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Magnetic moment and anisotropy at the FE&ZnSe(001) interface studied
by conversion electron Massbauer spectroscopy
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The interface magnetic properties of Fe/ZnSe heterostructures grown on@BaAby molecular-beam
epitaxy have been investigated using conversion electrosshiuer spectroscopEMS) and macroscopic
magnetic measurements. For Fe films thinner than 100 A an in-glek@ uniaxial magnetic anisotropy was
found and the magnetization loops could successfully be described by the simple Stoner-Wohlfarth model,
which implies that the magnetization reverses only by coherent rotation and jump processes. For the interface
analysis, a 5-A-thick layer of enrichetiFe was deposited on the ZnSe surface and buried under 20 A of
natural Fe. In this way thé’Fe serves as a local probe of the interface magnetic environment in a bulklike Fe
film since the CEMS technique is only sensitive to this isotope of Fe. An interface magnetic moment of 2.18
ug was found and, in relation to 225 for bulk bee Fe, this precludes the presence of any interface reactions.
Surprisingly, however, the direction of the interface magnetic moment turned out to be reoriented from the
[110] direction by almost 30°, an effect that was assumed to arise from the distribution of unidirectional
tetrahedral bonds present on the &2 X 2) reconstructed ZnSe surface.
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INTRODUCTION didate as spin aligner since the wide gap semiconductor
ZnSe [E4=2.7 eV) could provide the interface resistance
In the search for an integrated semiconductor spintroni¢or tunnel barrier predicted to be essential in transferring
device structure that efficiently exploits both the electron’sspins from a transition metal into a degenerate
spin as well as its charge, important progress has been reemiconductot? In an early work!® the Fe/ZnSe interface
ported recently-3 Malajovich et al® demonstrated a coher- was shown to be less reactive than, e.g., the Fe/GaAs inter-
ent spin transfer with high efficiency through the GaAs/ZnSeface and, recentlyno loss of magnetic moment at the inter-
semiconductor interface where circularly polarized light wasface was claimed for Fe films grown on ZnSe at room tem-
used to excite spin-polarized carriers into the conductiorperature. In the latter case, however, the conclusion was
band of GaAs. It has been pointed out though that before trumade without demonstrating an interface specific investiga-
success in semiconductor spintronics can be achieved, toon and, furthermore, on Fe films of inadequate quality for
stable source of spin-polarized carriers in which the spirspintronic applications due to the low deposition tempera-
alignment can be easily manipulated must be foi@pti-  ture. In the present case, it will be shown that with conver-
mally suited for this purpose would be the ferromagneticsion electron Mesbauer spectroscogEMS), information
transition metals, which exhibit intrinsic spin polarization aboutboth magnetic moment and anisotropy can be obtained
even at elevated temperatures. When combined with semén a local scale. Since the technique is sensitive only to the
conductors, however, most of these systems suffer from in®’Fe isotope, selective regions, e.g., the interface, can be
terface reactions resulting in severely suppressing effects gorobed by incorporating’Fe layers exclusively at these re-
the spin transfer efficiency. As an example, a spin injectiorgions. Additional magnetic characterization is performed
efficiency of 2% was observedn a GaAs(In,GaAs light-  with alternating gradient magnetomei#GM).
emitting diode covered with Fe and, although an encouraging

result, the relatively low efficiency is most probably due to EXPERIMENT
the formation of reacted phases with reduced magnetic mo-
ment commonly occurring at the Fe/GaAs interf&de. The samples were grown in a multichamber UHV system

Another characteristic feature of @81) layers grown on  with separate IlI-V and II-VI MBE chambers and situ
a number of different semiconductors is the obser/EHD) techniques such as reflection high-energy electron diffraction
in-plane uniaxial magnetic anisotrogyMA) 8t which is  (RHEED), x-ray photoemission spectroscogXPS), and
at variance with the cubic symmetry of bulk bcc Fe. Thescanning tunneling microscopy/spectroscof§TM/STS.
origin of the UMA remains an open issue but has generallyDetails about the ZnSe substrate preparation are given
been suggested to derive from semiconductor attributes susewheré In short, after deposition of a GaAs buffer layer
as surface reconstructions and/or unidirectional bonds can a GaA§001) substrate, 100 A of ZnSe is grown by atomic
pable of distorting the cubic symmetry of the Fe layers.  layer epitaxy. The surface is terminated Zn rich and stabi-
In this work, the interface magnetic properties of Fe/lized to a Zn(2<2) reconstruction after annealing the
ZnSe/GaAf001) heterostructures grown by molecular-beamsample to 350 °C.
epitaxy (MBE) are investigated. From the device aspect, the For the CEMS measurements, two types of Fe films with
Fe/ZnSe heterostructure is considered to be a promising caenriched °’Fe inclusion layers were prepared at a substrate
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FIG. 1. TEM cross section of the Fe/Zn®81) interface.

temperature of 180 °C. Th&/Fe isotope enrichment in these n
layers amounts to 96%. In the first sample, denoted the in- § ©
terface sample, 5 A3.5 ML) of °>’Fe was deposited directly
on the ZnSe epilayer followed by 20 A of natural Fe. In this
way, the interface properties of a bulklike Fe film can be
probed, which is one of the outstanding advantages with the
CEMS technique. The natural Fe only gives a small contri-
bution (=7%) to the M®sbauer resonance intensity, due to
the 2% °’Fe content, and would show up as mainly a bulk
contribution. In the second sample, a 5%AFe layer was
sandwiched between 10 A of natural Fe to serve as a bulklike
reference for the spectral analysis of the interface sample. A
capping layer of 5 A Au was used for both samples. Film 0
thicknesses were calibrated by means of XPS and transmis-
sion electron microscop¢TEM).

Recent XPS and STM/STS experiménthave shown
that Fe forms a continuous film above one monolayer at this
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growth temperature and proceeds in a two-dimensional fash- -1
ion, which confirms the previous work of Jonker and Pﬁ?‘l_z. 800 400 200 0 200 400 600
In order to study the interface morphology in more detail, a Field (G)

sample was prepared for TEM. Figure 1 shows a TEM cross

section qf the Fe/Z_nSe interface and, apart frpm exce_llent FIG. 2. AGM loops for a 25-A Fe film on Zn$@01) measured

heteroepitaxy, the interface appears abrupt with no Vvisualiong three high-symmetry in-plane directiotmpen circles A

evidence of intermixing. uniaxial magnetic anisotropy is found in tk&10) directions with
The CEMS measurements were performed in a vacuunghe easy axis orientdd10]. Solid lines represent fitted loops using

system p<10"° mbars) in which samples can be cooled the Stoner-Wohlfarth modéRef. 17. The measured loops are re-

down © 4 K using a continuous He flow cryostat. Thigay  produced with a ratio between the effective cubic and uniaxial an-

emitted from a radioactive source enters the vacuum chamsotropy constant&$'/K& '~ 1. Inset are magnetization curves for

ber through a thin Al window and, in contrast to the morea 100-A Fe film showing a recovery to cubic anisotropy wWiti0)

conventional case of normal incidence, theay has an in- equivalent easy directions.

cident angle of 45° to the sample normal. In this geometry,

the plane projected component of tiperay allows determi-  scopic magnetic profiling was made with AGM for several

nation of the in-plane direction of magnetization, an infor-in-plane orientations.

mation that is not accessible at normal incidence. The spectra

were recorded with they ray projected along both the RESULTS AND DISCUSSION

Fg110] and F¢110] crystallographic directions. The con- o

version electrons were detected using a channel electron AGM magnetization I@ps measured at room temperature

multiplier and the velocity scale was calibrated using a specalong[110], [100], and[110] in-plane directions of a 25-A-

trum from a-Fe recorded simultaneously. For the analysisthick Fe film on ZnSe are shown in Fig. @pen circles

of the spectra, the commercial software Recoil was emSeemingly, the Fe film displays a uniaxial anisotropy char-

ployed. More details about the CEMS technique can beacter similar to that found in Refs. 8—11. Th£10] direc-

found in Ref. 16. tion represents a magnetically hard axis with virtually zero
Complementary to the CEMS measurements, macroremanence and coercivity. In th&10] direction, the highly
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coercive square-type loop indicates an easy axis. Along = Yoo
[100], which is the expected easy direction for a monocrys- -
talline bulk bcc Fe film, two distinct switching fields are [
observed. At first, this two-step reversal seems somewhat
unexpected in an epitaxial single layer of Fe but, as will be
shown, the system follows ideally the Stoner-Wohlfarth
(SW) model of coherent rotatidh with mixed uniaxial and
fourfold anisotropies.

Assuming a hard axis along tlﬁéTO] direction, the total
energy density of the film can be written as

Vo100
5" [110]

]
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where K" and K¢'" are the effective uniaxial and cubic
in-plane anisotropy constants,the angle between the spin

orientationM and[110] and ¢ the angle between the ap-  FIG. 3. Room-temperature ~CEMS spectra of a
plied fieldH and[110]. By minimizing Eq.(1) with respect ~~€(20 A)PFe(5 A)/ZnSe(001) sample with the plane-projected
to 6 (dE/d6=0 andd?E/d#?>0), a model magnetization ¥ ray along FEL10] (top spectrum and F¢110] (bottom spec-
loop can be obtained ad,,,4= co$ 6(H)— ¢]. Subsequently, trum). Solid lines represent a one-site model(iee text. The left

the experimental magnetization can be modeled by refinin set §hows the dlstrlbutlon_of tht_a hype_rﬂne field resulting frqm the
the Kﬁff and Kiff parameters until optimal agreement is ne-site model and the right inset illustrates the experimental
reached. This is what has been done in Fig. 2, where th%eometry'

model magnetization loops are plotted as solid lines. Besfye improved crystalline quality of the Fe films when grown
agreement with the %(perflfmental curves resultsflf‘rom an ansgt 180°C compared to RT in Ref. 9 is responsible for the
isotropy ~ ratio  Ki'/K{"=0.97, where Ki'=1.25 giscrepancies.

x10° erglcn? and K{''=1.29x10° erglent using My The fact that the switching fields can be reproduced quan-
=1710 emu/cm for Fe. As can be seen, the two switching titatively by the simple SW model suggest that the Fe film is
fields in the[100] loop are well described by the model as practically free from defects and of ideal single domain type.
well as the large coercivity in thgl10] loop. In the[110] Defects inducing, e.g., domain-wall pinning sites would
loop, a larger discrepancy is observed. The main reason farause switching fields different from the ones predicted by
discrepancies comes from the sample alignment with respetite SW model. In a single domain sample, the magnetization
to the applied field 4 ¢~ +3°), which becomes most cru- reverses by rotation and either one or two irreversible jumps.
cial in the hard direction. Also, thermal effects have a sup-These jumps occur at distinct switching fields that depend
pressing influence on the magnetization at low fields. For Fexclusively on the anisotropy ratik; /K, and the applied
films above 100 A, the cubic anisotropy is recovered withfield orientation, which is clearly the case for this sample.

(100) easy axes as shown in the insets in Fig. 2. Jump processes have been studied in detail in Ref. 19.
The effective anisotropieis¢'" andK " are thickness de- Anisotropic lattice relaxation has previously been sug-

pendent and can be divided into a volume term and an inteigested to be responsible for the UMA in Fe/semiconductor

face term as structures? In order to investigate these effects, RHEED

measurements were performed along bot{1E@ and

Fg 1T0] directions. Even though an anisotropic lattice relax-
ation was detected for low coverage, it disappeared above 15
) o A as the bulk lattice parameter of Fe was gradually ap-
where K{{"® and K1{{y® denote anisotropy contributions nroached in a similar way for both directions. Since it is
from the Fe/ZnSe and Au/Fe interfaces, respectively,tasd reasonable to believe that the anisotropic history is erased by
the Fe film thicknes$25 A in this case Letting the cubic  the relaxation to the bulk lattice, magnetoelastic effects are
volume term to be analogous to the fourfold anisotropy coy et likely to induce the UMA of the 25-A Fe film studied
efficient of bulk Fe, i.e.K!°'=4.5x10° erg/cn?, and using here.
KiWFe=—2.5x1072 erg/cn? from Ref. 18, this yields In Fig. 3, room-temperature CEMS spectra of the
Ki®ZNS& —56x 1072 erg/cnt. In the uniaxial caseK’”'  Fe(20 A)F’Fe(5 A)/zZnSe interface sample recorded along
can be put to zero as the uniaxial anisotropy is of pure intergg110] and F¢110] are shown. The clean sextets reveal a
face character and using,""“=0 (Ref. 18, this gives distinct hyperfine magnetic-field splitting without traces of
KEe;Z”Ze: 3.2x10 2 erglcnf. Comparing theK[®“"®and  atomic sites with reduced field. The intensity variations be-
KEe;”Sﬁ/alues with the ones found in RFe/fz 3,“ turns out thattween the[110] and the[ 110] spectrum are directly related
K1*“"Fis a factor two larger whereds;*“">is about half to the direction of the hyperfine field as will be discussed
the corresponding values in the reference. It is believed thatrther below. First, in order to extract some dbauer pa-

Fe/ZnSe Au/Fe
1w K1

ff |
Kiw=Kigt———— (2)
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rameters, a single-site model is used in which it is assumetbre, if the interface and the reference sample can be consid-
from the well-defined sextets that allFe sites are equiva- ered identical, it appears that the magnetic moment near the
lent but with a distribution in hyperfine field. A simulation of interface is reoriented.

the spectra converges to an average hyperfine field of32.7  Focusing again on the analysis of the interface sample, it
T with a 0.65-T distribution as shown in the inset in Flg 3. is reasonable to believe that tﬁa:e atoms in the S-A-thick
The field is in gOOd agreement with the bulk value of 33.0 Tinterface |ayer occupy at least two types of Sitesl one of
for bee Fe, which implies that no chemical reactions havepterface character and the other one bulk. A closer inspec-
occured at the interface. This result is also in accordancgyn of the spectra in Fig. 3 reveals that the peaks on the
with recent x-ray magnetic circular dichroism measurement?)ositive side are somewhat higher in intensity and more nar-
on ultrathin Fe layers on ZnS&Expressed in Bohr magne- . than the corresponding peaks on the negative side.

tons, using the conversion factor of 154, a hyperfine Therefore, it is not excluded that the peak asymmetry reflects

field of 32.7 T corresponds to a magnetic moment of 2.18 .- . ; : .

; . . contributions from twdor more sites with slight differences
pg - The isomer and the guadrupole shifts obtained from th?n Mossbauer shifts. In the single-site model used above, the
model are very small, both around 0.003 mm/s compared tQ

a-Fe. This suggests that the vast majority of tHEe sites as;t/;nmetry wash_(;to_mpensate? for b&q at\rl1lov¥_|n% 3.dt's.g'btiu;:?n
sense a bcc Fe-type surrounding. Similar results are obtain € ISomer shilt in connection wi € Tield distribution.

at 30 K but with an increase in hyperfine field of about 4%. is hao_l a negligible effect on quantities of interest and was
The relative intensities in a Nsbauer spectrum in the merely introduced to reproduce the spectra more closely.

case of a pure magnetic interaction are related to the angle CONSIdering now a two-site constribution, the unexpected

between the incideny ray and the magnetization by off-symmetry direction of the hyperfine field gogld then, in
principle, result from a superposition of two similar compo-

nents with hyperfine fields in different high-symmetry direc-
3) tions. It was found that, on attempting a two-site model, the

spectra could indeed be reproduced with one site oriented
as derived from the angle-dependent Clebsch-Gordan coeffi110] as the bulk reference and the other site, thus represent-
cients that describe the different transition probabilities. Exing the interface, oriented eithEt00] or [110]. The result-
pressed as intensity ratios, this gives ing bulk/interface site populations were 51%/49% and 74%/
26% for the[110)/[100] and [110]/[110] cases, respec-
tively. It is worth mentioning here that a separation into two

A quantitative measure of can then be deduced from the contributing sites is, in the present case, neither straightfor-
intensity ratio between peaks 2,5 and 3,4 in E4).by the ward nor reliable since the recorded spectra very closely re-

relation a=arcsin/2/(1+ 4/l , ). Keeping in mind that the semble that of thex-Fe reference but with some line broad-

incident y ray is 45° to the sample plane, the in-plane angleening. It is well known that when modeling a spectrum with

¢ between the plane-projectedray and the hyperfine field tv;(r)a(rzqre;g(r)r\?alfjoergpa(:gecjr}tzr;nbist%rLsacﬂ;ljrgg?er} the resulting
(see right inset in Fig.)3can be obtained through the relation P 9 :

B . ) . : Exactly what might cause the 30° rotation fr¢ai0] of
cos¢=1/2 cosa. Now, looking at the intensity relations be- the interface magnetic moment is not evident. Since it was

tween the[110] spectrum and thg110] spectrum in Fig. 3,  ghown that the bulk value of the magnetic moment subsists
it is evident that the intensities of the second and fifth peaky the interface, a formation of Fezn or FeSe reacted phases
are suppressed considerably in {16.0] case compared t0 ¢an pe ruled out as to be responsible for the reorientation
[110]. From the model spectra, thgs ratios are found to be  since these phases would reduce the magnetic moment most
1.7Q7) for [110] and 3.1011) for [110], which correspond definitely and show up as separate components in thesMo
to in-plane angles ofb=26(3)° ande=60(3)° relative to  bauer spectra. A recent electronic structure calculation pre-
these directions, respectively. The major contribution to thelicts that the unidirectional nature of the surface bonds on
discrepancy between these values is the accuracy of thH#éweconstructed ZnSe surfaces can be held responsible for
sample alignment that is estimated to b&°. Thus, on av- the in-plane UMA of the Fe overlayefS Each surface atom
erage, the magnetic moment of the 3.5 MiEe at the inter- has two unsatisfied tetrahedral bonds and depending on
face is oriented almost 30° frofri10] and indeed this is an Whether the surface is terminated Zn or Se rich, they are
unexpected result. oriented along[110] or [110]. In the calculation it was
Identical spectral features were obtained after the interfound that the orientation of the easy axis preferred to be
face sample had been exposed to an applied field of 0.6 @rthogonal to the tetrahedral bonds. Experimentally, how-
along[110] in order to force alignment of the magnetic do- ever, a clean fcc ZnSe surface is difficult to achieve since it
mains, which rules out a distribution of magnetic domainis not stable in the temperature window where continuous
orientations also supported by the AGM measurementspitaxial films are formed and the result is a reconstructed
However, on the reference sample of equal Fe thick(@ss surface. Different types of reconstructions can in most cases
A) but with 3.5 ML °’Fe confined in the center as a bulk be obtained by thermal annealing. In the present case, the
probe, the magnetic moment was found to be oriented alongnSe surface has been stabilized t(a< 2) Zn rich recon-
[110]. This was also the direction along which the higheststruction, which describes a half covered surface of undimer-
remanence was found in the magnetic measurements. Thefiged Zn atom£! Due to the sparseness of this surface, un-

l16=3(1+cosa), l,s=4sifa, ls,=1+coe,

l16:125:154=3:4 sirfal(1+cofa):1. (4)

024405-4



MAGNETIC MOMENT AND ANISOTROPY AT THE . .. PHYSICAL REVIEW B 66, 024405 (2002

ertheless, electronic structure calculations involving recon-

(0oo1) ‘ structed surfaces are needed in order to quantify this result.
(100] CONCLUSION
High quality Fe/ZnS@01) heterostructures have been
[0-10] grown on GaA#01) substrates by MBE. An in-plane

uniaxial magnetic anisotropy for films thinner than 100 A
FIG. 4. Interface cell of Fe/ZnSe:Za(2x 2) assuming ideal Was confirmed by magnetization measurements. The magne-
stacking positions. The first 3/4 ML Fe goes in the same plane atiZation loops could successfully be described by the simple
the half covered Zn surface satisfying tfiL0] unidirectional Se  Stoner-Wohlfarth model, with a uniaxial to cubic anisotropy
subsurface bonds while the second full ML Fe satisfies[fi] ~ constant ratio of nearly 1 for a 25-A-thick Fe film, which
unidirectional Zn surface bonds. evidences that the magnetization reverses solely by coherent
rotation. By confining thin°’Fe layers at selective positions
satisfied bonds from the Se subsurface layer are left exposelfl. Fe/ZnS¢€001) heterostructures, it was shown that local
This means that the surface can no longer be regarded as iftformation about both magnetic moment and anisotropy can
be of unidirectional character exclusively, but rather to con-be extracted using conversion electron ddbauer spectros-
sist of an equal distribution qflTO] (zn) and[110] (Se copy in a flexible geometry. An interface magnet!c moment
oriented bonds that are offset by one atomic layer. of 2.18 ug was found at room temperature that is in good
Considering now the case when, for example, 2 ML of FeAgreement with the bulk value of 22 for bec Fe. This
is deposited. Assuming ideal stacking positions, a plausibl@récludes presence of interface reactions and, therefore,
arrangement of the Fe atoms is illustrated in Fig. 4. The firsPlaces the Fe/ZnSe bilayer as one of the top metal/
Fe layer levels with the Zn surface resulting in a coverage ofemiconductor candl_dates_ for future spintronics applications.
3/4 ML with one Fe-Se bond/interface cell. The second Fein unexpected reorientation of about 30° from t(]
layer reaches full coverage with one Fe-Zn bond/interfacdlirection was found for the magnetic moment at the interface
cell. Simply put, following the arguments in Ref. 20, the a_nd was explained in terms of an equal distribution of uni-
magnetic moment of the first layer strives to align with thedirectional tetrahedral bonds present on thect2x2) re-
[1T0] direction while the magnetic moment of the Secondconstructed ZnSe surface.
layer strives for[110]. Thus, the resulting direction of the
first 2 ML could be oriented in a direction in betwelghl0]
and[110] as a result of an interplay between the magnetic The Swedish Foundation of Strategic Resed&8H and
anisotropy energies connected to each type of bond, Fe-Se tire Swedish Research CountWR) are acknowledged for

Fe-Zn. Qualitatively, this scenario could explain the ob-their support and F.G. acknowledges support from the French
served reorientation of the interface magnetic moment. NevM.A.E.
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