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Enhanced magnetic orbital moment of ultrathin Co films on G€100)
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Electronic and magnetic studies of Co films grown on(18€) are presented using two sample systems;
incrementalin situ Co depositions and a pre-made Co wedge structure. Both a magnetically inactive region and
a corresponding Co-Ge intermixed region form at the interface of both systems. The Co grows in a uniform
manner beyond this Co-Ge region with2 A perpendicular roughness. At low coverage of ifhaitu grown
system, the Co exhibited an enhanced orbit to spin moment ratio, while, at higher Co coverages, we measured
a total magnetic moment of 1.58; in agreement with previously published results of bcc Co grown on GaAs.
The Co wedge indicated a constant but larger orbit-spin ratio along the wedge possibly due to the presence of
an overlayer.
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The opportunity of fully exploiting the potential of the Experiments reported here were performed at beamline
“spintronic” phenomenon rests in the ability to understand,4IDC of the Advanced Photon Source. A circularly polarized
control, and ultimately engineer the required materials andindulator provided intense flux of96% circularly polar-
associated devicésinvestigating the wide variety of simple ized photonS. The online analysis chamber was equipped
ferromagnetic semiconductor structures is a crucial factor irwith in situ growth and surface preparation capabilities. Pho-
pushing this arena forward. Interfacial roughness, intermixtoemission spectroscopy and low energy electron diffraction
ing, mismatch-induced strain, etc., all affect the structuralcharacterized the quality of the prepared surfacesinfgitu
electronic, and magnetic characteristics of such systemslectromagnet supplied a controllable field to perform x-ray
which in turn determine the ability to create and control spinmagnetic  circular  dichroism (XMCD) measurements;
current. Spin-based devices require both semiconductor al¥MCD is the difference in the circularly polarized absorp-
ferromagnetic abilities in order to control the degree of thetion spectra with alternating spin directions within the ferro-
electron spin. The creation of spin current may be initiatednagnetic sample. XMCD was measured via total electron
either by a semiconductor with intrinsic ferromagnetic be-yield with the sample in a remanent magnetic state. Sum rule
havior, such as GaMnAs, or by injecting ferromagnetic in-analysig® of the XMCD data primarily measures the ratio of
duced spin resolved current into a semiconduttdnfortu-  the orbit and spin magnetic moments/g).** The XMCD
nately, the spin injection is significantly damped at thesignal is treated to account for both the 45° angle offset
interface where intermixing and roughness at such a boundetween the applied field and the incident light and the 96%
ary determines the interfacial scattering of the spin current.degree of polarization of the incident photons. To measure

The prototypical ferromagnetic/semiconductor system haghe orbit and spin moments independently, the electron occu-
been Fe/GaAs. The Co/Ge system is also of great interest gmncy of the 8l states is required. For the films at higher Co
hcp Co has the largest magnetic anisotropic enéWyE) of  coverages, an averaged bulk reference is taken from previ-
the ferromagnetic transition metals, and germanium has theusly published work&? In order to identify changes in the
ability to interface readily with silicon. Early studies of this electron occupancy with different Co thickness, the absorp-
system examined the formation of localized epitaxial Co gertion spectra may be integrated revealing the electiumie)
manides, specifically G&e, and CoGe on Ge111).2 Typi-  occupation of the 8 states as illustrated in Fig(d), changes
cally such reactions took place at elevated temperaturegn “r,” the integrated absorption, at lower coverages may
Room-temperature deposition studies o134) found that reveal charge transfer to or from the metal overlayer. To
effectively ~3 monolayers of Ge were displaced from the prepare the absorption spectra for integration, they were nor-
substrate forming an intermixed regidrtudies investigat- malized with respect to the pre- and post-edges, shown in
ing temperature-dependent magnetic characteristics inferreeig. 1(a); a 2:1 stepped function was fit to the background
a nonmagnetic intermixed region ef4.2 A with reduced regarding the respective quantum degenerady+(®) and
substrate temperatures ranging from 120 to 300 K. Cobaltemoved, and the residual spectra was then integrated.
has been reported to grow in a bcc metastable phase on Once the XMCD data have been prepared several mea-
GaAg001) and(110) and S{001).*~8In these cases, the ma- surements are required in order to use sum rules. Figime 1
jor crystallographic axes of both substrate and bcc overlayeindicates the measurements of bgtland g, which indicate
coincided. the integrated measure across theedge alone and across
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FIG. 2. (Color onling Ge 3d core level intensity decay plotted
alongside calculated exponential decay with increasing Co deposi-
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FIG. 1. (Color onling (a) The normalized Ca. 3, absorption is Cobalt was deposited using e-beam evaporation from a Co

first fit with a 2:1 stepped background; once removed, the integratef°d: and the substrate was maintained at low temperature
absorption quantity ¥ may represent the hole count of thed3 ~~~ 170 K in order to try to minimize intermixing and avoid
states(b) Absorption spectra with both antiparallel spin directions. the formation of alloys. The evaporation rate was measured
The difference is the dichroic signal. using a flux detector calibrated with a crystal monitor.

At 4.8 A Co, the LEED pattern was gone and did not
both edges, respectively. In order to measprethe mini-  return with further deposition indicating long-range disorder
mum intensity between the absorption edges is selectedt the surface. A similar loss of a diffraction pattern was
and this position of the XMCD is used. The orbit-spin reported for the Co/GaA801) system where transition elec-
moment ratio is calculated asgQ9p-6q) and both tron microscopic results suggested that crystalline grains of
the orbital and spin moments per atom can be calcu~100 A formed on the deposited Co surfdééut the film
lated as —4q(10-ngq)/3r and —(6p-4q)(10-nzy)/r, still indicated fourfold in-plane magnetic anisotropy, which
respectivelytt suggests that epitaxy was preserved. Bluneiedll.” also dis-

Soft x-ray scattering was used to measure the roughnessissed the loss of LEED immediately after depositing a few
of the film growth. The energy of the incident x rays was setA Co on GaA$001), but in this case, reflection high energy
at the ColL; edge, and the specularly reflected light waselectron diffraction patterns persisted throughout the growth
measured. The sample was then rotgredked around the process.
axis perpendicular to the detection plane as to scan across the The Co wedgé&sample 2 was grown separately in order
specular and diffuse regions of the reflected beam. By andeo gain easier access to a wider thickness range and to study
lyzing the ratio of these regions and measuring the half widthemperature dependence. The(G¥) surface was treated
of the diffuse spectra, one can measure both perpendiculavith an HCI baseax situetch followed byin situ annealing
roughness and in-plane correlation lengthIhe nature of at 640°C!® The 0-50 A Co wedge was grown at room
such reflectivity measurements makes this technique exemperature on the substrate taken from the same wafer as
tremely surface/interface sensitive. the previous sample and capped with a 30 A Au protective

The incremental Co films were grown on the (G80) layer. The sample was then removed from vacuum and trans-
substratgsample 1 which was cleaned and prepanedsitu ~ ported to the beamline.
by Ar* sputtering and annealing, producing a clear and sharp Figure 2 follows the photoemission intensity decay of the
(2% 2) low energy electron diffractiofLEED) pattern with  Ge 3d core level of sample 1, plotted alongside the calcu-
spot intensities alternating high and low, indicating two (2 lated Ge 8 exponential decay. The immediate displacement
x 1) domains oriented 90° from each other. Photoemissiofrom the “ideal” calculation indicates substrate disruption
data showed no evidence of either C or O on the surfaceand an intermixed region o£4.8 A. Published reports of
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FIG. 3. (Color onling The electron occupancy of the Cal3 = ! ! ! ! | s
states vs Co coverage for sample 1. The fit exponential line is a -10 5 0 5 10 15x10°
guide for the eye. @A™
deposition at room temperature indicated.2 A Co-Ge in- FIG. 4. (Color onling Soft x-ray rocking curves taken at the Co

terfacial mixing on the G@11) surface® Evidently the low- L, edge. Spectra of 21 and 5.5 A are shown. The narrow width of
temperature growth does not eliminate intermixing. Beyondhe specular peak indicates very flat uniform growth. A qualitative
this interfacial region, the decay path parallels that of theoughness can be calculated by the ratio of the specular and diffuse
calculated intensity decay as the Co grows in a uniform manspectral areas and indicates uniform growth-e2 A roughness
ner upon the Co-Ge region. along the wedge.

The change in the electron occupancy of the @osgates
is estimated by the normalization, background removal, anthe two specular peaks we estimated that the roughness even
integration of the Co absorptidns , intensities as illustrated at 5.5 A is in the region of a few angstroms. The diffuse
in Fig. 1(a).1® Figure 3 shows the @ electron occupation of spectral shape broadens with increasing wedge thickness
the in situ grown films as a function of Co film thickness. from 5.5 A and stabilizes by 9.5 A, indicating a deeper in-
The final thick(36 A) film was assigned a bulk value of 7.51 termixed region with respect to the situ grown sample.
3d electrons per Co atom averaged from theoretical Figure 5a) shows the total Cd.; XMCD signal of both
calculations! A drop in occupancy is clear at the low cov- the thin-film system and the wedge structure with different
erage indicating a charge transfer into the substrate. Belo®@o coverages. Below-25 A, for both systems, the signal
this point, the signal-to-noise ratio was too small to measurelrop is linear. The magnetic onset may be estimated by linear
the occupancy accurately. The relatively large difference beback extrapolation similar to remanance measurements using
tween the electronegativities of Cd.88 and Ge(2.01) the magneto optic Kerr effect. Thus 2.1 ad 4 A of
might present a simple explanation of the charge transfenonmagnetic cobalt were identified for samples 1 and 2,
from Co. Similar results have been reported for Fe on GaAsiespectively.
which was explained by the large difference in Fe and As The inset in Fig. 8a) shows a selected hysteresis loop at
electronegativitie$® 14.4 A Co of sample 1. If, as discussed, 1190 bcc Co

An important factor in determining the quality of the thin- direction coincides with th¢100) Ge direction, the hyster-
film growth is to understand its long-range morphology andesis loops were measured for sample 1 with the sweeping
film roughness. To investigate this, we analyzed soft x-raymagnetic field applied close to tti#10) Co direction. Sharp
reflectivity (scattering based “rocking curves” taken along hysteresis loops with low coercivity through this system in-
the wedge structure. These measurements examine the tdigated high-quality film growth. Without azimuthal sample
few layers of the Co film giving quantitative measurementscontrol, in-plane uniaxial anisotropy was not investigated as
of the physical roughness of the Co grovitEigure 4 shows has been reported for the Co GdAand Fe G¥ systems.
two examples of rocking curves taken at 21 and 5.5 A. Théouble-stepped hysteresis loops reported for bcc Fe on Ge
21 A plot is typical of the curves through most of the wedge(100'® has been suggested to indicate in-plane uniaxial an-
(as low as 9.5 Agiving a perpendicular roughness measure-sotropy, this behavior may be caused by the inequivalent
ment (o,) of ~2A. At 7.5 A and particularly at 5.5 A a in-plane (2<x1) Ge surface reconstruction described by Ma
significant flattening of the diffuse spectra indicates a strongind Norton*® The 2x(2x1)-90° surface reconstruction
level of Co-Ge intermixing. The lack of significant diffuse identified here would screen any such effect. It is also noted
scattering at 5.5 A inhibits a reliable quantitative measure ofhat for sample 1 the field was applied close to the diagonal
the roughness, however, comparing the similarity betweewof both (2x1) surface reconstruction domains, thus the
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FIG. 5. (Color onlln_e (@) Plot of XMCD signal vs Co (_:overage moment. The increase IV S along the Co wedge is due most likely
of both samples. The inset shows a soft x-ray hysteresis loop at tr}% the presence of an overlayer

Co L, edge at 14.4 A. Back extrapolation estimates the magnetic
onset.(b) Coercivity measurements are plotted along the wedge.
Three phases are inferred from the changes in coercigiyNor-  structure at both 84 and 300 K, illustrating an onset shift of
malized XMCD signal plotted along the wedge at both 84 and 300he magnetic signat-3 A between the two temperatures.

K. Achange inT¢ of the Co film shifts the magnetic onset between Ultrathin ferromagnetic films experience a decrease in Curie

the two spectra. temperature T¢) as described by finite-size scaling theory.

stepped loop affect may not be discernible. For the wedge€Veral factors, such as magnetic anisotropy, exchange cou-
structure the field was applied along t€90) bce Co direc- pling, and electrom_c band stru_cture, change with a transition
tion and here no evidence of stepped loops was detectdfem bulk to atomic scale thin films as the perpendicular
either. The hysteresis loops were also not as square as for tegmmetry is broken. This region is estimated to range be-
in situ grown sample, and the coercivity was slightly largertween 8 and 11 A. The rocking curves indicate that the in-
even though thé100) Co direction is expected to be the easy termixed region extends to at least 7.5 A; beyond this point,
magnetic axis. This could be caused by the greater extent ¢he Co forms the two-dimensional structure with reduced
intermixing at the wedge interface due to the higher substratesymmetry, which agrees with the onset of a redu€ede-
temperaturg¢300 K) during Co deposition. gion.

Figure 8b) shows the coercivity of the hysteresis loops Magnetocrystalline anisotropic energMIAE) forces the
along the Co wedge. The onset has been fit with a power lamnagnetization to align in specific orientations. The structure
Hc ~(d/dc-1)¢, whered is the Co thicknessdc is the  and thus the symmetry of the material affect the MAE. This
onset thicknes#&4 A) and usingy=0.58 as calculated for the orientation-related energy is mediated by the orbital magne-
growth of Co on C(1l00. There is good agreement up to tization through the spin-orbit interaction, which links the
~21 A. Although this empirical fit indicates the coercivity spin to the atomic structure of the ferromagffeEor both
increase to be the result of a thermodynamic dependénce Co systems under investigation, in-plane anisotropy has been
more importantly it highlights the sudden change beyonddentified where no out of plane XMCD signal was mea-
~21 A. The coercivity dramatically increases to a maximumsured, coupling this with the lack of uniaxial in-plane anisot-
at~30 A and in turn falls unti-45 A, where it stabilizes. ropy we endeavor to obtain an understanding about the in-
These changes are attributed to a structural transition frorplane orbital moments.
bcc to the more relaxed bulk hcp phase, seen previously in Sum rule analysis of the XMCD spectra measures the
thin Co films>® In a very similar fashion, reflection high ratio between the orbit to spin contributionk/€) to the
energy electron diffraction patterns of Co growth on GaAsmagnetic moment of the Co overlayer. The in-pl&ri& ra-
(002)° reported bce growth up to 20 A; with further Co depo- tios are plotted for both samples in Fig. 6, and the bulk Co
sition, hcp begins to form, coexisting with the bcc phasereference was taken from published results of hcp Co also
which gradually disappears and is gone entirely by 60 A Comeasured by XMCD although in transmissidnThe L/S

Figure 5c) shows thel; XMCD signal along the wedge ratio of Co film above 15 A in sample 1 aligns well with this
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TABLE I. Orbital and spin magnetic momentM( ,Ms), their  modify perpendicular anisotropy within Co thin filisand
ratios (L/S), and the total momentsM(y) both from sample 136  more detailed studies are being pursued to study the effects
A) and sample Zaveraged from 30 to 50 Ataking into consider-  different over and underlayer wedges of Cu and Au will have

ation the nonmagpnetic interfacial Co. on the magnetic characteristics of varying thicknesses of Co
films.
My Ms M+ The total moment reference for hcp Co is quoted as

Sample L/S e “B s 1.714ug,% very close tozghe XMCD measurements by Chen

: _ et al. of 1.774ug . PrinZ on the other hand measured an
n Sm: grlown' 36 A 0.097 0.14 1.44 1.53 averaged magnetic moment of 1,63 for thin Co films on
samped GaAs, using the known bcc Co lattice constant. Blahal.
Co W? %e(30—50 A 0.14 0.22 L7 2 similarly reported a reduced moment L4 for bcc Co on
sample GaAs® Taking into account the nonmagnetic lay@rl A)
Co hcp bulk 0.095 0.154 1.62 1.774

for thein situ grown thin-film sample, a total magnetic mo-

#Bulk XMCD reference taken from Cheet al. (Ref. 1J). ment of 1.53u5 (at 36 A, Table ) agrees ngl with the
reduced moments of both Prfhand Blandet al.

reference figure. An enhanced ratio was measured at Iow%retl.r; ilrjlg]rr:c?t:ayr"stth:s ggfgtht@af]:fté%nfnSggg)tuﬁi{ :nb(l::]ag—
coverages4.8—8 A). Here the ultrathin film structure re- : ISt prtaxi N

duces the Co symmetry as seen by an orbital magnetic m(;rjvestigated, for botim situ grown samples and a Au capped

ment increase: the spin contribution should remain unafyvedge structure. Photoemission data indicated the formation

fected resulting in an increase of thés ratio of a <4.8 A Co-Ge mixed interfacial region for tha situ

Such orbital enhancement has been debated for fabricatéi® V" sample. Rocking curves of the Co wedge system pre-

Co structures. The Co orbital moment within @60 A)/Pd s~e;1t5e%\ e¥|g:rg§ t?]fcak‘nz'srg'Iﬂabz;tl.irgﬁrségerrg:)éegsz_;gé?g q
multilayers was reported to show an increase from @37 L : gneti w :

to 0.24ug moment per atom, and more recently large in-fil\t/ ezlll ggcejr?ivﬁ f?rzetggl?r;:\uegtnsda\?éer\dg?hsavrvne%lez srr?cs)\?vee?j-a
creases in the orbital moment of Co nanodots ofi1R} Y- Y g 9

: . ramatic change due to a bcc to hep phase transition similar
23%%23;2% measured where there is a large reduction ﬁ)that found in the Co/GaA%00) system. The growth of Co

Figure 6 also shows the/S ratio for the capped Co beyond the Co-Ge intermixed region from both the photo-

wedge (sample 2 showing a relatively constant but en- emission intensity decay and rocking curves is uniform, with

hanced ratio across the wedge. Applying the full sum ruleti"; g\vedge showing a typical perpendicular roughness of

analysis, the orbital moment was also uniform across the YMCD indicated an enhanced orbital moment for a nar-
wedge beyond the effect of the nonmagnetic interface, an : . . .
averaged orbital moment across this portion of the wedg ow reg|on_of Co growth above the Co-Ge interfacial region
(30-50 A measured 0.22 (Table ). This indicates a sig- or the in situ grown sample, .where a loss of perpendicular
nificant increase of 57% from thia situ grown 36 A film symmetry enhances the orbital moment. The total moment
(0.14ug). This enhancement is similar to the 59% orbital per atom was then measured at 1i53(at 36 A) comparing

increase of the Co/Pd systé't‘hlt is perhaps evident that an \(’)\ﬁl ;Véth P;':flazd Blﬁgge;?:i.vécl)r %'lnﬂ% 032'2:2 ?or\]/v(é;?t?%n
overlayer affects the Co orbital moment by altering the film . ~>>#B e, T€SP Y-

orbital symmetry. The wedge structure also shows an inthe hep Co reference of 1.7)4 (Ref. 2 and 1.774ug by

; Chenet al*
creased bulk total moment of 2z, with respect to 1.53g
of bulk Co. While the spin moment increase is relatively Use of the APS was supported by the U.S. Department of
small ~15% with respect to the 36 A Co film, the orbital Energy, Office of Science, Office of Basic Energy Sciences,
increase of 57% is considerably greater. This illustrates thender Contract No. W-31-109-ENG-38. Work at the Univer-
strong symmetry effect on the orbital moment. It is beensity of Arizona was supported by the U.S. Department of
reported that overlayers have been used to induce arnergy under Grant No. DE-FG03-93ER45488.
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