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Formation of a Co nanostructure revealed by *°Co nuclear magnetic resonance measurements
in Co/Au multilayers
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The effect of annealing on the microstructure of sputter-grown Co/Au multilayers (With) texture is
studied by means of x-ray diffractiofkRD) and spin-echc®Co nuclear magnetic resonan@@MR) spec-
troscopy. Both XRD and NMR spectra exhibit drastic changes after annealing at 350 °C, revealing a transfor-
mation from Co layering in the as-made multilayers to the known close-packed phases of Co. The thermal
stability of the as-made Co layering up to 350 °C is assigned to a kinetically grown Co nanostructure.
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Rapidly quenched Ga ,Au, films' form a typical phase [Co(1 nm)/Au(2.5 nm);, ML's, which exhibit the
separation system, which can be a reference for the study @haximuni GMR effect, with conventional and high-
amorphous-crystalline transformations after annealing. ACreso|ution transmission electron microscomyEM) has
cording to the so-called Ostwald ruleheat treatment of showr? that the Co layer structure adopts mainly an ex-
quenched Cp.,Au, films produces transformations from the panded fec lattice. These measurements show that the Co
less stable state, with increased Au-Co atomic solubility ingiice is expanded by 4.4% relative to the known close-

amorphous or single-phase metastable matrices, to a tW%)'acked Co. Als05%Co NMR spectra of the as-made ML's

p_hase equilibrium fcc state 'Fhrough_ a succession of Interm ave revealétla unique profile that could not be assigned to
diate metastable phases of increasing stability. Thus, heatin .

. R o y of the known bulk crystalline or glassy Co structures. In
of amorphous Co-30Au filntsabove 150 °C resulted in irre- his study our intent is to investigate the effect of post
versible change from the amorphous structure to a smglé udy . 9 P

annealing on the microstructure of the as-made

metastable fcc crystalline structure, which subsequently d : . eg
composed into equilibrium Au and Co fec structures above CO(1 NM)/Au(2.5 nm)g ML's, using **Co NMR mea-
surements as the microscopic technique.

300°C. Practically it is important that annealing of Co-Au !
thin films or monolayer¢ML’s) required™3 only 10—60 min Six separate ML's of Co(1 nm)/Au(2.5 nm)s, were
to complete structural transformations between 200 angrown on Si(100)/Sil(70 nm) substrates that were ther-
300°C, whereas in bulk Go,Au, alloys the microstruc- mally isolated from the water-cooled supporting table during
tural changes continue as a function of aging fithep to a  deposition. Metallic disks of 99.995% pure elements, with
few days. diameter 5 cm, were used as target materials in a high-

Currently, this phase separation process is applied to thgacuum Edwards E360A sputtering system with a pair of
cosputterel Co,_,Au, thin films or rapidly quenched ATOM-TECH 320-SE planar magnetron sputter sources. All
ribbond to engineer their magnetotransport properties aftesamples were deposited in a cryogenically pumped chamber
annealing. Heat treatment of Co/Au ML's at 300°C with base pressure of>210™ 7 Torr under an Ar (99.999%
revealed a controllable way, with profound technological pure pressure of 3 mTorr. An rf magnetron gun operating at
impact on magnetic-storage applications, to change the mag@0 W with a deposition rate of 0.07 nm/sec for Co and dc
netic anisotropy of Co by sharpening the Co/Au interfacessputtering &5 W resulting in 0.12 nm/sec of Au were used.
To the best of our knowledge, the observed structural trandt is worth noting that the amorphous Sibuffer layer pro-
formations in the Co-Au phase diagram of ,CAu, thin  vides an atomically smooth surface where {h&1) texture
films, 12 multilayers® and rapidly quenched ribbchshave  adoptedFig. 1(b)] by the Co/Au ML'’s is not induced by the
been identified by standard x-ray scattering and electron misubstraté.Five samples were post-annealed separately inside
croscopy techniques, but not with spin-ecAo nuclear the deposition chamber at 200, 300, 350, 400, and 600 °C for
magnetic resonand@&MR) measurements. 1h.

Recently, low-field giant-magnetoresistang@MR) was X-ray diffraction (XRD) spectra were collected with a
achieved in sputter-grofif Co/Au ML’s after modification ~ SiemenD500 diffractometer ind-26 scans, using ClK «
of the Co layering® Investigation of the as-made radiation at ambient temperature. Figufe)lshows the low-
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FIG. 2. The spin-ech@®Co NMR spectra, recorded from the
FIG. 1. The temperature evolution of the satellite peaks aroundS-made sample and from samples annealed at 200, 300, and 350 °C

the zeroth-order peak from the average lattice is shown at the bo@re shown. The 350 °C spectrum is decomposed into &ll@amd a

tom plot. The low-angle XRD spectra are shown on top. high-T (open trianglessubspectrum.

angle superlattice Bragg peaks and Figb)1lshows the discriminate between fcc, bee, and hep phases, or stacking
grouping of the satellite peaks around the zeroth-of@i#l)  faults in the pure phase, through the magnitud®gf, and
peak, from the averageveral) out-of-plane lattice spacing. between fcc, hep, and trigonal or tetragonal deformed fcc
The low-angle XRD spectra reveal that the multilayeredthrough its anisotropy®** Furthermore, since th®; is
structure persists up to 400°C. It is worth mentioning thatmainly the result of a delicate balance between the spatial
the XRD spectraFig. 1) remain the same for longer post- distribution of the spin-up and spin-down electrons, it is also
annealing timequp to 24 h at 200 and 300°C. The ob- sensitive to distortions of this spatial distributidéhgstrain
served strong intensity of the superlattice peaks after anneaffects. To obtain the spin-echo intensity that represents the
ing at 200, 300, and 350°C can be attribditéal interface  correct hyperfine field distribution and to probe the local
sharpening. The medium-angle spectra show that at 350 °@agnetic inhomogeneites in a sample, we routinely record
an extra phase of pure Au coexists with the ML’s whereas athe spectra at several values of rf excitations by spanning the
400°C the layered Co/Au structure is significantly sup-range of at least one order of magnitude of the excitation
pressed, exhibiting an almost complete decomposition intéield. This method allows, first, the estimation of an intrinsic
Au and Co crystallites. Although th€00) Bragg peak of enhancement factor that is specific for a given frequency and
Au (dy0=0.2038 nm) cannot be resolved from tfll)  for which each spectrum must be corrected in order to rep-
peak of fcc Co @,,,=0.2047 nm) or thg0002 peak of resent the real hyperfine field distribution, and second, it al-
hcp Co (@goo=0.2023 nm), the observed peak intensitylows one to separate different magnetic ph&ses the
above 350°C(centered at 2=44.404° or d spacing sample is multiphase.
=0.2038 nm indicates that the diffracted intensity from Co  °°Co NMR spectra from the as-made sample and from
crystallites exhibits a vast peak broadening. Since at 400 °Gamples annealed at 200, 300, and 350 °C are shown in Fig.
(Fig. 1) there still exists one low-angle superlattice Bragg2. As seen in Fig. 2, annealing up to 300 °C induces only
peak, it can be argued that the Co layers become discontinyery small changes in the spectral line shapes with respect to
ous by forming pancakelike clusters, a&i€o/Ag ML’s. the spectrum of the as-made sample. These changes consist
Spin-echo>®Co NMR spectra have been recorded at 4.2 Kin the narrowing of the NMR intensity distribution and the
every 1 MHz in the frequency range between 100 and 25@hift of the gravity center of the spectrum, from 167 MHz in
MHz, using a coherent, phase-sensitive spin-echo spectronthe as-made film to 179 MHz for the sample annealed at
eter. In magnetic solids the influence of the local structure300°C. However, the general profile of these spectra is
and symmetry omB,;, the effective hyperfine field sensed by maintained and, as reported earfidt,is characterized by a
the nuclear spin, arises from two effects: the sensitivity oforoad intensity distribution in a frequency range that is well
the transferred hyperfine interaction to the local environmenbelow the characteristic frequency range of the known crys-
and the dependence of the orbital and atomic dipolar part afallographic phasé%*! of Co.
Bnhs on the local symmetry. These features enable one to A dramatic change in the NMR spectrum is observed
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FIG. 4. The NMR spectra of the high-stucture are shown for
the three annealing temperatures of 350, 400, and 600 °C. The ob-

andllhighT NMRtSUbSKte gtsrg,o gr?hplcl)t%id %Shf.i Lu; ction of thet aserved spin-echo intensity can be fitted with three components, cor-
nealing temperature. € lolvand figh+ components responding to the Co/Au interfadelot line), fcc (solid ling), and

coexist, defining a stiff and a soft magnetic phase, respectively. Thﬁcp (dashed ling Co structures
lines are guides to the eye. '

FIG. 3. The average restoring fields, estimated from the Tow-

domain sample, the coercive field resulting from domain

(Fig. 2) after annealing at 350°C. Both the spectral linewall effects, the exchange biasing or dipolar fields at inter-
shape and its rf power dependence indicate that théaces, and any combination of these fields. Figure 3 shows
multilayer becomes magnetically inhomogeneous. In thehat theH . increases considerably at the initial stages of
NMR experiment such inhomogeneities are detected by thannealing whereas the low-angle XRD specF. 1) show
presence of multiple maxima in the signal intensity as aan increase of Co/Au interface sharpness, which is accompa-
function of the rf field strength. Thus, samples annealed ahied by the appearantef surface anisotropy due to symme-
200 and 300°C exhibit only one maximum of the signaltry breaking. Thus, the observed increase of the averqge
intensity at each frequency, whereas the sample that is ashould be interpreted as an enhancement of the interface an-
nealed at 350°C exhibits two such maxima in the NMRisotropy due to the improvement of the Co/Au interface
signal intensity, each observed at a different power of the réharpness. Consequently, the steep decreabk.Qf which
excitation pulses. This behavior indicates that there are tweemains constant with annealing temperature at 350°C and
ferromagnetic components in the sample, differing considerabove(open circles in Fig. B can be explained by the bridg-
ably in their magnetic stiffness. To separate the NMR subing of Au layers through Co.
spectra, originating from each component, we have applied a Figure 4 shows the subspectrum of the higktructure at
method that is described in Ref. 13. The deconvolution 0350 °C together with NMR spectra from samples annealed at
this spectrum is shown in Fig. 2. Remarkably, the spectrun200 and 600 °C, where the subsprectrum of the Tostruc-
of the magnetically stiffer component is almost identicalture disappears. The observéiéig. 4) spin-echo intensity
with the spectra observed from the samples annealed up tan be fitted with three components, centered at the charac-
300°C. Thus, Co atoms contributing to the intensity of thisteristic B,; of Co/Au interface coordination, of fcc and hcp
spectrum must be located in these parts of the Co layer tha@o structured! The integrated intensities of the fitting lines
retain the nanostructure of the as-made multilayer, which wghow that the fraction of hcp-Co stacking increases from
call low-T structure. 38% in the sample annealed at 350 °C to 69% in the sample

Further insight into magnetic inhomogeneity and mag-annealed at 600 °C. This implies that the shiftByf upon
netic stiffness of the studied system can be obtained by inannealing proceeds by a transition to a structure where hex-
troducing the concept of the restoring fildH ), which  agonal Co stacking dominates. A plot of the gravity center of
describes the response of local Co magnetization to externaach NMR spectrum against the annealing temperaficge
rf field excitations. Thus each value Hf.gis determined by  5) shows clearly the separation of the IGwstructure from
the rf field strength that corresponds to a maximum NMRthe thermodynamically stable, close-packed structures of Co
signal and is proportiondl to magnetic stiffness of the at 350°C.
ML'’s. Now, depending on the source of magnetic stiffness In conclusion, the complementary use of two nondestruc-
the H .5 can be related to the anisotropy field of a single-tive, one macroscopi€XRD) and one microscopitNMR),
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2201 T T T T T T the formation of a distorted structure. Post-annealing above
L o——"9 | 350 °C transforms the low- Co structure and modifies the
/ Co layering into a highF configuration that is characterized
2101 3 - by (i) a microstructure that forms a layered granular film due
L ] to penetration of Au across the thinner Co layers &ind
Close-packed NMR spectra., indicating that inside the pancakelike clusters
200 structure of Co the lattice adopts the known fcc and hcp structures.
| Low-T structure (magnetically A characteristic of the loWF Co structure is that the an-
100 ﬁ";;gzsr;c;;'zem) soft component) nealing temperature of-350°C, above which our Co/Au

ML'’s (Fig. 4) exhibit the usual NMR spectrum of bulk Co, is
L i comparable with the temperatures where the transformation
of bulk hcp Co to fcc stacking occurs~(420°C) and the
1801 § | amorphous Cp_,Au, thin films decomposeinto equilib-
rium Co and Au structures>300°C). Thus, besides the
fact that the featureless NMR spectrum of the [dwrano-
structure cannot be assigned to a specific Co
coordinatior?1%!its thermal stability up to 300°C and the
TEM measurementsndicate that an unusual Co nanostruc-
ture can be formed when Co layers grow on top of amor-
phous buffer layers while the substrate temperature is close
FIG. 5. The gravity center of each NMR spectrum is plotted to room temperature during deposition. Since the only unam-
against the annealing temperature. At 350 °C the Toand highT  biguous evidence for the existence of a metastable Co struc-
components coexist, defining two separate gravity centers. ture can be given by the crystallographic determination of
techniques has revealed that polycrystallinethpf specific Co coordination, the ir_’nportance of thgse results
relies on the fact that makes possible the separation of mag-

[Co(1 .nm)/Au.(2.5 nm)30MLSW't.h (111 texture exhibit ._netic inhomogeneites and secondary magnetic phases from
two regimes with respect to the microstructural characteris-

tics of Co. In the lowT structure, the kinetically grown Co complex NMR spectra. To reveal the thermal evolution of

o . ) ) the low-T Co structure a detailed TEM study is in progress.
layering is characterized b) continuous layers after post-
annealing up to 300 °C an@) NMR spectra that cannot be This work has been supported by NATO linkage grant
assigned to any of the identified structures of Co, indicatingdTECH.LG 970571-63®7)JARC-412.
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