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Structural characterization of the Co/Cr multilayers by x-ray-absorption spectroscopy
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We have performed Cr and Goedge x-ray-absorption measurements to investigate the dependence of local
electronic and atomic structures on the Cr-layer thickness in epitaxial ©@0)1@0 A)/Cr(211) (te,) (ter
=2,3,5,7, and 9 Amultilayers. The CK x-ray-absorption near-edge fine structixANES) spectra of the
Co/Cr multilayers indicate an abrupt transition of the Cr layer from hcp to bcc structure when the thickness of
the Cr layer is increased to exceed A or three atomic layers. Our results offer an upper limit for the ability
of the Co/Cr interface to stabilize the hcp structure in the thin Cr layer. The numbers of nearest-neighbor and
next-nearest-neighbor atoms in the Cr and Co layers determined by extended x-ray-absorption fine-structure
measurements performed at the Cr andkCedge, respectively, are consistent with the XANES results.

Magnetic multilayers have attracted a great deal of attenexistence of fcc Co/Cr-alloy structure at the interface may
tion over the last decade because of their peculiar magnetieot be likely because the fcc structure is incompatible with
properties and their technological and fundamentakither hcp(1D0) or bc¢21l) atomic arrangement. The
importance The oscillatory variation of the interlayer ex- x-ray-absorption spectrum is very sensitive to the local envi-
change coupling with respect to the separation between twgpnment around the absorbing atom, which can be used as a
ferromagnetic layers in the multilayer systems is particularlyfingerprint of the crystallographic structure and allows us to

. . 2 .
of interest For epitaxial Co/Cr multilayers, previous works Study the local structures in multilayer systeths? In this

showed that the magnetic properties have the characteristig%ork we measure the local electronic and atomic structures

of giant and anisotropic magnetoresistaficelt was also of a series of Cof cr multllayers_and character!ze the varia-
tion of local electronic and atomic structures with respect to

found that the magnetic and magnetotransport properties e Cr-layer thickness. This study may help us understand

the _magnetlc mu_ltllayers are strongly affgcted _by their elec'the dependence of the local electronic and atomic structures
tronic and atomic structurédsThe reflection high-energy

electron diffraction(RHEED) analyses by Vavrat al.” and n t)f(l_eraeypgizlglp(;g/nCrsggélttrl? )g?rfhznéglecfrr#iﬁ;;zfskw;se'
Henry et al® showed that the Cr layer in epitaxial Co/Cr measured using a double-crystal13i1) monochromator at
multilayers exhibited an abrupt transition from bcc structureie wiggler beamline, with an electron-beam energy of 1.5
to close-packed structukécc or hep at a Cr-layer thickness  Gev and a maximum stored current of 200 mA at the Syn-
of < 5 A. This property was attributed to the interfacial chrotron Radiation Research Cent8RRQ in Hsinchu,
energy that stabilizes the thermodynamically less favoredraiwan. The absorption spectra of the Co/Cr multilayers and
densest atomic arrangement. However, they obtained diffethin-film CoCr alloy at the Cr and C& edges were mea-
ent local atomic structures around Cr when the Cr layer isured using the fluorescence mode with the Lytle detector at
very thin. Vavraet al. found that pseudomorphically grown room temperature. The spectra of the reference Cr and Co
Cr layers are constrained coherently to the hcp structure dbils were obtained in transmission mode. All the spectra
the underlying Co, while Henryet al. reported that no were collected with step energy of 0.5 eV in the x-ray-
pseudomorphism occurs at the Cr/Co interface, but it is morabsorption near-edge structUdANES) region and of 2 eV
likely that interdiffusion resulted in forming a close-packed in the extended x-ray-absorption fine-structexXAFS) re-
CoCr alloy. Another investigation also found the existence ofgion. Samples of 24Co (40 AyCr (2 A)] and
interdiffusion at the Cr/Co interface of the sputtering grown20x[ Co (40 A)/Cr (c,) ] multilayers withte,=3, 5, 7, and 9
Co/Cr multilayers’*° Different orientations and preparation A and a~50 A Mo buffer were deposited on the MgT10)
conditions of the thin-film samples used in these studiesubstrates. X-ray-diffraction results indicate that the Co and
might be the cause of the different interfacial structures. Thecr layers deposited in the alternating Co/Cr multilayers
mismatch of the atomic arrangement at the interface depenggainly have hcp/bec structure in the Co@Q)/Cr(211) ori-

on the orientation of the multilayers. Recently, based ofentation. The details of the preparation of the Co/Cr multi-
structural characterization Huarg al” found that though |ayers and x-ray-diffraction determination of the orientation
bee and hep structures have different atomic arrangementsy these multilayers have been described elsewtiére.
Co(1100) and C(211) planes match extremely well in sym-  Figures 1 and 2 show, respectively, the Cr andkGedge
metry and lattice parameters. In this crystal orientation, theXANES spectra obtained for the Co/Cr multilayers, refer-
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FIG. 1. Normalized CKK near-edge absorption spectra for epi-
taxial Co (40 A)/Cr (te) (te=2, 3, 5, 7, and 9 Amultilayers.(a)
Co foil (offset CoK edge, (b) CoCr alloy, (¢) te,=2 A, (d) te,
=3A, (©t=5A, ) te=7A, (g te;=9A, and(h) Cr foil.

FIG. 2. Normalized CK near-edge absorption spectra for epi-
taxial Co (40 A)/Cr (t¢) (te,=2, 3, 5, 7, and 9 Amultilayers.(a)
Co foil, (b) CoCr alloy,(c) te,=2 A, (d) t,=3 A, (@ t,=5A, ()
te=7 A, (9) te,=9 A, and(h) Cr foil (offset CrK edge.

ence CoCr alloy, and Cr and Co foils. For all the spectrarehybridization:> The two-peak featurels; andb, (labeled
zero energy was selected at the inflection point of the threshsy vertical arrows in the CrK-edge XANES of the Co/Cr
old in the spectra. The zero energies correspond to absolutaultilayers with a Cr-layer thickness, less than 5 A
energies of 5989.0 and 7709.1 eV, respectively, for the Ctlosely resemble those of the Co foil with a hcp structure. In
and CoK edges. Due to the bulk sensitivity of fluorescencecontrast, the single-peak feature in the KGedge spectra of
measurements, the spectra in Figs. 1 and 2 predominanttj)le Co/Cr multilayers withtc,>5 A resembles the single
reflect the bulk absorption of the Co/Cr multilayers. The nor-sharp featuré* located in the region between pedksand
malized EXAFS oscillationsy(k) are weighted byk® for b, in the spectrum of the Cr foil with a bcc structure. The
both Cr and CoK edges, and the corresponding Fourierfeatures in the CiK-edge XANES of the CoCr alloy are
transforms(FTs) of the k®y data for the Co/Cr multilayers much broader and appear to be least resolved in comparison
and reference samples are shown in Figs. 3 and 4, respewith those of the Co/Cr multilayers and Cr and Co foils. The
tively. Further analysis involved the use of a combination offirst derivatives of the XANES spectra of the Co/Cr multi-
the multiple-scattering EXAFS computer progrargrre  layers, CoCr alloy, and Cr and Co foils are shown in the
(Ref. 13 and the nonlinear least-squares-fitting computeiinset of Fig. 1. A general trend of the change from the single
programrerrIT.* As also shown in Figs. 3 and 4, the quality peakb* to the double peakb; andb, can be easily seen
of the fit for the nearest-neighbdNN) and next-nearest- when the Cr-layer thickness decreases in the Co/Cr multilay-
neighbor(NNN) bond lengths is quite good. ers. This trend clearly indicates a local structural transition at
The part of the CiK-edge XANES spectra of the Co/Cr t,~5A in the Co/Cr multilayers. It may suggest that
multilayers, reference CoCr alloy, and Cr foil and of the pseudomorphic Cr films can be grown on Co and can be
offset CoK-edge XANES spectra of the Co foil between constrained coherently into the hcp structure in thin layers
labelsb; andb, as shown in Fig. 1 can be attributed to the (t,,<5 A). In contrast, the Cr layer prefers to be bulk like
dipole 1s-to-4p transitions above the Fermi level. The two when its thickness is greater than 5 A. The intensity of
small bumps in the region from about 0 to 10 eV above thebumpsa, anda, in the CrK-edge XANES spectra remains
edge(labeled as; anda,) are primarily due to the Cr and nearly constant. The Cdk-edge XANES spectra of the
Co 1s-to-3d transition through the Cr and Cp-d Co/Cr multilayers shown in Fig. 2 contain relatively well-
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FIG. 4. Fourier transform amplitudes of the EXAKSy data at
FIG. 3. Fourier transform amplitudes of the EXAKYy data at  the CoK edge for Co/Cr multilayerga) Co foil, (b) CoCr alloy,(c)
the CrK edge for Co/Cr multilayerga) Co foil, (b) CoCr alloy,(c) te=2A, d) te=3A, (& te,=5A, ) te=7A, (@ te=9A,
te=2A, (d) te=3A, (¢ te=5A, (f) te,=7 A, (9 te=9A,  and(h) Cr foil. Final fit of theory to the NN bond length@pen
and(h) Cr foil. Final fit of theory to the NN and NNN bond lengths circles. The inset represents the ®eedge EXAFS oscillatioh®y
(open circleg The inset represents the redge EXAFS oscilla-  data. The coordination number of Co was fixed at 12 in fitting a

tion k®y data. In fitting a model compound to the experimental model compound to the experimental EXAFS because of a very
EXAFS, the coordination number of NN Co was fixed at 12 for small contribution from Cr atoms.

te<5 A with a hcp structure, while the coordination numbers of
NN Cr and NNN Cr were fixed at 8 and 6, respectively, fof ~ Spectra have a common feature marked by shaded peaks.
>5 A with a bcc structure. Other spectra do not have this feature. Since the spectra of
Figs. 3a) and 3c)-3(e) belong to the Co foil and Co/Cr
resolved two-peak featurdés andb,, which resemble those multilayers with thin Cr layerst,<5 A), respectively, our
of the Co foil. The first derivatives of the G6-edge XANES  FT spectra show that the thin Cr layetg /&5 A) are more
spectra of the Co/Cr multilayers, CoCr alloy, and Co and Cilikely to have the same hcp structure of the Co foil. This
foils are also shown in the inset of Fig. 2. agrees with XANES results and further confirms that the
Figures 3 and 4 show the Cr and ®eedge FTs of the epitaxially growntc,~5 A Cr layers in the Co/Cr multilay-
k3y data for the Co/Cr multilayers, CoCr alloy, and Cr anders are constrained to be Co metal like as reported by earlier
Co foils. The first peaks in the FT spectra shown in Fig. 3RHEED studies:® The similarity between the XANES spec-
appear to have roughly the same location, though they hauvea of the reference CoCr alloy and Co metal suggests that
different heights and full widths at the half maximum. How- the CoCr alloy has a hcp structure, in agreement with our
ever, the peaks at a distance larger thaB A appear to  x-ray-diffraction measurement. The FT spectra shown in Fig.
differ significantly and can be attributed to differences in the3 have the characteristic of splitting two-neighbor shells in
average environment in farther away shells between the twthe region between 3.8 and 5.0 A figr,<5 A. The splitting
te>5 A andt.,<5 A cases. The features in the FT spectratwo-neighbor shells are also found in the FT spectra of the
of the Co/Cr multilayers with a thick Cr layertd>5A) CoK edge for the Co/Cr multilayers, CoCr alloy, and Co foll
have a single peak near 4.5 A. They resemble closely that afs shown in Fig. 4. In Fig. 4 the splitting two-neighbor shells
the Cr foil with a bec structur&! On the other hand, the local are nearly at the same position for the Co/Cr multilayers,
atomic structures of thin Cr layers<5 A) in the Co/Cr  CoCr alloy, and Co foil, but the heights are obviously larger
multilayers and CoCr alloy are quite similar to that of the Cofor thinner Cr layers than for thicker Cr layers in the Co/Cr
foil with a hcp structure. In the region between 6.8 and 7.3 Amultilayers. This property can be primarily attributed to the
in the FT spectra shown in Figs(a83 and 3c)-3(e), the  decrease of the structural order due to NNN bond-length dis-
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tortion in the Co layer caused by the thick bcc Cr layer.  Cr-Cr couplings throughd orbitals render the bcc structure to

A best-fit procedure is applied to the first main peaks inbecome more favorable. Based on the above argument, the
the CrK-edge EXAFS FT spectra to obtain NN and NNN observed ultrathinthree-atomic-layercritical thickness of
bond lengths using the one- and two-shell models tfgr the becc Cr layer seems to suggest that the interdiffusion of
<5A andte>5 A, respectively. The Cr atoms are found Co and Cr atoms at the interface is less likely or at least is
bonded with 12 NN Co atoms at 2.5®.01 A, which is a limited to very few layers. The physical reason is that inter-
characteristic of the hcp structure, fog<5A. For to,  diffusion reduces the number of Cr atoms surrounding a
>5A. the Cr atoms are bonded with 8 NN Cr atoms at9!Ven Cr_ atom and ten_ds to d_establhze the p_cc structure, so
2.49+0.01A and 6 NNN Cr atoms at 2.78.02 A for te, that a thicker Cr layer is required to be stabilized in the bcc

—7 A and at 2.840 02 A fort~=9 A indicative of a bec structure. Based on structural characterization, Huetray
= ) ) o=

structure. The 2.84 A NNN bond length is close to that of thefound that though bcc a_nd hcp structures have different

bulk Cr metal of 2.88 A. Fot,=5 A the Cr layer contains atomic arrangements, Co(@@) and C(211) planes match
~3 atomic layers of Cr. The central Cr layer is sandwichec®Xtremely well in symmetry and lattice parameters. The unit
between two Cr side layers, so that the nearest neighbors 6ll of Co(1100), 4.07 Ax2.51 A, matches perfectly that of

the atoms in this layer are all Cr atoms. On the other handCr(211), 4.07 Ax2.50 A. The one-atom-thick hcp cr(_n)m)

the side-layer Cr atoms have some bcc-type Cr neareghyer is expected to have a similar excellent match and have
neighbors and some hcp-type Co nearest neighbors. The reggligible strain energy. For the two-atom-thick hcp
sample may even contain both hcp and bee phases. Thus, #y(1100) layer, the strain energy is associated with the dis-
this case, the EXAFS data were fitted with a combination ofqtion of the NN bond angles from those of the bc¢Xtd)

1/3 hep and 2/3 bee coordinations. The NN and NNN bondgrycture. For semiconductors the NN bonding is covalent
lengths obtained are 2.500.01 and 2.840.02A, respec-  ang directional and the bond-angle distortion gives rise to
tively. They are consistent with those determined for otheligpificant strain energy/. In contrast, for transition metals
Cr-layer thicknesses. The single-shell model is fitted for thgne sirain energy associated with the bond-angle distortion is
first main peak of the C&-edge FT spectra for all Co/Cr yiven rise by directionati-orbital couplings, which is not as
multilayers. The Co atoms are found bonded with 12 NN Cogjgnificant as the nondirectional metallic bonding through
atoms at 2.49-2.50 A indicative of a hcp structure. itinerant electrons. Thus the strain energy in the two-atom-
Transition metals with a fcc structure have a closed or,

. . thick hcp Cr(l_DO) layer is of second order. During the
nearly closed outermosishell, while those with a hcp struc- deposition of the third Cr laver. this strain enerav can be
ture have a few singly occupiedi orbitals® Both fcc and P yer, gy

hcp structures are the densest structure, in which each at gasily overcome by the energy transferred from the adsorp-

of .
has 12 NN atoms and the coupling between atoms are domm)n energy of the approaching gas-phase Cr atoms. Thus a

. X o M ree-atom-thick bee @211 layer can be easily formed.
nated by metallic bonding through itinerant electrons, which In summary, our Cr and C-edge XANES measure-

are not directional. In contrast, the transition metals with a

bcc structure have from 3 todelectrons in the outermosdt gnednt; fé))réhuelti?;)lzaarélaslh%%oar?\); Cl;:u(tchre(xtncsriﬁozﬁ 30'f 5the7 Cr
shell. Since the %l orbitals are directional, the contribution y P

of d orbitals to the coupling between two neighboring atomslayer from hcp structure to bee structure-af A. Our results

is also directional, which renders the bcc structure with aoffer an upper limit for the ability of the Co/Cr interface to

smaller coordination number of 6 becomes more favorabl tCa::bI!:;(:];.T_inh(;r;ost;téctlires2\1 t?ef trr;;]nercgcl)?%?r;e-lt—jh% hfﬁso'
than the fcc/hep structure. When the Cr layers are one an - Undc IS 1u ! y

. — XAFS measurements performed at the Cr andkCedge.
two atoms thick and have the hcp (QQ) structure of the Co
layer, the Cr atoms are coordinated, respectively, with 10 One of the author$W.F.P) would like to thank the Na-
and 8 or 6 Co atoms, which couple with the Cr atomstional Science Council of R.O.C. for financially supporting
through itinerant electrons and stabilize the hcp structurethis research under Contract No. NSC 89-2112-M-032-008.
For a three-atom-thick Cr layer, the Cr atoms are coordinate8RRC is also appreciated for the use of their wiggler beam-
with more Cr atoms than Co atoms; the additional directionaline to perform this study.
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