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Magnetically induced decomposition in Co-Cr thin-film and bulk alloys
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It has been reported in recent years that composition modulations on a ten nanometer scale with unknown
origin occur in Co-Cr alloy thin films. In the present investigation, we intend to analyze the origin of these
concentration modulations. Sputtered thin films as well as bulk samples both with compositions of about 20
at. % Cr were analyzed by transmission electron microscopy and by field-ion microscopy equipped with
atomic-probe mass spectrometry. The experimental results show that composition modulations are present in
both types of alloys, with the concentration varying between 8 and 40 at. % Cr. The length scale of the
composition modulations is approximately 10 and 40 nm for the thin film and the bulk samples, respectively.
The results are interpreted in terms of the thermodynamics and kinetics of the system. Calculations of the
thermodynamic functions of the system show that at high Co concentrations, the occurrence of magnetism
leads to a downwards curvature of the Gibbs energy vs concentration curves. As a result of this magnetic
stabilization at Co-rich concentrations, a metastable miscibility gap occurs that explains the tendency for phase
separation into ferromagnetic and paramagnetic phases. The diffusivity of the system was examined using
multilayer thin-film diffusion couples, and the results indicate that grain-boundary diffusion is responsible for
the fast decomposition process observed. It is concluded that decomposition takes place by a discontinuous
precipitation process that starts from grain boundafi®8163-182807)04146-3

[. INTRODUCTION removes the Co from the sputtered films the CP structure
should correspond to concentration variations. Investigations
In 1978 Iwasaki and Ouchi introduced Co-Cr sputteredby Yoshida and co-workel® with nuclear magnetic reso-
thin films as a candidate for perpendicular magnetic recordnance confirmed this conclusion. Homs al}*~** and our
ing materials with a high storage densityThe fiber tex- group*!® investigated Co-Cr sputtered films with atom
tured growth of these films leads to a magnetic easy axiprobe field-ion microscopy and found concentration modula-
perpendicular to the film surface and an appropriate externdlons between about 8 at. % and 40 at. % Cr in the sputtered
stray field of the magnetic domaif$,as was demanded for films.
this type of magnetic recording media. However, the origin of these concentration modulations
Some years later Fisher and co-worRareasured an un- has not yet been identified. Hores al. have proposed that
expected high saturation magnetization in Co-Cr sputterethe concentration inhomogeneity in the sputtered film is due
thin films: This led to the idea that the material may be phaséo a dynamic phase separation during the sputtering
separated and furthermore to the hope that such a phase sepescess? In such a case surface diffusion during the depo-
ration could result in a structure of Co-rich ferromagneticsition process may be responsible for the decomposition.
domains within a paramagnetic matrix. In this manner theConsequently, the modulated structure should only appear in
size of the magnetic domains could be reduced and the maghin films but not in bulk materials: hitherto, such a phase
netic storage capacity in the films could be increased. separation has not been detected within bulk alldydaeda
To demonstrate the presence of phase separation in Co-@as proposed an initial diffusion of the components along
thin films, research has been performed. However, investigagrain boundaries and subsequently short-range diffusion as
tions by x-ray diffraction or transmission electron micros-film growth proceeded In an earlier paper, the author sug-
copy (TEM) were restricted by the fact that the atomic sizegested a process similar to a spinodal decomposition, to ex-
mismatch and the scattering contrast between Co and Cr jgain the relatively uniform periodicity of the etching linés.
small. After treating the prepared TEM samples with a pref-in this case, decomposition should also appear in bulk mate-
erentially Co dissolving etching solution, Maeda andrials in close vicinity to grain boundaries, depending on the
co-worker§ finally observed a stripe pattern they called bulk diffusivity at low temperatures.
Chrysanthemum-like patter(CP structurg The period of To study the origin of the concentration modulation, we
this pattern was about 8 nm. It was found to be dependent oimvestigated the microstructure and local composition of
the sputtering conditions, such as the substrate temperatursputtered Co-20 at. % Cr films, and bulk alloys of the same
the Cr concentration, and the film thicknétfse CP structure composition with the field-ion microscog€IM) including a
was found to be most pronounced between 15 and 24 at. #me-of-flight mass spectrometéatom probe(AP)]. With
Cr at 473 K in 200 nm thin films®® Maeda and Takahashi the Gdtingen AP-FIM the chemical analysis can be done
mentioned that because the etching solution preferentiallywith a nanometer lateral resolution, and on an atomic scale in
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depth. In addition to the AP-FIM measurements, we ana-5" 100 T T y T T T T T
lyzed the samples with TEM after etching using the proce- = i —_ ]
dure proposed by Maeda and Takahashi, in order to get in~—" 80 I 10 nm )
formation about the morphology on a larger length scale. ByS 60l i
comparing of the results obtained with these two methods,g -
concentration modulations and etching structures can be corg 40
related directly. !
The origin of the observed modulated structure will be & 20 I
discussed in terms of the thermodynamics and the kinetics o5 ¢ . ! . . L
the system. Therefore the experimental results will be com- 0 50 100 150 200
pared with a metastable Co-Cr phase diagram that was cal number of blocks with 30 ions
culated by thecaLPHAD method (CALculation of PHAse
Diagrams, details concerning this Co-Cr phase diagram are FIG. 1. Concentration depth profile of a Co-22 at. % Cr alloy
described in Refs. 19 or 37_61 Additionally, the diffusivity of  film which was sputtered at 473 K substrate temperature. The con-
the Co-Cr system will be studied in order to obtain informa-centration varies between 8 at. % Cr and 40 at. % Cr on a 10 nm
tion about the dominant diffusion mechanism. The low-Scale.
temperature diffusivity will be determined by am situ x-
ray-diffraction heating experiment of a Co/Cr multilayer.

onc

0.37 Pa argon ambient at typical rates of 0.5 nm/s.
CoK, x-ray diffraction was employed using a Siemens
D5000 powder diffractometer, equipped with a high-vacuum
Il. EXPERIMENTAL DETAILS hot stage and a position-sensitive detector. For measure-
ments that were performed at elevated temperatures, the
Co-22 at. % Cr alloy films of 3um thickness were sput- samples were heated at a rate of 1 K/s to the desired tem-
tered from a Co-22 at. % Cr alloy target at 1 Pa Ar pressurgeratures where isothermal x-ray scans were carried out. The
onto a Cu-coated Si substrate at a temperature of 473 K. temperature interval between two consecutive measurements

Co-20 at. % Cr bulk alloys were prepared by arc meltingwas 20 K. Since each scan took 30 min, the average heating
under 1X107° Pa Ar pressure from 99.999% Co and rate in these experiments was 0.67 K/min.
99.99% Cr pellets. Subsequently, some samples were sealed

in glass tubes under Ar atmosphere, homogenized at 1023 K IIl. RESULTS
for 120 h and then quenched into water by opening the glass _ _ )
tube or slowly cooled down within the glass tube. To realize A. Concentration profiles and microstructure

a higher cooling rate other alloys were splat quenched from Figure 1 shows a concentration depth profile of an AP
the melt. The compositions of the samples were determinetheasurement performed using a Co-22 at. % Cr alloy film
by electron microprobe analyses. which was deposited at 473 K substrate temperature. The

The analyses with the FIM/AP require samples in theconcentration was determined by averaging over 30 atoms
shape of tips with a radius of curvature between 50 andepresenting one block. The marked depth scale of 10 nm in
200 nm at the apex. Therefore FIM tips from films ofufh  the AP concentration profiles is understood as a mean scale
were prepared by a lithography technigtiand electropol-  since the magnification generally decreases during the AP
ished afterwards. Tips from bulk material were convention-measurement. A depth of about 80 nm of the sample was
ally produced by grinding and subsequently electropolishinganalyzed. It can be seen that concentration variations on a
in 3 vol % perchloric acid in acetic acid with 20-12 V dc at 10 nm scale are present where a Cr-poor phase with about
room temperature. The AP analyses were carried out at 50 B at. % Cr alternates with a Cr-rich phase which contains
tip temperature with a background pressure of aboutbout 40 at. % Cr.

3x10 7 Pa. FIM images were taken in ax110 4 Pa He A TEM micrograph of a Co selectively etched sample of
and 5<10 % Pa Ne gas mixture. The pulse-to-total-voltagethe same type of sputtered alloy film is shown in Fig. 2. The
fraction was kept constant at 16%. grain size varies from 20 to several 100 nm. Bright etching

The TEM studies were performed at room temperaturdines with a period of about 10 nm can be sdarrows. In
using a Philips EM400. The am-thick films and the bulk many grains these lines are oriented predominately perpen-
samples were thinned to electron transparency by ion millinglicular to the grain boundaries. They partly appear in the
(with sample rotation at 30°from both sides, and subse- entire grain(double arrow and have a maximum length of
guent wet etching in 1.25 vol % HNand 0.18 vol % HCL  about 150 nm.
in H,O for 2 h toremove the Co. Hence the specimens for In addition, areas were found where no long-range con-
the AP-FIM and the TEM analyses both originate from thecentration modulation could be determined with AP. Within
middle of the bulk and thin-film samples. The part of thethese areas 1-2 nm Co-rich clusters could be detected. These
sample, where the AP-FIM analyses and the TEM analyseslusters also appeared within films that where sputtered at
were performed are comparable. room temperaturéfor details see Ref. 14 or 15

Co/Cr multilayer films with 10 nm pair thickness and a In conclusion, concentration modulations on a 10 nm
1:1 thickness ratio were prepared by sputtering from elemerscale are present within the grains. They appear to be iden-
tal targets(both 99.99% onto rotating sapphire substrates attical with the etching lines in the TEM images. The micro-
room temperature using a computer controlled shutter. Thetructure of these etching lines indicates that the decomposi-
base pressure prior to the deposition was1® ' Pa, and tion process may have started at grain boundaries, and has
the films with total thickness of 2um were deposited in a grown in the interior of the grains.
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FIG. 2. TEM micrograph of a Co selectively etched Co-22 at. % (b) |

Cr alloy film which was deposited at 473 K. Bright lines with a
period of about 10 nm can be sedar example, below the arrow

The period length is similar to that of the concentration variations ' '

shown in Fig. 1. In some grains lines that run through the whole . oop e

grain with a length of about 150 nm can be s¢doubled arrow. 2 1150 Fa3 (+1.3)at.% Cr
L) SV 4 1

In all bulk samples that were cooled down from the ho- e ’

mogenization temperature at different cooling rates, concen- g 1100f

trations were determined by AP that significantly deviate -g /B3 a% G

from the overall concentration. These measurements demon- 2 1050} /7

strate that phase separation also occurs in bulk alloys. 4;00 5(')00

In the slowly cooled sample several concentration steps i
were measured, as can be seen in the concentration deptt. number of Cr and Co ions
profile in Fig. 3a). The concentration was determined using . ) i
50 atoms in each block. It varies between 40 at. % Cr and FIG. 3. (a) Concentration depth profile of a slowly cooled Co-20

_ 0 . ) :
8 at. % on a several 10 nm scale. In an analysis depth oq‘t' % Cr bulk alloy. The concentrations were determined using 50

about 90 nm(block number 42Pa concentration boundary atoms in each block. They vary on a larger length scale of about 40

was penetrated perpendicularly. This can be seen by tha™ From the. Concemraﬂon step .‘"‘mer 90 (420 blo.Cks’ plotted

sharp concentration step, as is shown in detail in Fib).3 as a ladder diagram ib), the maximum concentration can be de-

The concentration chang'es from 38) at. % Cr to 4'3 termined to be 38 at. % Cr, whereas the minimum Cr concentration
. . . o

(x£1.3) at. % Cr within two atomic layers. In a depth of is about 4.3 at. % Cr.

about 160 nmblock number 79Din Fig. 3(@ a concentra-

tion of 20 at. % Cr was measured, indicating that phase sep th thod®2In th lculati h
ration has not occurred in this region. In a depth of 220 n y th@CALPHAD method. n e caiculalion we have con-

(block number 1090 the concentration modulation starts sidered the concentration and temperature dependence of the
again. Gibbs energyAG for each phase using a regular solution

TEM studies of etched bulk samples show stripe struclyPe model
tures, as can be seen in Fig. 4. These structures were not i
found in unetched foils becagse of the small scattering con- AG=ccfBeotCeGe—TS™+AG™+AG™ (1)
trast between Co and Cr. With a typical distance of about e andc.. are the atomic concentrations of Co and Cr
40 nm, bright lines that correspond to previously Co-rich ~Co ©~* ~Cr > . ! lof s ’
regions can be seen. The measured length scale is in googSPectivelyS™ is the ideal entropy of mixing, ano“d is the
consistency with the length scale determined from the ABeMPperature. The phase stability valueg, and G¢, were
analyses. taken from the compilation of Dinsdafé.Deviations from
These experimental results demonstrate that phase sepat@e ideal solution model are included in the excess free-
tion has taken place in sputtered films as well as in bulkenergy termAG® that we have written, in the Redlich-Kister
materials. Since both in thin films and in bulk materials thedescriptior?® by
decomposition microstructure shows a striped line structure,
we conclude that the origin of this microstructure is the  AG®=A1Ccoert AzCeoerdCeo— Cer) T B1TCeker,

ve have calculated the Gibbs energies of the Co-Cr system

same. With the aim to study this origin in more detail, ther- ()
modynamics and kinetics of the Co-Cr system will be anayhere the coefficientd\;, A,, andB,; were determined by
lyzed in the following sections. fits to a large number of experimental data, essentially those

summarized in Ref. 24. Magnetic contributions to the Gibbs

energies are considered, too: they are included in the phase
In order to get a phase diagram from the available therstability values of Co and in the additional magnetic term

modynamic data that includes recent experimental values\G™following the description of Hillert and Jaf?.Experi-

B. Thermodynamics of the Co-Cr system
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FIG. 4. TEM micrograph taken from a Co selectively etched
Co-20 at. % Cr bulk alloy. Bright lines can be seen with a period of
about 40 nm. They correspond to previously Co-rich regions. This
length scale is consistent to the length scale of the AP analyse
shown in Fig. 8a).

AG [kl/(g Atom)]
Do

- ferromagnetic

mental magnetic data such as the Curie temperature and tl 2 BN ——

number of Bohr magnetons per atom as a function of com 0 20 40 60 80 100
position and temperature are important input data for the(b) Cr concentration [at.%]

calculation. Details of the calculation will be presented in a

separate papé?_ FIG. 5. (a) Metastable phase diagram of the Co-Cr system ob-

To compare our experimental results with these Gibbgained when the sigma phage) is not taken into accountfull
energies, a metastable phase diagram of the Co-Cr systeifie and stable equilibrium phase diagraiiashed lines The
that excludes ther phase has been considered. This is be£xperimental data are plotted as squarell, obtained from the
cause the experiments have shown that the formation of thgPuttered film{, from the bulk alloy. A miscibility gap between
o phase is kinetically suppressed even in the bulk alloysC0-ich hep ferromagnetic phase (Rcpnd Co-poor hcp paramag-
Rather, only the hexagonal-closed-packétp structure — "ctic Phase (hgp can be seen between 410 and 760 Kb) Gibbs
was found in FIM images and TEM diffraction patterns. energyAG of the hcp phase at 473 K. The Co-Cr system is chemi-
Such a kinetic su - h lex int tallic oh cally mlsmblt_a, shown by the dashed line. The magnetic orderlng

Uppression of compiex INtermetallic phaseg, o s the Gibbs energy at low Cr concentrations and thus induces
has been found in many other alloys. Té&igphase contains I :
S a miscibility gap. The Gibbs energy reference states are ferromag-
30 atoms in its complex tetragonal elementary cell. The, .. hep Co and bee Cr
metastable phase diagram is shown in Fi@g) By the full ’
lines. For comparison the stable equilibrium phase diagram
that includes the sigma phase) is drawn in dashed lines. moment of the magnetically ordered hcp phase and its Curie

On the Co-rich low-temperature side a magnetically in-temperature increases with the Co conférif,the decrease
duced miscibility gap between ferromagnetf¢ and para- of AG increases with the Co content thus inducing a misci-
magnetic(p) hcp phases can be seéuch a gap occurs in bility gap.
the face-centered-cubifcc) phase as well In the meta- The Cr-rich side of the miscibility gap is located at much
stable equilibrium the magnetically induced miscibility gap higher Cr concentrations than expected in former phase
between ferromagnetic and paramagnetic hcp phase is diagrams? This is due to an inclusion of recent experimen-
dominant feature at lower temperatures. The experimentallfal data in our calculations, in which particularly the mag-
obtained data at about 40 at. % Cr can only be described byetic description deviates from previous works. The concen-
the metastable phase diagram, not by the equilibrium phageation dependence of the Curie temperature mainly
diagram. determines the width of the miscibility gap which, in our

The influence of the magnetic ordering on the Gibbs en<alculation, is wider than that determined by Hasebe and
ergyAG of the hcp phase can be seen in detail in Fi§) &t  co-workers and extrapolates to lower temperatéfted/e
a temperature of 473 K. The Co-Cr system is chemicallynote that our calculations were performed independently
miscible, shown by the dashed line. However, the magnetirom our experimental results, thus the width of the misci-
ordering stabilizes the hcp phase at low Cr concentrationbility gap is not determined by our experimental data.
with respect to a nonmagnetic hcp phase. Since the magnetic With an overall concentration of 20 at. % Cr our samples
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are located within this magnetically induced miscibility gap. «— Temperature [K]

The formation of two hcp phases is _therefore expec;ed to 2000 1200 800 400
occur between 410 and 760 K, assuming that the kinetics ar L ,

sufficient for the development of the metastable equilibrium. s 3
The experimentally obtained concentrations fit quite well to ol - inter diffusion: ]

; icpihili 107K O Greenetal 1979 k
this calculated metastable miscibility gap, as can be seer F ' 3
from the metastable phase diagram in Fi¢p)5Hence, the 10719 : ® thisstudy 1

E n} self diffusion: E

Cr-poor phase exhibits ferromagnetic ordering, whereas the

11§ '
Cr-rich phase is a paramagnetic one. 107 2l A Busmannetal 1979 1

10.12 ﬁ grain boundary diffusion:
H 0O  Briket al. 1975 3
10°3F ﬁ W this study L

C. Diffusivities in the Co-Cr system Eb

-14

YT

The above results have shown that a metastable equilib '’ 10 Eb !
rium between ferromagnetic and paramagnetic hcp phase™ 10'15§' 3
has developed in all samples investigated. From this fact we =, 10_16; Grain Bq_undary 3

conclude that the kinetics of decomposition are very fast. To
focus on diffusivities in the system, experimental bulk inter-
diffusion coefficients for Co in Co-21.8 at. % Cr and Co-
26.9 at. % Cr alloys, obtained for temperatures above 1273 K
by Greenet al,?® are plottedin open circleyin Fig. 6. Since 10¥
the extrapolation of these data to 473 K goes over severa
decades in the diffusivity, we additionally determined the E
interdiffusion coefficient at lower temperatures by a 1021 A\ Volume 1
multilayer experiment. A sputtered Co/Cr multilayer with a i
pair thickness ofA =10 nm was annealed at temperatures E
ranging from 573 to 1133 K, in steps of 20 K every 30 min. 102F
At each temperature an situ x-ray-diffraction pattern was b ) )
recorded. Typical patterns are shown in Fig. 7. The upper- 10 5 10 15 20

most pattern is obtained from the as-sputtered multilayer, 4 ]

and shows a typical pattern as it was also observed by Temperature [10' /K] —

Boher® and Sat8' on comparable Co/Cr multilayers. The . o N

pattern exhibits a number of satellites about the Bragg peaks F!G: 6. Volume and grain-boundary diffusion coefficients of the
of Co and Cr, as is typical of multilayer films when the Co-Cr system: O, Co inter diffusion coefficients in a Co-
interfaces between the constituents are coherent. At temperak-8 @t % Cr alloy after Greeet al. (Ref. 29; A, coefficients of
tures above 833 K diffusion sets in, as can be seen from thec!l diffusion of Co after Bussmanet al. (Ref. 39; and ®, the
intensity change of the x-ray peaks. The pattern change\éalue obtained in the present investigation using multilayer films
from that of the as-sputtered multilayer to that of an thare plotted vs the temperature. An extrapolation to the relevant

h o temperatures of about 500 K leads to a volume diffusion coefficient
phase at 873 K. Starting at 893 K additioraphase reflec- ¢ oo than 10% s, 0, the grain-boundary self-diffusion coef-

tions appear, indicating the for.matlon of the eqylllbrlum ficients of Co after Brik and co-workefRef. 33 are plotted under
phases th plus. qull peak shifts can be determmed thatassumption of a boundary width of 1 nm. An extrapolation to 500 K
might originate from internal stresses of the multilayeredsyqys that the grain-boundary diffusion coefficient is still in the
film. _ o order of 10 8 m%s. This agrees with the value experimentally ob-

Assuming a diffusion-controlled growth of the new tained under the assumption of discontinuous precipitation process
phases, the interdiffusion coefficient can be estimated by inm the alloy film, B.

serting the maximum thickness of the product ph&sem at
each interfaceas diffusion distancg, and the diffusion time
of 30 min into a parabolic growth law:

= =
3 2
Lo L
o 3
o B

TTTR =TT

activation energy of 2.8 eV and a preexponential factor of
5.3x10°° m?s were obtained. Greest al. determined from
their high-temperature data an activation energy of 2.62 eV
and a preexponential factor of 1.2807° m?/s.

Self-diffusion coefficients of Co obtained by Bussmann
et al®? are also plotted in Fig. 6, indicating a comparable
for Co 50 at. % Cr. The thermodynamic factors of a 22 at. %4emperature dependence.

Cr alloy and the 50 at. % Cr alloy can be determined from Hence, the volume diffusion coefficienb,, of Co-

the Gibbs energies at 873 K to be 1.7 and 2.4, respectivel)22 at. % Cr alloys is very small at low temperatures: The
Taking this into account yields a diffusion coefficient extrapolation to 500 K results in a volume diffusion coeffi-
Dy=4.9x10 %' m?s at 873 K for the Co-22 at. % Cr alloy, cient of less than 10°° m%/s. This means that volume diffu-
plotted in bold circle in Fig. 6. It is in good agreement with sion can be neglected at low temperatures. Therefore grain-
the low-temperature extrapolation of the diffusion coeffi- boundary diffusion or surface diffusion have to be taken into
cients determined by Greest al, as can be seen from the consideration as active diffusion mechanisms at lower tem-
straight line in Fig. 6. Taking this value into consideration anperatures.

x2 m?
DV=Z=6.9><10’21? at 873 K, (3)
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K FIG. 8. Schematic illustration of a discontinuous precipitation
reaction cell. The reaction starts at the grain boundary. By grain-
boundary diffusion the reaction front propagates with a mean ve-
locity v into the supersaturated matrix, leaving a lamellae structure
with a lamellae width\ , behind. The concentratiorms, andc, are
those of the decomposed phases.

(1011)

Intensity
o

alloy are not published yet. Grain-boundary self-diffusivities
(between 1023 and 623)kf pure Co were obtained by Brik
and co-workers® By assuming a grain-boundary width of
1 nm, self-diffusion coefficients can be determined that are
plotted with open squares in Fig. 6. The extrapolation to low
temperatures leads to a Co self-diffusion coefficient of about
10 ¥ m?s at 473 K. This diffusion coefficient appears large
enough to account for the occurrence of phase separation at
low temperatures.
26 (deg.) A phase separation mechanism including grain-boundary
diffusion and resulting in a lamellae structure of the decom-
FIG. 7. X-ray patterns of a Co/Cr multilayer with 10 nm pair posed alloys is the discontinuous precipitation mecharifsm.
thickness and 1:1 thickness ratio during annealing. Above 833 Ka discontinuous reaction cell is schematically shown in Fig.
changes in the pattern can be observed indicating the onset of di§ The reaction frontRP) is propagating with a mean veloc-
fusion. At 873 K a hcp structure has developed and above 893 K thffty 7 into the supersaturated matrix with a concentratign
patterns of the equilibrium phasesand hcp are visible. after heterogeneous nucleation at a grain bound&®).
Diffusion along this reaction front, comparable to diffusion
IV. DISCUSSION along a grain boundary, leads to the phase separation. A

The metastable phase diagram in Fig. 4 demonstrates thigmellae structure of separated phases with concentratjons
at temperatures below 800 K the overall concentration of thé@ndcy is left behind the propagating reaction front.
analyzed alloys is located within a miscibility gap between Using the theory of Cahif, Bogel and GusP have given
ferromagnetic and paramagnetic phases. Therefore, a drivirgy 9eneral equation for the discontinuous precipitation, in
force for phase separation exists that leads to the formatio¥hich the reaction front diffusivity$Dge, is given by
of a metastable thermodynamic equilibrium between two hcp
phases. At temperatures of about 500 K concentrations of
about 1 at. % Cr and 42 at. % Cr are expected to be in meta-
stable equilibrium.

1 RT _,
VNS, (4

a. —AG

ODRrp=

Since the bulk diffusivity is very small at these tempera-Where\, is the lamellae spacing of thelamellae,T is the
annealing temperatureédG is the driving force,§ is the

tures, bulk diffusion cannot explain the formation of long- &' : X
range concentration modulations. In other words, bulk diffu-tNickness of the reaction front, amlis the general gas con-
sion can be excluded as the rate controlling mechanism fopt@nt- The quantity. introduced by Cahn is given by the
the observed decomposition. Because of the negligible bulgauation
diffusion, it can also be ruled out that spinodal decomposi- —
tion is responsible for the decomposition. Rather, other dif- Co—C, i ’_( \E .\/E
X o . s an : (5)
fusion processes such as surface diffusion or grain-boundary Co—C, 4 4
diffusion must be responsible for the measured composi- )
tional modulations. Since the concentration modulation als@nd includes a dependence from the concentration of the su-
appears in bulk alloys, decomposition by surface diffusionPersaturated matrix witlto=22 at. % Cr, the equilibrium
during the sample preparation cannot be responsible for itéoncentration of ther phase withc,=0.5 at. % Cr obtained
formation. from the phase diagram, and its experimentally obtained
Hence grain-boundary diffusion, known to be much fastermean concentration, =8 at. % Cr. The difference between
than bulk diffusion at low temperatures, has to be taken intdhe experimentally obtained mean concentratigrand the
account. Grain-boundary interdiffusivities for Cr or Co in the equilibrium concentrationct, reveals the nonequilibrium
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conditions of the discontinuous precipitation process. Fogates by about 1.A2m within 1 min. Additionally, during the
c,=C¢ that meansa.=0, the reaction front diffusivity is cooling process frozen-in vacancies might increase the ve-
infinite. Thus, the occurrence of a difference betwegmnd  locity of the reaction front. This indicates that discontinuous

c® makes it possible to determine a limited reaction frontprecipitation can lead to a noticeable amount of phase sepa-
diffusivity. This requires a material with very slow bulk dif- rated volume also in Co-20 at. % Cr bulk materials having
fusivity. As mentioned above, the analyzed Co-Cr alloy posgrain sizes of severaim, during the cooling process.
sesses slow bulk diffusivity at low temperatures. Graphical In thin films with small grains, discontinuous reaction
solution leads ta,=7.18. The reaction front diffusivity in Cells nucleating at all grain boundaries should result in a
general can be set equal to the grain-boundary diffusivity. lamellae structure leading to the CP structure observed after
This equation makes it possible to determine the grainthe etching procedure. The dependence of this lamellae
boundary diffusivity if the mean reaction front velocity can Structure on substrate temperature, on Cr concentration, and
be estimated. The experimental results have shown that at@ the thickness of the sample, might be correlated with the
substrate temperature of 473 K lamellae with a leriggf ~ dependence of the discontinuous precipitation reaction on
about 150 ni(see Fig. 2 can be formed during a sputtering réaction temperature, the gain of Gibbs energy, the annealing
time of t=2h. From this a reaction front velocity of time, and the grain size.
v=1/t=2.1x10"2 nm/s can be obtained. With Eq) and In conclusion, discontinuous precipitation is a decompo-

(5) a grain-boundary diffusivity can be determined to sition mechanism that can explain all observed features

within Co-20 at. % Cr bulk and thin-film alloys.
3

m
8Dgp=2.3x10"%8 = (6)
V. SUMMARY

Assuming a 6=1nm, a diffusion -coefficient of The decomposition in Co-20 at. % Cr sputtered films and
Dgp=2.3x10 ¥ m?s is obtained and plotted in bold square bulk alloys was analyzed using transmission electron micros-
in Fig. 6. The value is in good agreement with the low-copy and field-ion microscopy with atom probe. It was
temperature extrapolation of the grain-boundary diffusivityshown that thin-film and bulk alloys are decomposed into
data of Brik®® as can be seen from the dashed line in Fig. 6regions of about 8 at. % Cr and 40 at. % Cr, respectively.

This result strongly supports the assumption, that disconThe observed concentrations are in good agreement with the
tinuous precipitation is the phase-separation mechanism ablubilities that results from a magnetically induced meta-
the experimentally studied temperatures and concentrationstable miscibility gap at the Co-rich low-temperature side of
It also demonstrates that during the sputtering procedureéhe Co-Cr system. It is shown that bulk diffusion can be
where the film is kept at an elevated temperature, the obReglected as rate controlling process. Also, surface diffusion
served composition modulation can develop in the alreadgan be disregarded since decomposition also occurs in bulk
deposited part of the film. Hence tliiene of the sputtering alloys. Taking into account the morphology of the concen-
(and simultaneously annealingrocedure can be an impor- tration modulations and the result that the decomposition oc-
tant structure determining parameter: The shorter the film isurs via grain-boundary diffusion, it is concluded that dis-
kept at elevated temperatures, the smaller is the decomposedntinuous precipitation is the process that controls the
volume in the Co-Cr alloy film. The result also indicates thatdecomposition. Using the theory of discontinuous precipita-
the composition modulations should be dependent on th&on of Bogel and Gust, a reaction front diffusivity can be
sputtering conditions. determined that fits to the extrapolation of higher tempera-

Describing the decomposition of bulk alloys using the dis-ture grain-boundary diffusivities. Furthermore, the lamellae
continuous precipitation approach at a temperature of 573 Istructures in bulk alloys and the CP structure occurring in
(taken as a mean temperature during the cooling procedurdched thin films can be explained with this decomposition
of the slow-cooled bulk sampldeads to reaction front ve- mechanism. In summary, the discontinuous precipitation
locities of about 0.2 nm/s. Here the grain-boundary diffusiv-process is the decomposition mechanism that can explain the
ity D=1.9x10 %6 m%s was taken at 573 K from the fit to formation of the observed composition modulations in Co-
the data of Brik® and the value deduced above, as indicatec®0 at. % Cr thin-film and bulk alloys.
by the dashed line in Fig. 6. The factag=2.4 was deter-
mlngd by using an equilibrium concentration of 1.2 at. % (er ACKNOWLEDGMENTS
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