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Atomic-scale structural analyses of epitaxial Co/Re superlattices
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High-resolution transmission electron microscopy and scanning transmission electron microscopy
(STEM) have been used to investigate atomic-scale structural properties of Co/Re trilayers and

superlattices grown via magnetron sputtering. The sample growth was epitaxial withOt®

plane of Co and Re parallel to tH&@120) plane of ALO;, and the[001] direction of Re and Co
coinciding with that of the AIO;. Both low-angle and high-ang&-contrast STEM images show a

very uniform layer thickness. However, the interface roughness between the Re and Co layers
monotonically increases with interface distance from the substrate. These results strongly imply that,
in the epitaxial Re/Co superlattice system, interface roughness plays a more important role in the
giant magnetoresistance effect than thickness fluctuations of the spacer layer. Previous anisotropic
magnetoresistance measurements can be explained in terms of the observed atomic-scale
structure. ©2004 American Institute of PhysidOIl: 10.1063/1.1813626

Giant magnetoresistan¢d&MR) has been attributed to taking into account the directly measured atomic-scale struc-
spin-dependent scattering of conduction electrons, both iture of the superlattice.
the bulk and at the interfaces, in film materiafsFor ex- Re&(5 nm)/Co(30 nm/Re2 nm) trilayer and
ample, in polycrystalline Fe/Cr superlattices, both aRe&5 nm)/(Co(2 nm/Re&3 nm),q superlattice samples
reductiori and an increaseof the GMR effect with increas- were grown on(1120)Al,0; substrates via dc magnetron

ing interface roughness have been reported. For Co/Pd s4pyttering with a base pressure of 8.00°7 Torr. A
perlattices, the first system reported to have perpendiculag-nm-thick Re buffer layer was first grown on the substrate
magnetic anisotropythe Pd polarization is found to be very at 560 °C. The superlattice and trilayer were then grown at
sensitive to structural defect©ther studies show that GMR 165 °C to maximize crystallinity and minimize interdiffu-
depends on the thickness fluctuation of spacer layers be&ion across layers. A dedicated STEMG 501 operated at
tween magnetic film&” Therefore, an important question is 100 kV) and a HRTEM(JEOL 2010F operated at 200 kV
exactly how the GMR effect is related to the structural prop-were used forZ-contrast and crystal structure analysis, re-
erties of the superlattices. The ambiguities in the experimenspectively.
tal data may be due, at least in part, to the difficulty of = HRTEM analysis of the trilayer sample was performed
guantitatively measuring the locatomic-scalestructure of  with the electron beam directed along thelirection of the
superlattices, and especially of their local interface structureAl ;O3 substrate. Atomic-resolution images of the trilayer are
High-resolution transmission electron microscopyshown in Fig. 1. The substrate—buffer and buffer—Co inter-
(HRTEM) and scanning transmission electron microscopyfaces are shown in Fig.(4). Figure 1b) and Xc) reveal a
(STEM) permit atomic ana|ysis of material structures. nearly perfect alignment of the growth orientation of the Co
Z-contrast STEM is particularly useful for characterization ofand Re layers. Moreover, Re and Co layers exhibit high-
structures composed of different elements. In this letterquality epitaxial growth with thei1010) planes parallel to

HRTEM and Z-contrast STEM were combined to analyze the (1120) planes of the AIO;; and the[001] direction of Re
Co/Re superlattlces that exhibit both GMR and anistropicy,q co coincides with that of the AD,. Atomic-resolution
magnetoresistand@MR). GMR and AMR can compete or  jmages of the top Co—Re and Re—vacuum interfaces of the
rel_nforce each othe_r, depending upon the dlrect_|ons otthe trilayer sample were also obtaingdot shown. The well-
axis of the superlattice and }gle applied current with respect tgefined hexagonal structure confirmed the epitaxial growth
the external magnetic fiefii*° These properties can be used of the top Re layer on the Co layer, even though the top Re
to determine whether spin-dependent scattering occurs prefayer thickness was only-2.14 nm thick. We noted that
erentially at the interface or in the'bulk of the Iay@'FQ.We some Re atoms were missing or overgrown along the edge of
show that these transport properties are best understood fiye top surface and formed a zigzag structure. We believe
this is the intrinsic structure of the superlattice because a
®Author to whom correspondence should be addressed; electronic maiV/€ry thin layer of bonding m_ate”al U§ed n the cross-
wxu2@uky.edu sectional TEM sample preparation remained in place to pro-
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FIG. 1. HRTEM images of(a) bottom ALO;—Re and Re—Co interfaces,
(b) Re atomic structure, an@) Co atomic structure, of the trilayer sample.

Light and dark shading ia) reflect image contrast generated by thickness

variations near the sample surface.
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TABLE |. Parameters from HRTEM and STEM analydisand o represent

the layer thickness and rms interface roughnes$, i Fpur.co 9co-re and
ORre.air denote the interface roughness betweepOAlsubstrate and Re
buffer, Re buffer and bottom Co, bottom Co and Re, and top Re and air,
respectively. Units are nanometers.

tre teo tput Osub-buf  Obuf-Co  OCo-Re  ORe-air

Trilayer 2.14 29.50 5.06 0.12 0.21 0.93 1.30
Superlattice  2.95 2.07 5.08 0.10 0.17 0.21 0.72

boundary were chosen representatively rather than randomly;
and the low atomic interdiffusion permitted us to estimate
their distribution probabilities as weighting factors in the cal-
culation of the rms roughness. The roughness values are con-
sistent with, but a little bit smaller than, the previous x-ray
reflectivity (XRR) measurements of other Co/Re
superlattice&® If the weak interdiffusion is included, the
interface roughness values are in good agreement with that
measured by XRE since XRR cannot distinguish between
step disorder and interdiffusion.

HRTEM images of the superlattice were observed with

the electron beam oriented along tHel0] direction of the
Al,O3 substrate, as shown in Fig. 3. The two-dimensional

tect the surface. There were no obvious defects observed lﬂttice structures in Fig.(@) exhibit a high-quality epitaxial

the thick Co layer.
Figure 2 shows &-contrast STEM image of the trilayer

growth of the buffer layer over the /D5 substrate. More

sample, and the inset is an overall view of the sample cross
section. The layer thickness and interface roughness param-
eters obtained from the above analyses mentioned are shown
in Table I. Note that the Re edge is quite continuous and has
very few voids, and clear Re steps can be seen at the Re/Co
interface in Fig. 2. The clear and sharp edge indicates that
the RéCo) atoms tend to bind together and form a compact
boundary in order to reduce their binding/surface energy.
Therefore, the surface/interface roughness in the Co/Re su-
perlattice is dominated by edge steps, implying interdiffusion
between Co and Re is very weé&ko more than one mono-
layer on average

In order to measure the interface roughness, we defined a
line that best defined an average boundary between the lay-
ers, and measured the distances between the line and the
local boundary between Re and Co atoms, then calculated
the rms roughness for a large number of locations along the
interface. For simplicity, the measured points on a local

FIG. 2. High-angle annular dark-fiel@-contrasf STEM image of the bot-

FIG. 3. HRTEM images of(a) bottom part of the superlatticeh) atomic

tom Al,O;—Re and Re—Co interfaces. The inset is a low-magnification viewstructure of Re and Co layers, aiid) atomic structure of AlO; for the
of the trilayer sample cross section that shows the two thinner Re layersuperlattice sample. Light and dark patcheganand(b) are due to thick-

bounding the thicker Co layer.

ness variations near the sample surface.

Downloaded 07 Dec 2004 to 128.219.12.140. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



4084 Appl. Phys. Lett., Vol. 85, No. 18, 1 November 2004 Xu et al.

interaction'>*3 Therefore, the GMR and AMR resistivities
can be independently added to form the total MR in Co/Re
superlattice. The epitaxial growth of the Co and Re layers

with their (1010) planes parallel to thé€l120) of the AlL,O4
substrate and with the-axis in-plane, makes the superlattice
anisotropic, with the magnetic easy axis along thdirec-

tion. Because of this, the GMR is different in thic and

| 1 c configurations, where is the applied currertBecause

the AMR is much larger whehiic than whenl L ¢, and is
dominated by bulk scattering, spin-dependent interface scat-
tering is expected to play a more significant role in MR when

| 1 c than whenl|ic. This is exactly what was found in pre-
vious experimenl’%9 Since the crystalline defects were
mainly observed at interface locations rather than within the
Co layers, the spin-dependent scattering of conduction elec-
trons mainly occurs at the interface regions. Considering that
GMR depends on the amount of spin-dependent scatterings
of conduction electrons inside each ferromagnetic layer or at
FIG. 4. (@ High-angle annular dark fieldZ-contrasf and (b) low-angle the interfaces, we infer that in Co/Re superlattices the GMR
ot o v om0 e ey " Spin-Gependent scattering occurs mainly at the intefaces
respectively. i.e., interface roughness plays a dominant role in the ob-
served GMRThis is in agreement with what was indirectly

details of the crystal structure are clearly shown in Figb) 3 inferred from the_ temperature dependence of the GMR of the
Co/Re superlattlcegs.

and 3c). A Re buffer layer of~5.10 nm thickness permits In conclusion, we have directly imaged the atomic-scale

the Co/Re superlattice to grow expitaxially over 1420)  strycture of Co/Re trilayers and superlattices using HRTEM
plane of the substrate. TH2110) plane of both Re and Co andZ-contrast STEM. Co and Re grow epitaxially with the

are parallel to thé1100 plane of the AJO;, which means (1010) plane parallel to thé1120) plane of ALOs, and the
that Re and Co grow with the{.010) planes parallel to the [001] direction of Re and Co coincides with that of the

- L Al,Os3. Layer thickness fluctuations are relatively small com-
(1120) plar)es_ of A£Q3’ and that thq001] .d"ec.“or? of Re pared to interface roughness, implying that interface rough-
and Co coincides with that of the fD5. This epitaxial rela-

. R . . ness plays a dominant role in the observed GMR of the ep-
tionship is identical to that observed for the trilayer sample; il Re/Co superlattice system. Existing anisotropic MR

Detailed analyses indicate that the two-dimensional latticgy,: 8.9 are fylly consistent with these directly observed struc-
spacings for Co, Re, and AD; are approximately 0.24 and ;4| properties.

0.43 nm, 0.26 and 0.44 nm, and 0.24 and 0.44 nm, respec-
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