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Ferromagnetic nanocrystalline (& films were prepared by pulsed
plasma vaporization. A comprehensive investigation of the structure
and magnetic properties made it possible to identify the type of short-
range order here and to establish the sequence of structural states oc-
curring in these films in the process of thermal relaxation: foE&ke
hcp-F€C)—bhcc-Fet-C. On the basis of an analysis of the metastable
phase diagrams using Ostwald’s rule, it is shown that the observed
scenario of the structural transformations in these metastable nanocrys-
talline alloys F¢C) is a natural phenomenon. @999 American In-
stitute of Physicg.S0021-364(109)00523-X]

PACS numbers: 81.05.Ys, 75.50.Bb, 75486.

It is well-known that crystalline iron exists in three polymorphic modifications,
bce-Fe @-Fe, 5-Fe), thermodynamically stable in the temperature range 1183-1667 K
Fe (y-Fe), and thermodynamically stable at high pressured 30 kbay hcp-Fe €-Fe).
The latter two modifications of the close-packed structure of Fe in the form of metastable
phases can also be obtained at low temperatures and atmospheric pressure. These meta-
stable phases are ordinarily prepared in the form of ultratb@veral molecular layers
films on appropriate substratésor small coherent inclusiorprecipitateyin the appro-
priate material$,and in the form of thin films and microwires by fast cooling of the
melt*®

A new technological method, called here pulsed plasma vaporizaB&Y) in
vacuum, has been developed at the Institute of Physics of the Siberian Branch of the
ran®~81n this technology condensation occurs at a high festimated to be-10* A/s in
a pulse, and solidification of the condensate occurs according to the scheme vapor
liquid — crystal. This technology makes it possible to obtain films of a transition metal
with a high carbon content~20 at.%) in a metastable nanocrystalline state.

The purpose of the present work is to identify the initial and investigate the sequence
of structural states of films of a nanocrystalline alloy @gnthesized under ultrafast
condensation conditioipswhich appear in the process of thermal relaxation.
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EXPERIMENTAL PROCEDURE

The experimental methods used in our work are based on a study of the static and
dynamic magnetic properties of nanocrystalline Fe films, as well as the atomic and
chemical structure of this material. Fe films, 200—2000 A thick, were obtained on dielec-
tric substrategcover glass, pyrex glass, NaCl, Mg®y PPV in vacuum with residual-
gas pressur®,~5.5-10"° mm Hg. The atomic structure of the nanocrystalline Fe films
prepared by the PPV method was determined by x-ray diffraction of synchrotron radia-
tion (SR (Institute of Nuclear Physics, Siberian Branch of the Russian Academy of
Sciences, Siberian International Center for)SRhe SR wavelength was 1.49 A. The
electronic structure and chemical composition of these films were determined from in-
vestigations of photoelectron and Auger spectra on a RIBER photoelectron spectrometer
(a source with an Mg anode and energy of the Kiine hy =1253.6 eV was usedt
the Institute of Semiconductor Physics of the Siberian Branch of the Russian Academy of
Sciences.

The dynamical magnetic properties of nanocrystalline Fe films, determining the
ferromagnetic resonand&MR) parameters, was studied in a standaRIAE2M spec-
trometer with frequency =9.2 GHz. The FMR resonance fields were measured in the
entire range of angles between the external field and the film plane in order to calculate
the effective magnetizatioll o from the equation

H —47Mgg= VH(H[+47M ), (1)

whereH' and HrH are the FMR fields with the corresponding experimental geometry.
The measurements were performed at room temperature.

The static magnetic measurements were performed with an automated vibrating
magnetometer with fields up to 20 kOe and temperatures ranging from 4.2 to 250 K. The
temperature dependence of the saturation magnetizMig(iT) of nanocrystalline Fe
films, measured with external field =20 kOe in the temperature range 70-210 K is
described well by the law

M¢(T)=Mg(1-BT%), 2

which made it possible to determine the saturation magnetization and the numerical value
of the constanB and to calculate the exchange interaction constant
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The high-temperature dependences of the saturation magneti2dtion) were
measured on a torsional anisometer in the temperature range from 273 to 750 K with
constant fieldH=5.7 kOe. The Curie temperatur&s of nanocrystalline Fe were deter-
mined by extrapolating the temperature dependevig€l) to zero magnetization using
the linear dependence Mg onT nearT., observed for these materials.

The static magnetic measurements also included measurements of the magnetization
curve M(H). The local anisotropyH, (related with the magnetocrystalline anisotropy
constant by the relatioK =H_- M¢/2) was calculated from the magnetization curves up
to saturation, measured in the film planeTat 250 K.
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TABLE I.

Initial state Tan=200°C Ta=400°C bce-Fe
Mg, G 1540 1180 1150 1740
Mei (FMR), G 1180 1030 - 1740
T, °C 400 300 300 770
A, 1077 ergs/cm 5.5 3.2 3.7 20
H,. kOe 2.0 5.9 6.1 0.5

In the course of the investigations the initial nanocrystalline Fe films were subjected
to thermal annealing. The annealing was performed in a high-vacuum chamiieh fat
temperatures 200 and 400 °C.

RESULTS AND DISCUSSION

The results of the analysis of the photoelectron spectra showed that the surface of
the films of nanocrystalline Fe is oxidized — the line £X530.4 eV} due to oxygen and
a component attesting to the hydroxyl group (OQHare observed in the electronic spec-
tra. The shape of the FeP3,, line qualitatively indicates two types of nearest-neighbor
environment of the Fe atom. The profile of elements contained in nanocrystalline Fe over
the film depth was reconstructed by Auger-electron spectroscopy. The composition of the
experimental films was as follows: Fe-{75at.%) and C {-20 at.% with a uniform
distribution of the elementsxg./xc) over the film depth.

The results of the magnetic measurements are presented in Table I. It is evident that
the initial metastable stat@vhich we callX;), realized in films of the alloy RE), is
characterized by the following basic magnetic paramet&rs0.56 10~ ° ergs/cm,M
=1540 G,H,=2 kOe, T.=400°C. As a result of thermal relaxation, the initial state
transforms into a different metastable statdich we callX,) with the magnetic param-
etersA=0.3-10"° ergs/cm,M,=1200 G,H,=6.1 kOe, andl ;=300 °C.

The large difference in the measured magnetic paraméteid,, T., and H,
attests to structural differences between the observed metastable states. A transition into
the thermodynamically equilibrium bcc-Fe phase occurs after a 1-h anneal at
T=600°C.

The results of x-ray crystallographic analysis performed on the initial Fe films
(~1000 A thick and on the annealed Fe filmE =200 °C) are presented in Fig. 1. The
diffraction curve of the initial films, measured in SBurvel in Fig. 1), contained one
broadened peak centered ndar2.04 A andA(26)~3° wide. Such a diffraction curve
indicates a nanocrystalline structure of the initial material with a grain size of the order of
40 A. However, it is impossible to draw a conclusion about the type of atomic lattice in
these nanocrystalline grains on the basis of a single reflection. The annealed films of
nanocrystalline Fe were characterized by a diffraction cirueve2 in Fig. 1) containing
a set of reflections. Five of the reflections with the highest intensities, marked in Fig. 1,
attest to a hexagonal close-packed structinep) for these Fe films(The fact that a
complete set of reflections characterizing a polycrystalline hcp structure is lacking attests,
in our view, to a certain degree of texture in these fijndsalysis of these reflections
gives the following values for the lattice parameters of &e:2.63 A, c=4.46 A, c/a
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FIG. 1. X-Ray diffraction patterns of the initial nanocrystalline Fe fiilp and a film (2) annealed afl,,
=200°C.

=1.696. The volume per Fe atom calculated from these paramet¥tg=i43 A>. We

note that the computed volunvg; per Fe atom in these Fe films is more than 10% greater
than the analogous quantity in thermodynamically equilibrium hcp-Fe and is close to the
valueV,~13 A2 observed in rapidly quenched metastable alloys hcp-Ee-C.

The results of x-ray diffraction on SR made it possible to identify the atomic struc-
ture of the metastable stade, and to assert with adequate substantiation that this is
hcp-Fe. Structural investigations using a TEM turned out to be most informative for
identifying the initial metastable sta¥¢,. The point is that the transitiod; — X, can be
obtained not only by isothermal annealingTat 200 °C,t=1 h, but also by irradiation
with a beam of electrons in an electron microscogstage 150 kY. Under such actions
the initial “x-ray amorphous” state in the nanocrystalline films transforms into the hcp
solid solution F€C). This process is virtually instantaneo(several seconglsCareful
analysis of the observed transformations in nanocrystalline films of the all@) Es-
tablished that the hcp-Fe reflections arising in the electron diffraction pattern under the
action of an electron beam are secondary. Initially, ordering of the initial “x-ray amor-
phous” (nanocrystalling state occurs. This is indicated by the appearance of reflections
against the background of the initial halo. In the course of the further action of the
electron beam on the experimental film, reflections of the hcp phase of Fe appear, and
reflections of the initial metastable state vanish. We were able to identify the initial
metastable phase. This was found to be a state with face-centered cubic packing fcc-Fe.
The lattice parameter of this fcc stateas=3.72 A and the volume per Fe atom\i,
=13.05 A. Figure 2 shows the diffraction pattern of the initial nanocrystalline &tige
23 and its transformation under the action of the electron beam. Figure 2b shows the
interpretation of the metastable structures that arise. Using the well-known rededion
~f (at. %0, we determined the chemical composition of the fcc solid solution of a
microsection from which the diffraction pattern presented in Fig. 2b —,G7g was
obtained.
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FIG. 2. Electron diffraction patterns of nanocrystalline filmg®e a) initial state; b annealed by an electron
beam.

The magnetic order of metastable close-packed phases of iron, fcc and hcp, is
determined by the volume per Fe atom. The volume per Fe agm11.5-12 A% in
this material is critical. When this volume is reached the atoms of the close-packed
structures transform from a low- into a high-spin stalanocrystalline films of the alloy
Fe(C) obtained by PPV are supersaturated solid solutions. The volumes per atom in these
structures ar&/,~13 A%, which is more than 10% greater than the corresponding vol-
umes per Fe atom in thermodynamically stable close—packed fcc and hcp structures
(V=11 A3). For this reason, the ferromagnefttigh-spin state of the metastable Fe
phases which we investigated is a natural state.

Thus, the initial metastable fcc phase(€gis characterized by the following mag-
netic parametersA=0.5610"° ergs/cm,M,=1540 G,H,=2 kOe, andT.=400°C.
The basic magnetic characteristics of the metastable phase of Cp-Fe A=0.3
-107° ergs/cm,M,=1200 G,H,=6 kOe, andT.=300°C — are close to the corre-
sponding values for cubic tight packing. An exception here is the magnetocrystallo-
graphic anisotropy field, which is three times greater tHann the fcc phase of Fe.

We have shown above, by structural investigations and measurement of the mag-
netic characteristics, that in a nanocrystalline iron alloy with the carbon structural trans-
formations fcc-FEC) — hcp-F€C) occur as a result of thermal relaxation. A clear un-
derstanding of the sequence of the observed states can be obtained using Ostwald’s rule.
According to this rule, at a transition from a nonequilibrium into an equilibrium state, the
system passes through all possible intermediate metastable states. Figure 3 shows the
qualitative room-temperatures(x) phase diagram of iron, where the Gibbs energy is
G=H-TS (H is the enthalpy an& is the entropy andx is the carbon concentration.

Here the order of magnitudes of the transition enthalpiea&&~ <~ 0.11 kcal/mole and
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FIG. 3. Qualitative G,X) phase diagram of iron.

AHY7*=0.22 kcal/mole, the stoichiometric compound;Ed¢cementite is characterized
by a positive formation energgH=5.4 kcal/mole®

This phase diagram gives an idea of the possible scenarios realized in the metastable
system FEC). The realization of a particular metastable state will be determined by the
initial coordinates Gg,X;) in the phase plane or, in other words, the stored excess energy
AG relative to the stable equilibrium of the mechanical mixture bcerFgraphite. The
degree of nonequilibrium G of the F&C) condensates obtained is dictated by the tech-
nological processes of PPV. In the first place, this method makes it possible to obtain
supersaturated solid solutions(Eg which increases the elastic energy due to an increase
in the interatomic distances; in the second place, the nanocrystalline all6y iBechar-
acterized by a small grain size (40 And therefore a large energy contribution due to the
specific surface are8&,. The contributions enumerated above to the thermodynamic
Gibbs potential can be representeddS=PAV+ S, whereP is the internal pres-
sure, AV is the change in the molar volume, awlg, is the surface energy density.
According to the experimental results presented above, the initial state of the nanocrys-
talline alloy Fe€C), obtained by the PPV method, occupies in tleX) phase diagram a
location indicated by the dashed rectangle. It is evident that under relaxation of the initial
state F€C), in this case, the following structural transformations should be observed:

fcc-Fg C)— hcp-F&€C)— bee-FetC.

The fcc and hep solid solutions &) in the (G,x) phase diagram are shown to be
in equilibrium with the stoichiometric carbide fe. Structural investigation€TEM) of
separate sections of nanocrystalliné®efilms indicate a negligible presence of cement-
ite. However, the high-temperature investigations of the saturation magnetik&s{(arn
of nanocrystalline RE) films did not show the presence of apd-phase, characterized
by the temperaturd@ =210 °C. Therefore the volume fraction of iron carbide;€Een
the experimental RE) metastable films, in all probability, does not exceed 10%.

In closing, we thank E. M. Artem’ev for fruitful discussions of the results of the
structural investigations.
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