leads to effective, constants change in the same region where the scattering
temperature dependektonstants. Interpreting the reduction changes from electron-defect dominated to electron-phonon
of the AMR effect analyzed by Parkérin this way, one dominated, each of which has its own AMR. The gradual
would expect a reduction of tHeconstants aM(T)]%. The  transition between the contributions to the AMR due to de-
change of the constants in Fig. 9, when replotted versufect and phonon scattering[(p—p*)/ply and [(p
M(T), is much faster than this. Actually, however, tke —p*)/p]y,, respectively, is given 31

0.05}

0.00F

k constants

-0.05

-0.10p

T (K)

p—p* _AppntApg_[(p—p™)p* lpnlp(T) —p(4.2 K]+ [(p—p*)/p* Jap(4.2 K)
p* Pph T Pd p(T) '

11

where p(4.2 K)=p4 is the resistivity caused by electron- films, plotting the resistivity difference for these directions is
defect scatteringpy, is the resistivity caused by electron- rather arbitrary and does not show all information. Instead, in
phonon  scattering, p(T)=pg+ppr(T),  Appr=ppnl(p Fig. 10 we give a Parker plot &fconstants, which shows alll
—p*)p*Ion, and Apg =pg[(p—p*)/p*14. The shape of data. We can see that f@i(4.2 K)/p(T)<0.60, within the

the scattering potential depends on the scattering mechanisexperimental accuracy, a linear dependence in present, as
which will therefore influence the probabilities sfd scat- suggested by Eq.ll). The intercepts of the lines with the
tering. According to Smif, (Ap/p)pn is smaller than axis are thek values for phonon scattering alone.

(Ap/p)4 because the scattering potential for electron-phonon Considering the three possible mechanisms for the reduc-
scattering is nonspherical, as opposed to spherical fation of the amplitude of the AMR with increasing tempera-
electron-defect scattering. In other words, the AMR at lowture, the most likely candidate is the change from defect-
temperature is larger than the AMR at high temperatures. lWlominated scattering to phonon-dominated scattering, each
Fig. 9 we can see that the magnitude of theonstants in- of which has its own AMR.

deed shows a gradual decrease in the temperature rangeAlthough literature data for Fe are scarce, a comparison
where the transition between the two scattering mechanismaith publishedk constants is in place. Hirone and Hdri
occurs. The usual way to visualize this transition for poly-determined from room temperature data by WeBsterd
crystalline ferromagnets is to plotp(—p,)/p versus Shirakawd® for bulk single Fe crystals that;=0.00153,
p(4.2 K)/p(T) (Parker plot. Because of the more compli- k,=0.00593, k3;=0.00194, k,=-—0.00053, and ks=
cated angular dependence of the AMR of our epitaxial Fe—0.00269. Thesk values include the OMR. They are two to
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curs [four angles in Fig. 6, for 0.08(R—Ruin)/Rmin
<0.08 atT=184 K and two angles for other resistances and
temperatures and also 2 angles in Figj. 4

0.05}

0.00F V. CONCLUSIONS

k constants

We have studied the MR of epitaxial F&10) films and
its dependence on the in-plane magnetization direction as a
function of temperature. The magnetization-direction depen-
, dence of the MR aH =10 kOe is found to change strongly
0.0 03 01 0e 08 10 when going fromT=4.2 K to T=230 K, as a resul_t of a
temperature dependent interplay between the ordinary and
(4.2 K)/p(T) anisotropic magnetoresistance. By analyzing the data with
FIG. 10. Parker plot ok, , k, ks, ks, andks as obtained from Doring’s equation it is found that second- and fourth—_order
the data in Fig. 9. The lines are a linear fit to the data point in the@ngular dependent terms are found to be of equal impor-
range 0.15 p(4.2 K)/p(T)<0.60. tance, i.e., the dependence on the magnetization direction of
the MR is not a simple cdsp. At low temperatures, the
ten times smaller than ours at room temperature, whjl ordinary magnetoresistance, which is QUe to the Lorentz
our data has the largest value followed loy, ks, k,, and force, |_nfluences the I\/IR_ strongly. At higher temperatures,
finally ks. Furthermore, the signs & andk, are different the or(_jmary magnetoresistance becomes smaller, due t(_) the
from those in our data. This difference cannot be explainecﬁem.ICtlon of the glectron mean f_ree path. Thus .the aniso-
by the OMR contribution in the data of Webstet al. be- tropic magnetoresistance, which is due to the spin-orbit in-
cause at room temperature the OMR is small compared tberactlor?, becomes dom'r!a”t- Consudenpg three posglble
AMR. Probably, the differences result from the different na_mec_hanlsms for th_e reductlo_n Of. the a”.‘p"t“de of the aniso-
ture of the samples, thin film versus bulk crystal. For ex-OPIC magnetoresistance with increasing temperature, the
ample, the strain and purity in the samples can be differenflOSt I|_kely candidate is t_he change frpm defect-dom!nated
To our knowledge, for Fe films literature data beonstants scattering to phonon—domlnated_scattenng, each of which has
do not exist. The MR of several differently oriented films Its own anisotropic magnetoresistance.
with several different current directions has been measured,
though!?1317=19The results seem consistent with our results.
However, in some papers the angular dependence was not This work was part of the research program for the
fully taken into account, which introduces complications in“Stichting voor Fundamenteel Onderzoek der Materie”
the interpretation of MR data. The compensation temperatFOM), which is financially supported by the “Nederlandse
ture, where the resistance is independent of the magnetiz®rganisatie voor Wetenschappelijk Onderzoék'WO). We
tion direction, was reported by two articl®s® but has not thank N. van de Pers for the XRD characterization of the
been found in the present work. However, up to four anglesamples and acknowledge stimulating discussions with
can be found in which accidentally the same resistance 0¢S.J.C.H. Theeuwen.
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