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Phase formation in Zr—Fe multilayers: Effect of irradiation
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We have conducted a detail@dsitu study of phase formation in Zr—Fe metallic multilayers using
irradiation and thermal annealing. Metallic multilayers with near equiatomic and Fe-rich overall
compositions and with repetition thicknesses ranging from 7.4 to 33 nm were either irradiated with
300 keV Kr ions at various temperaturéeom 17 to 623 K or thermally annealed at 773 K while

being observedn situ. The kinetics of multilayer reaction were monitored by following the
diffraction patterns. For near equiatomic samples, irradiation causes complete amorphization. The
dose to amorphization increases in proportion to the square of the wavelength, indicating a process
controlled by atomic transport. Amorphization was also achieved by 900 keV electron irradiation at
25 K showing that displacement cascades are not required. The critical dose to amorphization was
independent of temperature below room temperature and decreased above room temperature. The
activation energy for this second process is 0.17 eV. For the temperature range studied, diffraction
from Zr disappears first, indicating that amorphization takes place in the Zr layer by atomic transport
of Fe from the Fe layers. These results are consistent with a combination of simple ballistic mixing
at low temperature and either simple diffusion or radiation-enhanced diffusion at higher
temperatures. Thermal annealing of the equiatomic samples at 773 K produced the same reaction
products with slower kinetics. lon irradiation of Fe-rich samples did not cause complete
amorphization and intermetallic compoundsf® and ZrFewere observed in longer wavelength
samples. Amorphization of Fe-rich samples was more sluggish, likely because there was
competition with formation of other phases. The reaction kinetics were not proportional to square of
wavelength for Fe-rich samples, indicating a process that depends on more than atomic transport.
Thermal annealing at 773 K of a long wavelength, 57% Fe sample resulted in intermetallic
compounds ZfFe and ZrFe which amorphized during subsequent irradiation. The ease of
amorphization of equiatomic samples relative to Fe-rich samples can be explained by a narrower,
single minimum free energy curve for the amorphous phase.19@9 American Institute of
Physics.

[S0021-897€09)01610-2

I. INTRODUCTION Paesano, Teixeira, and Amaralsed Mmsbauer spec-
troscopy to show that the final products of solid-state reac-
Phase formation in metallic multilayers by both solid- tion depend on the overall multilayer composition. They
state reaction and ion irradiation has received considerabl®und complete amorphization at the equiatomic composi-
attention in recent years> Metallic multilayers represent a tion after annealing at 773 K. In the Fe-rich and Zr-rich
model system to study the kinetics and thermodynamics o§amples different combinations of intermetallic compounds,
phase formation because they can be manufactured at giveinorphous phases and pure Fe in the Fe-rich and Zr-rich
thicknesses and compositions, and be subjected to thermehdses were observed. Other researchers have found phase
annealing or irradiation under precisely controlled condi-separation in the amorphous phase, as well as a dependence
tions. The Zr—Fe system is of particular interest because ibf the final products on modulation wavelength and overall
can serve as a model system for the solid-state reaction beempositior?® However no systematic study of the influence
tween the late and early transition metals, and because tlo# these parameters, and no detailed study of the kinetics of
presence of Fe allows the use of hyperfine and magnetithe reaction processes under irradiation have been reported.
techniques to complement structural x-ray diffraction tech-  The aim of this study is to conduct a systematic investi-
nigues in detecting the appearance of new phases. It is alsogation of the influence of modulation wavelength (the
system which has technological importaficg. thickness of one zirconium and one iron layand overall
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TABLE I. Zr—Fe multilayers examined and experimental conditions.

Sample Thickness Wavelength Zr thickness Composition Irradiation
Group  designation  (nm) N (nm) (nm) (at. % Fe temperaturgK)
10X 105 10.5 7 50 25, 293, 373, 473, 573, 623
50-58% Fe 7X 91 13 7.8 55 17, 293, 373, 473, 573
near 6X 90 15 10 50 Thermal anneal only
equiatomic 5XA 125 25 155 55 293
5XB 95 19 10.8 58 Thermal anneal only
4X 108 27 18 50 293, 373, 473, 573
64% Fe 13X 96 7.4 4 64 293, 373, 573
Fe rich 3X 100 33.3 18 64 17, 293, 373, 473, 573

composition(the nominal amount of iron and zirconium at- K, with a precision of 1-2 K. lon and electron irradiations at
oms in the ensemble of the multilayem phase formation in 25 K were conducted in the Kratos high voltage electron
Zr—Fe multilayers under irradiation and thermal annealingmicroscope operated at 900 keV at the Center for Electron
We have useth situirradiation and annealing in a transmis- Microscopy at Argonneln situ thermal annealing experi-
sion electron microscope to directly measure the reaction kiments were conducted in a heating stage at 773 K.

netics and final reaction products for precisely defined con- TEM examinations showed that the as-deposited layers
ditions. In this study we expand on the previous work of thewere polycrystalline body-centered-cubitbco-Fe and
solid-state reaction results under thermal conditions obtainedexagonal-close-packeghcp-Zr, for all compositions and

by Paesano, Teixeira, and Amaral, and investigate the effectsavelengths. The grains in the Fe layers were randomly ori-
of irradiation on the solid-state reaction process. We discussnted, while the Zr layers showed a preferentially basal tex-
the results in terms of previous work and of the existingture, as evidenced by the absence of 8802 reflection

models for solid-state reaction and irradiation mixing. from the diffraction pattern. For the sample with the smallest
Zr wavelength(13X, A=4 nm) the Zr lines were diffuse, so
Il. EXPERIMENTAL METHODS that the 101 and 10D lines could not be separated. This

observation is in agreement with those of Vlassak and
co-workers$! who observed that below a wavelength of 4
nm, Fe/Zr multilayers became amorphous, and that just
above 4 nm, multilayers had amorphous interfaces.

Metallic multilayers of Zr and Fe were prepared by va-
por deposition onto both a NaCl substrggamples for trans-
mission electron microscop@EM)], and onto oxidized Si
wafers(for the other characterization techniqués a Balz- Irradiations were conducted with 300 keV Kr ions at
ers EJ!,VIS 500P dual gun system at a base pressure of nl:émperatures from 25 to 623 K, at an ion current of approxi-
X 10" Torr at room temperature. The total s_ample thlcknes§nately 1.8%102cm 2s! to doses as high as>210'
was kept around 100 nm to make the multilayers electronémfz' During in situ irradiation or annealing, the electron

transparent at 300 keV. Both the modulation wavelength diffraction patterns were systematically recorded. Bright-

;’:mld tt‘f ovderall colmposmon lvvere \égrled,das skf:own Iln Tabl‘?ield and dark-field micrographs were also taken. Phase iden-
- Iradiated samples were also subjected to therma annea{l"fication was made from diffraction rings measured from the

ing. The sample designation refers to the number of Waveﬁegatives. The camera length variations of about 1% be-
length repetitions in the sample and will be used throughout

this work to identify the samples.

The samples were characterized with Rutherford back-
scattering spectroscogRBS) and Mossbauer spectroscopy
(CEMSY) at the Institute of Physics of the Federal University 6000 |-
of Rio Grande do Sul, in Porto Alegre, Brazil. The RBS
analyses were performed using an alpha particle beam of 76 .
keV with incident scattering angles of 0° and 175°. The over-
all resolution of the RBS spectrometer was 13 keV. The RBS
spectrum of the 5XA multilayer, Fig. 1, shows that the nomi-
nal wavelength was closely reproduced in the deposited filrr
and that the interfaces are sharply defined. Similar charactel
ization was performed for all samples.

Samples for TEM were prepared by floating the multi-
layers on de-ionized water onto Cu grids. They were exam:
ined in the intermediate voltage transmission electron micro- : ! : .
scope(IVEM) at Argonne National Laboratory. This is a 0 100 200 300 400 500
Hitachi 9000, microscope operated at 300 keV with an at- Energy (keV)
tachment that permitie situ ion irradiation of the sampl.  ri 1 res profile of as-deposited Zr—Fe metallic multilayers. The one
The irradiation temperature can be controlled from 15 to 973hown is 5XA(15.5 nm Zr and 9.5 nm Fe
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60 — TRIMYS, E4=25 eV 4X multilayer. At this energy, most ions are stopped within

i o o the sample. The displacement rate changes as the ion loses
o energy so that the individual multilayers are irradiated at

¥ different rates. lon fluxes were between D@ZBY? to

) 5% 10%2ion.cm 2s L. For the most frequently used flux of

1.87x 10%ion.cm ?s ™%, the displacement rate in the sample

ranged from 102 to 5x 10~ 3 dpa/s in the Zr layers and from

8% 10 3% to 2x10 3dpa/s in the Fe layers.

After long exposures at high temperature, we detected
rings indexed as monoclinic ZgKONo oxide was observed
either during thermal annealing without irradiation or during
irradiation at low temperature. For the equiatomic samples,
in the absence of oxidation, no Fe is left over, i.e., in the
absence of Zr@formation, all Fe eventually reacts with Zr.
Samples with a half layer of Fe on top and bottom to protect
0 18 36 54 7 % 108 the Zr layers f_rom exposure anq oxidation' proceeded to com-

Depth (nm) plete amorphization without oxide formation.

50 <

Dose (dpa) after 10 10 Kr.cm -2

Zr Fe

FIG. 2. Displacements per atom afterf(<r ion cm™2, calculated for the
4X multilayer(\=10.8 nm using the TRIM code. A displacement energy of Ill. RESULTS
25 eV was assumed for both layers.

A. Kr ion irradiation
lon irradiation causes new phases to form because of the
tween exposures were corrected by normalizing all measureeaction of the Zr and Fe multilayers. Some amount of amor-
ments to the F€110 spacing at 0.202 nm. Vacuum in the phous phase was formed in all samples studied; the amor-
microscope was about210™’ Torr. phous phase formed homogeneously in the plane of the lay-
Figure 2 shows a transport of ions in matt@RIM)?2  ers (i.e., no variation in amorphous phase content with
simulation of the number of displacements caused by the Kposition in the observation plane of the samplmorphous
ion beam assuming a displacement energy of 25 eV, for thphase formation was accompanied in some cases by the for-

(c) (d)

(e)

125nm

FIG. 3. Bright-field micrographs and diffraction patterns showing a typical reaction sequence for the amorphization of a 10X Zr—Fe multilayer, irradiated with
300 keV Krions at 473 K, while observed situ in the microscope(a) Diffraction pattern of as-deposited sample showing hcp-Zr and be@Fbright-field
micrograph showing as-deposited samgbe diffraction pattern of sample after irradiation to X%0™cm 2 showing that an amorphous phase has formed,
the Zr lines have disappeared and the Fe lines have become wédkaiter irradiation to 18 cm 2, the intensity of the amorphous phase has increased
considerably, while the intensity of the Fe line has been reduced nearly to zero; an oxide lipgi€Zal30 visible, ande) bright-field micrograph showing
the change in contrast associated with amorphization.
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described, as the dose to amorphization. To facilitate the dis-
cussion we group the results by overall multilayer composi-
tion.

(a)

1. Near-equiatomic samples (Fe concentration
125nm between 50 and 58 at. %)

Three wavelengths were studied: 4X, 10X, and 7X. For
all these samples, as the fluence increases, the Zr and Fe
rings weaken and a broad halo associated with the Zr—Fe
amorphous phase appears and becomes more intense. At
steady state the near equiatomic samples contained mostly
amorphous Zr—Fe and some remnant bcc-Fe.

Figures 3a) to 3(e) show a typical irradiation performed
on a 10X multilayer. Initially the as-deposited multilayers
exhibit diffraction rings indexed as hcp-Zr and bcc-Fe. As
FIG. 4. Bright-field micrographs and diffraction patterns showing a typical the irradiation proceeds, the Zr rings weaken and disappear,
in Zi_‘”t_ 'enySta'”l?a“?” iggge:ﬁg?ggo ‘iif;rtag‘?ig"K p;‘]tgvrvfl‘: atlgztr rEESt;taland a diffuse amorphous ring appears. This amorphous ring
:ir;gtilt?nl(r)]r;sgg;lg?accg, with the formation of crysté;lline integrmetallic rgom-becomes stronge'r with further |rrad|a'F|on and the Fe rings
pounds (c)(d) corresponding bright-field micrographs after 20 and 25 become progressively weaker. In the final steady state, there
minutes of annealing, showing the change in contrast associated with thig a strong component of the amorphous phase and a small
growth of grains of crystallinr intermetallic compounds. amount of localized remanent Fgossibly connected to ox-

ide formation, as mentioned earliem situ recrystallization

performed at 700 K for 20—25 min produces the intermetallic
mation of intermetallic compounds. Ding, Okamoto, andcompounds Zrkeand ZgFe as shown in Figs.(d) to 4(d).
Rehn, also observed homogeneous amorphization during ion Figure Fa) is the diffraction pattern of the as-deposited
induced amorphization of Zr—Ni bilayers, but saw heteroge-multilayer indicating the presence of bcc-Fe and hcp-Zr.
neous phase formation in Zr—Au bilayérsThe final prod-  Dark field micrographs taken from the Zr ringBig. 5b)]
ucts and the reaction kinetics depend both on the wavelengidind from the Fe ring$Fig. 5(c)] illuminate the respective
and on the overall composition of the multilayers. Samplesets of grains. In the as-deposited state both metallic multi-
either become completely amorphous or approach a steadgyers exhibit a grain size of 10—15 nm as also seen in the
state containing a mixture of unreacted Fe and amorphousright-field micrograph Fig. @&l). After irradiation to
phase. In the remainder of the article we refer to the dose t6x 10*cm™2 at 17 K, the Zr grains disappear from the dark-
either complete amorphization or to the steady state earlidield image, while the Fe grains increase in sigggs. 5f)

(c)

(a) (c) (e) (9)

FIG. 5. Grain growth during Kr ion irradiation of 3X Zr—Fe multilayer at 17 (i) Diffraction pattern of as-deposited multilayer showing bcc-Fe and hcp-Zr
lines; dark fields taken using the Zr reflectigh) using the Fe reflectior(r) as indicated, to show the starting grain size in each of the lag@rbright field

of the as-deposited multilayefe) diffraction pattern after irradiation to>210™ cm™2 showing that the Zr line has disappeared, that an amorphous halo has
formed and that the Fe line has become more “granular” indicating grain grafyttark field taken using the Fe line, showing that the Fe grains have grown
considerably;(g) diffraction pattern taken after irradiation tox8L0'°cm 2 and (h) corresponding bright field showing that grain growth has saturated.
(Bright-field and dark field magnification is about 33,000X
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0 100 200 300 400 500 600 700 FIG. 7. The square of the multilayer wavelength divided by the dose to
Temperature (K) amorphization(1/¢) in units of 10 *nn?ion~cn? and plotted against in-

verse temperature in a logarithmic scale, for the amorphization of several
Zr—Fe multilayers under 300 keV Kr ion irradiation. Note change of scale.
FIG. 6. Dose to amorphization as a function of irradiation temperature forthe results for equiatomic multilayers show an athermal regime then a
300 keV Kr ion irradiation of several Zr—Fe multilayers. The upward point- thermal regime, controlled by atomic transport. The Fe-rich multilayers do
ing arrows for the dose to amorphization measured in the 3X multilayershot follow the same behavior.
indicate that full amorphization was not achieved for these samples.

both samples, the increased Fe content significantly in-

temperaturé.These observations of grain growth will be re- creased the dose to amorphizationin this case the dose to
P ' 9 9 steady state As shown in Fig. 6, although the overall trends

portiiqgr g;iegteig:ﬁglureslsaetm{gmé' Eératures from 17 to 623 Kare similar,(i.e., the dose to amorphization decreases with
. bh: mp ‘increasing irradiation temperatyramorphous phase forma-
Since the displacement rate is not homogeneous over tr‘{e

thickness of the sampl@s shown in Fig. 2 the multilayer fon was s!gmflca_ntly_more sluggish in the Fe.”Ch samplgs.
. : . . : This is indicated in Fig. 6 by the upward pointing arrows in
reaction occurs at different times for different depths in the, X .
. ) the large wavelength sample, which did not reach steady

sample, causing some temporal spread in the observed dos . N
State for the irradiation time used.

to amorphization. The dose to amorphization decreases as . .
: . S The shorter wavelength Fe-rich sample8X) was irra-
the temperature increases, likely due to a combination of,. .
) ) ) . -diated at 293, 373, and 573 K. The phases formed are quali-
faster solid-state reaction and ion beam mixing, as shown in_.. . L I
. : ._tatively similar to those formed during irradiation of the
Fig. 6. As the wavelength increases, the dose to amorphiza- ) . 4 )
2 . : commensurate equiatomic sample multilagEdX): only an
tion increases in proportion to the square of the wavelengtfgJlmor hous phase was observéalong with remanent Be
thickness. Figure 7 shows the square of the Zr half thickness P P 9

L AT . and no intermetallic compounds formed at any temperature
divided by the dose to amorphizatithis is the inverse of d © compounas © y tempe

6 2
the parameteg defined in Eq(8) later] against the inverse of to doses up to 131.01 cm - However,_the doses necessary
. for the amorphization reaction were higher than in the 10X

temperature. The half thickness of the Zr layer has been cho-
sample by factors of 2—-4.

sen because, as discussed later, the mobile species is Fe and The lonaer wavelenath samples did not achieve stead
the reaction consumes the Zr layer. The data from the differ- g g P y

NP . state after a fluence of D&EL0*cm 2. This is why the
ent types of irradiatior{different wavelengths, composition oints for 3X are shown with an uoward pointing arrow in-
varying from 50% to 58%are all on the same line, indicat- P P P g

. : . dicating that full reaction occurs at higher fluences. The re-
ing that the dose is proportional to the square of the wave- _. i .

: . action products were also different than in the case for near-
length. It is also apparent from Fig. 7 that there are two

. : . iatomi mples. In particular, the amount of Fe left over
temperature regimes. The thermal regime starts S“ghtlequao ¢ samp'es. In particuiar, Ine amoun® of =e fett ove

2 ter the transformation was higher than in the case for near-
above room temperature and has an activation energy of 0.1/ ". : ) .
oV equiatomic samples. This could be due to different phase

equilibria in the Fe-rich samples or to different kinetics pre-
) vailing at the different compositions, as will be discussed
2. Fe-rich samples (64 at. % Fe) later.

The effect of overall composition on the phase formation  The Fe-rich samplé3X) was irradiated at 17, 293, 373,
kinetics was studied by samples with 64 at. % Fe: @%) 473, and 573 K. At all temperatures, some amorphous phase
with the same Zr-layer thickneg48 nm as the 4X equi- formation was observed, and in no case was the Fe com-
atomic sample and second with very small wavelengtipletely consumed. However, different final products were
(13X), to be compared with the 10X equiatomic sample. Inobtained depending on the temperature. At the two highest

and §h)], similar to the observations of Kargg al. at room
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(@) (b) (c) (e)

FIG. 8. Diffraction patterns showing the reaction products obtained at
steady state for the 300 keV Kr ion irradiation of the 3X multilaye),
as-deposited multilayexb) after irradiation to 5<10®cm™2 at 17 K; ar-
rows show diffraction lines corresponding to the intermetallic compound
ZrFe,, and(c) after irradiation to 1.5 10%cm 2 at 473 K; arrows show
diffraction lines corresponding to the intermetallic compoungF&r

FIG. 9. Amorphization of 10X Zr—Fe multilayer sample under 900 keV
temperature$473 and 573 K diffraction lines correspond- electron irradiation performed at 25 Ka) Diffraction pattern taken before
ing to the intermetallic Compound e were observed at irradiation showing only the crystalline ringgh) bright-field micrograph
fl n . | 10%cm-2. At th . showing the unirradiated aref) diffraction pattern taken after irradiation

uer!ces of approximately > cm <. At the tV_VO mter— showing an amorphous hal@) short exposure bright field showing the size
mediate temperaturd293 and 373 K no crystalline inter-  of the condensed electron beam during irradiati@:; diffraction pattern
metallic compound diffraction lines appeared during irradia-taken after irradiation from region not under the beam, showing only crys-
tion. At the lowest temperaturél7 K) diffraction lines talline rings; andf) bright-field micrograph showing amorphous region af-

' ) . . ter 64 min of irradiation(4 dpa.

corresponding to another intermetallic compound (ZyFe
appeared at 510'°cm 2. Figure 8 shows the diffraction
patterns obtained at the end of the irradiation time for theGe—Al and Si—Al bilayers wit a 1 MeV electron beam.
longer wavelength Fe-rich sampl&3X). Figure §a) shows They found that a recoil-implantation model explained well
the diffraction pattern for the as-deposited multilayers, Figtheir results.
8(b) shows the diffraction pattern obtained after irradiation
to 5x 10™ion. cm 2 at 17 K with arrows indicating the lines  C. Thermal annealing
corresponding to Zrkeand Fig. §c) shows the pattern ob-
tained after irradiation to 1X610'%ion.cm? at 473 K,
where arrows indicate the lines corresponding tgF2r

Thermal annealing at 773 K was performed for all the
multilayers studied. As in the case of ion irradiation, the final
reaction products depend on both the wavelength and the
composition of the multilayer. The 10X, 6X, and 4X multi-
layers all reach the same steady state of only an amorphous
halo and residual Zr and Favith no traces of zirconium

The role of displacement cascades in phase formation ioxide), as shown in Fig. 9 for the 6X and 4X multilayers and
Zr—Fe multilayers was investigated by irradiating the nearin Fig. 3 for the 10X multilayer. The amount of amorphous
equiatomic 10X multilayer sample with 900 keV electrons atphase formed(estimated by the relative intensities of the
room temperature at a dose rate of $dpas . Room tem- amorphous and crystalline ringsappears to be less than in
perature electron irradiation alone can cause amorphizatiotime ion irradiation case, and the final mixture of phases con-
of this multilayer sample. Figures(® and 9b), show the tains remnants of both metals.
10X multilayer, before the start of irradiation with the corre- However, for the samples containing intermedié8b—
sponding diffraction pattern; in Fig(8) the beam is focused 58% a} Fe concentrations there was a marked difference in
to provide the high electron flux necessary for amorphizabehavior with wavelength. Intermetallic compounds ZrFe
tion. Figure 9c) shows the diffraction pattern obtained after and ZgFe form in the longer wavelength samp&xA 25
irradiation to a dose of 4.4 dpa, showing a diffuse halo anchm) (as shown in Fig. 10 These intermetallic compounds
no crystalline rings. At this dose, an amorphous region ishave the standard structures of the orthorhombig-&rand
visible in Fig. 9f) as the region of low contrast. The beam cubic ZrFe.'® The intermetallic compounds were already
heating at this electron flux is estimated to be around 10—2@resent at the end of the temperature rathp Ks %), and
K, and the whole experiment takes approximath so itis do not change significantly afterwards. Irradiation of these
unlikely that amorphization is a thermally driven effect in intermetallic compounds causes them to become amorphous.
this case, especially since other regions of the sarqd¢  Only an amorphous phase was observed in films with shorter
under the beainshow no effect, as shown in the diffraction wavelength(5XB-13 nm and (7X-19 nm), even after long
pattern taken from one of these regions after amorphizatioannealings of upa 2 h at 773 K,although a few hints of
is finished[Fig. Ae)]. This result demonstrates that irradia- intermetallic compound formation appeared at the end of an-
tion amorphization in multilayers can be achieved in the abnealing of 7X, as shown in Fig. 10.
sence of displacement cascades. Amorphization of layered During thermal annealing of the two 64% Fe rich com-
metallic materials by electron irradiation has also been obposition films, the short wavelength filiti3X) quickly ar-
served by Lin, Seidman, and Okamdtowho amorphized rived at similar reaction products as did the equiatomic films,

B. Electron irradiation induced amorphization
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TABLE Il. Summary of reaction products.

A
Overall Fe
Sample content Kr ion irradiation Thermal annealing
number (at. % (17-623 K at 773 K
10X 50% Amorphous Amorphous
+Zr+Fe
7X 55% Amorphous Amorphous
intermetallic
compounds
6X 50% B Amorphous
+Zr+Fe
5XA 55% Amorphous Intermetallic
compounds
(ZrFe,, ZrsFe)+
amorphous
5XB 58% e Amorphous
4X 50% Amorphous-Fe Amorphous
+Zr+Fe
13X 64% Amorphous Amorphoud-e
3X 64% Amorphoust+ Little reaction
intermetallic observed
compoundgZrFe,
at low temperature,
FIG. 10. Diffraction pattern sequences taken from Zr—Fe multilayers show- ZrgFe at high
ing the reaction products obtained after thermal annealing at 773 K for the temperaturg

times indicated(a) 6X multilayer (near equiatomicA =15 nm, Zr thickness

10 nm): only an amorphous phase and faint Fe rings remain after annealing

for 73 min; (b) 5XA multilayer (55% at FeA=25, Zr thickness 15.5 nm

both an amorphous phase, and new crystalline intermetallic compounds

form. The arrows show the diffraction lines corresponding to the interme-action is 2 nm. Films thicker than 2 nm saturate and do not

tallic compounds ZrFeand ZgFe. These form very quickiyat the end of  eyglye even after 100 h at 660 K. This observation indicates

temperature ramp, or a2 m); (c) 7X multilayer; (55% at FeA=13, Zr . . .

thickness 7.8 nm an amorphous halo and the original pure elementdif“frac-that the_re I,S a maximum thickness of 2 r?m for complete

tion lines dominate: only very faint signs of crystalline intermetallic com- @morphization. However Paesano, Teixeira, and Amaral

pounds appear after a long annealing. achieved full amorphization of equiatomic ZrFe layers with
large wavelengthsN=15nm) using CEMS after annealing

. at 773 K for 3 ! and Yamamoto and co-workers achieved
i.e., amorphous phase and Fe. The longer wavelength sampl@mpjlete  amorphization of an equiatomic alloy with
(3X) showed very little reaction for the annealing times used,, — 18 ym afte 2 h annealing at 773 R.Also Michaelsen

Piepenbring, and KreB% saw complete amorphization of
D. Summary of experimental results ZrFe multilayers after solid state reaction. Geisler and co-

The summary of the reaction products formed under diworkers found a critical thickness for the Fe layer of 2%Am
ferent conditions is shown in Table II. Intermetallic com- P€/0wW which the magnetic and elastic properties of the

pounds tend to form more easily in large wavelength, Fe-richzr_Fe multilayer suffer a sudden transition. The authors at-

samples. lon irradiation is more efficient than thermal anJribute this to a crystal-to-glass transition that occurs below

nealing at forming the amorphous phase and the transformaat thickness. o
tion is more sluggish in Fe-rich samples. . In principle, any practical limit on the amount of reac-
tion (or of amorphous phase formed governed by the

metastable equilibrium between the amorphous phase and
the crystalline solid solutions of one element in the other. A

To discuss the earlier results, it is necessary to placécritical thickness” of amorphous phase as proposed by Ki-
them in the broader context of previous work in phase for-auka and Keurfewould be not only dependent on kinetics,
mation in Zr—Fe multilayers. In this section, we briefly re- but also on sample composition. Thus, it is likely that the
view previous work in this area. critical thickness observed by Kiauka and Keune is actually a
practical limit related to kinetic factors specific to their
samples and experiment.

Clemens and Suchowskifirst used this system to dem- Other researchets>° have demonstrated the importance
onstrate the occurrence of the solid-state reaction in ironef grain boundaries in amorphization of Zr—Fe multilayers
based metallic multilayers. Several researchers have studieshder solid-state reaction. Little amorphization between a
the effect of irradiation and thermal annealing on phase fordeposited Fe layer and a Zr substrate was observed when
mation in Zr/Fe multilayers;>8%17=35 ysing CEMS  they switched from polycrystalline Zr substrate to single
calorimetry®* magnetizatiort, x-ray, resisitivity, RBS, me- crystal Zr substrate. The authors postulated that the reaction
chanical properties! or TEM.2® Kiauka and Keungfound  occurs preferentially along the grain boundaries of Zr. This
that the maximum Fe thickness that reacts by solid-state ravas supported by the work of Otto and co-workBnsho

IV. DISCUSSION

A. Solid-state reaction in Zr—Fe multilayers
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found a mixture of grain boundary and volume diffusion
with activation energies of 0.35 and 0.93 eV, respectively. near-equiatomic (proposed)

Krebs and co-workef$%2’ used magnetization of equi- samples g rich N ye
atomic multilayers after solid-state reaction to determine that
the critical temperature for the fully reacted multilayers was X
75 K for an amorphous phase containing 60%°¥&hey AP
infer that there is anothginonmagnetic amorphous phase
containing about 35% Fe, and that the final reaction products
are a mixture of two amorphous phases of different compo-
sitions. This observation is supported by chemical diffusion
experiments of Karpet al?° who noticed that an amorphous
Zr—Fe layer loses or gains Fe depending on the overall

amorphous 3

mechanical mixture \ samples

amorphous 2 (ref.[4])

. - . . .. Zr.Fe [41]
multilayer composition in accordance with a double minima : ~ ZiFo. (41]
free energy curve. Kopcewie al?* studied the quadrupole 3 £ - :
splitting distribution PQS in amorphous Zr—Fe alloys % % % X,

formed by ion irradiation and found that thé@s) for equi-

atomic amorphous alloys showed distinct features which inFIG. 11. Schematic free energy curves for the various stable and metastable

dicate the presence of two different amorphous phase confhases in the Zr—Fe binary system. The stable phases at the temperatures of
. - | interest are hcp-Zr, 4Fe, ZrFg, and bcc-Fe. Also shown are three possible

positions. These observations were expla? a mOdel for . alternatives for the metastable amorphous phase, as well as the mechanical

the free energy curve of amorphous Zr—Fe which containgixture and the crystalline solid solution. See text for discussion.

two minima near the compositions 33% and 66% Fe. Since

there is evidence that the chemical short-range order in the

amorphous is similar to that found in the intermetallic com-

pound; ZgFe and ZrFg th'S_WOUId provide a natural ex- crystalline depends on the mixing dynamics and on the
planation for the greater stability of the amorphous phase afiapjjity of an amorphous solid at the overall composition.

those compositions. _ f0 Figure 11 shows a proposed free energy diagram for the
However, additional measurements of isomer sfiii$e 7, _rq system for a fixed temperature that can help explain

consistent with the presence of only one amorphous phasg me of the results above. The thermodynamically stable
with composition 50% that forms after annealing samples Obhases are the two pure metal solid solutidbec-Fe and

various wavelengths at 623 K for times ranging from 15 mi”hcp-ZD and two crystalline intermetallic compoun@&Fe,

to 24 h. These results are in direct contrast to those obtaineg, ZEFe). At the start of the experiments, the as-deposited

by Kopcewicz and co-workers, and there is no readily yealiic multilayers are located on the lide-B which rep-

avallgble explanation for theﬁglffere'nce. resents the mechanical mixture of Zr and (fee exact spot
Ding, Okamoto, and Rehnstudied the Zr—Fe system, yonends on the overall compositiorOnce the multilayer

using RBS to detect the amount of mixing as a function Ofreaction starts the system forms a combination of the meta-

flu_ence and tempgrat_ure. They_detected two regimes, charagernie and stable compounds depending on which com-
terized by two activation energies of 0.07 and 1.4(@Wove 5 nds are kinetically available. Rodrigueal. calculated

500 K). Their study, however, could not discern between thepe free energy curve for the crystalline solid solution shown
different phases formed,_ .and was pgrformed f(_)r. a single, Fig. 1142 As mentioned earlier, Krebs, Webb, and
wavelength and composition. Kopcewicz and W|_II|am’§on Marshalf propose a free energy curve for the amorphous
studied amorphization of Zr—Fe multilayer using ion beamspr1ase containing two minim@uch as the schematic amor-
detecting the transformation by CEMS. They found that thephous 2 curve shown in Fig. L1Bruckmannet al*® calcu-
amorphous fraction was proportional to the d&@Q”S'S' lated the amorphous Zr—Fe free energy curve by modeling
tent with a transport-controlled reaction mechanisiRe-  q amorphous phase as a regular solution m@aebrphous
cently investigations of amorphization of Zr/Fe multilayers 1). Starting from the mechanical mixture, the formation of
with swift heavy ions indicated a two-step mixing process,the amorphous phase provides a greater degree of free en-
where initially mixing occurs by Fe diffusion and later by grgy reduction than the formation of a crystalline solid solu-
amorphization along ion tracks. tion, and thus one would expect to observe it as the preferred
metastable phase.

Our results show that complete amorphization is easier
for equiatomic samples than for Fe-rich samples, under ion
irradiation or thermal annealing. These results are in agree-

Both thermal annealing and ion irradiation can cause thenent with the results of Kiauka who observed a mixture of
formation of new phases in Zr—Fe multilayers. This procesd-e and amorphous phase after thermal annealing at 620 K for
is energetically favorable, as there is a net reduction of fre® h in 60 at. % Fe-40 at. % Zr sampleand 660 K for 118 h
energy when we transform separated constitugoressent in  in 55 at. % Fe-45 at. % Z¥ The results are also in agree-
the as-deposited multilayergo a crystalline intermetallic ment with the results of Paesano, Teixeira, and Antatal,
compound or to an amorphous compound that is mixed at thezho found much less amorphous phase formation in the 66
atomic level. Whether the compound formed is amorphoust. % Fe samples than in 50 at. % Fe samples.

B. Driving force for amorphization
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Although the phase diagram only gives information irradiation-enhancedand irradiation-induced transforma-
about equilibrium phases$and clearly the amorphous phase tions.
is metastablg it is possible to use phase diagrams to discern  This study was conducted to discern what experimental
which metastable equilibria are likely. Both curves 1 and 2conditions(ion type, dose, dose rate, irradiation temperature,
for the amorphous phase shown in Fig. 11 predict completannealing time, and temperatuend multilayer characteris-
amorphization near the equiatomic composition. Curve Zics (wavelength and compositiptead to one process or the
predicts an equilibrium mixture of two amorphous phases abther. Previous studigshave shown that there is little solid-
compositiongC andD, while curve 1 predicts a single amor- state reaction in Zr—Fe multilayers after thermal annealing
phous phase. Our experiments cannot distinguish betwedrelow 623 K. Thus, the multilayer amorphization observed
these two results. However, both curve 1 and curve 2 alsin this study below room temperature ¢ausedby irradia-
predict complete amorphization at 66%. Thus these curveson. It is clear, however, that temperature also plays a role in
are not good indicators of phase stability under irradiationgffecting the transformation, since, above 293 K the dose to
because they are inconsistent with the observation that conamorphization decreases with increasing temperature. We
plete amorphization occurs only at 50%. now discuss the amorphization mechanism in more detail.

The actual range for the amorphous phase is not as broad
as indicated by curve 1. The regular solution model assigns a
free energy to the amorphous curve that is coincident Witrb
the pure metals at small concentrations, but this is physically -
unreasonable, since the amorphous phase does not form upon Amorphization by mixing occurs when interdiffusion of
the addition of very small amounts of Fe to Zr. In otherthe two elements in a multilayer causes the local concentra-
words, the free energy of the amorphous phase should rigéon of the alloying element to increase to a level where the
more steeply with concentration than the regular solutiorfree energy difference between the solid solution and the
model predicts. By assuming that the free energy of theéamorphous compound provides enough driving force for the
amorphous phase is higher than the pure metal phases ansformation to occur. For the amorphization reaction to
small concentrations, we will obtain the hypothetical curvetake place at the interfaces of metallic multilayers, a critical
“amorphous 3.” This curve predicts that at 50% Fe we concentration of the mobile element into the immobile ele-
would see only the amorphous phase, and that at 66% Fe waent must be achieved. From the preceding considerations
would find an equilibrium between an amorphous phase othe condition for amorphization is
compositionE and bce-Feequilibrium B—E in Fig. 11), as
observed experimentally. C(X)>Ciit- @

Amorphization mechanism

Assuming that only one species is mobfts indeed is
the case for the Zr—Fe systgnfull amorphization of the
immobile layer requires that Eql) is satisfied at the mid-

The experimental results in Table Il and Fig. 6 show thatpoint of the layer. It is thus necessary to transport the mobile
both the kinetics of phase formation and the final reactiorelement across the phase interfaces, through the diffusion
products depend on both the overall composition and théarrier, and to nucleate the new phase. We assume here, that
multilayer wavelength. As the multilayer wavelength in- nucleation and interfacial transport are relatively fast, and
creases, it becomes more probable to find stable crystallingat achievement of this critical concentration is controlled
intermetallic compound phases as the product of solid statky the rate of atomic transport.
reaction processes. The ion dose for amorphization is propor- Three main processes that can contribute to the atomic
tional to the square of the wavelength. As the Fe concentraransport in multilayers:
tion increases, the kinetics of phase formation become mor{s e

, o . ] thermal diffusion;
sluggish, and it is also more probable to observe intermetal; . - e
lic compounds as the reaction products. (!!.) |rrad|at|on_ enhanped t_hgrmal qnf.usm.n,. and
) L X . . (i) athermal irradiation mixingballistic mixing).

As mentioned earlier, in reacting metallic multilayers of
elements with negative heat of mixing, amorphizatien The overall mixing during irradiation results from the
ducesthe overall free energy. This is in contrast with the combined action of these three processes and can be de-
amorphization of intermetallic compounds under irradiation,scribed by Fick's lawJ= —D(JdC/dx), whereJ is the flux,
in which the stable intermetallic phase, present at the outsel is the diffusion coefficient, an@ is the concentration. We
is destabilized by damage accumulation, allowing the amorassume here that Fick's law is valid for ballistic processes as
phous phase to appe¥rA net free energyncreaseoccurs in ~ well, which may not be strictly true. Martfh performed a
this case. Amorphization of thermodynamically stable inter-numerical evaluation of the validity of Fick’s law in the pres-
metallic compounds thus requires the external input of enence of ballistic jumps, and found that if jumps occurred to
ergy (from irradiation or from processes such as ball mill- the third nearest neighbor, Fick's law was found not to be
ing). The transformation should in that case be properlyalid for wavelengths smaller than 15 lattice parameters,
classified asrradiation-induced In the case of metallic mul- which is certainly in the range of some of the diffusion pro-
tilayers under both thermal annealing and ion irradiation, theeesses considered here. While recognizing these limitations,
phases that appear depend on the kinetics by which the reve use the current assumption for simplicity, and we will
duction of energy is achieved, so it is possible to have botlshow later that this assumption has some validity.

C. Kinetics of amorphization
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The difference between atomic transport caused by these

different processes lies in their diffusion coefficients. Ther-

mal diffusion is described by a diffusion coefficient of the 7

form

Dh= CgeD gefs 2 i

whereC s is the concentration of the defect responsible for
diffusion. The diffusion coefficient of this defect is

4X  (near equiatomic)

7X  (near equiatomic}
3X (Fe-rich)
13X (Fe-rich)

- 10X (near equiatomic, reference)

Y10

D ger=

1,
—adv exp(—E/KT), ()

6
wherea, is the jump distance; is the vibration frequency,
andE is the migration energy of the defect responsible for
diffusion. For the case of purely thermal diffusioB e iS
given by

Cll=exp —E;/kT),

I T | T |
200 400
Temperature (K)

(4) 0

whereE; is the formation energy of the defect.
For the case where irradiation enhances diffusioy; is
given by

rr
Caer= Ciipr+ Clios

FIG. 12. Amorphization transport rati¢ for several Zr—Fe multilayers,
normalized to the ratio for the 10X multilayer, and plotted against irradia-
tion temperature. The amorphization of the near-equiatomic multilayers is
(5 well described by a transport mechanism, but there are significant departures
from a pure transport controlled regime for the Fe-rich multilayers.
whereCll is the steady-state concentration of defects under

irradiation, determined by the relative rates of damage and

recovery. Thus, the diffusion coefficient associated with an
enhancement of the solid-state reaction by irradiation differs
from the thermal case only in that the concentration of de-
fects under irradiation is higher. (©)

The third process, called ballistic mixing, is independent
of temperature and is given by

1 2
Dra=gla, © @
wherel is the displacement ratelpa/s anda is the average
distance atoms are displaced in the collision cascade.

phous layer is then proportional Dt whereD is the
diffusion coefficient in the amorphous layer anid the
time.

Once a critical concentration of the mobile element is
found at the midpoint of the immobile element layer,
that layer is completely amorphized, and the Zr rings
disappear.

The remainder of the transformatiéconsuming the Fe
layen occurs by a gradual increase of Fe concentration
in the amorphous layer.

For an amorphization mechanism controlled by atomic

(?O“d lstate trhea(;tlotn induced bﬁ/ltherrgal anr:jeatllng ?ﬁtransport the dose to amorphization is proportional to the
pends only on the first process, while under irradiation %uare of the multilayer thicknesses, i.e.,

three processes are active. We assume here that there is a
effective activation energy for migration in the amorphous (DY) (DY),
Y A
i

®

layer under irradiation, which is a combination of irradiation-

enhanced and thermal processes. We can then write o
where @t); and (@t); are the doses to amorphization for

multilayers with wavelengt; and\;. Thus for a transport-
controlled mechanism, the ratlcf(z(fl)t) I\ ) should be
constant. We plot the rati¢/ &1« in Fig. 12 where the ratio
above is normalized to the ratio for the 10X multilayer. The
equiatomic multilayers have their ratios close to 1, indicating
a transport-controlled mechanism throughout the temperature
range. The Fe-rich multilayers increasingly deviate from this
behavior at high temperature, indicating more complex pro-
cesses that could be controlled for example by phase nucle-
ation and interfacial reactions.

Dif=D&"™+ Dpoi=D§ +6Fa (7)
where DZ{ is the total effective diffusion coefficient in the
amorphous phase under irradiati®f," is the thermal diffu-
sion coefficient in the amorphous lay@nhanced or not by
irradiation), andD{y) is the ballistic diffusion coefficient.

If the amorphization process is controlled by atomic
transport(from a combination of the three processes above
it could occur in the following sequence:

(@ As the irradiation or thermal annealing proceeds, a con-  Taking the normal error function solution to a diffusion
centration profile of the mobile element starts to formcouple problem, the condition for significant diffusion to oc-
in the immobile layer. When the Fe concentration atcur over a length is
the interface exceeds the critical concentration for _ eams
amorphization, an amorphous layer forms. |=VaDegt. ©)

(b) Once the amorphous phase forms, it becomes a barrier Assuming the Fe is the mobile species, and that amor-

for further diffusion and the thickness of the amor- phization occurs when a critical Fe concentration appears at
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TABLE lll. Dose to amorphization from Eq11) usinga=2.5 nm. (¢t)exp 10 the calculated doses to amorphization in Table 11
Ballistic dose to (@t)gﬁq', which assumes amorphization by a purely ballistic
amorphization mechanism

[Eq. (1D)]
(ion.cm ) ((I)t)exp
4x 7.8x10° X~ (o (12
10X 1.2x10%
7X 1.5x10% - . .
ax 7 ax 10 If a purely ballistic mechanism were responsible for

13X 0.38x 105 amorphization,y would be unity. At low temperature, this
appears to be true agis close to 1 for both Fe-rich and
equiatomic multilayers. This lends support to our initial as-
sumption that Fick’s law is approximately valid for these
ballistic processes, at least at low temperature. However, as
the temperature increasegbecomes smallefwith the ex-
ception of 13X, indicating that a thermally activated process
contributes to the reaction. This means that above room tem-
1 T (10 perature the reaction occurs by a combination of ion mixing
[Df}{‘br ZTIa2 and radiation enhanced diffusion, such as described by Eq.
6 (4). Kopcewicz and Williamson also observed complete

At low temperature where thermal diffusion is insignifi- @morphization of equiatomic Zr—Fe multilayers under proton

the middle of the Zr layer, the time to full reaction in a
multilayer where the Zr half thickness Ii§,1/2, is given by

12
_ Zrypp
tam_

cant irradiation after a fluence of 210cm 2, nominally at
) room temperature, and they find that ballistic mixing ac-

bal 6|2r1,2 counts well for their result¥ It is not clear why for 13X,
Plom= aloy’ (12) x increases with increasing temperature, but it could be re-

herel — @ is the displ , lated to the fact that this is the smallest wavelength sample,

wherel = f‘Td’ adnd 94 1S It € dI'SpI acement Cross _sect;]on.h where the errors in measurement are greatest, and where ir-

We performed a simple calculation to ascertain whethego g, iarities in the planar interfaces are comparatively most
ballistic mixing alone can explain the results. From aimportant

TRIM'™ simulation, the displacement rate isx30™*° One unexplained observation is the observation of inter-
dpa/Krion/cn¥) on the average, and the average size of the, ojic compound formation during irradiation of the 3X,
displacement cascades of 2-3 nm, so we use 2.5 nm. Using, ich muiilayer. The intermetallic compounds observed,
Eq. gll), we cglculate the dose to amo.rphlzatlon for eacthBFe and ZrFg have been previously observed to undergo
multilayer studied and show the results in Table Iil. amorphization during electron and ion irradiat®rf’ The
In Fig. 13 we plot the ratigy (called the ballistic ratipof 4| temperature for irradiation induced amorphization of
the experimentally measured dose to amorphizai®g. 5 7, re ynder Ar ion irradiation is higher than 500*KThis
would lead us to expect that these intermetallic compounds
would be unstable under the present irradiation conditions,
specially during low temperature irradiations. It is possible
20+ i :z";::':“::::w; that the large compositional gradients that exist in the mul-
1 o (neare:uimic) tilayers under irradiation stabilize the crystalline intermetal-
Lo —A— s (Feran lic compounds. If that is the case, one would expect that for
’ —¥— 13X (Fe-rion) a high enough dose they would eventually amorphize as the
o~ FPureBalistic Mixing gradients smoothed out.
12 v The thermal annealing results show that as the wave-
length increases, crystalline intermetallic compounds are
= b [ e G formed in preference to the amorphous phase. Since crystal-
08 line intermetallic compounds are the most stable phase, these
results are contrary to what would be naturally expected, as
the most stable phase is formed more quickly in the sample
0.4 where the atoms have to travel the greatest distance for mix-
ing. We could resolve this question by invoking the model of
Gosele and Tu: in their model, as the wavelength thickness
0.0 T I " I . | increases, the chemical potential gradients become smaller
0 200 400 600 and it becomes easier to nucleate a crystalline phase from the
Temperature (K) amorphous phase. The fact that intermetallic compounds
form on thick wavelength samples and not on thin wave-
FIG. 13. Ballistic ratio for the amorphization of several Zr—Fe multilayers |0y o4y samples is thus consistent with these predicfions.
under Kr ion irradiation plotted against irradiation temperature. Amorphiza-

’ O .
tion is well described by a ballistic mechanism at low temperature, but af\ISO, the mOdell proposed by_Deszmd Yavaﬁ predicts
high temperature there are other processes that also influence amorphizatithat the nucleation of crystalline intermetallic compounds
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during multilayer reaction is inhibited in the presence of  (6) The fact that amorphization occurred more easily in
large concentration gradients. This would also tend to favothe equiatomic samples than in Fe-rich samples can be ex-
intermetallic compound formation in the large wavelengthplained by a narrow, single minimum, free energy curve for
samples in preference to the smaller wavelength samplethe amorphous phase. This is in agreement with previous
However, the kinetics do not agree, as the intermetallic phasexperiments by Paesaet al, that suggest that a metastable
is formed very fast in the 5X wavelength sample. This issuesquilibrium exists between amorphous phase and bcc-Fe at
deserves further investigation. Fe-rich compositions.
Finally, the fact that electron irradiation can cause amor-
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