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Structural stability and magnetic properties of metastable Fe-Cu alloys studied byab initio
calculations and molecular dynamics simulations
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For the equilibrium immiscible Fe-Cu system initio calculations using the projector augmented wave
method identify the relatively stable structures of the metastablChg and Fe,Cus, alloys to be both of fcc
and determine their corresponding lattice constants and cohesive energies. Somatoirtiie calculated
properties are used in deriving an embedded-atom Fe-Cu potential. Based on the proven realistic potential, the
structural stability of the FE&€u,qo_ alloy is studied for the entire composition range of the system through
molecular dynamics simulations. The simulations predict that a fcc structure is more stable than a bcc one
when 0=x=<60, while the bcc structure becomes energetically favored whemx60100, and that the pre-
diction confirms the verdict fromab initio calculations for the FeCu;s, FeCusg, and FesCu,s alloys.
Moreover,ab initio calculations are also performed to determine the magnetic moments of some metastable
Fe-Cu alloys and the results are reasonably compatible with the experimental observations.
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I. INTRODUCTION the structures, lattice constants, and cohesive energies of the
possible metastable Fe-Cu phases at some specific alloy
During the past decades, much attention has been drawgpmpositions, i.e., FeCu;s and FgCusg, respectively. Sec-
to the equilibrium immiscible Fe-Cu system, which is char-ond, through fitting to thab initio calculated physical prop-
acterized by a positive heat of formationAK = erties of some Fe-Cu phases, mbody Fe-Cu potential is
+19 kJ/mol) calculated by Miedema’s theory at an equi-derived under the framework of an embedded-atom method
atomic stoichiometry.By employing some nonequilibrium/ (EAM). Third, applying the proven realistic Fe-Cu potential,

far-from-equilibrium producing techniques, such as mechaniMD simulations are performed to reveal the correlation be-
2-4 tween the structure and formation energy of the possible

cal alloying?™* ion-beam mixing’® vapor depositiod;® \ >
and vapor quenchinyetc., a number of metastable Fe-Cu metastable Fe-Cu phases over the entire composition range.
' ourth, ab initio calculations are also conducted to predict

alloys have been obtained. Some of the newly obtaineie magnetic properties of some metastable Fe-Cu alloys. We
metastable Fe-Cu alloys feature unique magnetic properties 9 prop yS.

and become potential candidate materials for practicafport’ in this paper, the predictions concerning the structural
applications®"®1°-12As to the theoretical studies of the
Fe-Cu alloys, a number of excellent research works hav
been published in the literature. For instance, &lal. per-
formed thermodynamic calculations concerning the heats of
formation of the fcc and bcc Fe-Cu aIons and the calcula- II. THEORETICAL AND CHARACTERIZATION
tions confirmed their experimental observations from me- METHODS
chanical alloying:>*® Besides,ab initio calculations were
used by several researchers to calculate the magnetic mo-
ments of the Fe-Cu alloys with different methdds!® The first-principles calculations are based on the well-
It is well known that molecular dynamio@D) simula-  established Viennab initio simulation packag& The cal-
tion is a powerful means to study the metastable phase foculations are carried out by using the projector augmented
mation, as well as the phase transition of the binary metalvave (PAW) method?° The exchange and correlation effects
systems at an atomic level. To the authors’ knowledge, howare described by the functions due to Perdew and Zufiger,
ever, there is no MD simulation for the equilibrium immis- employing the generalized gradient approximati@GA)
cible Fe-Cu system reported in the literature. To further deproposed by Perdewt al?? Brillouin-zone integrations are
velop new Fe-Cu alloys with high performance, it is performed using an 211X 11 Monkhorst-Pack grid lead-
therefore of necessity to pursue a through theoretical invesng to 56 irreduciblek points for bcc and fcc structures,
tigation concerning the formation of metastable Fe-Cu alloysespectively.
and the associated magnetic properties at atomic and elec- It is noted that for a unit cell imb initio calculation, the
tronic scales. variation of its atomic ratio is limited by its specific atomic
The present work is dedicated to combine the first prin-configuration. In the present study, only five chemical sto-
ciples (ab initio) calculation and molecular dynami¢siD) ichiometries, i.e., F&u 0« (X=0, 25, 50, 75, and 100are
simulation for studying the structural stability of the possibletherefore chosen for calculation. Meanwhile, for each chosen
metastable Fe-Cu alloys and the associated magnetic propatoichiometry, only some simple structures are selected in the
ties. First,ab initio calculations are conducted to determine calculation, and the detailed reason for the selection has been

tability and the magnetic properties of the Fe-Cu system as
well as the comparison between the theoretical results and
fhose observed in experiments.

A. Ab initio calculation
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described in our recent publicatiéhMoreover, for the se- -2.20 Za
lected FgCusyg phase in a fcc structure and the ]
Fe;sCuys/Fe,sCuys phase in a bec structure, there are no such ¢ |

respective atomic configurations in the lists of ordered struc- AN

tures. We, therefore, adopt the ordered configurations prog ] AN e

posed by Shietal® for the fcc FgCusy and bcc g 2307 Seoeet

Fe;sCu,ys/ FesCuys phases and their unit cells are both set to E i 1

contain four atoms. 3 ’
Ab initio calculations in the present work are used to g -3.364 ' :____'22;

study three issues. First, they are used to predict the strucg A7 L6,(c/a = 0.863)

tures, lattice constants, and cohesive energies of the ferrc2 -s. —L1,

magnetic(FM) Fe,sCus and FgyCusg alloys. Second, they :
are used to provide some physical properties of FMEes -3.52
and FgyCusq alloys for constructing am-body FM Fe-Cu

potential. Meanwhile, they are also used to provide some
physical properties of paramagneti®M) FesCu,s and

Fe5Cug alloys for constructing an-body PM Fe-Cu poten- FIG. 1. Theab initio calculated total energy vs average atomic

tial. The results obtained from the two different potentialSyolume for the FM FgCu,s metastable phase with different struc-
will be compared and discussed. Third, they are used to cajyres.

culate the magnetic moments of some metastable Fe-Cu al-
loys with several simple crystalline structures.

/L
7/
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The other aspect is to run the fcc/bec solid solution models at
300 K for adequate MD time steps until all the dynamic
parameters do not show any secular variation. The purpose
) ] ) ] of this simulation is to find out whether or not the fcc/bcc
Molecular dynamics(MD) simulations are carried out fe.cy alloy at a specific composition can retain its structure,

with Parrinello—Rahman constant pressure scheme and thgq to find out whether or not it can turn into an amorphous
equations of motion are solved through a fourth-ordergigte.

predictor-corrector algorithm of Gear with a time steptof
=5x 10 *° 5.25|n the present study, two kinds of simulation
models are employed for all the Fe-Cu phases, i.e., a fcc [ll. RESULTS AND DISCUSSION
solid solution model consisting of X7X7Xx4
=1372 atoms, and a bcc solid solution model containing 8
X 8X 8% 2=1024 atoms. In all the simulation models, the Ab initio calculations are performed to predict the struc-
[100], [010], and[001] atomic crystal directions are parallel tures, lattice constants, and cohesive energies of two meta-
to thex, y, andz axes, respectively, and periodic boundarystable FM Fe-Cu phases, with alloy compositions of
conditions are adopted in three dimensions. FesClzs and FeoCusg. As mentioned above, only simple
In the fcc(bco solid solution model, to obtain a specific structures are selected in the calculations and they are the
chemical stoichiometry for an Fe-Cu alloy phase, a desired\15, DOy, L1,, and L& structures for the FgCu;s phase,
number of Cu(Fe) atoms are randomly substituted by Fe and the B1, B2, B3, and fcc structures for thesdi,
(Cu) atoms in the model. It should be noted that the substiphase, respectively. Accordingly, the correlations between
tuted atoms are randomly located in the positions by théhe total energy and average atomic volume for theGys
random numbers, which are generated by a computer pr&nd FgCusy phases with different simple structures are ob-
gram. The different random numbers may result in somewhagined and displayed in Figs. 1 and 2, respectively. One sees
different initial atomic configurations, which may have someclearly from the figures that the metastabledeers phase
effects on the MD simulation resultsn the present study, with an L1, structure(fcc type and the metastable E€ug,
such effects are tested to be very limitetlVe, therefore, phase with a fcc structure have the respectively lowest total
perform severa(3—5 different initial random structures for energies among the calculated structures and are therefore
a specific stoichiometry, and the final physical properties opredicted to be likely formed under some appropriate condi-
the MD simulation are from the average of the simulationtions. Accordinglyab initio calculations show that the lattice
results obtained from different initial random structures.  constants of the L1 Fe,sCu;5 and the fcc FgCugy phases
The present MD simulations are conducted to study there 3.65 and 3.63 A, respectively, and their cohesive energies
structural stability of the metastable Fe-Cu alloys in two as-are 3.50 and 3.75 eV/atom, respectively.
pects. One is to run the fcc/bee solid solution models at 0 K It is of interest to note that there have been some experi-
for 20000 MD time steps. The purpose of this simulation ismental observations, which are in support of the above
to retain and relax the fcc/bec lattices, in order to obtain thepredictions2~*"1%|n fact, a fcc FesCuys alloy and a fcc
lattice constants and heats of formation of the metastablEe,Cu;, alloy were indeed obtained by mechanical
fcc/bee Fe-Cu alloys over an entire composition range. Thusalloying®=*** and vapor depositioh® which are both non-
the simulation results can show that whether a fcc or a bcequilibrium producing techniques and capable of providing
structure is energetically favored at a specific compositionsome energy for forming the highly energetic metastable al-

B. Molecular dynamics simulation

A. Prediction of metastable Fe-Cu phases
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2.2 modifications proposed by the authors. For improving the
] U precision, the density function form of the Fe-Fe potential is
2.4 ~< - .
] S - set, in the present study, to be the same as that of the Cu-Cu
T 264 potential. The cutoff function takes the polynomial proposed
2 1 by Guelli®? and the cutoff distances are between the second-
3 281 and third-neighbor distances. In the present function forms of
S ] .
= 50l N B the potential$®3! there are totally five parameters
g ] S - B (x,Kko,k1,ks,k3) to be fitted for the Fe-Fe potential and also
& 324 :_______Bf five parameters x{,a,3,r,,F;) to be fitted for the Cu-Cu
*g 2] — B2 potential. The Fe-Cu cross potential takes a combination of
R ——FCC the Fe-Fe and Cu-Cu potentials and has the same function
36 \/ form proposed recently by the present authors in construct-
1~ ing then-body Cu-Ta potentiat®
3.8 — ———— .
0.010 0012 0014 0016 0018 0020 0022 Drecd T)=Al prdr +B)+ e (r +C)1, )

average atomic volume ( nm */ atom ) i i
wherer is the distance between the Fe and Cu atond,

FIG. 2. Theab initio calculated total energy vs average atomic andC are three potential parameters to be fitted. It should be
volume for the FM Fe,Cusg metastable phase with different struc- pointed out that the fitting of the Fe-Cu cross potential is a
tures. challenging issue, as in the equilibrium immiscible Fe-Cu

system, there is no any equilibrium alloy phase and therefore
loys. Moreover, the lattice constants of the fcgfaerzalloy ~ no indispensable data available for fitting the cross potential.
and the fcc FgCus, alloy determined by diffraction analysis We, therefore, use thab initio calculated cohesive energies
in experiments were 3.63 and 3.64Arespectively, which ~and lattice constants of the metastable FNM [EB,:Cu;s and
are in excellent agreement with the values of 3.65 and 3.682 FeCusy phases to fit the Fe-Cu cross potential. After the
A, respectively, predicted by the aboab initio calculations. ~ fitting procedure and optimization, Table I lists the fitted po-
tential parameters and Table Il lists the comparison of the
results obtained from the constructed FM Fe-Cu potentials
and from experimentab initio calculations, respectively. It

In the literature, two Fe-Cu potentials have been pub-<an be seen clearly from Table Il that the present EAM Fe-Fe
lished so far. One is a Finnis—Sinclair potential constructecdaind Cu-Cu potentials could reproduce almost the exact val-
by Acklandet al. and has been used to study the point defecties of some physical properties of pure Fe and Cu, such as
properties of the dilute Fe-Cu allogé.The other is a pair cohesive energies, lattice constants, bulk modulus, elastic
potential derived by Osetskgt al. and has been used in constants and vacancy formation energies, and that they give
simulating the copper precipitatesdaFe?® It is well known  better results than the Finnis—Sinclair potential reported
that an embedded-atom meth(EAM) is one of the most earlier?” Moreover, it can be noticed from Table Il that the
realistic methods to construckbody potentials and is ca- Fe-Cu cross potential is also relevant for a satisfactory de-
pable of reproducing some important physical properties ocription of the metastable E€u;5 and Fg,Cusq alloys.
the transition metals and alloys with improved precisidr* We now turn to further testify to the relevance of the
In the present study, we, therefore, construct an EAM Fe-Ceonstructed FM Fe-Cu potential by performing MD simula-
potential, considering the ferromagnetic property of Fe, taion andab initio calculation to obtain some physical prop-
investigate the structural stability of the metastable Fe-Cuerties of another metastable E@u,5 phase with a bcc struc-
alloys and we will compare the newly constructed EAM po-ture, whose physical properties have not been used in fitting
tential with those reported earligr?® the Fe-Cu potential. In the MD simulation, the bcc solid

The Fe-Fe and Cu-Cu potentials take the function formsolution model is employed and subjected to annealing at
adopted by Johnson and C&*!respectively, yet with some 300 K for an adequate time. The simulation results predict

B. Construction of an n-body FM Fe-Cu potential

TABLE |. Fitted parameters for the FM Fe-Fe, Cu-Cu, and Fe-Cu potentials.

Fe-Fe Cu-Cu Fe-Cu

X 4.509 144 % 11.134 231 A 0.453 151
ko (eV) —0.271183 a (V) 0.725977

ky (eV) —0.931581 B 3.457 434 B (A) 0.089 827
k, (eV) 9.615043 ra (A) 1.629 356

ks (eV) —13.477 284 Fi (eV) 0.676 073 c @A) —0.121550
re (A) 2.9 rs (A) 3.7

re (A) 3.8 re (A) 4.4

n 0.440 653 n 0.333333
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TABLE II. Comparison between fitted values from the FM Fe-Cu potential and experimental@atéio calculation results of the
cohesive energ¥, (eV/atom, lattice constana (A), bulk modulusB (Mban), elastic constantéMbar), and vacancy formation enerdﬁ/V

(eV) in the Fe-Cu system.

Ec a B Cu Ci2 Cua E,
Phase Structure Method (eV/atom A) (Mbar) (Mbar) (Mbar) (Mbar) (eV)
Fe bcc Expla.*b 4.29 2.866 45 1.73 2.431 1.381 1.219 1.79
Other work 4.316 2.8665 1.78 2.43 1.45 1.16 1.89
This work 4.29 2.866 48 1.73 2.431 1.381 1.219 1.79
Cu fcc Expt‘.1 3.54 3.615 1.38 1.70 1.225 0.758 1.30
Other work 3.519 3.615 1.37 1.68 1.21 0.75
This work 3.54 3.615 1.38 1.70 1.225 0.758 1.30
Fe:Clys L1, Ab initio 3.50 3.65 1.31
Fitted 3.53 3.65 1.18
FesCusg B2 Ab initio 3.64 2.89 1.39
Fitted 3.59 2.89 1.48

8Reference 30.
bReference 34.
‘Reference 27.
dReference 31.

that the FexCuys solid solution could retain its bee structure, mined one'! It is worthwhile mentioning again that the prop-
which is in good agreement with the fact that a metastabl@rties of the bcc FgCuys phase obtained frorab initio cal-
Fe;sCuys alloy of a bec structure was indeed obtained inculation have not been used in fitting the Fe-Cu cross
experiments by different metho@4."'* Accordingly, some potential. Consequently, the above agreements shown in
physical properties of the metastable bce-Ee,s phase ob-  Table Il for the FesCu,s phase among thab initio calcu-
tained from MD simulation at 0 Kab initio calculation, and lation, MD simulation, and experiments can lend firm sup-
experiments, respectively, are listed in Table Il for compari-port to the relevance of the constructed FM Fe-Cu potential.
son. One sees clearly from Table Il that the cohesive ener-
gies derived from MD simulation andb initio calculation
match well with each other. Moreover, the lattice constant of ) ) )
the bce FesCuys phase from MD simulation is 2.88 A, which ~ APplying the constructed FM Fe-Cu potential, MD simu-

is also in exact agreement with the value predictedaby lations are performed to study the structural stability of the
initio calculation as well as with the experimentally deter-Metastable Fe-Cu phases. First, the fcc and bee Fe-Cu phases
over the entire composition range are simulated at 0 K, re-
spectively, to find out whether a fcc or a bcc structure is
energetically favored at a specific composition. In compari-
son, a paramagnet{®M) Fe-Cu potential is also constructed
and to run MD simulation at O K, in order to find out whether

or not the structural stability revealed by the FM Fe-Cu po-

C. Structural stability of metastable Fe-Cu phases

TABLE IlI. The structures, lattice constanasA), and cohesive
energiesk, (eV/atom of the FesCu,;, FgCusy, and FesCuys
phases derived fronab initio calculation, MD simulation(0 K)
with the FM Fe-Cu potential, and experiments, respectively.

Phase Method  Structure a(R)  E, (eV/atom tential can be reproduced by the PM Fe-Cu potential. Sec-
ond, we present in detail the simulation results at some spe-
FesClps  Ab initio bcc 2.88 3.95 cific compositions, i.e., RgCusy, F&sClys, FeClyg, and
MD bcc 2.88 3.95 Fe;oCuyg, and compare the simulation results with those
Expt. bcéPe 2.88 from ab initio calculations/experiments. Finally, we discuss a
FeCl,  Ab initio fec 363 375 Iittl_e bit and show _fror_n MD s_imulations that the so_—called
MD fec 3.66 371 §0I|(j_-st§1te amorphizatiof8SA) is hardly to take place in the
bc immiscible Fe-Cu system.
Expt. fec™ 3.64 As MD simulation is capable of studying the structural
FexClys  Ab initio L1, 3.65 3.50 stability of the alloy phases over the entire composition
MD fec 3.63 3.58 range of a system, the f&u,q,  solid solutions with fcc
Expt. fobe 3.6%F and bcc structures, respectively, are therefore simulated at 0

K, i.e., the formation energies and lattice constants of a fcc

%Reference 2.
bReference 7.
‘Reference 11.

as well as a bcec Fe-Cu phase are calculated as a function of
the alloy composition by the MD simulations with the FM
Fe-Cu potential. Consequently, Fig. 3 shows the MD simu-
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20 tersect, if the magnetic contributions were not included in the
1 thermodynamic functions, i.e., there was no fcc-bcc transi-
184 / 7\ tion in the enthalpy curves of the paramagnetic fcc and bcc
] / Fe-Cu solid solutions. It is, therefore, of interest to see
161 A/A whether or not this thermodynamic prediction can be repro-
g 14_' / A duced in the present MD simulatio_n. For this purpose, we
S | P \A\ also construct an-body paramagne.t@M) Fe-Cu pof[entlal
Z 124 d \O under the EAM method through fitting to the lattice con-
= | —o—FCC \ stants and cohesive energies of the PM E&,sCu,;5 and B2
< 404 —A—BCC Fe;oCuso phases based @b initio calculation. The construc-
l tion process is similar to the description in Sec. IlIB and
8- here we only list the fitted results in Table IV. Applying the
] N constructed PM Fe-Cu potential, MD simulation is per-
6+———¥¥FF—F—7— formed for the PM fcc and bcc Fe-Cu solid solutions at 0 K
0 20 30 40 S50 60 70 80 90 and the calculated heats of formation show that there is no
Fe(at. %) intersection between the fcc and bcc curves, suggesting that

there is no fcc-bece transition, if the magnetic contributions of

FIG. 3. The MD simulation0 K) results of heat of formation he Fe-Cu phases are not taken into account. Apparently,
(AHy) vs the Fe concentration for the metastable FM fcc and begch MD simulation results are consistent with the thermo-
Fe-Cu phases, respectively. dynamic calculationd:** We now discuss a little bit about

the fce-bec transition revealed by the FM Fe-Cu potential. As

lation results of the heat of formatiodA{;) versus the Fe seen in Tables Il and IV, the magnetic contributions lower
concentration for the metastable FM fcc and bcc Fe-Cithe equilibrium energies of the Fe-Cu phases and enlarge
phases, respectively. One sees clearly from Fig. 3 that for thiheir equilibrium lattice constantsorresponding to the mag-
case of B=x=60, the fcc FgCuygo_, phase has lowehH;  netovolume effedt*®. However, as the magnetic properties
and is more stable than the bcc phase, whereas for the casedaff bcc and fcc Fe-Cu phases at various compositions are
60<x=100, the bcc Fe&uo, « phase becomes energeti- somewhat different! the reduced energies due to the mag-
cally favored. In experiments, there have also been someetic contributions are quantitatively different for the Fe-Cu
observationg;*" =B which are in support of the above phase at different stoicheometries, or with different struc-
simulation results. For instance, Yavai al. prepared the tures(bcc or fcg. It is therefore understandable that, while
FeCuyo-« alloys by mechanical alloying and found that the including the magnetic contributions, tideH; curves would
obtained FgCu,qq-y alloys exhibited fcc structures when O change to feature an intersection suggesting a fcc-bcc transi-
<x=<60 and had bcc structures when<60<1002 which  tion.
are identical to the predictions by the present simulation. We now turn to present some results of the MD simula-
Eckertet al. found that the sputter-deposited,Benq_« al-  tion with the FM Fe-Cu potential at some specific composi-
loys exhibited fcc structures whensX=<60 and bcc struc- tions, i.e., FeCugsy, F&sCuss, FeyCuyg, and FgCuyq. As
tures when 8&x=<1003 which are also in good agreement described in Sec. lll Aab initio calculations predict that the
with the present simulation results. fcc FeCusg and L1, (fcc type FesCurs phases are rela-

Thermodynamically, Ma and Aztmdh'® employed the tively stable and likely to be formed. Consequently, the fcc
CALPHAD method to obtain the enthalpy curves of the FexCu;5 and FeyCusg solid solution models are set and sub-
metastable FM fcc and bcc Fe-Cu solid solutions, showingected to annealing at 300 K. The simulation results show
that there existed a fcc-bcc transition near the Fe composthat they could retain their original structures. As a typical
tion of x=60%, which are in excellent agreement with the example, Fig. 4 shows the projections of atomic positions of
present simulated curves shown in Fig. 3. Moreover, theyhe FM Fg Cusg solid solution after annealing at 300 K for
also found that the fcc and bcc enthalpy curves did not in100 000 MD time steps. It can be seen that the initial fcc

TABLE IV. The comparison of physical propertie§, (eV/atom, a (A), and bulk modulus3 (Mbar),
derived from the PM Fe-Cu potential with those frai initio calculation. The fitted parameters, B (A),
andC (A), are also listed.

Ab initio calculation Fitted
E. a B E. a B
Phase Structure  (eV/atom A) (Mbanr) (eV/atom A) (Mbar)
FeyClhs L1, 3.47 3.60 1.56 3.46 3.60 1.20
Fe;sCusg B2 3.58 2.82 1.90 3.55 2.82 1.51
A 0.246 957 B —0.514 729 C —0.037 315
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tion, respectively, providing a supplemental support to the
® o 0800300 dd e QO relevance of the newly derived FM Fe-Cu potential.
4 Q660 B>Bs H &2 SOO Finally, we discuss whether, or not, the so-called solid-
©é 8404000460480 a state amorphizatiofSSA) can take place in the Fe-Cu sys-
@ 50 S406b4006040s0 tem. In experiments, only metastable crystalline Fe-Cu alloys
6 ASGOLDOBS O of either a fcc or bee structure have been obtained in a broad
f ; : : : : : : : g : :) 2’ : composition range, while amorph_ous Fe-Cu a_II_oy_ has not

N ®© 406 o6aBesosBAGCOS bee_n formed _by the4<7:ulrlrently avallab_le nonequilibrium pro-

02 80 0BAaLES®ES ducing te_chmque%‘. '~ Recently, Lin et al. proposed a
2B 0 H OO DAASSOSSS model which predicted that S_SA _could hardly take place in
0 002 OO0 OALBSAO®S the Fe-Cu system, as its kinetic factor was lower than
52 8 O OHDPEASOSPILE S a required critical value for SS??. Besides, Meet al. con-
69 6000808890 ducted thermodynamic calculation for the Fe-Cu alloys and
® 5 0P8 3 HODGSNSS found out that an amorphous phase had significantly more

positiveAH; than its fcc and bce countpartsin the present

Y study, MD simulations with the FM Fe-Cu potential are per-
formed at 300 K for the fcc and bcc Fe-Cu solid solution
FIG. 4. The projections of atomic positions of the FM§&s, models over the entire composition range, respectively. It
solid solution after annealing at 300 K for 100 000 MD time steps.turns out that the fcc and bcc F&u,op« solid solutions
Filled triangles: Fe. Open circles: Cu. do not collapse and do not transform into amorphous upon
annealing for a long time, suggesting that the fcc and bcc

o _ solid solutions are energetically favored over their amor-
structure after random substitution is still retained after an'phous counterparts. Apparently, the present simulation

nealing at 300 K. Accordingly, some physical properties ofresyits are consistent with the reported experimental
the two phases after annealing @ K are calculated and opservations*’~** as well as with the thermodynamic
listed in Table Ill together with those fro@b initio calcula-  predictions'!3°

tions and experiments. Apparently, it can be seen from Table

[l that the lattice constants of the f&€usy and FgsCuys D. Magnetic properties of metastable Fe-Cu phases
phases determined by three different methods agree well
with each other and the cohesive energies of the two Fe-CH‘
phases are also compatible.

Similar MD simulations with the FM Fe-Cu potential are
also conducted for the EgCu, o and Fg,Cuy;o phases with fcc
and bcc structures, respectively, and the results are shown
Table V. It can be seen that the bccgfteu,g and the fcc
Fe;Cuyo phases are more likely to be formed, as they hav

In the past decades, there has been long-standing interest
experimental studies concerning the magnetic properties
of the metastable Fe-Cu allog$:210-12:363s to theoretical
studies, very recentlyb initio calculations have been devel-
oped to calculate the magnetic properties of the Fe-Cu alloys
Uﬁder various methodé: 8 For instance, in 1994, Serena
and Garca conducted linearized augmented-plane-wave cal-
®ulations to study the ferromagnetism of fcc and bcc Fe-Cu

smaller heats of formationAHs) than the fcc FgCuio and  ypa5es under the local-density approximation as well as the
the bee FgCuyo phases, respectively. Interestingly, a bCCIocal-spin-density approximatiof. In 1998, Tatarchenko

FeyoClyo and fcc FeqCy, alloys were indeed obtained in g 51 ysed the Korringa—Kohn—Rostoker method within the
experiments by mechanical alloying and vapor deposition. coherent-potential approximatig@PA) and they found that
Moreover, the experimentally determined lattice constants of,, the fcc Fe-Cu alloys, an alloying induced low spin to

the bc% F%Culo_and the_fcc FgCuyg _alloys were 2.87 and_ high spin transition took place when the Cu content was
3.63 A respectively, which are also in good agreement with

A i above approximately 17 at.48.In 1999, James®t al. em-
the values of 2.88 and 3.67 A from the present MD simulayoved the linear muffin tin orbit method within CPA and

also observed the low spin to high spin transittbr_ater,
TABLE V. Physical properties of some metastable Fe-Cu phase¥Vanget al, using the self-consistent full-potential linearized
derived from the present MD simulati¢f K) with the FM Fe-Cu  augmented-plane-wa\&LAPW) method under the general-

potential and other works, respectively. ized gradient approximatio(GGA), discovered that the fcc
and bcc Fe-Cu alloys had a ferromagnetic ground state with
Phase Method  Structure a(A)  AH (kJ/mo) an enhanced moment at Fe site and expanded volGre.
FeyClio MD foe 366 7 66 most concurrent with the work in Ref. 17, Zhang and Ma

also conducted FLAPW method within GGA for the fcc and

gl( Et ;ch b 225872 6.85 bce Fe-Cu alloys at six differ_ent compositions and observed
' ) the enhancement of magnetic moments as well as the mag-
FesClyg MD bcc 2.87 16.25 netovolume expansion upon magnetic interaction between
MD fcc 3.67 15.44 the alloyed Fe and CHf.In the presenab initio calculations,
Expt. fc@b 3.6 we use the projector augmented waRPAW) method® under
GGA to calculate the magnetic properties of the@@ gy«
aReference 3. phase x=0, 25, 50, 75, 100 Note that our PAW method is
bReference 7. somewhat different from those reported in the literafdré®
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TABLE VI. Ab initio calculated equilibrium average atomic voluivig (A%/atom), magnetic moment per
Fe atomM; (ug/Fe atom), and average magnetic moment per metal 8gnug/atom) for some Fe-Cu

alloys.
Vo M, M, Expt.
Phase Structure (A%/atom (ug/Fe atom) (ug/atom) (ug/atom)
Fe bcc 11.333 2.20 2.20 222
Fe/sClps foo(L1,) 11.471 2.18
L6y 11.745 2.43
Al5 11.930 2.49
bcc 11.944 2.51 1.88 1.89
DOy 22.479 3.19
Fes,Clsg fcc 11.958 2.65 1.33 1.89
bcaB2) 12.069 2.54
B1 14.085 2.96
B3 18.821 3.04
FesCuys bcc 12.069 2.65
fce(LL) 12.157 2.60 0.65 0.60
L6y 12.216 2.64
Al5 12.649 3.00
DOy 23.549 3.06
Cu fcc 12.057

%Reference 11.
PReference 37. For Lf c/a=0.863.

it is of interest see whether or not those observatioffzan  vations are consistent with those in Refs. 17 and 18, confirm-
be reproduced by the presealh initio scheme. Moreover, ing the reliability and reproducibility of the predictions from
besides the fcc and bcc structures, our calculations are alsbfferentab initio methods. Third, for a specific Fe-Cu phase
performed for some Fe-Cu alloys with others simple crystal{F&;sCls, F&oCusy, and FesCuzs) with different struc-
line structures and some new results are obtained. In thélres, generally speaking, the larger the equilibrium average
calculations, the lattice constant of the Fe-Cu alloy with eacttomic volume, the larger the magnetic moment per Fe atom.
structure is varied to find out the local energy minimum, thusAS seen in Table VI, this observation is exactly true for the
determining the magnetic moment of the Fe-Cu alloy. Fe;sClps phase, while for the FgCusy and FesCuys phases,
The calculated equilibrium average atomic volume andN€ €xceptions come from the fcc structures, possibly be-
the magnetic moment per Fe atom for each Fe-Cu phase wifffuse the fcc Fe has both low spin and high spin states and
different structures are listed in Table VI. To compare with'lS_magnetic properties are rathe( complicated. Flnglly,
the experimental values, the magnetic moment per Fe atofimong the calculated simple crystalline structures, the high-

is converted into magnetic moment per metal atom in th&St magnzetic mgmentsf per Fedatom are 3.19 f|(|)r9 Do
alloy and is also listed in Table VI. Several points are worth! €75CUs 2.96 and 3.04 for B1 and B3 ko uso, as well as

noting in Table VI. First of all, it can be seen that the calcu-3-00 and 3.06 for A15 and QFe,sCuys respectively, which
lated Bohr magnetic moments per atoms(atom) in the fcc &€ much higher than those of the phases with the experi-
Fe,Clie, fcc FesClsy, and bec FeCuys alloys are 0.65, mentally observed structure{bcc FeCu,s, fcc FgOCug,o,
1.33, and 1.88, respectively, which are in reasonable agre@-nd fcc FesCuys), respectively. These calculation results

ment with the experimentally determined values of abouS€eM 0 suggest that, in order to get higher magnetic mo-
0.60 for the fcc FeCuyg, ™ 1.09 for the foc FeCus,,® and ment, proper experimental techniques should be developed

1.69 for the bee FeCuys alloys3 respectively. Similar to to produce the Fe-Cu phase with a crystalline structure hav-

the results in Refs. 17 and 18, the calculated magnetic mdnd larger average atomic volume.
ment in the present study is a litter higher than the experi-
mental values. This small positive deviation is perhaps due to
the calculation error as well as the error involved in the (1) Ab initio calculations are able to predict the structures,
experiments® Second, the magnetic moment of Fe, as seefattice constants, and cohesive energies of the metastable
in Table VI, is enhanced by the alloying of Cu. Moreover, theFe,sCu;5 and FgCus, phases and the predicted properties
magnetovolume effect can be seen in all the Fe-Cu phasare in good agreement with the experimental observations
with a specific structure, i.e., a larger lattice constant bringseported so far in the literature.

about a larger magnetic momefmot shown. These obser- (2) An EAM FM Fe-Cu potential is constructed for the

IV. CONCLUSION
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equilibrium immiscible Fe-Cu system through fitting to someaple to determine the magnetic moments of theClgy, .
ab initio calculated properties. The potential is not only ablephase =0, 25, 50, 75, 100 and the calculated results are

to reproduce some physical properties of the metastablg reasonable agreement with the experimentally measured
Fe-Cu phases, but also to properly reflect the structural stasgjyes.

bility of the system.
(3) Governed by the derived FM Fe-Cu potential, MD
simulations show that when<9x=<60, the fcc FgCujpo_x

phase has lowetH; and is more stable than the bcc phase,

whereas for the case of 6x<100, the bcc Fgujgoy
phase becomes energetically favored.
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