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1. Phys.. Condens, Matter 7 (1995) L293-L298. Printed in the UK
LETTER TO THE EDITOR

Correlation of electron/atom ratio with structural stability in
Mo-Fe, Mo—Co and Mo-Ni alloys

Z JZhang and B X Liu

Department of Materials Science and Engineering, Tsinghua University, Beijing 100084,
People’s Republic of China and Centre of Condensed Matter and Radiation Physics, CCAST
(World Laboratory), Beijing 100080, People’s Republic of China

Received 14 March 1995

Abstract., A BCC—HCP—FCC, structural change was observed in the Mo;_. M, (M = Fe, Co, Ni)
multilayered films irradiated by 200 keV xenon ions at room temperature when x was less than
30 at.%. The structural change in the Mo, M, alloy films was correlated to the electron/atom
ratio change due to a d—d electron transfer between Mo and M while alloying. The critical
composition for this change was predicted for the three systems using the energy differences
among the Bce, HCP and FCC structures of the transition metals calculated from the electronic
band theory. The calculated compositions agreed reasonably well with the experimental results.

The crystal structure sequence at ambient pressure for the d transition elements has been
accurately accounted for by means of ab initic local-density calculations [1] almost a decade
ago. From the electronic band structure calculations [2, 3], two rather similar relationships,
i.e. the energy difference between BCC and FCC and that between HCP and FCC structures
are obtained as a function of the electron/atom ratio and are shown in figure 1. It shows that
with increasing electron/atom ratio, the most stable structures are HCP—+BCC—»HCP~—+FCC
for the transition metals. For the refractory metals with either 5 or 6 valence electrons/atom,
BCC is the most stable structure at ambient pressure. Structural transitions, however, like
BCC—HCP [4], BCC—FCC [5, 6] and BCC—HCP—FCC [7] have been observed in the BCC
refractory metals vnder ultrahigh pressure [8-10]. These structural transitions are believed
to be due to an increase of the d-electronsfatom ratio caused by a pressure-induced sp—d
electron transfer under ultrahigh pressure [4, 6]. Similarly, when two transition metals
form an alloy, a common d band is always formed through a d—d transfer t0 minimize
the total energy of the alloy [11]. Nevertheless, when the refractory metals alloy with
the 3d ferromagnetic metals, i.e. Fe, Co and Ni, the d—d transfer between them will
result in an increase of the d-electron/atom ratio compared with the pure refractory metals,
implying the possibility of the BCC—HCP (or FCC) transition. These structural transitions,
i.e. BCC—FCC [12] and BCC—HCP—FCC [13-15], have been observed in some refractory
metals of 5 valence electrons such as Nb and Ta alloying with Fe, Co and Ni of more d
electrons. It is of much interest to investigate the possibility and give insight into the same
transitions in other refractory metals of 6 valence electrons (such as Mo) when alloying
with 3d ferromagnetic metals.

In this letter, we present the BCC—HCP—FCC change in Mo, M, (x < 30 at%, M =
Fe, Co, Ni) alioys induced by ion irradiation and the dependence of the transition on the
alloy composition.
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Figure 1. The structural stability energies of the transition metals with the three main
crystaflographic structures of Bcc, HCP and FCC, respectively.

Multilayered Mo(_ M, films were prepared by alternatively depositing pure molybde-
num (99.9%) and pure M (99.9%) onto newly cleaved NaCl single crystals as subsirates
in an e-gun evaporation system with a vacuum level of the order of 1077 Torr. The as-
deposited multilayered films were then irritated by 200 keV xenon ions at room temperature
in an implanter of a vacuum level on the order of 10™% Torr. During irradiation, the beam
current density was controlled to be less than | A cm™2, to minimize the beam heating
effect. After irradiation, all the irritated samples were analysed by transmission electron mi-
croscopy (TEM) and selecied area diffraction (SAD) to identify the structures of the resultant
phases. Meanwhile, energy dispersive spectrum (EDS) analysis was employed to determine
the real composition of the phase with an experimental error less than 5 at.%.

Table 1. Structural change in the Mo-Fe, Mo—Co, Me-Ni multilayered films upon room
temperature 200 ke'V xenon ion mixing.

Dose (x10'%)  MogsNijg  MogsNizs MoyCoss MonFexy

3 BCC Mo + Ni Mo + Co Mo + Fe
5 BCC A BCC BCe
7 BCC A HCP + FCC BCC
9 HCP 4 BCC HCP + FCC HCP + FCC HCP + FCC
30 FCC HCP + FCC HCP + FCC FCC
50 FCC HCP + FCC FCC FCC
70 A FCC A A

Table 1 lists the structural changes of the Mo;_,M, alloys with increasing irradiation
doses. The structure of the MogsNij¢ multilayered films was BCC when the irradiation
dose was 3 x10' Xe* cm™2, then it transformed into a mixture of HCP plus FCC structures
when the irradiation dose reached 9x 10" Xet em~2, and when the irradiation dose reached
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Figure 2. SAD patterns of the MogsNije multilayered films at various irradiation stages by 200
keV xenon ion: (a) as-deposited; (b) BCC solid solution; (c) HCP + FCC phases; (d) FCC phase;
and (e) amorphous phase.

3x 10" Xe* cm™2, it changed into a uniform FCC structure. The FCC structure was not stable
upon further irradiation and turned completely amorphous at a dose of 7x10'> Xet em™2.
Figure 2(a)—(e) shows the SAD patterns of the MogsNij¢ films at different irradiation stages.
The lattice parameters of the HCP and FCC structures are identified to be ance = 294 A,
cuce = 4.79 A with a c/a ratic of approximately 1.63, and apcp = 4.22 A. Table 2
lists the indexing results of the FCC phase. Interestingly, the same HCP and FCC metastable
crystalline phases were also formed in the Mo;5Nias multilayered films under ion irradiation
yet in a reverse sequence versus the amorphous phase. It is worthwhile mentioning that
the amount of xenon contained in the films was very small. Our EDS analysis revealed that
there was less than 3 at.% of xenon in the films at a dose of 7x10' Xe* cm~2, and thus
has negligible effect on the phase formation. The structural change in the Mo;_,Ni, alloys
can be summarized as

. 3x10¥Xe* cm™? 9x 10 Xe* cm? x10"5Xe* cm? 7x10¥Xet cm™?
Mog4Nig —> BCC > HCP + FCC > FCC > A
. 5x10"Xet em™?  9x10MXet cm™ 7x105Xe* em?
M075N125 —> A > HCP +FCC ——M——> FCC

Note that A stands for the amorphous phase, BCC is a Mo-rich solid solution, HCP and
FCC are the two metastable crystalline phases.
In the Mos3Fey; and Mo7;Coys multilayered films, the HCp and FCC phases were also
obtained at relative irradiation doses. These results are summarized as follows
5x10MXe* cm™2 9x10¥Xet cm~2 3x10'5Xet cm-2? 7x105Xe* em—2
Mo;3Fes; —— BCC > HCP + FCC — FCC >

5x104Xe* cm™? 7x10"Xet cm™? 5x1015Xe* cm~? 7%x10"5Xe* cm™?

Mo77Coy3 — BCC — HCP + FCC > FCC

Obviously, the HCP and FCC structures in the Mo;_;M, alloys were formed from the
BCC Mo-rich solid solution via a two-step transition of BCC-—HCP—FCC, where HCP acted
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Table 2, Identification of the FOC phase formed in the MogsNi¢ multilayersd films upon room
temperature 200 keV xenon ion mixing to a dose of 3 x 10'5 Xet em™2,

Planar spacing  Indexing results  Planar spacing

(experimental)  (hkl) (calculation) Intensity
2.44 111 2.44 strong
2.12 200 211 strong
1.51 220 1.49 medium
1.27 311 1.27 medium
1.21 222 1.22 weak
1.05 400 1.06 weak
0.97 33 097 weak
0.94 420 094 weak

as an intermediate state. This tramsition was quite similar to that observed in the Nb-Fe,
Nb—Co and Nb-Ni systems [16]. According to the BCC—HCP —FCC transition mechanism
[15], the lattice parameters of the HCP and FOC structures are calculated to be aycp = 2.73
A, cucp = 4.45 A and apcc = 3.86 A, which agreed reasonably with the experimental
values.

The following issue is then why the BCC->HCP—FCC transition occurred in the
Moy_xM; alloys and why at the above compositions. It is well known that when two
transition metals form an alloy, a common d-band will be formed to minimize the total
energy of the alloy via a d—d transfer resulting in certainly a different electron/atom ratio
of the alloy versus that of the matrix metal [4]. According to Midema [17], the number
of electrons transferred per atom A, Z% 5 , 5, in a binary alloy of transition metals A-B
can be estimated by

—a
Zi i ABj_s = 8% s 6}

with Zoi i 5 = 0.5(0% — @), where £ is a function related to the atomic concentration
and atomic volumes of the constituent metals, &} and P} are the work functions of metal
A and metal B, respectively. In a NiMo; solid solution for example, nickel atom will
carry a negative charge of —(.22¢, indicating that the common d-band of the alloy is
formed through a d—d transfer from Ni to Mo. This value is small but very significant
as it gives a rise to the electronfatom ratio of the alloy which will probably destabilize
the BCC structure of the NiMos solid solution. The BCC—HCP—FCC fransition in the
Mo;_ M, alloys is therefore believed to result from the alloying-induced change in the
electronfatom ratio, which, as demonstrated by figure 1, determines the structural stability
of pure transition metals. It is reasonable to assume that the structural-dependent energies
of transition metal alloys will vary systematically and simply as demonstrated by figure 1,
with the average number of valence electrons per atom as long as the two metals form a
common band of d-type electron states. One sees that when the average valence electrons
of the alloys reaches 6.67 electronfatom (Z, point), the energetic curves of the BCC, HCP
and FCC structures intersect [17], implying that a structural transition from BCC into HCP or
FCC is possible. If we take Z. as the critical point for the BCC—HCP—FCC transition and
neglect the ferromagnetic contributions from Fe, Co and Ni atoms, the composition for the
BCC->HCP (or FCC) structural change in the Moy, ; M, alloys can be calculated by

(1= x)Zmo + X2y = Z, 2)
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Figure 3. A calculated free energy diggram of the Mo-Ni system

where Zy, and Zy; are valence electrons/atom of Mo and M, respectively. From this
equation, the compositions for this transition in the three alloys are calculated to be 33 at.%
Fe, 22 at.% Co, and 17 at.% Ni. These values agreed reasonably well with the experimental
ones of 27 at.% Fe, 23 at.% Co and 16 at.% Ni.

To clucidate the formation of the amorphous phase in the three systems, the relative
energetic levels of the amorphous state and the HCP and FCC structures should be evalunated.
Following the well documented literature [18], the free energy diagrams of the three systems,
including the free energy curves of the amorphous phase, the two-terminal solid solutions
and the HCP and FCC structures were calculated. Figure 3 shows a calculated free energy
diagram of the Mo-Ni system. One sees that at the composition arovnd MoysNiss, the
amorphous phase is of higher free energy than that of the HCP and FCC structures, while
at MogsNijs the free energy of the amorphous phase is lower than that of the HCP and
FCC structures. The most possible sequence of phase formation upon ion irradiation is then
BCC—HCP (or FCC)— A at MogyNi;¢ and BCC— A—HCP {or FCC) at Mo7sNias, which is the
exact case described above.

In conclusion, 2 BCC— HCP—FCC transition was induced in the Mo;_,M, (M = Fe, Co,
Ni) alloys by room-temperature 200 keV xenon ion irradiation. This structural transition was
believed to be correlated to the change of electron/atom ratio due to the alloying-induced
d—d transfer from Fe, Co and Ni to Mo.
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