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Abstract—The results of the investigation of the structural and magnetic properties of CoPd films with equi-
atomic composition have been presented. The films have been synthesized by vacuum annealing of polycrys-
talline Pd/Co and epitaxial Pd/oa-Co(110) and Pd/B-Co(001) bilayer samples. It has been shown that, for all
samples, the annealing to 400°C does not lead to the mixing of layers and the formation of compounds. A fur-
ther increase in the annealing temperature results in the formation of a disordered CoPd phase at the Pd/Co
interface, which is fully completed after annealing at 650°C. The epitaxial relationships between the disor-

dered CoPd phase and the MgO(001) substrate are determined as follows: CoPd(110){ 111 ) || MgO(001){100)
and CoPd(001)[100] || MgO(001)[100], which are formed in the Pd/a-Co(110) and Pd/pB-Co(001) films,
respectively. According to the calculations, the first magnetocrystalline anisotropy constants of the disordered

CoPd phase for Pd/a-Co(110) and Pd/B-Co(001) samples have close values: ch ofbd _ —(1.6£0.4) x 10° erg/cm’.
A possible mechanism of the solid-state synthesis of the CoPd alloy is proposed.

DOI: 10.1134/S1063783415050236

1. INTRODUCTION

Multilayers with perpendicular magnetic anisot-
ropy have continued to attract attention of researchers
and have been intensively investigated for the purpose
to use in practice as media for perpendicular recording
[1, 2] and random-access memory devices [3]. Multi-
layer Co/Pd samples have a perpendicular magnetic
anisotropy of ~8 x 10° erg/cm? [4], which is slightly
less than in materials with high uniaxial magnetocrys-
talline anisotropy [5]. Experimental observations
revealed that heating to ~400°C does not change the
magnetic properties of Co/Pd multilayers. However,
annealing at temperatures higher than 400°C leads to
a degradation of the perpendicular magnetic anisot-
ropy, and the easy magnetization direction becomes
aligned with the sample plane. This is interpreted by
assuming that the heating is responsible for the mixing
and alloying at the initially sharp Pd/Co interface [6—
10]. The chemical mixing at the Co/Pd interface is
observed upon ion implantation [11] and intense laser
irradiation, which lead to a decrease in the perpendic-
ular magnetic anisotropy [12, 13]. This agrees with the
calculations of the electronic structure, which predict
a decrease in the perpendicular magnetic anisotropy
due to the formation of defects and alloying at the
Co/Pd interface [14]. According to the phase equilib-

rium diagram, in the Co—Pd system, there is only a
disordered Co,Pd, _ | solid solution with a lattice con-
stant that varies depending on the composition from
a= 0.3826 nm for Pd to a = 0.3544 nm for B-Co.
However, the metastable ordered phases L1,-CoPd
and L1,-CoPd; with the order—disorder transition tem-
peratures of ~830°C were revealed in Co,Pd, _, alloy
thin films prepared by vacuum deposition [10, 15].

Currently, there are few publications devoted to the
study of conditions for the formation of disordered
Co,Pd, _, solid solutions and there are no data on
their magnetic properties both for bulk samples and
for thin films. Important information about the condi-
tions for the formation and ordering of CoPd phases
during annealings can be obtained from the investiga-
tion of solid-state reactions between thin-film reac-
tants Co and Pd.

It is well known that solid-state reactions in thin
films start at a specific temperature (initiation temper-
ature 7;,) with the formation of only one phase, which
is referred to as the first phase [16—18]. A further
increase in the temperature leads to the appearance of
other phases, which form a phase sequence. Until
now, no unique explanation has been proposed for the
formation of the first phase and phase sequence
among many phases of the given binary system, and no
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determination has been offered for their initiation
temperature, although some models have been pro-
posed [16—18].

In this work, we have investigated the solid-state
reactions between the Pd film and polycrystalline Co
film, as well as the structures with hexagonal o-
Co(110) and cubic B-Co(001) epitaxial layers during
annealing in vacuum. It has been shown that, regard-
less of the structural modification and the crystalline
state of cobalt in samples of the 1Co : 1Pd composi-
tion, an increase in the annealing temperature above
400°C leads to the onset of the mixing of Co and Pd
layers and the formation of the disordered CoPd
phase.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The initial polycrystalline Pd/Co films and initial
epitaxial Pd/a-Co(110)/MgO(001) and Pd/p-
Co(001)/MgO(001) films were prepared by sequential
vacuum deposition of Co and Pd layers on glass and
MgO(001) substrates, respectively. Before the deposi-
tion, the substrates were outgassed at 400°C for 1 h.
The experiments were carried out using samples with
an atomic ratio of 1Co : 1Pd (hereinafter, CoPd) and a
total thickness of 300 nm. The deposition of a Co layer
in a vacuum chamber with a pressure of 10~ mbar at a
temperature of 250—300°C led to the epitaxial growth
of a-Co(110) on MgO(001). However, the deposition
in vacuum with a pressure of 10~> mbar at a tempera-
ture of the MgO(001) substrate in the range of 250—
300°C resulted predominantly in the formation of an
epitaxial cubic B-Co(001) layer. The magnetic anisot-
ropy was measured on a rotating sample magnetome-
ter with a maximum magnetic field of 18 kOe. The
X-ray fluorescence analysis was used to determine the
thicknesses of the Co and Pd layers. The formed
phases were identified on a DRON-4-07 (CuK, radia-
tion). X-ray diffraction investigations of the epitaxial
orientation of the phases were performed on a
PANalytical X’Pert PRO diffractometer with a PIXcel
solid-state detector. The initial samples of Pd/Co, Pd/o.-
Co(110)/MgO(001), and Pd/B-Co(001)/MgO(001)
were subjected to thermal annealing in a vacuum of
10~% mbar at temperatures in the range from 250 to
650°C with a step of 50°C and exposure at each tem-
perature for 30 min. All the measurements were per-
formed at room temperature. The temperature depen-
dence of the electrical resistance during the synthesis
of the disordered CoPd phase upon heating of poly-
crystalline Pd/Co films was measured by the four-
point probe method with clamping contacts in a vac-
uum of 10~® mbar at a heating rate of ~5°C/min.
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Fig. 1. X-ray diffraction patterns of the polycrystalline
Pd/Co film sample at annealing temperatures of (a) 20, (b)
400, and (c¢) 500°C.

3. EXPERIMENTAL RESULTS
AND DISCUSSION

3.1. Solid-State Synthesis of the CoPd Alloy
in Polycrystalline Pd/Co Films

The X-ray diffraction patterns of the initial poly-
crystalline Pd/Co films deposited on glass substrates
contained reflections from Pd and a-Co, as well as
weak peaks of the 3-Co phases (Fig. 1a), which did not
change upon annealing to 400°C (Fig. 1b). Therefore,
the initial Co layer contained a mixture of crystallites
of the low-temperature (o.-Co) and high-temperature
(B-Co) phases. After annealing at 500°C, the reflec-
tions from Pd and Co disappeared and reflections
appeared from a compound with the lattice parameter
a = 0.372 nm, which corresponds to the Cos,Pds, solid
solution (Fig. 1¢). This indicates that the mixing of Co
and Pd layers and the synthesis of the disordered CoPd
alloy have the initiation temperature above 400°C.
Figure 2 shows the dependence of the electrical resis-
tance of the initial Pd/Co films on the heating temper-
ature. With an increase in the temperature, the electri-
cal resistance increases monotonically, following the
metallic behavior of the temperature dependence of
the electrical resistance of the reactants. A sharp
increase in the resistance above 400°C certainly indi-
cates the mixing of Co and Pd layers and the synthesis
of the CoPd alloy with the initiation temperature 7;, ~
400°C.

2015



400 600

T,°C

Fig. 2. Dependence of the electrical resistance R of the
polycrystalline Pd/Co film sample on the temperature 7.
The arrows indicate the direct and reverse runs. A sharp
increase in the electrical resistance R begins at the initia-

tion temperature 7}, = 400°C of the solid-state reaction

between the Pd and Co films.

3.2. Solid-State Synthesis of the CoPd Alloy
in Epitaxial Pd/a.-Co(110) Films

The initial Pd/a-Co(110) films were formed by
deposition of a Pd layer on the a-Co(110)/MgO(001)
surface in a vacuum of 10-¢ mbar at a temperature of
~250°C. Figure 3a shows the X-ray diffraction pattern
of the initial Pd/a-Co(110) film formed on the
MgO(001) surface, which contains a strong peak of
a-Co(110) and a weak reflection from Pd(002). This
suggests the growth of a finely dispersed Pd layer on
the a-Co(110) surface. The analysis performed in [19]
revealed that o-Co(110) crystallites grow on
MgO(001) in accordance with the two epitaxial rela-
tionships

a-Co(110)[001] || MgO(001)[110],

_ (D
a-Co(110)[100] | MgO(001)[110].

These relationships also hold for the growth of o.-
Co(110) crystallites on GaAs(001) [20] and bilayer
Co/V films on MgO(001), which were prepared in an
ultrahigh vacuum [21]. The magnetic anisotropy
energy Fyof the hexagonal crystal (without taking into
account the anisotropy in the basal plane) has the form

E‘}{CO = K} "o sinZp + K5 "o sin‘g, ..., where @ is the

angle between the ¢ axis and the direction of magneti-
zation Mg [22]. For a-Co, the magnetocrystalline

anisotropy constants are K| = 4.3 x 10 erg/cm?

and K3 = +1.2 x 106 erg/cm? [22].
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Fig. 3. (a—c) X-ray diffraction patterns of the Pd/o-
Co(110) films at annealing temperatures of (a) 20, (b) 500,
and (c) 650°C. (d) Asymmetric diffraction image (¢—20)
for the MgO(001) substrate and CoPd(110) films after
annealing at 650°C. These scans show the epitaxial growth

CoPd(110)(111 )| MgO(001){100).

Under the assumption that the a-Co(110) crystal-
lites growing with orientations of the axis along the
[110] and [ 110 ] directions of MgO and satisfying rela-
tionship (1) are exchange-related and have equal vol-
umes, their effective magnetic constant K*©°U10) jg
equal to the second magnetocrystalline anisotropy

constant K of the a-Co phase (K*-Co110 = g37°)
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[20]. The coincidence of the experimental values of

K%-Co10 and K3 confirms the epitaxial growth of

a-Co(110) crystallites on MgO(001) according to the
epitaxial relationships (1). The easy magnetization
axes of the a-Co(110) films coincide with the [110]

and [110] directions of the MgO(001) substrate. In

the coordinate system related to the [100] and [OIO]

axes of the MgO(001) substrate, the constant K*-°(119)
has a negative value. Figure 4a shows the schematic
drawing of the a-Co(110) crystallites grown on
MgO(001) in accordance with the epitaxial relation-
ships (1).

The diffraction patterns of the initial Pd/o.-
Co(110) samples did not change up to 400°C. The
annealing at 500°C leads to a decrease in the peaks of
the a-Co(110) phase and to the onset of formation of
a new strong (110) peak of the CoPd phase (Fig. 3b).
With an increase in the annealing temperature to
650°C, the (110) reflection significantly increases due
to both an increase in the volume and an increase in
the crystalline perfection of crystallites of the
CoPd(110) phase (Fig. 3c). The epitaxial relationship
in the plane between the CoPd(110) film and the
MgO(001) substrate

CoPd(110)(111) | MgO(001){ 100) 2)

was determined by measuring the asymmetric ¢p-scans
ofthe {222} and {311} reflections from the CoPd phase
and the {113} reflection from the MgO substrate
(Fig. 3d).

Figure 4b shows the schematic diagram of four
variants of the CoPd(110) crystallites synthesized on
the MgO(001) surface after annealing at 650°C, which
satisfy the epitaxial relationship (2). It can be seen that
the initial a-Co(110) crystallites grown on the
MgO(001) surface, which satisfy the epitaxial rela-
tionships (1) (Fig. 4a), after the reaction with Pd form
CoPd(110) crystallites in accordance with the epitax-
ial relationship (2) (Fig. 4b).

3.3. Solid-State Synthesis of the CoPd Alloy
in Epitaxial Pd/B-Co(001) Films

The epitaxial B-Co(001) layer was formed by depo-
sition of cobalt on the MgO(001) substrate at a tem-
perature of ~250°C in a vacuum of 10~ mbar. Previ-
ously, it was shown that the high-temperature metasta-
ble cubic phase B-Co is formed under these deposition
conditions [23] and in an ultrahigh vacuum [24, 25].
The B-Co films had the preferred (001) orientation
and biaxial magnetic anisotropy with the constant
coinciding with the first magnetocrystalline anisot-

ropy constant of cubic cobalt K? “Co(ll0) —(5.5-6.0) x
10° erg/cm? [26—28]. The easy magnetization axes of
the B-Co film coincided with the [110] and [110]
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3—CoPd[111] | MgO[010] 4—CoPd[111] || MgO[100]

Fig. 4. Schematic diagrams showing the structural trans-
formation on the MgO(001) surface for (a) initial a-
Co(110) crystallites and (b) crystallites after the solid-state
reaction with Pd.

directions of the MgO(001) substrate. This confirms
the existence of the following orientation relationship
for the epitaxial growth of cubic cobalt on the
MgO(001) surface:

B-Co(001)[100] | MgO(001)[100]. 3)
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Fig. 5. (a—c) X-ray diffraction patterns of the Pd/B-
Co(001) films at annealing temperatures of (a) 20, (b) 500,
and (c) 650°C. (d) Asymmetric diffraction image (¢p—20)
for the MgO(001) substrate and CoPd(001) films after
annealing at 650°C. These scans show the epitaxial growth
CoPd(001)[100] || MgO(001)[100].

The deposition of the Pd layer was performed at a
temperature of ~250°C and did not change the mag-
netic properties of the 3-Co layer. The only Pd(002)
peak in the X-ray diffraction pattern confirms the suc-
cessive preferential formation of the epitaxial -
Co(001) and Pd(001) layers on the MgO(001) surface
(Fig. 5a). Figure 6a shows the schematic diagram of
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Fig. 6. Schematic diagrams showing the structural trans-
formation on the MgO(001) surface for (a) initial crystal-
lites B-Co(001) and (b) crystallites after the solid-state
reaction with Pd.

the growth of B-Co(001) crystallites on the MgO(001)
surface, which satisfy the epitaxial relationship (3).

The X-ray diffraction patterns of the initial Pd
(001)/B-Co(001) samples did not change up to 400°C.
After annealing at 500°C, the peaks of Pd(002) and
B-Co(002) significantly decreased and new (002)
reflections from the CoPd phase appeared (Fig. 5b).
With a further increase in the annealing temperature to
650°C, the reflections from CoPd (002) significantly
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increased and the peaks from Pd(002) and B-Co(002)
completely disappeared (Fig. 5c). This suggests the
completion of the synthesis of CoPd(001) crystallites,
which inherit the (001) orientation of the initial
B-Co(001) films. The absence of the superstructure
(001) reflection confirms that the formed CoPd phase
is disordered. Using the asymmetric scanning of the
{113} reflections, we determined the following epitax-
ial relationship for synthesized CoPd(001) crystallites
on the MgO(001) substrate after annealing at 650°C
(Fig. 5d):

CoPd(001)[100] || MgO(001)[100], “)

their schematic drawing is shown in Fig. 6b. The same
epitaxial relationship (4) holds for the disordered
CoPd(001) phases formed under different deposition
conditions on the MgO(001) substrate [29, 30]. Using
the peak of CoPd(002), we determined the lattice
parameter of the CoPd phase a = 0.37135(4) nm,
which is close to the value for bulk CoPd alloy sam-
ples.

3.4. Evolution of the Magnetocrystalline Anisotropy
in Epitaxial Pd/a-Co(110) and Pd/B-Co(001) Films

The in-plane biaxial magnetic anisotropy constants
KPd/a-Co(l10)  qnd  KPA/B-Co0OD)  of the initial films
Pd/a-Co(110) and Pd/B-Co(001) containing crystal-
lites shown in Figs. 4a and 6a are equal to the magne-

tocrystalline anisotropy constants K3 <° and K",

respectively. Figure 7 shows the dependences of the

effective magnetic anisotropy constants Klflfo =

KPd/(x—Co(IlO)/K(zx’CO and Kg?fl _ KPd/B—Co(OOl)/K?’CO on
the annealing temperature 7 for the Pd/o-Co(110)
and Pd/B-Co(001) samples, respectively.

Within the experimental error, up to the tempera-

ture of 400°C, the anisotropy constants KiflfO(T)

(Fig. 7a) and K>y (T) (Fig. 7b) did not depend on the

annealing temperature 7. At annealing temperatures

above 400°C, the observed decrease in the absolute

values of the constants Ké;fo (Fig. 7a) and e?fl

(Fig. 7b) as a function of the annealing temperature T
is associated with the onset of the mixing of Pd and Co
layers and with the synthesis of the CoPd phase. This
agrees with the data on the electrical resistance (Fig. 2)
and X-ray diffraction (Figs. 1, 3, 5), according to
which the initiation temperature of the reaction of
palladium with cobalt is 7;, ~ 400°C. As was shown
above, after annealing at 650°C, the reaction between
Pd and Co is fully completed and, in the Pd/o-
Co(110) films, four variants of CoPd(110) crystallites
are formed (Fig. 4b), which grow on the MgO(001)
surface and satisfy the epitaxial relationship (2). It is
also known that four variants of Fe(110) crystallites
grow on Cu(001) in accordance with the Pietsch epi-
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Fig. 7. Dependences of the magnetic anisotropy constants

(a) Klflfo and (b) Kggfl on the annealing temperature 7'and

schematic diagrams for the Pd/a-Co(110) and Pd/fB-
Co(001) films, respectively. Changes in the values of Ké;fo

01 . S
and Kgﬁc begin at the initiation temperature 7;, ~ 400°C

of the solid-state reaction between the Co and Pd films and
are completed at a temperature of ~650°C.

taxial relationship Fe(110){111)||Cu(001){110) [31—
37]. The magnetic anisotropy energy density E(¢p) of
exchange-coupled CoPd(110) crystallites satisfying
the epitaxial relationship (2) is described by the
expression similar to that obtained for Fe(110) crystal-
lites satisfying the Pietsch relationship [37]:

E(p) = Kcopdmo)sinztpcosz(p

%)
= (3/4)1(1Copd cos46 sinchcosz(p,

where ¢ is the angle between the magnetization Mg
and the [100] direction of MgO and 0 is the angle of
misorientation of CoPd(110) crystallites with respect
to the [100] and [010] directions of MgO(001)
(Fig. 4b). From expression (95), it follows that the biax-
ial magnetocrystalline anisotropy constant K©°Pd(10)
of the CoPd(110) crystallites satisfying the epitaxial
relationship (2) (Fig. 4b) is determined by the first

magnetocrystalline anisotropy constant ch P4 of the
CoPd alloy:

KOO = (3/4) K™ cos40. (6)

For the CoPd(110) crystallites satisfying the epitaxial
relationship (3), we have the angle 6 = 35.25°
(Fig. 4b). By substituting the experimental value of
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KPY%C (T = 650°C) = KU1 = 4(1.0  0.4) x

103 erg/cm? (Fig. 7a) and 0 = 35.25° (Fig. 4b) into
expression (6) and taking into account the ratio of the
Pd film volume to the Co film volume (1 : 3), we obtain
the first magnetocrystalline anisotropy constant

K™ = —(1.6 £ 0.4) x 10° erg/cm? for the CoPd alloy.
It is important to note that, according to expression

(6), the constants K<°P10 and KT°™ have different
signs. This corresponds to the sign reversal in the

dependence K.y ““°(T) (Fig. 7a) for the synthesis of
CoPd(110) crystallites in the Pd/a-Co(110) films.

The constant K.*° = —(1.6 + 0.4) x 10° erg/cm3
agrees well with the value obtained from the depen-
dence K.W*® (T = 650°C) (Fig. 7b) for the
CoPd(001) films. Thus, within the experimental accu-
racy, for the epitaxial film systems CoPd(110) (Fig. 4b)

and CoPd(001) (Fig. 6b), we obtained the same esti-
mate for the first magnetocrystalline anisotropy con-

stant of the disordered CoPd phase: K]C ord —(1.6 £

0.4) x 10° erg/cm?. However, this value is more than
two times less than the value for bulk CoPd samples
[38]. The reasons for the significant difference in the

Pd .
values of ch ** remain unclear.

In [39—53], it was shown that solid-state reactions
in bilayer thin films start at minimum temperatures 7%
of the solid phase structural transformation of the first
phase (7T;, = Tx) formed in the reaction products. For
example, solid-state reactions in Pt/Co [39], Cu/Au
[40], and Pd/Fe [41] films start at the order—disorder
transition temperatures in the Pt—Co, Cu—Au, and
Pd—Fe systems, whereas in Ni/Ti [42], Au/Cd [43],
Al/Ni [44,45], and Mn/Fe [46] films, these reactions
start at the reverse martensitic transition temperatures
Ainthe Ni—Ti, Au—Cd, AI-Ni, and Mn—Fe systems,
respectively. This rule also holds true for other struc-
tural transformations [47—53]. On this basis, we can
assume the existence of a structural phase transition at
a temperature of ~400°C in the region of the equi-
atomic composition of the Co—Pd system. This tran-
sition can be associated with the existence of the mar-
tensitic transition or the order—disorder transforma-
tion in the Co—Pd system.

It is known that, in pure Co and some alloys based
on Co, such as Co—Ni, Co—Al, Co—Mn, Co—Ge,
and Co—Cu, there occurs the martensitic transforma-
tion B «— a [54—57]. For pure Co, the reverse mar-
tensitic transformation temperature A, = 429—445°C
[54] is close to the initiation temperature 7}, of the
solid-state reaction in polycrystalline Pd/Co films and
epitaxial Pd/a-Co(110) and Pd/B-Co(001) films.
This suggests the following scenario of the synthesis of
the CoPd phase. An increase in the substrate temper-
ature 7T above the reverse martensitic transformation
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temperature A, ~ 400°C, the CoPd austenite phase is
formed at the Pd/Co interface due to the migration of
Pd atoms into polycrystalline Co or epitaxial layers of
B-Co(001) and a-Co(110). However, a decrease in the
substrate temperature to the liquid-nitrogen tempera-
ture does not cause a transition of the CoPd austenite
phase to the CoPd martensite phase. This suggests
either that the martensitic transformation in the CoPd
alloy is suppressed or that the temperature A, of the
direct martensitic transition § — o is below —196°C.
For example, in the Co—Ni system, the CoNi austen-
ite phase transforms into the martensite phase upon
cooling to the liquid-nitrogen temperature [54].

The solid-state synthesis of the CoPd alloy in
Pd/Co films can also be determined by the order—dis-
order transition in the Co—Pd system. The L1, super-
structure is not found in bulk samples of Co,Pd, _,.
However, according to some publications, the forma-
tion of the LI, superstructure was observed in
Co/Pd(111) films at 560 K [10] and in CoPd films
after annealing at 750°C [15]. Possibly, the difficulties
encountered in the experimental determination of the
L1, superstructure are associated with the very slow
kinetics of atomic ordering in the CoPd alloy.

The above arguments do not give a clear answer to
the question as to which solid-state transformation is
associated with the synthesis of the CoPd alloy in
Pd/Co films after annealings above ~400°C. However,
certainly, the occurrence of chemical interactions
between Pd and Co above 400°C, which lead to the
breaking of chemical bonds, the mixing of Co and Pd
layers, and the synthesis of the CoPd phase, indicates
the existence of a structural transition in the Co—Pd
system at a temperature of 400°C.

4. CONCLUSIONS

It was shown that, regardless of the structural mod-
ifications of cobalt, the solid-state reaction between
the Co and Pd films begins to occur at the temperature
T:, = 400°C and is fully completed at a temperature of
650°C with the formation of the disordered CoPd
phase. For Pd/a-Co(110) and Pd/B-Co(001) bilayer
films with the 1Co : 1Pd atomic composition, the syn-
thesis of the CoPd alloy leads to different epitaxial rela-
tionships for the growth of CoPd crystallites on the

MgO(001) substrate: CoPd(110){111 ) || MgO(001){100)
and CoPd(001)[100] || MgO(001)[100], respectively.
For the two epitaxial film systems, the estimation of
the first magnetocrystalline anisotropy constants of
the disordered CoPd phase gave the same value:

K™ =—(1.6£0.4) x 105 erg/cm>. Based on the anal-

ysis of the results of the investigations of the relation-
ship between the solid-state reactions and transforma-
tions in film structures, it was assumed that the solid-
state transformation occurs in the Co—Pd system at a
temperature of ~400°C.
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