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Miscut-angle dependence of perpendicular magnetic anisotropy
in thin epitaxial CoPt 5 films grown on vicinal MgO
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The effect of vicinal substrates on the growth-induced perpendicular magnetic anisotropy of
epitaxial CoP4 films has been studied. A sm&#°, 4°, or 105 miscut angle of the vicinal substrate
causes the crystallographic axes of the sample to be tilted along the miscut direction. The magnitude
of the perpendicular anisotropy is unaffected by the presence of substrate steps produced by the
miscut angle, while an additional, in-plane anisotropy develops with a larger miscut angle. Effects
of the steps are seen in magnetic force microscopic images of domain wall pinning00®
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CoPgt grown by vapor deposition on a substrate held at  The samples were intentionally kept thin to ensure that
200-500 °C has large perpendicular magnetic anisotrdhy. the surface morphology would not change much, and thus
The bulk equilibrium phase of this material has eithdr,  effects from the surface steps remain important throughout
symmetry or a disordered face-centered-cubffcc) the deposition. The substrate temperature was held constant
structure’ so uniaxial anisotropy is unexpected; in fact, during deposition at 400 °C. Previous wbshowed that the
when the samples are annealed at high temperatures, buperpendicular anisotropy is strongly dependent on the sub-
phases form and the anisotropy disappéaiisus, the anisot- Strate temperature during growth, and has a peak at a depo-
ropy is created during growth. Experimental evidence sugsition temperature of 400 °C. Above 450 °C, bulk mobility
gests that clusters of Co form on the growth surface and artgkes over and destroys the effect, and below 200°C the
buried under subsequently arriving matefigi Attempts by ~ surface mobility is too low for the Co clusters to form on the
our group and by others to image these clusters directly witgurface.
transmission electron microscopy and diffuse x-ray scatter- COP% samples grow epitaxially with 6100) orientation
ing have faile whereas extended x-ray absorption fineOn (100)-oriented MgO substrates, which are cleaned before
structure(EXAFS) spectroscopy shows increased Co—Co co-deposition by heating in vacuum to 450 °C for 30 min. Pre-
ordination in the film plane compared with the normal@nnealing the MgO substrates to high temperatures
direction®? (>750 °O before the deposition had the unexpected result of

In previous studies only deposition on flat substrates?feating a(111) growth plirect_ion of the films. The reflection
terminated along thé€100), (111) or (110) planes have been high-energy electron diffractioRHEED) patterns observed
dealt with? In this letter we discuss the effect of depositing for this set of samples indicates a twinned epitaxial growth
on a vicinal substrate, miscut at a small angle toward th@nd not simplg111) texturing. Both the epitaxial100) and

(100 direction. This miscut introduces steps on the groWthtwinned(111)—oriented films were included in the study for

surface, and the small step size should affect the formation diomparison. The crystallographic orientation of the single-
Co platelets, at least in the early stages of growth crystal samples was characterized using a high-resolution

All samples were grown in an ultrahigh vacuutaHV) x-ray diffractometer. The rocking-curve width of tt200)

e-beam evaporation chamber, with a base pressure of %a_lmple peak in thé'100).-or|ented. samples is 1'1.0 ' ando the
% 10" Torr and a deposition pressure of<A0~° Torr. width of the (111) line in the twinned samples is 1.6°. A

The substrates used were M@0 miscut by 2°, 4°, and (31D line at the expected location i space(no rotational

10°, corresponding to an average step size of 29, 14 and ?z;nnlg}ggy confirms the heteroepitaxial nature of these

lattice spacings, respectively. In addition one honmiscut sub- A vibrating sample magnetometévSM) was used to

sj[ra.te was included as a control. CQIHH.‘S a fec strugture, measure the hysteresis loops of the samples at room tempera-
§|mllar to a MgO substrate, although with a 10% mlsmatch[ure. The saturation magnetizatioM§) is independent of

in lattice paramete(3.83 A for C,0P§ versus 4.21 A for. the miscut angle to within instrumental error. Small pieces of
MgO). During each run we deposited on a full representativegy, samples were annealed under UHV conditions at tem-
set of substrate; simultaneously, so the q_)mposition is thﬁerature??OO °C to drive them into the fcc chemically dis-
same for all miscut angles. The deposition rate for allyyereq state, where their magnetic properties are a known
samples was 0.5 A’s, to a final thickness of 300 A. function of the composition. Magnetic analysis of the
samples after annealing shows that the actual composition of
dElectronic mail: bbm@physics.ucsd.edu the samples is 22% Co in the 400 °C epitax00-oriented
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FIG. 1. Angle of crystallographic axésample and substratand magnetic FIG. 2. Ani‘sotropyAenergAy, defined as the integral of torque curves from the
easy axis(sampl¢ measured with respect to the normal to the surface.€asy @) axis to thex andy axes. The inset is a plot of torque vs the angle
Upper points are crystal tilts, lower points are magnetic easy axis tilts. Th@f applied field relative to the surface normal for the 10° misi0

inset is a diagram of the side view of a 10° miscut sample that indicates théample in they—z and X-Z planes. There is a small hysteresis between
relevant axes. clockwise and counterclockwise rotations, not visible on this scale. Mea-

surements were made at 2.1 T at room temperature.

samples, and 23% Co in the 400 °C twinned epitakidll)-  small decrease in the magnitudeskaf, with larger miscut
oriented samples. angles suggests that additional anisotropy with an easy axis
Figure 1 shows the relationship of the magnetic anchear % in the X—2 plane develops as the step density in-
structural axes to the surface normal. The crystal axis tiltgreases, consistent with the more complicakee torque
were measured by a high-resolution x-ray diffract{®fiRD) curves.
characterization of the samples to an accuracy greater than The magnetic easy axis of our samples was also deter-
*0.02°, showing that in all the100) films, thec axis of the  mined from the torque curves. The angle between the film
film is more tilted away from the surface normal than is theeasy axis(torque equals zejoand the film normal was de-
substratec axis, with the difference becoming larger with a termined to within+0.1°, also plotted in Fig. 1. The direc-
larger miscut angle. Thelll) axes of the twinned samples, tion of the vicinal tilt was defined to be positive for the plot.
while well aligned with the substrat&é00) axis, show a simi- In all cases, the easy axis is found in the Z plane. The
lar effect but instead are less tilted away from the surfaceasy axis of the 2° and 4° miscut samples is seen to be much
normal than the substratel00 axis, with the difference closer to the surface normal than to the crystalxis. The
again growing larger at larger miscut angles. This tilting issmall tilting of the easy axis in a direction away from the
explained by previous work on other systems, in which strainmiscut angle is consistent with the presence of two indepen-
relaxation of epitaxial films grown on vicinal substrates isdent anisotropy components, one aligned with the surface
shown to occur through additional tilting of the growing normal and a much smaller one aligned with the width of the
sample'®! The twinned(111) sample is expected to have steps.
small grains and thus has more nucleation centers for strain- Figure 3a) is a plot of the coercive fieldHs, deter-
relieving defects. mined from theM(H) data, as a function of the miscut
The magnitude of the perpendicular magnetic anisotropy
of our samples was determined at room temperature with ¢ 600 — T T T T
torque magnetometer. For this measurement, we défae 1 ® - .
the surface normal directiofy, as the direction in-plane par- 4000 ~ ./ —e— 400°C twin (111) .
allel to the vicinal step edges afidas the in-plane direction T —O—400°C epitaxial (100) T
perpendicular to the step edges. Scans were taken ifi the 0 O o)
—2 plane and thg—2 plane. The curves in th—2Z plane

20004 o

Coercivity (Oe)

show twofold symmetry, indicative of simple uniaxial anisot- & ° — & ® T L
ropy, while the curves in th&—2z plane are more compli- é 0.15 ./ .
cated, and reflect the broken symmetry of the system. Rep% 040 4 I ]
resentative examples @&f-2z andy—Z scans are included as < ] © o \o ]
insets in Fig. 2. The energy required to rotate the magneticg 005 +400:CTwi_n (1) .
moment from the? axis to thek andy axes, which we will = /] ._°_l4°°_ °°Fl’"‘a’"_a' (“20) . _
call K,, andK,,, respectively, is plotted in Fig. 2. The val- 0 2 4 6 8 10
ues are obtained by integrating the torque curves and thei miscut angle (deg)

subtracting the contribution of the shape magnetic anisotropFG 3. (@ Coercive field o with aoolied along sicul
H H H H H IG. 3. (a) Coercive field, measured with applied along the perpendicular
to give the intrinsic anisotropy. The almost constant values o easy axis direction. (b) Normalized coercivityH Mg/2K ., the ratio be-

Ky suggest that the anisotropy associated with platelet forgyeen the measured magnetic reversal energy and the expected coherent

mation during growth is unaffected by the step size. Theotation energy from the anisotropy.
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pends on the growth rafeWhen grown at 250 °C on the
miscut substrates, we find that higher-order terms dominate
the anisotropy, making it difficult to extract and interpret
values for the easy axis direction and the anisotropy, but
there is no systematic change in either quantity with the mis-
cut angle.

In conclusion, we have shown that the miscut angle and
the correspondingly small substrate step size have little effect
on growth-induced perpendicular magnetic anisotropy. An
additional, smaller, in-plane anisotropy develops with a
larger tilt angle, causing tilting of the global easy axis in a
FIG. 4. Atomic and magnetic force microscopy images of the 10° miscutdirec'[ion opposite to the crystal tilt direction. This defini-
(100 sample. Both panels cover the same region of the sample. Vicinatively shows that the anisotropy is not tied to the crystal
S;fepst aretﬁltieggeict! ailiz?% Lhesltli";unrgl?sf:?i;?btllg?ﬁ;AzﬂAtgl\lﬂo\ifrvne;figlh%haénfclij ItlheiStructure, in agreement with previous results which show
gc:Ice ganFM le')om white tE; black is 200 A, with an average s%rf.ace rough-“ttle difference in amS.OtrOpY among s_amples grO\.Nn with a
ness of 28 A. (100), (111) or (110 orientation. Domain wall pinning was

seen to occur parallel to vicinal step edges, although the
o _ _ _ miscut angle does not seem to significantly affect reversal
angle, while Fig. &) is a plot ofHcM /2K, a dimension-  energy. The faceting seen in the AFM images may produce

less quantity which scales the reversal energy by the anisofpcally flat growth surfaces, ones much larger than the aver-
ropy energy. The twinnedl11) samples have significantly age step size.

higher coercivity, consistent with smaller grains and a higher
density of pinning sites. The coercivities of the epitaxial ~ Thanks to the U.S. DOE for financial support of this
(100 and the twinned111) samples are virtually unaffected work (Grant No. DE-FG03-95ER45529Two of the authors
by the step density. (D.M.S. and E.T.Y. would like to acknowledge financial

We have studied th€100) films with magnetic force support by the National Science Foundatig@rant No.
microscopy (MFM) and atomic force microscopyAFM). DMR-0072912.
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