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ABSTRACT

We reported the phase formation sequences in 50Pt/50fcc-Co(001) and 32Pt/68fcc-Co(001) thin films
after annealing up to 850 °C. In both cases, the ordered L1g phase formed first on the Pt/Co interface at
~400 °C and as the annealing temperature increased the L1g phase transformed into the chemically
disordered fcc A1 phase in 50Pt/50fcc-Co(001) at 750 °C and in 32Pt/68fcc-Co(001) films at 550 °C. Based
on the analysis of solid-state reactions in thin films, a phase transition at ~ 400 °C is predicted in Co-Pt
systems with a 32—72% Pt composition. Torque measurements of the 50Pt/50fcc-Co(001) samples
showed that the rotatable magnetic anisotropy coexisted with the three variants of L1g in a temperature
range of 400—750 °C. An analysis of the torque curves revealed that the L1y films consist of a soft
magnetic layer epitaxially intergrown to the substrate MgO(001) and a top layer having rotatable
magnetic anisotropy. It showed that the magnetically hard properties of L1, films are associated with a
rotatable magnetic anisotropy layer. A model of rotatable magnetic anisotropy is reasoned, which is
founded on some identical mechanisms of rotatable magnetic anisotropy and magnetic-field-induced
strains, explaining the ferromagnetic shape-memory effect in Heusler alloys. Our results suggested
that the rotatable magnetic anisotropy phenomena may have an important role in the origin of
perpendicular anisotropy in hard magnetic L1g structures.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Coq.xPtx alloy thin films attracts a lot of attention because they
have a wide concentration range with high perpendicular magnetic
anisotropy (PMA) which is important for many spintronic appli-
cations [1]. In particular, the stable ordered L1p-CoPt [2] and
metastable ordered L1{-CoPt, Bh-CoPt, D0O;g9-CosPt [2,3] phases
possessing uniaxial magnetocrystalline anisotropy energies
Ky > 107 erg/cm3, which are the main source of PMA. However, PMA
is also observed in the cubic L1,-CoPts3 [4] thin films in which PMA
is not expected. In addition, the mechanisms of the appearance of
PMA in Co4Pti_ 4 films deposited on amorphous substrates [5] in
nanopatterned [6] and in disordered A1-CoPt films [7] are not clear.
The Co/Pt multilayers also possessed PMA [8—10] and the alloying
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between the Co and Pt is assumed to lie on the PMA basis [8,9]. This
suggested that mechanisms other than magnetocrystalline nature
explains the origin of the giant PMA e.g., the formation of the col-
umn structure, the preferable location of the Co—Pt bonds
perpendicular to the substrate, the existence of planar stress,
interfacial magnetic anisotropy, etc. In addition, an understanding
of the real nature of PMA is complicated by the presence of high
rotatable magnetic anisotropy (RMA) in hard magnetic L1o-CoPt
[]1,12], L1op-FePt [13], Tb25FE75 []4], 6—]\/[1‘10.6(:130'4 []5] and in MnBi
[16] thin films. Historically, Park et al. first reported the RMA phe-
nomenon in Cog 47Ptg 53 alloy films in which the location of the easy
axis is not clear for samples annealed above 500 °C [11]. The RMA
phenomenon consists of the magnetization easy axis rotating
behind a rotating magnetic field in the fields exceeding the coercive
force H > H,, which can exceed 10 kOe for magnetically hard films.
The main techniques for studying RMA in thin films are; using a
torque magnetometer [11—16], ferromagnetic resonance [18], a
vector network analyzer [19], Brillouin light scattering [17] and
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magnetic force microscopy [20]. Unlike other kinds of anisotropies,
the rotatable magnetic anisotropy is not described by a sinusoidal
law and, therefore, has no unambiguous characteristic. The differ-
ence Hyor = HPY™ — Hjt2, . between the dynamic field and the static
field of the magnetic anisotropy, measured by ferromagnetic
resonance, is used to characterize the RMA [for example 17—19]. In
torque measurements, the RMA can be characterized by the
average torque constant L™ at large rotational angles of the mag-
netic field [12,13]. At the out-of-plane rotation of the magnetic field,
the torque curves L1(¢) contains the L1™* contributions from RMA
and the form anisotropy. Therefore, for samples having an L1™*
constant exceeding the form anisotropy, the easy axis can be
aligned in any spatial direction, such as in a plane and perpendic-
ular to the plane of the sample [12,13]. The RMA samples showed
the equality of the out-of-plane LL™" and in-plane Lf* torque
constants L1 = [** and close or identical out-of-plane HcL and in-
plane Hl! hysteresis loops, having coercivity HcL = HY, which is the
spatial characteristic of RMA [12—16]. A literature review showed
that some Co-Pt alloy thin films possessed these characteristics
[21-26], and this suggested that they also have a large RMA.
Various techniques were used to create the Coj_xPty thin films, such
as rf-magnetron sputtering [27], dc-magnetron sputtering [28],
molecular beam epitaxy [29] and pulsed laser deposition [30].
However, the magnetic and structural properties of the CoqxPty
films, depends on the composition, long-range-order parameter
degree, preparation method and heat treatment conditions. The
chemical interactions of Pt with hexagonal hcp-Co, the cubic fcc-Co
modifications, the phase sequences, the structural and magnetic
characteristics of the reaction products arising from solid-state
reaction as well as the conditions and nature of PMA formation
remain unknown.

It is well known that early studies of solid-state reactions in thin
films showed that at a certain temperature T, (initiation temper-
ature) only one phase is formed, which is called the first phase. As
the annealing temperature increases, other phases can also arise
with the formation of a phase sequence [31—34]. Our previous
studies and analysis of solid-state reactions for many bilayer films
showed that the initiation temperatures Ti, coincided with the
temperatures Tk of the structural phase transformations (Tiy = Tx)
in these binary systems. In particular, the initial temperatures Ti,
(Cu/Au) and Ti, (Ni/Fe) of reactions in Cu/Au and Ni/Fe films coin-
cided with the minimum temperature of 240 °C of the order —
disorder phase transition in Cu — Au [35,36] and with the tem-
perature of 350 °C of eutectoid decomposition in the Fe—Ni systems
[37,38], respectively. The reactions in Ni/Al, Ti/Ni and Cd/Au bilayers
started at 180 °C, ~ 100 °C and 67 °C, which match with tempera-
tures of the reverse martensitic transformations, respectively, in Ni-
Al [39], Ti-Ni [40] and Cd-Au [41] binary systems. The equality
Tin = Tx was also found for the eutectic reactions (420 °C) in Al/Ge
[42], the superionic transition (150 °C) in Se/Cu [43], the spinodal
decomposition in Mn/Ge (120 °C) [44,45] bilayers and other phase
transformations [15,46—49]. In summary, the equality T, = T
indicated that low-temperature solid-state thin-film reactions in A/
B bilayers occurred only in A-B binary systems, which have corre-
sponding low-temperature solid-state transformations.

This work has two main objectives: the first step is to study of
interfacial reactions in 50Pt/50fccCo(001) and 32Pt/68fccCo(001)
bilayers to clarify of the Co-rich part the Co-Pt phase diagram, the
next step is to suggest the RMA model based on characteristic
features of the rotatable anisotropy in the L1g-Pt50C050(001) films.
Using X-ray diffraction and magnetic torque curve studies, we
found that RMA is associated with the surface layer of the syn-
thesized epitaxial L1p-Pt50C050(001) film. An important conse-
quence of this work is to substantiate general magnetic-field-
induced twining mechanism controlling both the RMA
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phenomena and large strains in Heusler alloys. From the above it
follows that RMA can play a significant role in the nature of PMA
and therefore, studies of the RMA formation conditions under
various technological conditions is necessary.

2. Experiment

The preparation of the initial Pt/fcc-Co(001) bilayers was
described in detail in this work [26]. In the first step, the epitaxial
fcc-Co(001) layer was deposited on the MgO(001) substrate at a
pressure of 10~ Torr and a temperature of 250 °C. Under such
deposition conditions the fcc-Co(001) layer forms the cube-on-
cube orientation relationship fccCo(001)[100]||MgO(001)[100].
The fcc-Co(001)/MgO(001) films had a saturation magnetization of
~ 1410 emu/cm® and a four-fold magnetic anisotropy with the K,
constant coinciding with the first magnetocrystalline anisotropy
constant of the epitaxial fcc-Co(001) layer (K~ = - 5.5 x 10° erg/
cm?) [50]. The K~ C° js negative because the easy magnetization
axes coincided with the [110] and [1-10] directions of the fcc-
Co(001) film and the MgO(001) substrate. In the second step, the
top Pt layer was deposited at room temperature to prevent a re-
action between the Pt and Co during the deposition. Samples of
50Pt/50fcc-Co(001)/MgO(001) and 32Pt/68fcc-Co(001)/MgO(001)
with stoichiometries of CosgPtsg and CoggPts, respectively, deter-
mined by EDS microanalysis, and up to 300 nm total thickness were
used for the experiments. The initial samples of 50Pt/50fcc-
Co(001)/MgO(001) and 32Pt/68fcc-Co(001)/MgO(001) were
annealed for 1 h from 50 °C to 850 °C with a step of 50 °C. The
magnetic four-fold anisotropy constants K3 was determined for the
total volume of the 50Pt/50fcc-Co(001) and 32Pt/68fcc-Co(001)
bilayers, which turned out to be K3 = 3.0-10° erg/cm’® and
K = 3.4.10° erg/cm?, respectively. The formed phases were iden-
tified with a DRON-4-07 diffractometer (Cuk, radiation). The
saturation magnetization Ms and the coercivity H. were measured
using a vibration magnetometer in magnetic fields up to 22 kOe.
Torque magnetometer measurements were used, because it is a
powerful method for determining RMA and the classical magnetic
anisotropies Ko-Sin(¢+v1), Ky-Sin(2d+7v2), Ka-Sin(4dp+ya4),
Kn-Sin(nd+vyn) analyzing the location of the easy axes (1, Y2, Y4 ...
Yn) angles in magnetic materials. Torque curves were measured
using a torque magnetometer with a sensitivity of 3.76-10~° Nm
and a maximum magnetic field of 12 kOe. All measurements were
performed at room temperature.

3. Results

3.1. Phase transformations and RMA in 50Pt/50fcc-Co(001) thin
films

Fig. 1 represents the X-ray-diffraction results (Fig. 1a) and rele-
vant torque curves (Fig. 1b) of 50Pt/50fcc-Co(001) films during
thermal annealing at temperatures ranging from room temperature
to 850 °C. As shown in Fig. 1a the XRD profiles of the as-deposited
film contain only the (200) fcc-Co reflection, which denotes the
epitaxial growth of the fcc-Co(001) layer on the MgO(001) surface
at 250 °C. The absence of Pt peaks means that the Pt is finely
dispersed after deposition on a fcc-Co (001) layer at room tem-
perature. The X-ray patterns did not change when annealed to
400 °C, which is indicative of the absence of mixing and formation
of new phases at the Pt/Co interface. After annealing at 400 °C, the
strong (200) fcc-Co peak began decreasing and disappeared after
550 °C. Instead, the wide and very weak superstructural (001)L1y,
fundamental (002)L1g and (200)L1y reflections appeared after
annealing above 400 °C, which are a sign of the start of the reaction
between Pt and Co and the synthesis of a thin low crystalline
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Fig. 1. X-ray diffraction patterns (a) and relevant in-plane torque curves (b) showing the sequential synthesis of L1y and A1-CosoPtsg in epitaxial 50Pt/50Co(001) thin films under
annealing temperatures from room temperature up to 850 °C. (c) The temperature dependence of L|** and the four-fold K4 constants confirming the simultaneous formation of L1y

and RMA between 400 °C and 750 °C.

quality epitaxial ordered L1g layer at the Pt/Co interface. The (001)
L1y and (002)L1y reflections were broadened, which indicated
significant lattice distortions in the forming of L1y layer (defective
layer). After annealing above 550 °C the (001)L1p and (002)L1y,
reflections grew, which resulted to an increase in the thickness and

crystalline quality of the L1glayer. As previously known, the highly
coercive Llg-ordered FePt, CoPt, FePd thin films prepared on
MgO(001) by various methods formed the three equivalent X-,Y-, Z-
variants of L1y, which have epitaxial orientation relationships (1)
with the substrates [51,52].
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Z-L1o(001)[001] || MgO(001)[001]
X-L15(100)[010] || MgO(001)[010] (1)
Y-L1o(100)[001] || MgO(001)[010]

It was initially assumed that the migration of the Pt atoms into
the fcc-Co (001) epitaxial layer during the reaction would cause the
synthesis of only one Z-variant in L1¢g-Pt5oCosq films. This should
have a high PMA constant K, = K1(L1g) -2tM# ~ 3.7 x 107 erg/cm’
and in case of uniform magnetization rotation should have high
coercivity Hc ~ 2Ky/Ms = 92 kOe, where K;(L1g) = 4.1 x 107 erg/cm’
is the first constant of magnetocrystalline anisotropy and Ms = 800
emu/cm3 is the saturation magnetization for bulk L1g-Pt59Cosq [53].
In contrast to this, after annealing at 600 °C the intensity ratio
1(200)/1(002) is ~2, which corresponds with ordered L1y with near
equal volume fractions of the X-,Y-, Z-variants. The average crys-
tallite size of the L19Co50Pt50 was determined from the (001)
peaks using the Scherrer equation after annealing in 400—700 °C
temperature interval at approximately 8—10 nm. The total disap-
pearance of the (001)L1g and (002)L1g peaks above 750 °C indicated
the L1p — A1 transition. The (002)A1 reflection grew after
annealing at 850 °C, which denotes the formation of the high
crystalline quality epitaxial A1-CosgPts0(001) layer that has the
lattice parameter 0.3764 nm and a simple cube-on-cube orienta-
tion relationship with the MgO(001) substrate [26]. It is important
to note that the A1 phase began to form at 750 °C, which is less than
825 °C of bulk samples. An explanation for this difference may be
related to a decrease in the order-disorder transition temperature
with decreasing size nanoparticles [1]. For instance, Alloyeau et al.
found that the transition temperatures for 2.4—3 nm CoPt nano-
particles to be 325-175 °C lower than the bulk material [54]. This
suggested that L15Co50Pt50 films consisting of 8—10 nm crystal-
lites have a lower transition temperature than the bulk samples.
Thus, an analysis of the X-ray diffraction results showed the phase
sequence formation (2)

50Pt/50fcc-Co(001) — 400 °C L1y — 750 °C A1-PtsoCoso 2)

Fig. 1b shows the in-plane torque curves Ljj(¢) of the 50Pt/50fcc-
Co(001) bilayer at different annealing temperatures. The de-
pendences L|"(Ty) and K4(T,) as functions of the annealing tem-
perature T, were calculated from torque curves Lj¢$) and
summarized in Fig. 1c. The K4 constant did not change beyond
400 °C and this is confirmed by the absence of the structural
transformations in the fcc-Co(001) layer. Above 400 °C, the K4 value
began to slightly decrease due to the start of the synthesis of the
low crystalline quality epitaxial L1o(001) layer. It is important to
note that the initial defective L1p(001) thin layer had close to zero
anisotropy in the temperature range of 400—550 °C and therefore
does not contribute to the K4 constant but only reduces insignifi-
cantly the thickness of the reactive fcc-Co(001) layer. After
annealing above 550 °C, the K4 value rose sharply and reached the
maximum value K4 = - 11 x 10° erg/cm? at 700 °C, which indicated
an increase in the thickness and crystalline quality of the epitaxial
L1p(001) layer. In the temperature range of 550—750 °C for large
angles ¢, the in-plane torque curves Lj(¢) and the four-fold
anisotropy %K4Sin4¢ contained the L[ contribution from RMA
Li(¢) = = L[* + %Ky Sindd (Fig. 1b). The constant L[ began to grow
very slowly above 400 °C and reached the maximum value
LP* = 8.0 x 10° erg/cm® at 600 °C and 700 °C. After annealing at
750 °C, the constant L[ decreased to zero and the Ky value
decreased to K4 - 5.5 x 10° erg/cm?>. An analysis of the dependence
of K4(T,) and the X-ray diffraction patterns after annealing at 750 °C
showed that the first constant of magnetocrystalline anisotropy

Journal of Alloys and Compounds 861 (2021) 157938

K1(A1-CosgPtsp) of the disordered A1-CosgPtsg phase is equal to the
four-fold anisotropy constant K4 (850 °C) = K;(A1-CosgPt5g) = -
5.5 x 10° erg/cm’. This value is close to the bulk sample value of the
disordered cubic Pts3Co4g = - 6-10° erg/cm? [55]. In summary, the
analysis of the X-ray diffraction patterns and the magnetic studies
showed that RMA and the L1y phase existed together in the tem-
perature range of 400—750 °C, which suggested that the nature of
RMA is related to the structure of the L1g film.

Fig. 2 illustrates the in-plane torque clockwise curves for the L1g
film after annealing at 600 °C with RMA, in which the easy axis (ea)
is aligned along the [100] (curvel) and [110] (curve 2) directions.
The curves coincided, within experimental accuracy, after a shift to
an angle of ~ 45°, which is equal to the angle between the [100] and
[110] directions. This clearly demonstrates that, unlike RMA, the
easy axes of the four-fold anisotropy do not rotate beyond the
magnetic field direction, but tightly bound to the [110] and [1-10]
directions of the L1p(001) film and the MgO (001) substrate (Fig. 3).
Therefore, it is reasonable to assume that L1y films conditionally
consist of two layers after annealing at 600 °C. The first L15(001)
layer is an epitaxially intergrown layer with the MgO (001) sub-
strate (EILWS-layer) and is not subject to structural changes under
the influence of a magnetic field. The second layer is a surface RMA-
layer, in which L1 crystallites tend to line up in a direction close to
the direction of the magnetic field (Fig. 3). If the L1 crystallites are
aligned by c-axis in one direction then they must have an anisot-
ropy constant equal to K;(L1g) = 4.1 x 107 erg/cm? [53], however
experiments showed RMA with a constant L[** = 8.0 x 10° erg/cm’.
Under this assumption, the ratio L|**/K1(L1p) ~ 1.5%, means that only
an insignificant part of the L1 film participates in the RMA process.
This suggests that RMA is a magnetostructural surface phenome-
non. Fig. 4a represents the in-plane and out-of-plane hysteresis
loops of the 50Pt/50fcc-Co(001) thin film after annealing at 600 °C,
obtained along the [110] (in-plane) and [001] (out-of-plane) di-
rections, respectively (Fig. 3). The out-of-plane hysteresis loop had
a significant slope compared to the in-plane hysteresis loop, which
is associated with the presence of a two-fold shape anisotropy.
Fig. 4b showed the out-of-plane magnetic torque curve L1(¢), was
obtained by rotating the magnetic field from the [110] (in-plane)
direction via [001] (out-of-plane) to the [1-10] (in-plane) direction.
The L1(¢) contains a main contribution from two-fold perpendic-
ular anisotropy with an easy axis lying in the film plane, a constant
Ky = 1.1 x 10° erg/cm? and a contribution from RMA with a con-
stant L1™" = 8.0 x 10° erg/cm?>. It should be noted that the equality

Lyt (a. u.)

0 45 90 135 180
¢ (deg.)

Fig. 2. The in-plane torque clockwise curves for the RMA L1p-CosoPtsp film in which
the easy axes were lined up along the [110] (curve 1) and [100] (curve 2) directions of
the MgO(001) substrate. Since these curves do not match, this means that the easy
axes of four-fold anisotropy coincide with the [110] and [1-10] directions of the
MgO(001) substrate and do not change their directions under the influence of a
magnetic field.
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Fig. 3. Schematic view of the three X-, Y-, Z-variants of L1y growing on the (001)
surface of MgO. The L1, structure consists of two layers: the epitaxially intergrown
layer with a MgO(001) substrate (EILWS-layer) having classical fourfold anisotropy
with an easy axis (ea) lying along the [110] and [1-10] directions of MgO(001) and a
surface RMA-layer possessing a rotating easy axis under the influence of a magnetic
field. In the RMA-layer the original easy axis eag lies along the magnetic field direction.
When the magnetic field is rotates by an angle ¢ the easy axis shifts to the ea,
magnetic field direction but lags by an angle o.

800
s00 | (@)

400

200

M (emu/cm®)
o

-200
-400
-600
-800
-20 10 0 10 20
H (kOe)
3m1m [001] [-1-10] [00-1] [110]
I I

L1 (10°%erg/cm®)
[ ]

0 90 180 270 360
¢ (deg.)

Fig. 4. In-plane and out-of-plane hysteresis loops (a) and out-of-plane torque curve
LL(¢) (b). The equalities of the out-of-plane and in-plane H!! = H.L coercivities and the

in-plane and out-of-plane Lj** = LL"™" constants are associated with RMA spatial uni-

formity. The torque curve LL(¢) contains out-of-plane twofold anisotropy, which is
determined by the form anisotropy of the EILWS-layer (Fig. 3).

[Tt = L1 — [J** — 8.0 x 10° erg/cm® and the equality of the in-
plane and out-of-plane coercive forces Hy = HL ~ 6 kOe indicated
the spatial isotropy of the RMA phenomena, which was discovered
earlier in L1pCoPt(111) [12], L1pFePt [ 13] and MnBi [16] thin films. In
addition, the slightly distorted torque curve shape indicates the
presence of four-fold anisotropy. In-plane perpendicular anisotropy
is given by K, = 2tM% + AK and contains the anisotropy shape
2mM2 and the anomalous part of the perpendicular anisotropy +
AK, which does not exceed 50% of 27tMZ for many in-plane films.
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For simplicity, neglecting AK, the rough value of magnetization is ~
280 emu/cm?, which is less than the magnetization ~ 500 emu/cm>
of this sample and significantly less than the bulk value 800 emu/
cm? [53]. From this, it follows that in-plane perpendicular anisot-
ropy is associated with the EILWS-layer, which is an only part of the
L1g layer. The above data (Figs. 3 and 4) only indicated the existence
of a bilayer structure in the L1y film but does not give the oppor-
tunity to determine the exact ratio of thicknesses between the
surface RMA-layer and the EILWS-layer. This makes it impossible to
find the exact values of the constants Ky, Ky, L™, In summary, after
annealing at 600 °C, the L1¢ films contain an EILWS-layer having a
four-fold anisotropy constant K4 > - 7.8 x 10° erg/cm> with easy
[110] and [1-10] axes and an in-plane perpendicular anisotropy
Ky > 1.1 x 108 erg/cm3, which is exchanged coupled with a surface
RMA-layer having L™ > 8.0 x 10° erg/cm® (Fig. 3). It is important to
note that the surface nature of the RMA phenomena is consistent
with the well-known fact that RMA phenomena was only found in
thin films and never in bulk samples. It was shown in Ref. [26] that
if the set of X-, Y-, Z variants are exchanged coupled and their equal
volume fractions, then the magnetic anisotropy is described by
cubic anisotropy with easy axes (ea) coinciding with the [110] and
[1-10] directions of the film and MgO (001) substrate (Fig. 3) and
having a constant Ky = 2/3 Ky(L1g), where Ky(L1g) is the second
magnetocrystalline anisotropy constant of the L1p-Pt50Cos9. Hence
the value of K(L1g) > - 1.7 x 108 erg/cm?, which is more than an
order of magnitude is smaller than the first magnetocrystalline
anisotropy constant Ki(L1g) = 4.1 x 107 erg/cm?>. It is important to
keep in mind that the c-axes of the three L1g variants are mutually
perpendicular to each other and therefore the uniaxial anisotropies
with constants K; of the X-, Y-, Z-variants do not contribute to the
cubic anisotropy. This suggested that the EILWS-layer with the
constant K, > - 7.8 x 10° erg/cm’ is a soft magnetic layer. In
contrast, to the EILWS-layer, the surface RMA-layer is a hard-
magnetic layer and is consistent with the magnetic studies of
polycrystalline RMA-films having a coercivity of several kiloersted
[12,13,15,16].

Finally, we did not find any evidence of out-of-plane uniaxial
PMA, and therefore our finding proves that the hard-magnetic
properties of the L1g-Pt5¢Cosg films are linked to the RMA-layer.

3.2. Phase transformations and magnetic properties in 32Pt/68fcc-
Co(001) thin films

Like 50Pt/50fcc-Co (001) bilayers, X-ray diffraction patterns of
the 32Pt/68fcc-Co (001) bilayers showed that the L1p starts at
400 °C, which then turns into a disordered A1-Pt32C068 phase at
550 °C (Fig. 5a). The extremely broad and low (001), (002), and
(200) reflections from L1g suggested that only a thin low crystalline
quality L1p-Pt5gCos¢ layer of equiatomic composition starts on the
Pt/Co interface, which is then transformed to the disordered A;-
Pt3>Cogs phase following the solid-state reaction of L1g-PtsgCosg
with a residual fcc-Co (001) layer (L1o-PtsoCosp + fcc-Co —
(550 °C) A1-Pt33Co6g). The lattice parameter a = 0.3700 nm of the
disordered A1-Pt3;Cogg phase after annealing at 850 °C was
determined using the (200) reflection. Thus, the X-ray diffraction
results showed the phase sequence formation (3)

32Pt/68fcc-Co(001) — 400 °C L1g — 600 °C A1-Pt3;Cogs (3)

Fig. 5b represents the temperature dependence of the in-plane
four-fold anisotropy constant K4(T,). The independence of K4 (T,)
from the annealing temperature up to 400 °C is consistent with the
data from X-ray diffraction, which indicated the absence of mixing
and reaction between the Pt and Co. layers. A slight decrease of
K4(T,) in 50Pt/50fcc-Co(001) films in the temperature range of
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Fig. 5. X-ray diffraction patterns (a) and the dependence of the four-fold anisotropy
constant K4(T,) on the annealing temperature (b) showing the sequential synthesis of
L1y and A1-CoggPt3; in epitaxial 32Pt/68Co(001) thin films under annealing temper-
atures from room temperature up to 850 °C.

400—-550 °C confirms the formation of a low crystalline quality very
thin L1 layer. It is interesting to note that the initial L19(001) layer
formed on the Pt/fcc-Co(001) interface does not have four-fold
magnetic anisotropy since the K4(T,) dependence decreases, not
increasing above 400 °C (Figs. 1c and 5b). The decrease of the K4(T5)
constant above 400 °C is a consequence of the formation of the
defective L1g (001) layer with a thickness of ~ 20—25 nm, which
reduces the thickness of the fcc-Co(001) layer by ~ 10—12%. The real
mechanisms of the lack of four-fold magnetic anisotropy is not clear
and additional structural studies is necessary to understand the
initial stage of L1p(001) synthesis. In the temperature range of
400—600 °C, the 32Pt/68fccCo (001) thin films contained the
defective L1¢g-Pt50Cosg and Co(001) layers, which did not possess
RMA and therefore had the typical in-plane hysteresis loops
showing small coercive force about 300 Oe. Above 550 °C the
defective L19(001) layer grew into a high-quality disordered A1-
Pt3,Cogg(001) layer with the first magnetic anisotropy constant
K](Al—PQzCOGg) = K4(850 OC) =-43x 105 erg/cm3.

The literature review shows the presence of metastable DOg-
CosPt [3] and L1,- CosPt [56] phases in the Co-rich side of phase
diagram Co-Pt. The new modified Co-Pt phase diagram contains
CosPt in the Pt32Co68 samples [57]. However, our results do not
suggest the formation of CosPt in 32Pt/68fccCo(001) films after
annealing up to 850 °C. Therefore, further study of phase formation
in solid-state reactions in the 100-68 at. % range of Co, especially in
25Pt/75Co films, are needed to clarify the Co-rich side of the Co-Pt
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phase diagram.
4. Discussion

4.1. Reaction mechanism in Pt/Co bilayers and prediction of the
phase transition at 400 °C

For most metals with high melting points T, the diffusion co-
efficient D << 1024 cm?/s is below 400 °C. Taking into account the
typical annealing time of 1 h, this corresponds to a nearly zero
diffusion length I = (Dt)'/2 = 0.001 nm, which is insufficient for the
formation of the CoPt phase. This is in accordance with Tamann’s
empirical law, according to which there is no bulk diffusion below
0.5T, (for Pt/Co bilayers 0.5Ty > 750 °C). In contrast to the
generally accepted diffusion mechanism, we are developing an
alternative mechanism for low-temperature solid-state reactions
[36—50,58]. The basic concepts include: an initiation temperature
Tin < 400 °C, no mixing at the Pt/Co interface and no reaction
initiated between the Co and Pt. When the temperature increases
above the initiation temperature Tj, > 400 °C, strong attractive
chemical interactions arise between the Co and Pt atoms. This de-
stroys the old chemical bonds between the atoms in one of the
reactants (Co or Pt), causing these atoms to migrate into the layer of
the second reactant (Pt or Co) and form the first L1p-CoPt phase. In
particular, the chemical interactions create rapid atomic migration
during the reaction and hence increase the “effective diffusion
coefficient” by 12—18 orders of magnitude. It is important to note
that when the temperature changes around T, = 400 °C, the same
chemical interactions initiate a phase transition in the synthesized
L1p-CoPt phase.

The above results and work [26] reveals that the L1 is the first
phase which forms on the Co/Pt interface at the initiation tem-
perature T, ~ 400 °C in a broad composition range between 32%
and 72% of Pt. Our approach predicts the existence of a phase
transition at ~ 400 °C in the 32—72% Pt composition region, which is
absent in the Co-Pt bulk phase diagram. Since the reaction between
Co and Pt led to the synthesis of the ordered L1y phase, this sug-
gested that the phase transition at a temperature of ~ 400 °C should
be related to the ordering peculiarities in the L1o. However, a
literature review showed that around 400 °C Co clustering or phase
separation into Pt-rich and Co-rich regions is observed in CoxPty.x
thin film alloys [4,11,59—63], which occurred via spinodal decom-
position [63]. It follows from this that the structural origin of the
phase transformation at 400 °C remains unclear and needs to be
further investigated.

4.2. RMA model

We hypothesized that the RMA phenomena of the surface layer
in L1¢g-Pt5oCosg films is as a result of the field-induced rearrange-
ments of the tetragonal X-,Y-, Z-variants by twining. Typically, the
close-packed planes are twin planes and the {111} planes are twin
planes of the L1y cell. When the L1y-Pt50Cosq film is placed into a
magnetic field nanotwins with an easy c-axis around the direction
of the magnetic field arises in the X-,Y-, Z-variants of the surface
layer and created an effective easy axis. The real picture can get very
complicated because of the formation of nanotwins with different
spatial orientations which formed a complex twin structure. When
the magnetic field rotates, the twin structure is rearranged, leading
to the rotation of the effective easy axis following the direction of
the magnetic field. It is important to note that the c-axis of the
nanotwins does not line up strictly in the magnetic field direction
and can form large angles, so the effective easy axis always has a lag
angle a to the magnetic field direction (Fig. 3). The represented
RMA model originates from the explanation of large magnetic-
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field-induced strains (MFIS) and the ferromagnetic shape-memory
(FSM) effect observed in Heusler alloys. The origin of MFIS is
explained by the high mobility of the twin boundary as a result of
an external magnetic field, which generates a rearrangement of
martensitic variants without changing phase [64—68]. The mech-
anism behind the magnetic shape-memory effect is associated with
the formation of martensitic twins whose c-axes are oriented
around the applied magnetic field and can exhibit MFIS up to 12%
[64—69]. The investigated samples exhibited MFIS and contains
three martensitic modifications: five-layered modulated tetragonal
martensite (10 M) (c/a <1), seven-layered modulation (14 M) with
an orthorhombic lattice and non-modulated martensite (NM) with
an L1g tetragonal lattice (c/a >1). It is important to note that the
tetragonal martensite 10 M, like L19-CoPt, has three martensite X-,
Y-, Z-variants (Fig. 3), however, unlike L1¢p-CoPt, the twin boundary
of 10 M is the {101} plane [70]. The general nature of RMA and MFIS
is confirmed by the reversible reorientation of the easy magneti-
zation direction under an applied magnetic field in single-crystal
samples of near-stoichiometric NiMnGa alloys [65,71]. Also,
more indirect evidence is the approximate equality of the in-plane
and out-of-plane hysteresis loops [72—79], which is a characteristic
of spatial isotropy of RMA in thin films [12,13,15,16]. Like the L1j of
our work (Fig. 4a), the shape mismatch in the Ni-Mn-Ga thin film
hysteresis loops is caused by the four-fold anisotropy and shape
anisotropy of the film sample. However, subtracting the demag-
netizing field from the out-of-plane hysteresis loop led to a good
equality with the in-plane loop [79]. In addition, RMA was observed
in polycrystalline (CoyFe) xGeix Heusler alloy films, which had
similar in-plane and out-of-plane angular hysteresis loops [80].
Summarizing the above, we not only justified the general nature of
RMA and MFIS, we can also assume the existence of the RMA
phenomena in ferromagnetic MFIS-Heusler alloy films.

5. Conclusions

Three variants of the ordered L1y phase grew above 400 °C in
50Pt/50fcc-Co (001) thin films and possessed rotatable magnetic
anisotropy. Torque measurements revealed that the L1j films con-
tained a soft magnetic layer epitaxially intergrown with the
MgO(001) substrate and a top layer having rotatable magnetic
anisotropy. The general nature of rotatable magnetic anisotropy
and magnetic-field-induced strains in Heusler alloys is substanti-
ated. Above 750 °C the L1 turns into disordered A1-CosgPtsg hav-
ing the first magnetocrystalline anisotropy constant K; = —
5.5 x 10° erg/cm?. In 32Pt/68fcc-Co (001) thin films above 400 °C
do not show the rotatable magnetic anisotropy because a very thin
defective L1g layer was is formed. Above 550 °C defective L1g layer
reacts with a residual fcc-Co (001) layer and forms the disordered
A1-CoggPts; alloys film with a magnetic anisotropy constant K1(A1-
CoggPtsy) = - 4.3 x 10° erg/cm?. The second magnetocrystalline
anisotropy constant of the ordered L1¢g-Cos0Ptso phase is defined as
Ko(L1g-CosgPtsg) > - 1.2 x 10° erg/cm?3. Our findings revealed not
only the surface character of rotatable magnetic anisotropy but also
its vital role in the perpendicular anisotropy of hard magnetic L1g
films.
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