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Abstract

Polycrystalline and epitaxial (1 0 0), (1 1 0), and (1 1 1)-oriented Ni
3
Pt, NiPt, and NiPt

3
"lms were deposited over

a range of growth temperatures from 803C to 7003C. Films grown at moderate temperatures (200}4003C) exhibit
growth-induced properties similar to Co}Pt alloys: enhanced and broadened Curie temperature, perpendicular magnetic
anisotropy and large coercivity. As in Co}Pt, the magnetic properties suggest a clustering of Ni into platelets on the
growth surface, as the "lms are being grown. Unlike Co}Pt, however, NiPt "lms exhibit a strong orientational
dependence of anisotropy and enhanced Curie temperature, possibly resulting from di!erent types of surface reconstruc-
tions which a!ect the growth surface. ( 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Perpendicular magnetic anisotropy (PMA) is
found in a number of transition metal alloys pre-
pared by vapor deposition [1}15]. Although cer-
tain compositions of these alloys have oriented
tetragonal or hexagonal phases where uniaxial an-
isotropy might be expected, [1,13,14] PMA has
also been found over a wide compositional range in
materials that should have cubic symmetry [2}12].
In particular, large PMA found in Co}Pt alloys
which are FCC by both X-ray and TEM measure-
ments has been attributed to a growth-induced
e!ect, similar to amorphous Tb}Fe alloys

[4,7,8,12,15,16]. PMA exists in Pt-rich Co
x
Pt

1~x
"lms prepared by both e-beam evaporation and
sputtering, independent of crystallographic ori-
entation and strain [9,12]. The magnitude of this
anisotropy can be a signi"cant fraction (&10%) of
the anisotropy found in the best Co/Pt and Co/
Pd multilayers. Various observations, including
magnetic evidence of inhomogeneity, enhanced
magnetic moment and magnetic onset temperature,
EXAFS and angle-dependent magnetic circular
dichroism experiments, suggest that the source
of the anisotropy is a clustering of the Co within
a Pt-rich matrix, in particular, in the form of
Co platelets within an FCC Pt-rich matrix
[8,11,12,17}19]. The cause of this clustering is not
well understood, but appears to be an equilibrium
surface e!ect, possibly related to surface segrega-
tion, which is then kinetically trapped into the
growing "lm [7,8,12].
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The Ni}Pt alloy system is in many ways analog-
ous to Co}Pt, but with signi"cantly reduced Curie
temperatures and hence magnetic interaction en-
ergy, thus providing a test of whether magnetic
energy is relevant to the growth-induced clustering
seen in Co}Pt. Ni/Pt multilayers have been re-
ported to have PMA under some growth condi-
tions [20}23]. At high temperature, in equilibrium,
Ni

x
Pt

1~x
alloys have a face centered cubic

(FCC) structure for all Ni concentrations and are
continuously soluble (A1 phase) [24,25]. At
lower temperatures, long-range chemical order de-
velops. Below 6503C near the NiPt composition,
Ni

x
Pt

1~x
exhibits Cu}Au type (L1

0
) long-

range order (LRO). Below 5503C near the Ni
3
Pt

composition and below 5103C near the NiPt
3

com-
position, Ni

x
Pt

1~x
exhibits Cu

3
Au type (L1

2
)

LRO. The L1
0

phase has a tetragonal distortion,
but the L1

2
phase has cubic symmetry. Chemically

disordered FCC Ni
3
Pt has a Curie temperature of

1153C while the L1
2

phase has a Curie temperature
of 203C [24]. NiPt is known to magnetically
order at 115K in the chemically disordered FCC
phase, but is paramagnetic in the completely or-
dered phase (the L1

0
phase). NiPt

3
is not magneti-

cally ordered in any known bulk equilibrium phase
[24].

Like Co}Pt, Ni}Pt alloys have been studied ex-
tensively for use in catalysis, and the structure of
the alloy surfaces has been investigated in detail
[26}31]. In equilibrium, Ni

x
Pt

1~x
alloys are

known to exhibit surface segregation [26}28]. For
the (1 0 0) and (1 1 1) orientations, the top layer of
NiPt is enhanced to between 75% and 90% Pt,
while the second layer is depleted of Pt. Exponenti-
ally damped compositional oscillations extend
four-to-six layers deep. The (1 1 0) orientation has
the reverse segregation, with the top layer being
Ni-rich and the second layer being Pt-rich [28].
The (1 1 1) orientation of NiPt has been measured
by LEIS to be #at to within 0.05% [29], while the
(1 0 0) orientation undergoes a shifted row recon-
struction (as measured by STM) with every "fth
row shifted up out of the plane [30], in contrast to
(1 0 0) Co

x
Pt

1~x
which undergoes a quasi-hexag-

onal surface net reconstruction [32]. High energy
ion spectroscopy (HEIS) and LEED studies of
ultra-thin Pt layers on Ni have shown that alloy

formation begins at 3503C, suggesting that bulk
atomic di!usion is negligible below that temper-
ature [31].

In this paper, we report results of (1 0 0), (1 1 0),
(1 1 1), and polycrystalline epitaxial Ni

3
Pt, NiPt

and NiPt
3
"lms deposited at di!erent substrate

temperatures. We have performed vacuum anneal-
ing studies to verify the equilibrium state and to
determine the contribution of growth-surface ef-
fects to the as-deposited magnetic properties of our
samples. Structural characterization was done on
a high-resolution X-ray di!ractometer to study
crystal quality and strain. M(¹) and M(H) at vari-
ous temperatures were measured in a SQUID,
torque, or vibrating sample magnetometer to char-
acterize the magnetic onset temperature, magneti-
zation and anisotropy.

We "nd magnetic properties indicative of Ni
clustering for all three "lm compositions deposited
between 2003C and 4003C, a temperature range
where the surface atomic mobility should be high
and bulk atomic mobility low, similar to what was
found in Co}Pt alloys. These properties include
a broadened magnetic transition M(¹) with a sig-
ni"cantly enhanced magnetization onset and in
some cases M(H) loops with large coercivity. For
example, NiPt

3
"lms have an onset of magneti-

zation of 80K, despite being nonmagnetic in all
known bulk phases, indicative of signi"cant Ni
clustering.

We "nd PMA in some as-deposited Ni}Pt alloy
"lms. The largest PMA is found in (1 1 1) NiPt and
Ni

3
Pt "lms grown near 4003C, which also have

the largest Ni clustering. We suggest that PMA
originates in these "lms at the Ni/Pt interfaces of
thin, #at Ni platelets in a Pt matrix, similar to the
anisotropy found in deliberately prepared Ni/Pt
multilayers. We "nd that in both NiPt and Ni

3
Pt,

unlike CoPt
3
, (1 0 0)-oriented samples exhibit sig-

ni"cantly less PMA and less enhancement of the
magnetic onset temperature than (1 1 1)-oriented
samples. We attribute this di!erence to reduced Ni
clustering possibly due to the di!erence in surface
reconstruction between the two orientations alter-
ing the growth process. PMA vanishes with anneal-
ing at 4503C, indicative of a growth-induced e!ect,
as in CoPt

3
"lms. NiPt

3
shows no sign of anisot-

ropy.
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2. Sample preparation and structural
characterization

Epitaxial (1 0 0), (1 1 0), (1 1 1), and polycrystalline
Ni

x
Pt

1~x
"lms were grown on (1 0 0) MgO, (1 1 0)

MgO, (0 0 0 1) Al
2
O

3
, and amorphous-SiN-coated

Si substrates, respectively. Samples were grown at
deposition temperatures from 803C to 7003C. Com-
positions x&0.25, 0.50 and 0.75 were measured by
electron microprobe (x$0.05 is the variation in
composition of samples; x$0.02 is the microprobe
uncertainty). The "lms were co-deposited from in-
dividual Ni and Pt electron beam evapora-
tion sources. The total deposition rate was 0.5As /s
and the pressure during deposition was
3.0]10~10Torr. Film thickness varied between
2000 and 3700As and was determined with a force-
sensitive pro"lometer.

Re#ection high energy electron di!raction
(RHEED) patterns were monitored during the
growth of all "lms. NiPt and NiPt

3
samples

showed vertical di!raction lines, with no sign of
rings or di!use scattering, indicative of epitaxial
growth in both the (1 0 0) and (1 1 1) orientations.
Ni

3
Pt samples deposited directly onto Al

2
O

3
and

MgO were observed to produce circular ring dif-
fraction patterns indicative of polycrystalline
growth at all deposition temperatures. This is likely
to be the result of the large lattice mismatch be-
tween the substrates and the sample at this com-
position. To achieve epitaxy for Ni

3
Pt, we used

a thin (&30As ) Pt underlayer grown immediately
before depositing the "lm.

High-resolution X-ray di!raction was used to
characterize the "lms, particularly NiPt "lms which
show PMA [33]. As-deposited NiPt "lms grown at
4003C show strong FCC peaks. As in CoPt

3
, the

inhomogeneity described below does not manifest
itself in any unusual shape of the FCC peaks, which
indicate a coherent structure with a single lattice
constant. The (1 0 0) "lms show a weak (1 0 0) super-
lattice peak, which vanishes on annealing at 7003C
(above the LRO temperature). The fwhm of the
(1 1 1) peak in (1 1 1)-oriented "lms is 0.33C, corre-
sponding to a structural coherence length of 200As
(limited by defects or low angle grain boundaries,
similar to that found in CoPt

3
; see Ref. [12]). In

samples grown or annealed at 7003C, the fwhm is

0.13, indicating a structural coherence length of
600As . Lattice constants have been measured in the
[3 3 1] and [3 1 1] directions of (1 1 1)-oriented NiPt
samples deposited at 4003C and at 7003C, and
deposited at 4003C and annealed at 7003C. An
equivalent &in-plane' lattice constant can be
calculated from these o!-axis peaks and a strain/
tetragonal distortion computed between the per-
pendicular and in-plane lattice parameters. We "nd
a tensile in-plane strain of 1.1$0.2% in the sample
grown at 4003C, which drops to 0.6$0.1% after
annealing at 7003C, and 0.2$0.1% for the 7003C
as-deposited sample. These strains are large com-
pared to those seen in epitaxial CoPt

3
"lms

((0.03%) [5,12].

3. Magnetic characterization

We have studied the magnetic transition, M(¹),
in Ni

3
Pt, NiPt, and NiPt

3
as a function of substra-

te temperature during growth ¹
4
. Measurements at

room temperature and above were done with a vi-
brating sample magnetometer (VSM). A calibrated
Pt}Pt 13% Rh thermocouple was mounted directly
on the quartz VSM sample rod and the rod was
immersed in a temperature controlled #owing
Ar gas. Measurements below room temperature
were made in a SQUID magnetometer with tem-
perature control achieved via #owing He gas. Each
sample was "rst technically saturated in high "eld
along the easy axis or easy plane of magnetization,
then the applied "eld was reduced to 1000 Oe and
the magnetization measured upon heating.

Fig. 1 shows the normalized M(¹) curves for
several polycrystalline Ni

3
Pt samples (¹

4
"2003C,

4003C, and 6503C). Ni
3
Pt "lms deposited at growth

temperatures above its L1
2

order}disorder tran-
sition temperature (5803C) have a sharp magneti-
zation transition and a magnetic onset temperature
of 1153C, as expected for FCC Ni

3
Pt. Ni

3
Pt "lms

grown between 2003C and 4003C have a broad
magnetic transition and an increased onset temper-
ature (by 30}853C), indicative of Ni clustering, very
similar to results previously seen for CoPt

3
[12].

Films grown at 803C show a narrower magnetic
transition with an onset slightly above the FCC
Curie temperature of Ni

3
Pt. Fig. 2 is a plot of the
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Fig. 1. Normalized M(¹)/M(303C) vs. ¹ for polycrystalline
Ni

3
Pt (&75 at% Ni) samples deposited at 2003C, 4003C, and

6503C. M for each "lm was measured on heating in 1000Oe with
H applied along the easy axis, after magnetically saturating at
room temperature in 10 000Oe.

Fig. 2. Magnetic onset temperature ¹
0/4%5

enhancement of as-
deposited polycrystalline Ni

3
Pt "lms vs. substrate temperature

during growth; ¹
0/4%5

is the temperature at which the magneti-
zation drops to 5% of its value at 303C. ¹

0/4%5
enhancement is

¹
0/4%5

minus the FCC Curie temperature of each sample at the
measured composition (determined by electron microprobe).
The line shown is a guide to the eye.

enhancement of the magnetic onset temperature
above the corresponding FCC Curie temperature
for each sample. Variations in composition of "lms
grown at di!erent temperatures were accounted for
by subtracting the Curie temperature for the FCC
structure at the composition (as determined by
electron microprobe) of each sample.

Figs. 3a}c show M(H) measured at room temper-
ature for epitaxial (1 1 1), (1 0 0), and (1 1 0) Ni

3
Pt

grown at 3853C (compositions &73 at% Ni). From
room temperature torque measurements on the
(1 1 1) sample, the intrinsic perpendicular anisot-
ropy K

6*
"K

6
#2pM2

4
"1.3]106 erg/cm3, con-

sistent with the M(H) data. At 10K, from M(H),
K

6*
"3.5]106 erg/cm3 and M

4
"370 emu/cm3.

For the (1 0 0) and (1 1 0) samples, M(H) for H per-
pendicular and parallel saturate at similar "elds.
This indicates that there is a small perpendicular
anisotropy; in H perpendicular M does not im-
mediately saturate due to demagnetizing e!ects, i.e.
formation of perpendicular domains in a relatively
low coercivity material. Torque curves for the
(1 0 0) sample show low overall anisotropy and
indicate an inhomogeneous sample, with part of the
sample having in-plane anisotropy and low
coercivity and part having perpendicular aniso-
tropy and higher coercivity. Polycrystalline
samples show perpendicular anisotropy, but less
strongly than might be expected given that they are
textured (1 1 1).

We have vacuum annealed Ni
3
Pt "lms grown at

various deposition temperatures for times from
4}100h at 4503C, well below the order}disorder
transition temperature and just slightly above the
onset of signi"cant bulk mobility, which is expected
around 350}4003C&¹

.
/3, where ¹

.
is the

melting temperature [12]. Samples have also been
annealed at 7003C, above the order}disorder
transition. Samples grown at or below 4003C show
a sharpened magnetic transition and a lower mag-
netic onset temperature after the anneal. Perpen-
dicular anisotropy is reduced or eliminated
(depending on annealing time and starting condi-
tion). Figs. 3d and e show M(H) curves obtained at
room temperature on the (1 1 1) and (1 0 0) Ni

3
Pt

samples grown at 3853C after annealing at 4503C
for 4 h. Fig. 4 shows normalized M(¹) for the same
(1 1 1) and (1 0 0) samples as-deposited, after anneal-
ing at 450, and after annealing at 7003C. For the
(1 1 1) sample, K

6*
is reduced to &3]105 erg/cm3

after a 4 h anneal, while in the (1 0 0) sample it is
completely eliminated. For both samples, anneal-
ing at 7253C signi"cantly reduces the magnetic
onset temperature; annealing at 4503C causes a sig-
ni"cant reduction in the (1 0 0) sample and very
little change in the (1 1 1), despite the large change
in anisotropy. Anisotropy thus vanishes faster with
annealing than magnetic onset enhancement,
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Fig. 3. M(H) measured at 300K with H perpendicular or parallel to the "lm plane for epitaxial Ni
3
Pt (&73 at% Ni) grown at 3853C:

(a) (1 1 1), (b) (1 0 0), and (c) (1 1 0), as deposited; (d) (1 1 1) and (e) (1 0 0) after annealing at 4503C for 4 h.

presumably due to di!erent sensitivities to local
arrangements. This e!ect was also seen in CoPt

3
;

there it was postulated that the Co/Pt platelet inter-
faces were roughened before the platelets com-
pletely vanished [12]. Ni

3
Pt initially deposited at

6503C, above the L1
2

order}disorder transition,
and annealed at 4503C shows a reduction in its
onset temperature to below the FCC Curie temper-
ature. From the magnetic data, it thus appears that
growth-induced clustering in Ni

3
Pt gradually van-

ishes with annealing at 4503C and samples develop
partial LRO, as expected from the equilibrium
phase diagram.

NiPt
3

is nonmagnetic in both the A1 (chemically
disordered FCC) and L1

2
(LRO) bulk phases [24].

More precisely, it is paramagnetic in the A1 phase,
with a very small moment per Ni atom (approxim-
ately 0.14l

B
), [34] and nearly certainly non-mag-

netic in the L1
2

phase due to the increased Ni}Ni
separation in this phase. We have however found

that (1 1 1) and (1 0 0) oriented NiPt
3
"lms grown at

3503C show measurable magnetization with an on-
set at &80K and a broad magnetic transition. This
observation is indicative of signi"cant Ni cluster-
ing. After annealing at 6003C (above the LRO tem-
perature) for 4 h, M(H,¹) dropped appreciably, to
closer to the expected low paramagnetic signal.
Fig. 5a shows M(¹) for the (1 0 0) and (1 1 1) sam-
ples, both as-deposited and after annealing, mea-
sured in 1000 Oe. Fig. 5b shows M(H) measured at
10K for the as-deposited samples; the annealed
samples appear simply paramagnetic with lower
susceptibility. The magnetization in the as-deposi-
ted state is small, and it is not clear from this data if
there is a spontaneous magnetization at 10K or
not, but the induced magnetization is considerably
larger than the equilibrium paramagnetic value
which would not be visible on either plot (e.g. at
5K, in 1000 Oe, M would be &0.003 emu/cm3 for
the A1 phase). M(¹) does not "t a simple Curie (or
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Fig. 4. Normalized M(¹)/M(253C) for (a) (1 1 1) and (b) (1 0 0)
Ni

3
Pt (&73 at% Ni) grown at 3853C in the as-deposited state

and after annealing at 4503C and 7253C as shown. Measure-
ments to 4003C have no e!ect on the properties of the "lms. Fig. 5. (a) M(¹) measured in H"1000Oe and (b) M(H) mea-

sured at 10K for (1 0 0) and (1 1 1) NiPt
3

grown at 3503C
as-deposited and after annealing at 6003C (above the LRO
temperature) for 4 h. Lines shown are a guide to the eye. After
annealing, M(H) for both samples is linear with a smaller suscep-
tibility. The expected induced magnetization for FCC NiPt

3
would be 0.003 emu/cm3 in 1000Oe at 5 K.

Curie}Weiss) dependence; in addition, the value of
k required would be unreasonably large (of order
3l

B
per NiPt

3
unit cell assuming a simple para-

magnetic susceptibility at 10K). It thus appears far
more likely that NiPt

3
grown at 3503C is actually

ferromagnetic in some regions of the sample but
inhomogeneous with a very broadened onset tem-
perature, as seen in the other compositions. In both
M(H) and M(¹), the high temperature M(250K,
1000Oe) was subtracted in order to remove back-
ground and substrate contributions, which are ap-
preciable given the small signal. The di!erences
between (1 0 0) and (1 1 1) orientations in M(¹) ap-
pear real but are close to the level of uncertainty
in the measurement ($1]10~5 emu). There is no
anisotropy in either the as-deposited or annealed
state for either orientation; speci"cally, perpendicu-
lar or parallel applied "eld gave the same M(¹) and
M(H). Demagnetizing e!ects are small compared to
the applied "eld due to the low M.

NiPt "lms grown between 2003C and 4003C
show signi"cant clustering. Figs. 6a and b show

normalized M(¹)/M(10K) measured in 1000Oe for
(1 0 0) and (1 1 1) oriented NiPt samples deposited
at 2003C, 4003C, and 7003C both as-deposited and
after annealing at 7003C (compositions di!er slight-
ly; ¹

4
"2003C and 4003C samples are &47 at%

Ni, while 7003C are 50 at% Ni). Samples deposited
at 7003C (above the LRO temperature) have
a sharp magnetic transition near the Curie temper-
ature of FCC NiPt. Films grown between 2003C
and 4003C exhibit broad transitions with enhanced
magnetic onset temperature. After annealing at
7003C, all "lms exhibit sharp transitions, with
a ¹

#
appropriate to their composition, indicative of

homogeneous FCC phase, as expected.
Samples of both orientations deposited at 6003C

show a magnetic onset temperature of 70 K, signi"-
cantly below that of FCC NiPt (115K), due
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Fig. 6. (a) M(¹)/M(10K) for (1 1 1) and (1 0 0) NiPt samples
deposited at 2003C and at 4003C as-deposited and after vacuum
annealing at 7003C (above the LRO temperature) for four hours.
Composition x&47 at% Ni; FCC ¹

#
&80 K. M was measured

with H applied along the easy axis/plane as measured at 10 K,
after saturating in 10 000Oe. After annealing, the magnetic
transition sharpens in all "lms and M(¹) of the annealed "lms
look identical. (b) M(¹)/M(10K) for (1 1 1) and (1 0 0) NiPt
deposited at 7003C; composition x&50 at% Ni has FCC
¹

#
&115K.

Fig. 7. M(H) curves, with H parallel or perpendicular to the "lm
plane, measured at 10K for NiPt deposited at 4003C: (a) (1 1 1)
as-deposited, (b) (1 1 1) after annealing at 4503C, and (c) (1 0 0)
as-deposited. Anisotropy and coercivity in (a) are large and are
much reduced in (b). After annealing at 4503C, the (1 0 0) sample
is non-magnetic.

presumably to formation of partial LRO. (The
LRO phase is paramagnetic at all temperatures.)
Their saturation magnetization (&15 emu/cm3

measured at 10K) is also suppressed well below the
FCC value (&63 emu/cm3). Samples deposited at
5003C show intermediate behavior, with an order-
ing temperature near the expected FCC value, but
signi"cant broadening.

Clustering in NiPt is much larger for (1 1 1) "lms
than for (1 0 0) "lms. This is unlike CoPt

3
where

nearly identical behavior was found for all low
index orientations. As seen in Fig. 6a, the (1 1 1)
sample deposited at 4003C shows a particularly
broad transition with a very large magnetic onset

temperature enhancement. By contrast, the (1 0 0)
NiPt "lm deposited at 4003C shows a magnetic
transition which is only slightly broadened with
a much smaller enhancement above the FCC Curie
temperature. (1 0 0) and (1 1 1) "lms were grown
simultaneously in a single deposition, so the di!er-
ence is not attributable to compositional or other
variations in growth; in addition, M(¹) is identical
after annealing at 7003C, which eliminates memory
of the growth process. Samples grown at 3003C
show a similar orientation-dependent broadening
and enhancement of M(¹). For samples grown at
2003C (see Fig. 6a), the di!erences are reversed with
respect to orientation (i.e. (1 0 0) has higher onset
than (1 1 1)) but the di!erence is small.

A large di!erence between (1 1 1) and (1 0 0) NiPt
"lms is also seen in anisotropy and coercivity. Figs.
7a and c are plots of the parallel and perpendicular
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Fig. 8. Intrinsic, uniaxial perpendicular anisotropy K
6*

at 10K
in as-deposited (1 0 0) and (1 1 1) oriented NiPt "lms as a func-
tion of substrate temperature during growth (shape anisotropy
contribution removed). The anisotropy in the (1 1 1) "lm grown
at 7003C is of a di!erent nature (as discussed in the text) and is
shown with an open triangle. The lines are a guide to the eye.

Fig. 9. M(H) curves, with H parallel or perpendicular to the "lm
plane, acquired at 10 K for as-deposited NiPt: (a) (1 1 1) and (b)
(1 0 0) deposited at 7003C. The (1 1 1) has a perpendicular easy
axis, but very low coercivity.

M(H) loops measured at 10K for (1 0 0) and (1 1 1)
oriented NiPt "lms deposited simultaneously at
4003C. The (1 1 1) sample shows PMA and substan-
tial hysteresis. Saturation magnetization (100 emu/
cm3) is substantially enhanced over the FCC value
((63 emu/cm3 for 47 at% Ni). Annealing at 4503C
for 4 h (shown in Fig. 7b) reduces PMA to only
slightly above shape anisotropy, consistent with
this anisotropy being a growth-induced e!ect. The
(1 0 0) sample deposited at 4003C (Fig. 7c) shows
signi"cantly less anisotropy, coercivity, and mo-
ment enhancement in the as-deposited state than
the (1 1 1). After annealing at 4503C for 4 h, the
(1 0 0) sample is non-magnetic, indicative of forma-
tion of LRO.

PMA for these "lms was measured at 10 K
through extrapolation of the hard axis (or hard
plane) hysteresis loop to H

K
. The anisotropy K

6
"

(H*
K
M

4
)/2 and the intrinsic PMA K

6*
"K

6
#

2pM2
4

were then determined. Fig. 8 shows K
6*

for
(1 0 0) and (1 1 1) oriented NiPt "lms as a function
of deposition temperature; the anisotropy is sub-
stantial for (1 1 1) "lms, and is much less for (1 0 0)
"lms. A (1 1 1) sample grown at 4003C with slightly
more Ni (Ni

52
Pt

48
) has PMA with K

6*
"2.5]

106 erg/cm3 measured at 150K; after annealing, it is
non-magnetic at 150 K. The (1 0 0) sample grown in
the same run is magnetic in the as-deposited state
at 150K but with low PMA; it too is non-magnetic
at 150K after annealing at 4503C.

The (1 1 1) "lm grown at 7003C (but not the
(1 0 0)) shows large perpendicular anisotropy, des-
pite the fact that the M(¹) curves for both (1 0 0)
and (1 1 1) NiPt "lms grown at 7003C indicate
a simple homogeneous FCC structure (Fig. 6b).
The anisotropy for this sample is shown in Fig. 8 by
an open triangle as it is of signi"cantly di!erent
character than the anisotropy of the other samples
shown in Fig. 8. In addition to not being associated
with enhanced broadened magnetization onset, it is
not associated with coercivity and does not vanish
with annealing at 4503C or 7003C, unlike the
growth-induced e!ects described elsewhere in this
paper. Figs. 9a and b show hysteresis loops (mea-
sured at 10K) for (1 0 0) and (1 1 1) samples grown
at 7003C. The (1 1 1) "lm grown at 7003C shows
large PMA but small coercivity. Annealing at
4503C does not a!ect this PMA. In addition, (1 1 1)
samples grown at 2003C or 4003C and then an-
nealed at 7003C show these same anisotropy e!ects;
representative data of M(H) measured at 10K are
shown in Figs 10a and b. These (1 1 1) "lms grown
at 2003C or 4003C have large anisotropy as-depos-
ited; annealing at 4503C reduces/eliminates this
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Fig. 10. M(H) curves, with H parallel or perpendicular to the
"lm plane, acquired at 10 K for (1 1 1) oriented NiPt "lm grown
at 2003C (a) as-deposited and (b) after vacuum annealing at
7003C. (1 0 0) NiPt samples grown at either 2003C or 4003C and
then annealed at 7003C show in-plane (shape) anisotropy only,
with no coercivity, similar to Fig. 8b.

growth-induced anisotropy (dependent on anneal-
ing time), but then annealing at 7003C causes the
non-growth-induced anisotropy to form. The
magnitude of PMA in the (1 1 1) sample grown at
2003C (4003C) after annealing at 7003C is 5]105
(8]105) erg/cm3, very similar to 8]105 erg/cm3 for
the as-deposited (1 1 1) sample grown at 7003C.
(1 1 1) "lms either grown or annealed at 7003C also
show an enhancement of their saturation magneti-
zation M

4
, although not of their ¹

#
. By contrast,

(1 0 0) oriented samples deposited or annealed at
7003C do not show any of these e!ects: they have
the expected FCC M

4
and ¹

#
, and M(H) loops

show an easy plane with H
K
"4pM

4
, no coercivity,

or PMA. The similarity between (1 1 1) samples
grown or annealed at 7003C suggest that this
non-growth-induced PMA is an equilibrium e!ect,
perhaps related to magnetostriction due to strain
induced by di!erential thermal contraction of
sample and substrate. We have measured in plane
lattice constants by o! axis X-ray di!raction ex-

periments. The deduced strain in the NiPt alloy is
small, (0.5%) and tensile.

4. Discussion

As in Pt-rich Co}Pt alloys, the magnetic data
suggest that Ni atoms are clustering in as-deposited
samples of all three compositions when grown be-
tween 2003C and 4003C despite the fact that the
equilibrium phase diagram indicates a homogene-
ous phase for all three, and despite the fact that they
are structurally epitaxial single-crystal "lms. These
samples show greatly broadened magnetic
transitions with enhanced magnetic onset (up to
1003C higher than the FCC phases of these com-
positions), indicative of inhomogeneity and cluster-
ing of the Ni atoms. Clustering is eliminated by
annealing and occurs only in this window of
growth temperatures; both above and below,
homogeneous FCC or LRO phases are formed.
The observation that low-temperature growth pro-
duces a homogeneous material that eliminates the
possibility of trivial explanations such as depos-
ition rate #uctuations. For growth temperatures
above 4003C, it is possible that clustering still
occurs at the surface during growth but is annealed
away as the deposition continues due to appreci-
able bulk atomic mobility. A particularly striking
example of clustering is the magnetization seen in
NiPt

3
deposited at 3503C. The magnitude of the

moment of Ni is very susceptible to environmental
e!ects; usually, Ni must have at least three Ni
neighbors to possess a moment at all [24]. As
a result, homogeneous NiPt

3
even in the FCC

phase barely possesses a moment and does not
magnetically order, and the LRO L1

2
phase is

non-magnetic [24,34]. Thus, only signi"cant Ni
clustering could produce the magnetization we
have measured in NiPt

3
"lms.

Perpendicular magnetic anisotropy, coercivity
and remanence is found in as-deposited NiPt and
Ni

3
Pt samples grown between 2003C and 4003C;

like the clustering, anisotropy is eliminated by an-
nealing at temperatures as low as 4503C. A signi"-
cant di!erence is seen in the extent of clustering and
anisotropy for (1 1 1) and (1 0 0) Ni}Pt "lms. In
Co}Pt, no di!erence was found between any of the
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low index orientations ((1 0 0), (1 1 0), (1 1 1), and
polycrystalline with (1 1 1) texturing) [12]. For
Ni

3
Pt, PMA is appreciable even at room temper-

ature, increases at lower ¹, and is much larger in
(1 1 1)-oriented "lms than in (1 0 0). Similarly, (1 1 1)
NiPt "lms show much larger anisotropy than (1 0 0)
(both measured at 10K due to their low ordering
temperature). Insu$cient work has been done to
permit a general statement about the (1 1 0) orienta-
tion, but for Ni

3
Pt, (1 1 0) samples appear similar to

(1 0 0). For (1 1 1) NiPt, as well as to a lesser extent
(1 0 0) NiPt, the magnitude of the growth-induced
PMA, not just its presence or absence, correlates
well with the value of the magnetic onset temper-
ature, as seen in CoPt

3
[12]. This correlation is

also seen in Ni
3
Pt, but is less striking; speci"cally,

the magnetic onset temperature depends on
orientation, but less strongly than in NiPt.

For Ni
3
Pt, both the A1 and L1

2
phases are

cubic, hence PMA must be a consequence of local
ordering, caused by the growth process. For NiPt,
where LRO leads to a tetragonal L1

0
structure, this

is in principle a possible source of PMA. There are
however many arguments against this. First, partial
chemical LRO is hard to reconcile as the mecha-
nism for PMA in (1 1 1) oriented samples, when it is
much smaller in (1 0 0) oriented samples, since L1

0
ordering occurs along the (1 0 0) orientation. Sec-
ondly, the presence of even partial LRO should
reduce the magnetic ordering temperature, while
these samples have an enhanced magnetic onset,
indicative of clustering rather than LRO. Thirdly,
annealing at 4503C eliminates the anisotropy (both
for NiPt and Ni

3
Pt), but should only act to in-

crease any LRO present. We suggest instead that
the growth-induced PMA for both NiPt and Ni

3
Pt

results when Ni clusters into platelets in a Pt-rich
matrix, at the surface as the "lm grows, hence
parallel to the substrate. This atomic arrangement
results in a structure locally similar to a multilayer
but incoherent across the sample, so that X-ray
measurements see only the (long range) FCC struc-
ture.

The appearance of Ni platelets in a material with
a negative chemical energy of mixing (favoring or-
dering, not separation) is unexpected. Magnetic
energy has been suggested to give rise to a low-
temperature phase separation in hexagonal Co}Cr

alloys, but here seems unlikely to be the responsible
mechanism, as the samples with the greatest clus-
tering and anisotropy (those deposited at 4003C)
are deposited above the Curie temperature of bulk
Ni (3633C), and well above the Curie temperature
of any of the alloys. We suggest instead that the Ni
platelets are formed as a result of surface equilib-
rium e!ects, important for all compositions but
dependent on the surface structure and hence
di!erent for the (1 1 1) and the (1 0 0) surfaces.
Previous workers, including ourselves, have sugges-
ted an interplay between surface equilibrium e!ects
and rapid surface di!usion but limited bulk atomic
mobility as being the driving force in producing
clustering and perpendicular anisotropy [7,8,
12,14]. Surface segregation for example could cause
clustering into platelets in the (1 1 1) orientation,
where the surface is known to be #at. In the absence
of signi"cant bulk atomic mobility, the surface ar-
rangement would be &frozen' in the as-deposited
sample due to subsequently deposited layers of
material.

The reduced clustering and PMA in (1 0 0) NiPt
and Ni

3
Pt relative to (1 1 1) may be related to

di!erences in equilibrium surface structure. The
surface of (1 0 0) oriented NiPt is known to have
a &shifted row' reconstruction with every "fth row
being signi"cantly shifted out of the plane [30].
This could break up the formation of platelets on
the surface. By contrast, the (1 0 0) CoPt

3
surface

undergoes a quasi-hexagonal reconstruction that
leaves it #at [32], and similar to the (1 1 1) surface,
perhaps explaining why there is no signi"cant ori-
entational dependence of the clustering or aniso-
tropy in Co}Pt "lms [12].

The presence of perpendicular anisotropy in
(1 1 1) oriented NiPt "lms deposited or annealed at
7003C (above the LRO temperature) is not yet
understood, but we note that it is quite unlike the
anisotropy found in "lms grown at 4003C. Rather
than vanishing with annealing, like the growth-
induced e!ects, it is found equally in (1 1 1) samples
annealed or deposited at 7003C. It is also not asso-
ciated with a magnetic ordering temperature en-
hancement, a broadened magnetic transition, or
signi"cant coercivity. For (1 0 0) NiPt samples, the
(small) growth-induced PMA seen in as-deposited
samples grown between 2003C and 4003C relaxes
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away on annealing at 4503C or 7003C. However,
for the (1 1 1) samples, the magnitude of PMA is not
monotonic in annealing temperature. It drops with
annealing at 4503C, but recurs on annealing at
7003C, independent of original growth temper-
ature. The identical sharp shape of the magnetic
transition and Curie temperatures of all samples
grown or annealed at 7003C (despite very di!erent
initial M(¹)) suggests that samples have reached an
equilibrium state at 7003C. Further work is needed
to identify the underlying structural cause of the
anisotropy, but di!erential thermal contraction-in-
duced strain is a possibility. The measured strain is
small (0.5%) and tensile, consistent with di!erential
thermal contraction. To the best of our knowledge,
magnetostriction coe$cients have not been mea-
sured for Ni}Pt alloys. However, in thin Ni/Pt
multilayers, where magnetostriction coe$cients
have been measured [23], the authors conclude
that perpendicular anisotropy in the multilayers is
a result of the magnetoelastic anisotropy due to the
tensile stress in the Ni sublayer. In the absence of
magnetostriction coe$cients data for NiPt alloys
and in analogy with the multilayer system, we con-
jecture that the tensile strain measured in our
NiPt(1 1 1) alloy "lm could perhaps also lead to
perpendicular anisotropy as seen in Fig. 8.

5. Summary

We have vapor deposited epitaxial (1 0 0), (1 1 0),
(1 1 1), and polycrystalline Ni

3
Pt, NiPt, and NiPt

3
"lms over a range of growth temperatures from
803C to 7003C. Films grown at temperatures above
approximately 5003C form in equilibrium struc-
tures (chemically disordered FCC or chemically
ordered LRO phases, depending on the growth
temperature). Films grown at low temperatures
(e.g. 803C) are simple chemically disordered FCC,
with the associated simple magnetic properties.
This low-temperature FCC phase formation is pre-
sumably a result of limited surface atomic mobility
during growth, which kinetically suppresses forma-
tion of the equilibrium long-range order phases.

At intermediate growth temperatures (between
2003C and 4503C), where surface atomic mobility is
high but bulk atomic mobility is low, "lms of all

three compositions show magnetic signatures of Ni
clustering. These signatures include enhanced and
broadened magnetic onset temperature, enhanced
low-temperature magnetization, perpendicular an-
isotropy, and coercivity, similar to what was
previously seen in CoPt

3
. These growth-induced

properties vanish with annealing at or above
4503C. The clustering occurs on a local scale and is
not visible in X-ray di!raction, which sees a simple
chemically disordered FCC.

There is a signi"cant di!erence in clustering and
anisotropy between (1 0 0) and (1 1 1)-oriented "lms
which was not seen in CoPt

3
. This di!erence is

suggested to be related to di!erent reconstructions
of the growth surface. As in Co}Pt alloys, the en-
hanced magnetic onset temperature, saturation
magnetization, coercivity and perpendicular anisot-
ropy are consistent with #at platelet-like layering
between Ni and Pt on the growth surface, perhaps
due to a frustrated surface segregation. We suggest
that the local morphology of the growth surface
plays a critical role in the formation of these plate-
lets, with non-#at surfaces such as the shifted row
(1 0 0) suppressing clustering and hence anisotropy.

Additional work is needed to understand the
source of perpendicular anisotropy in (1 1 1) NiPt
"lms deposited or annealed at 7003C.
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