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Ferromagnetic bcc-E€o; _,(100) films have been successfully grown on GdA§) and

SgEr _yAs(100 by molecular beam epitaxy. X-ray diffraction combined with reflection high
energy electron diffraction and low energy electron diffraction patterns revealed the
epitaxial orientation of bcc-R€o, ,(100X010)|GaA4100¢010 and bcc-Fglo, ,(100)
(010)|/SgEr; - yAs(100(010. Rutherford backscattering channeling minimum yielgg,~3%,
suggest epitaxial films of high crystalline quality. Vibrating sample magnetometry measurements
show in-plane uniaxial anisotropy and fourfold in-plane anisotropy fofCbg , grown on
GaAq100 and SgEr; _,As(100), respectively. The difference in magnetic anisotropy is interpreted
as arising from the S&r; _As interlayer altering the surface symmetry from twofold symmetry for
GaAg100) to fourfold symmetry. Misoriented substrates were also used to increase the step density
in the [011] direction, which induced an additional uniaxial anisotropy witf0&l| easy axis and

a[OlT] hard axis. This step structure symmetry-induced magnetic anisotropy generated a split field
~50 Oe in the hard axis for bcc-feo, _,(100) grown on S¢Er, _,As(100 surfaces. ©2000
American Vacuum Societ)S0734-211X00)07104-3

I. INTRODUCTION SqEr, _yAs interlayer is expected to convert the surface

Ferromagnet/semiconductor heterostructures are of grov%?metry from the twofold of GaA$00) substrate to four-

ing interest for the development of spintronic devit&he h b ¢ has b h
electronic and magnetic properties of ferromagnets play an € su strate sur ace symmetry as been s own.to con-
essential role in designing ferromagnet/semiconductor hel%—.rOI the in-plane mag.net|c anisotropy of ferromagnetic thin
erostructures for spin injection and spin tunneling injection. iims grown on metallic substraté$For GaA$100), the sur-

Ferromagnetic F€o, , alloys are technologically impor- face steps run along th@®11) directions and are typically

tant because of their high permeability, saturation magneti9ne b!lay_er h|g_h(2.83 A The step density depends upon
he misorientation of the surface with respect to the crystal-

zation, and magnetocrystalline anisotropy combined with, ) . .
low coercivity? In the bulk, the bcc-Fe€o, , lattice ine plane. Figure 1 shows the schematic drawing of

constant magnetic momerttand easy axiscan be adjusted GaAd100 step structure with misqﬁ" toward(111)A. The
by changing the Fe to Co ratio. Although detailed studies OfS-aAs(lOO) substrate with a 4 E'S?Ut tf)waml.ﬂ;ll)A will
Fe/GaA§® and FeCo,_,/ZnSE™ heterostructures have have steps running along tfi@11] direction with a terrace
been performed, only recently have, Ee,_, films been width ~40 A and density of-2.5x 10° steps/cm in th¢011]
grown on GaA&100).1-12 For epitaxial growth of elemental direction (Fig. 1). This step structure will induce an addi-
metallic films on GaAs, interfacial reactions generally occur.fional twofold symmetry on the substrate surface.

For Fe, the interfacial reactions result in As accumulation on In this article, the surface symmetry of the G&r@0)
the surface during growtt'* The reactions can be mini- Substrate is altered by the use of §B5g_ As interlayer and
mized by low temperature growth and the use of an epitaxiaPy the use of misorientated substrates. The effects on the
diffusion barrier. SgEr; ,As can be grown epitaxially on Magnetic properties of epitaxial f&o,_x grown on these
GaAs and is thermodynamically staBfesuggesting it may —Substrates will be discussed.

act as an excellent diffusion barrier betweenG® _, and

GaAs. Il. EXPERIMENTAL TECHNIQUES
The GaA$100) surface has twofold symmetry due to the .
sp® covalent bonding. The surface of (&, ,As(100), n-doped GaAgl00 substrategnominally 0°, 4°, 6°, 82,

which has the NaCl crystal structure, is fourfold symmetric,and 10° miscut toward th¢111)A surfacd were indium
and can be easily grown on GaA80.'° Therefore, a bonded to molybdenum sample holders and loaded into the

preparation chamber through a load lock of a modified VG

aAuthor to whom correspondence should be addressed; electronic maiﬁemicon V80H molecular beam epitaxyVBE) system,
chenx102@umn.edu which has a base pressure-e6x 10™ ! mbar. After outgas-
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Fic. 1. Twofold surface symmetry of the GalA90) vicinal surface with¢® e-beam along [011]

miscut towardg111)A.

FexCol.x @950C
sing at 250 °C in the preparation chamber, the samples were-beam along [011]
transported to the growth chamber where the depositions
were performed. For each substrate, after native oxide re
moval at 610 °C under an Adlux, a 0.5um thick Si doped ~ FexCoix @95°C
n (10/cm®) GaAs buffer layer was grown at 585 °C. Each ©beamalong [011]
sample was cooled to 95 °C while maintaining thex(®)
surface reconstruction by controlling the valve opening of
the arsenic .Valve cracker during the cooling procedure. FOIEK;. 2. Reflection high energy electron diffraction patterns of
Sc‘yErlfyAS interlayers, each sample was cooled to 350 oCFeKCol_x/GaAs(lOO) heterostructures with 0° and 4° miscut toward
under an Agflux, at which point 10 monolayeirs-28 A) of  (111A.
SgEr, _yAs were grown on the GaAs substrate using high
temperature effusion cells for Sc and Er. Further cooling to
95°C was performed without an Adlux. The FgCo,_,  bcc-Co/GaAg100),'? bce-Co/ZnSéL00),™ bce-Fe/
alloy films were grown at 95°C by codeposition from an ZnS&100),'® and bce-FgCo; —,/ZnSe100).%1°
e-beam evaporation source for Fe and a high temperature No detectable As, Ga, or other contaminants were de-
effusion cell for Co. The samples were then rotated awayected by AES on~200 A thick FgCo, _, films grown di-
from the effusion cells and cooled down te0 °C with the  rectly on GaAs in contrast to the growth of Fe on sputter
help of the liquid-nitrogen cooled cryo panel inside the MBECleaned and annealed GaZsFigure 4 shows the XRD
growth chamber. To protect the films from oxidation, thepatterns of FgCo,, grown on GaAg00 and
samples were capped by ar20 A Al protective layer de- SGEr_yAs(100. The XRD data combined with RHEED
posited at~0 °C prior to removal from the vacuum system. and LEED patterns reveal the epitaxial alignment of
The alloy films were characterizeéd situ by reflection high ~ F&Co;_,(100)X010)(/GaAg100(010 and FgCo,_,(100)
energy electron diffractiofRHEED), low energy electron (010)|SgEr; _,As(100(010)||GaA4100(010. The out-
diffraction (LEED), and Auger electron spectroscofpES).  of-plane lattice constants of o, , obtained from XRD
Ex situstructural characterization included Rutherford back-are 2.856 A in both cases, indicating ari% mismatch to
scattering spectrometfRBS) and x-ray diffraction(XRD).
The magnetic properties were characteriggaituby vibrat-
ing sample magnetometiy SM) and magneto-optical Kerr Nominal 0° off Nominal 4° off
effect (MOKE) measurements. The MOKE setup was ar- t°w 111)A toward (111)A

ranged such that both the longitudinal and transverse polar G 1@585 G

ization could be measured. e-beam along [011]
lll. RESULTS AND DISCUSSIONS ScyEr.yAs @350°C
A. Growth and structure characterization e-beam along [011]

Figures 2 and 3 show the RHEED patterns of
FeCo;_/GaAs and FgCo;_,/SqEr_,As/GaAs hetero-  FexCoix @95°C
structures, respectively. These RHEED patterns were 0be-beam along [011]
tained during growth. The RHEED patterns of,Ee;_,
films exhibit well-defined Kikuchi lines, indicating high-
quality single crystal growth of E€o0,_,(100) on FexCoi.x @95°C
GaAg100 and SgEr;_,As(100. The spacing of RHEED  ¢-beamalong [011]
streaks in th€011) and{010 directions showed &2 ratio, . . . ‘
indicating square surface unit cell, which was also observec
by LEED. The RHEED patterns showed & 2econstruction ) ) ) )

Fic. 3. Reflection high energy electron diffraction patterns of bcc

of FgCo;_, in both [011] and [011] directions which is FeCo,,(100)/SGEr, - ,As(100/GaA4100) heterostructures with 0° and
similar to that observed for bcc-Fe/GaA60,"®  4° miscut toward11DA.
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Fic. 4. X-ray diffraction patterns of E€o, , thin films grown on ol . AL
GaAg100 substrates with and without Jr,_ As interlayer. 200 250 :g)l'(: | 350 400
anne

. Fic. 5. RBS channeling and random spectra @ FeCo,_,(100)/
half the U!’llt cell of both SgEr.l,yAs and GaAs. The out-of- GaAq1002x 4 and(b) Fg,Co,_,(100)/S¢Er,; _,As(100/n-GaAg100).
plane lattice constants obtained from the XRD are close to

the lattice constant of bulk bcc-FeCa,£2.85A) 2 sug-
gesting that the R€o, _, films are fully relaxed. In the case

of Fg.Co,  grown on SgEr,; _ As, the XRD shows a set of — ) ) ,
satellite peaks around the G&&60) peak due to the finite along[011] suggests this to be the hardest axis. This hard

thickness of the S&r,_,As layer. This indicates abrupt in- axis hysteresis loop has two syn;znetric split loops which are
terfaces between 8o, ,, SGEr_,As, and GaAL223 characterized by a _splr_[ fieldH;).“" The split flt_ald may re-
Figure 5 shows the RBS channeling and random spectrﬁ“lt from t_he cqmblnatlon qf magngtocrystallme anisotropy
of FeCo, (100)/GaAg100 and FeCo, ,(100)/ and uniaxial anisotrop$® This split field was found to be
SEr,_,As(100/GaAg100. The minimum yield fmm 27 9% _ -
was obtained from the ratio of F@o, , peak area of It has been reported that the.m—plane magnetic anisotropy
channeling spectrum to that of random spectrum aftePf ferromagnetic  metal/semiconductor heeterostructures
background subtraction. The channeling minimum yieldsc@n bPe "?‘lteE%% 1532/7 surface mprpholdﬁﬁ sgrzfg%%
of FeCo, ,(100)/GaA§l00 and FgCo,_ ,(100)/ re_construcnoﬁ, e and interfacial sFructuregs_'? :
S Er,_,As(100/GaAg100 were 3.5% and 3%, respec- Slnce_ GaAs has a zincblende structure vsslpﬁ_ bondmg, the
tively, which is indicative of high crystalline quality. The Ponding on the GaA200) surface tends to align in t{@11]
~1:1 composition ratios of F€o,_, were obtained from direction for As atoms or thf011] direction for Ga atoms.
the deconvolution of RBS random spectra. Although the reason for the induced uniaxial anisotropy is
not known, we believe that the uniaxial anisotropy results
from the twofold surface symmetry of Ga@90)°2 result-
ing from itssp® covalent bonding. This is in agreement with
VSM hysteresis loops with an applied magnetic field di-the STM studies of Fe grown on GaA€§0).5-8
rected along the in-plang01l) and (010 crystalline Figure 8b) shows the hysteresis loops of
azimuths for FeCo, _,(100)/n-GaAg100 and  bcc-FgCo;,(100) grown on SgEr; _(As(100. The VSM
FeCo,(100)/SgEr, _,As(100/n-GaAd100) are depicted hysteresis loops ii011] and[011] directions are identical,
in Figs. 6a) and &b), respectively. The crystalline azimuths indicating the FgCo, _, films have fourfold anisotropy. Fur-
are referred to the GaAs substrate. In Figa)6it is obvi- thermore, the fourfold anisotropy results in no split field
ous that the011] and[011] axes are different. A perfect (Hs=0) inthe FgCo, /S Er, _,As/GaAs heterostructure.
square hysteresis loop was obtained when the applied fiel@his suggests that the 127 Oe split field in the
was directed in th¢011] direction, suggesting this to be an Feg,Co,_,/GaAs heterostructure results from the GaAs two-
easy axis. The hysteresis loops with the field alf®i0] and  fold surface symmetry. This implies that the interfacial struc-
[001] were identical and are consistent with these being meture dominates the magnetic anisotropy. It is unclear why the
dium hard axes. The hysteresis loop obtained with the fieldourfold in-plane anisotropy of K€o, ./SgEr _,As/

B. Magnetic characterization

JVST B - Microelectronics and  Nanometer Structures
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(a) without SGEr; _,As and(b) with a SGEr,_,As interlayer. .
Fic. 7. VSM hysteresis loops of bcc-f&o; ,(100) grown on GaA400

4° miscut toward11DA (a) without SGEr, _,As and(b) with S¢Er,_,As
interlayer.

GaAg100) has two easy axes in t§e11] and[011] direc-
tions instead of010 or (111) easy axes as expected for bulk

- 31 1 - —
bee-FgCo, ™ This may resuIF from the S&ry_As crys . direction and the hard axis is in th@11] direction. The hard
tal structure or from the combined effects of shape anisot-

. . axis has a set of split loops with50 Oe split field. Figure
ropy and magnetocrystalline anisotropy.

. . 8 shows the hard axis VSM hysteresis loops of
Stepped surfaces can create symmetry-induced anlsotro%yéc FeCoy_/SGEr, _,As/GaAg100) and bcc-FgCo, /
- —X 1-y i —X

Lglltir;eSﬂggrear;ﬁefggggagﬂgf ﬂ\]/'ir;iSLTSG%rX;VnSSSSi?;[en;e'GaAs(lOO) with different miscut angles toward 1)A. It is
' y 9 ' obvious that the higher the misorientation angle, the larger

Etesliepreedsissulr(l;?)cisotlzaFn@eaSIIy ?gvjﬁrgnnede'aigiﬁ%gsﬁ\;\; Str;htg the split field in both cases. The miscut angle dependence of
y P XS01-x 9 the hard axis hysteresis loops suggests the higher miscut

with a 4> miscut toward11DA. The[011], [011], and(010  4ngie; the higher step density, and the stronger uniaxial an-
are easy, hard, and medium hard axes, respectively. The hy%‘otropy.
teresis loops are similar to those obtained fromGeg_,

. ; The crystal structure symmetry-induced magnetic anisot-
grown on GaA&l00 substrate without miscut except that

- s ; - ropy may be considered as an intrinsic anisotropy and the
the split field Q—_|S) increases frqwlZ? Oe Wlf[hOUt _rmscut step structure symmetry-induced magnetic anisotropy as an
to ~177 Oe with a 4° miscut in the hard axis. This 50 O€ gytrinsic anisotropy. The intrinsic anisotropy cannot be
increase in the split field results from the step symmetrycpanged without modifying the substrate crystal properties
induced anisotropy. It is equivalent to applying a bias field inp t the extrinsic anisotropy can be altered. The
the easy axis directioff:*3 Hence, the misoriented substrate GaA<100)(2x4) creates a uniaxial anisotropy with[811]
makes the hard axig Q11]) require a larger field to saturate easy axis(intrinsic anisotropy and the GaA&00) miscut

the magnetization. Figure(ls) shows the hysteresis loops of toward (111)A also creates a uniaxial anisotropy wii11]
FeCo,_ grown on GaAgl00) substrate with a 4° miscut easy axisextrinsic anisotropy Therefore, this combination
toward (11DA and with a S¢Er;_yAs interlayer. The hys-  of intrinsic and extrinsic anisotropies induces in-plane mag-
teresis loops in thg011] and[011] are now different, indi- netic anisotropy in the case of GaAs substfaofold crys-
cating a uniaxial anisotropy. The easy axis is in [p&1] talline surface symmetyy In the case of the SEr;_,As

J. Vac. Sci. Technol. B, Vol. 18, No. 4, Jul /Aug 2000
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Fic. 8. Miscut angle dependence of VSM hard axis hysteresis loop&)for
bce-FgCo, _, /n-GaAq100)
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Fic. 10. Magnetic moments switching mechanism of bcc
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the hard axis(b) (010, the medium hard axes; aiid) [011], the easy axis.

external field was varied. It is interesting to note that the

ropy results exclusively from the extrinsic twofold surface in-plane magnetization perpendicular to the field increased
symmetry.

Figure 9 shows the longitudinal and transverse MOKEits maximum values and reaches the split field. This suggests

spectra from a F&£o,_,/GaAg4100 without miscut. The
external field was applied along the hard axis, [l041]
direction, and both the longitudingparallel to the applied
field) and transverséperpendicular to the applied figléh-

dramatically when the applied magnetic field is reduced from

that the magnetic moments flip from being aligned parallel to
the applied field and rotate nearly 90° from the hard axis
([011]) to the easy axif 011]) when the uniaxial anisotropy
dominates. As the applied field decreases, the linear relation-

plane magnetization were measured as the magnitude of thgip between in-plane longitudinal magnetizatiparallel to

Perp. Magnetization (arb. units)

Fic. 9. Longitudinal and transverse magneto-optical Kerr effd@OKE)
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the field and applied field suggests a single domain coherent
rotation. The in-plane magnetization perpendicular to the
field remains almost the same, suggesting that the coherent
rotation angle is too small to make a significant contribution
to the longitudinal magnetization.

Figure 10 shows a possible magnetic moment switching
mechanism. As discussed in the previous section, when the
applied field is directed along tH®11] hard axis direction,
the magnetic moments will be aligned under a saturation
field; when the applied field is smaller than the split field
(—H¢<H or Hg>H), the magnetic moments rotate close to
the[011] easy axidas shown in Fig. 1@)]. As the applied
field is directed along th€010) directions[Fig. 10b)], the
magnetic moments will be aligned under a saturation field
(H>H* or H<—H*). The applied field can only partially
align the magnetic moments toward @10 direction and
the magnetic moments rotate towards the easy @xig011]
direction when the applied field is decreasé¢d H* <H
<—H.orH*>H>H,). Hence, the magnetic moments will
point to the[011] direction if there is no applied field. There-
fore, the remanence in tR810 direction should be equal to
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