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An ion bombardment study on In,Au
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Polycrystalline IgAu films prepared by evaporation were bombarded at 4.2 K as well as 80 K with 300 keV
Ar*ions. In this way, the crystalline phase can be transformed stepwise into an amorphous phasé aitd by
controlling the electrical resistance of the films, samples containing well-defined volume fractions of the
amorphous phase can be prepared. Performing isothermal temporal relaxation experiments after switching off
the ion beam on such samples as well as annealing cycles determining their crystallization tempgrttare
guestion could be addressed as to the effect of crystalline nuclei on these properties. A monotonic decrease of
T, is found for an increasing volume fraction of the crystalline phase. The temporal relaxation exhibits a
stretched exponential behavior with an exponent pointing to an effective dimenstbn3of

DOI: 10.1103/PhysRevB.69.224110 PACS nuniber61.80.Jh, 72.15.Cz, 61.72y, 61.43.Dq

[. INTRODUCTION amorphous phase, offering many structural configurations
) i i ) that only slightly differ in energ¥ or, expressed alterna-

Ever since the first experiments demonstrating thatjyely, in free volumet The resulting changes of the struc-
quenching a metallic vapor onto liquid-helium-cooled sub-tyre factorS(k) can then be related to the observed resistivity
strates may lead to amorphous phasesl, even more so, by according to the above-mentioned Faber-Ziman theory.
the impressive development of the preparation of metallicciosely related relaxation processes, though determined at a
glasses based on splat cooling their corresponding f1élts, fixed temperature, will be studied in the present work for
it has become clear that a large variety of binary metallicygrious partially as well as completely amorphizegAn
alloys can be structurally transformed into metastable amofijms. For that purpose, we exploit the fact that once it is
phous phases by various rapid quenching techniques. ThegBown that a binary system can be amorphized by quench-
amorphous phases quite often exhibit new attractive propeing, it also can alternatively be transformed into the amor-
ties related to their magnetic, optical, mechanical, or supefphous phase by ion bombardméhtn the specific case of
conducting behavior and a series of review papers are dedjn,Ay, this has been already demonstrated previotfsly.
cated to this fact® For the important subclass of metallic The ion bombardment technique, however' allows us to
glasses showing nearly-free-electidNFE) characteristics, a prepare the amorphous phase in a step-by-step manner by
close relation has been found between the structure as dg'rmp|y increasing the ion fluenag (ions per cni) and con-
scribed by the structure fact&k), being the Fourier trans- tro|ling the resulting amorphization processsitu by, e.g.,
form of the radial distribution function and its electronic monitoring the ion-induced resistance changes. In this way,
properties characterized by the Fermi wave nunt@e=or  partially amorphized samples containing a well-controlled
such amorphous NFE systems, the rather simple criteriogolume fraction of the amorphous phase can be prepared.
2ke=k;, [k, designating the position of the first maximum of Thus, isothermal relaxation processes can be studied for the
S(k) in k spacg in many cases provides a possibility to de- first time, which are observed when interrupting the ion-
termine the stability range,,=X=Xnax Of the amorphous beam-induced amorphization by switching off the beam
phase of a binary allop;_,B,.” For this type of alloy, the while keeping the temperature fixed.
relative position of Re with respect tok, is also decisive It turns out that a stretched exponential behavior delivers
when calculating the resistivity and its temperature depenan excellent description of the observed relaxation processes
dencep(T). Especially close to the above criterioke2k, a  of partially amorphized systems. To arrive at such a good
negative resistance coefficieit/R)(dR/dT) is theoretically —agreement, two processes have to be considered, one of
predicted and experimentally observetiThe underlying which can be attributed to the still remaining crystalline
theoretical description of the resistance behavior of a NFEhough defected volume, while the second characterizes irre-
amorphous phase plays an important role in the present workersible rearrangements within the already amorphized vol-
dealing with partially or completely amorphized,&ku al-  ume fraction. The fluence dependence of the relative weights
loys, which are known to belong to the NFE systeis. of these two processes opens the possibility to determine the

For completely amorphous metallic glasses it has alreadpoint when the volume fraction of the amorphous phase be-
been observed previously that the electrical resistiyity comes dominant as well as when the ion-induced amorphiza-
changes irreversibly when annealing as-prepared sampléi®n is practically complete.
within the amorphous phase. Actually, such changes can ex- A second aspect of the present work is related to the crys-
hibit both signs, positivé as well as negativ€ Theoreti- tallization of the amorphous phase. Since the ion-induced
cally this phenomenon is attributed to structural relaxatioramorphization process allows us to prepare partially amor-
processes within the highly degenerate ground state of thghized samples in a controlled way, the question can be ad-
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dressed as to how the crystalline matrix still present, into 003 006 009 012 015 018 dpa
which the amorphous phase is embedded, influences th 490
crystallization temperatur@, by providing corresponding 350

nuclei. It will be demonstrated that independent of the cho- 0] 0 408
sen projectilegHe", Ar*) or bombardment temperatu(é.2
or 80 K), T,(c,) increases monotonically when decreasing 2501 gF-rmmmm J0.6
the volume fractiort, of the crystalline phase in the sample, & 200 g o’
approaching a well-defined val(g(0) for completely amor- & 404

. ) " ) 1504
phized samples with a small transition wid¥t,(0). | & In Au

The approach off,(0) when completing the ion-induced 100+ 300keV A 102

amorphization of a sample is accompanied by a continuou: sg T,=80K
decrease of the temperature coefficient(1/R)(dR/dT) 0 1 time (hours) 10.0
with a change of sign from positive to negative values about 01 02 03 04 05 06

halfway from complete amorphization. Thus, the final amor- fluence (10" Ar*/cm?)

phous state can be uniquely characterized by a significantly o _ _

reduced isothermal relaxation towards larger resistances, a FIG. 1. Amorphization of an Au film as induced by 300 keV
maximum crystallization temperature with a minimum tran-Ar" bombardment at 80 K. Plotted is the sample resistance versus

sition width and a reversible negative temperature coefficienf ion fluencelower scalg or the corresponding average displace-
a of its resistance. ment per atongdpa, upper scajeOn the right scale, the amorphous

volume fractionc, is given. The horizontal dotted and solid traces
give the temporal development of the resistance when interrupting

Il. EXPERIMENT the ion bombardment by switching off the beam.

Thin In,Au films (typical thickness 40 ninwere ther-
mally evaporated at ambient temperature onto sapphire sub-constt), describing the temporal resistance relaxation after
strates using fine granules grinded from a buljdm sample  switching off the beam, andR(¢pax T9), giving the anneal-
as starting material. During standard evaporations at a rate @fig behavior after partial or complete amorphization. More
0.2 nm/s, a pressure of T0mbar could be maintainted. The details on the ion implanter and the irradiation cryostats can
resulting structural as well as stoichiometric properties werére found elsewher¥.
determined on selected test films applying x-ray diffraction
(XRD) and Rutherford backscatterifRBS) measurements.
In all cases, the expected Gadtructure with a lattice param- Il. RESULTS AND DISCUSSION
eter of 0.65+0.1 nnibulk value 0.6506 nmRef. 17] as
well as the 2:1 stoichiometnitypical experimental error 5%
could be confirmed. After electrically contacting the films for ~ The first group of experimental results is related to the
a four-point measurement, they were mounted onto the coleelaxation behavior of partly or completely amorphized
stage of a liquid-helium or -nitrogen irradiation cryostat, re-In,Au films. In all cases, the sample in its starting condition
spectively, depending on the bombardment temperdigid  was polycrystalline and the bombardments were performed
4.2 or 80 K. In this way, the various irradiation steps corre-at T;=80 K with 300 keV Af" ions. Measuring the ion-
sponding to the total ion fluenag could be combined with induced resistance changiessitu allowed us to follow the
an in situ determination of the induced resistance changeamorphization process. An example is given in Fig. 1, where
AR(¢) at the fixed irradiation temperature. the resistance increagkeft scalg is plotted versus the ion

The irradiations were performed with either Her Ar®  fluence (lower scalg or, equivalently, versus the average
ions, both of 300 keV. Sweeping the beam horizontally asumber of displacements per target at@ipa, upper scaje
well as vertically guaranteed a homogeneous irradiation oveffor instance, a dpa value of 0.2 indicates that, on the aver-
the exposed film area. A crucial point in the present experiage, every fifth target atom has been displaced due to the ion
ments is the control of the bombardment temperature, whichombardment up to a certain fluenge In order to extract
was continuously monitored with and without the ion beamthe dpa value, the average energy deposited by an ion along
By reducing the ion current, which also was continuouslyits track via nuclear collisions must be known together with
determined via a Faraday cup, to below 10 nA, the maxithe displacement energies of the various target atoms. In the
mum temperature increase due to the ion beam could bgresent case of yAu films bombarded with 300 keV Ar
restricted to below 2 K affg=4.2 K and below 0.2 K at ions, the average nuclear energy loss was calculated with the
Tz=80 K. An additional heater mounted on the cold stageMonte Carlo progransrim-2003(Ref. 19 assuming identical
allowed us to increase the sample temperalyfom Tgto  displacement energies of 25 eV for In and Au.
300 K. All significant parameters such agandTg, the ion The ion-induced resistance changes shown in Fig. 1 can
fluence ¢, sample resistancB, and timet could be either be nicely described by an exponential saturation behavior
controlled or at least continuously monitored via a PC. ThusR(¢) =Ry+AR .l 1—exgd—B¢)], resulting in the parameter
the following types of experiments could be performed:set Ry=29.10), ARy,,=379.7Q), B=6.64X 107 cn?. The
AR(¢,Ts=Tg=consj, thereby following up on the ion- absolute valudR,,,=Ry+ARyax as well as the rati®R,,,,/ Ry
induced amorphization process,AR(¢=constTs=Tg  agrees excellently with the results found for amorphous and

A. Relaxation behavior
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crystalline InAu films prepared by vapor quenchifdgcon- 1.008 T - ; T T T T
firming that amorphization is indeed acquired by the bom- | e e *\ o

{

|

I

bardment. As usually, in the following the normalized quan- ~ 10004"
tity c.(&) =AR(¢)/ AR (right scale in Fig. 1will be taken <
as a measure of the amount of amorphous phase prese 99%7\%
within the samplé&?! o SRR

To determine the isothermal relaxation, the ion bombard- 09807 N\ TSSmioeee ]
ment was interrupted after certain fluences as illustrated ir AN N
Fig. 1 and the resistance was monitored as a function of time 99851 N~ T
immediately after switching off the ion beam. The corre- o~ e
sponding time axis is included in the figure. As it turned out __ 09897
that the resistance changes due to the structural relaxatiorg—
involved are of the order of only 2%, they cannot be resolveds %9787 (5
in the overview of Fig. 1. Before, however, showing these%
relaxation effects on a magnified scale, it is important to g
remark on possible temperature effects due to switching thes

_____

1.003

reduced data set
1.002

beam on and off the sample. When opening the beam shutte$ gJ from (&)
and exposing the total 300 keV beam to the sample holderg 10013/ 7 stetched exponentials

which is nominally fixed at 80 K, the thermometer on this N
holder indicates a temperature increase of only 0.5 K. How-§ :
ever, this would not exclude a much higher temperature in-g 1.00
crease of the thin film sample itself. To measure this value, in
the same irradiation cryostat using identical mounting condi- ~ 9-99
tions as for the bombardment experiment, the thermal noise
of an amorphized film was determined while applying differ- 0.98
ent currents through the sample. In this way it was found that
up to 10 mA corresponding to a heating power of 40 mWw, 0.97
the thermal noise did not change, indicating a constant
sample temperature. Comparing with the heating power of
3 mW due to the 300 keV ion beam of 10 nA as determined FIG. 2. Temporal relaxation of the electrical resistance of par-

on the sample allows us to safely exclude any significanfiyy and completely amorphized JAu samples(a) Experimental
temperature changes of the sample due to switching the i0fta taken 80 K after switching off the 300 keV *Abeam at the
beam. After this observation, we now present the resistanGgerrupts given in Fig. 1. The arrow indicates the direction of in-
relaxation when interrupting the bombardment by switchingcreasing fluences, i.e., increasing amorphous volume fractibys.

off the ion beam. For this purpose, in Fig(ag for each  pata sets fron(a), reduced in order to make the agreement with
interruption, the time dependence of the resistaRtg nor-  fitted stretched exponentiaisolid lineg visible.

malized to its starting valu®(0) is plotted on an extended

scale. Presented in this way, the relaxation exhibits a vergorresponding resistance increase, while, in the opposite case
clear trend. For small volume fractions of the amorphousof reducing disorder a decrease of the resistance is observed.
phase the ion-induced resistance relaxes towards lower vaFor amorphous solids, however, the situation is not so clear
ues after switching off the beam with maximum values of thecut. Here, according to Faber-Ziman theory, the response of
order of some percent. Increasing the ion fluence, i.e., ththe resistance to structural changes within the amorphous
volume fraction of the amorphous phase, leads to a mondgehase depends on the position dd-2vith respect tok, as
tonic reduction of the magnitude of this relaxation effect un-already mentioned above. As a consequence, structural relax-
til, at a volume fraction of approximately 75% of the amor- ations can lead to an increase or a decrease of the resistance.
phous phase, a change of sign occurs, resulting in & the present case, this direction can be additionally tested
resistance increase due to relaxation processes. The maghy thermal annealing the completely amorphized system. For
tude of this positive effect, though with1% being clearly —example, starting with a value d®®=391() for an amor-
smaller than that in the negative case, continues to increag#hous InAu film at 80 K, the sample was sequentially
for larger volume fractiong,(¢) and is present also in the heated to increasing final temperatuiBsand recooled to
completely amorphous phase. 80 K, where the resulting resistané®(80 K) was deter-

The result presented in Fig(é) suggests a description in mined. For the above specific starting value, the following
terms of two types of processes, one attributed to structuralata points were obtainedRy(80 K)=393(), Ry5o80 K)
relaxations within the amorphous phase, the other one to the394.50), R;;¢(80 K)=396(), R;,((80 K)=398(). These
annealing of defects within the still crystalline phase. Withindata clearly demonstrate that annealing-induced relaxation
this choice, it appears quite natural to connect the relaxatioprocesses within the amorphous phase lead to increasing re-
leading to a resistance decrease to the crystalline phase adstance values in consistent agreement with what is ob-
suming that bombardment-induced defects in this phase sinserved in Fig. 2 for almost and completely amorphized
ply anneal out. This is the standard situation in crystallinesamples after switching off the ion beam. Since in the case of
solids where growing structural disorder always results in @morphous IpAu, 2ke approximately matchels,, one has to

{cf eqns. 1 & 2)

i3

(b)
0 500 1000 1500 2000 2500 3000 3500
time (seconds)

224110-3



THOMAS MULLER AND PAUL ZIEMANN PHYSICAL REVIEW B 69, 224110(2004)

TABLE |. Relaxation parameters of partially and completely amorphizgAurfiims. Ry is the starting
resistanceg¢ is the ion fluenceA,, 7, andp are the fitting parameters for the crystalline volume fracfizin
Eqg. (1)], andA,, m, q are the fitting parameters for the amorphous volume fradbnEq. (2)].

R () #(10'2 Ar*/cn?) A 71 (9) p A 7 (9) q
70.42 0.21 0.97034 1151 0.581 0

120.68 0.44 0.9734 965 0.602 0

169.96 0.73 0.97416 1110 0.586 0

210.48 1.0 0.979 1150 0.597 0

230.58 1.17 0.98447 1299 0.580 0

250.83 1.3 0.98537 1382 0.545 0

270.31 1.48 0.98877 1346 0.622 0

320.49 2.0 0.99256 1444 0.594 0

360.35 2.9 0.99856 7469 0.650 0.00061 60 0.590
372.30 3.6 1 0.00175 226 0.495
386.69 5.9 1 0.00339 379 0.482

conclude, referring to the Faber-Ziman model, that the obdescription of the experimental results as demonstrated in
served relaxation processes lead to a slight sharpening of thég. 2(b) for the two limiting cases of small and large flu-
first peak ofS(k) with a corresponding increase of its mag- ences as well as for two fluences in between. The resulting fit
nitude S(kp). parameterg\, 7 (i=1,2) as well agp andq are summarized
The question arises as to how to functionally describe thén Table | for the various ion fluences. The exponentjals
two types of relaxation processes. While in elemental metaland g and, similarly, the time constant, are found to be
such as Cu, ion and, even more so, electron irradiation leadyractically independent of the ion fluence with the average
to well-defined defects such as interstitials or vacancies witvaluesp=0.59,9=0.49, 7,=1230 s, whiler,, once measur-
characteristic enthalpies of their creation and diffusidm able for higher amorphous volume fractions, shows a trend
metallic alloys, the situation is more complicated. Due toto increase from 60 s for an 80% amorphous sample to 379 s
local stoichiometry variations and the additional chemicalfor a completely amorphized film. Taking the average
interaction between dissimilar atoms, a variety of defect=303 s, it is clear that the relaxation processes within the
complexes can be produced by irradiation experiments chaemorphous phase are significantly faster than those in the
acterized by a broad distribution of activation energies necdisordered crystalline phase. On the other hand, the “ampli-
essary to make these defects mobile and anneal, resulting indes” A; depend on the ion fluence in a way reflecting the
the related resistance relaxation. As a consequence, the tintend exhibited by the curves given in Figag The corre-
dependence of isothermal annealing in an alloy is not exsponding results are summarized in Fig. 3, wheré\l deft
pected to exhibit the typical exponential relaxation behavioriscalg and A, (right scalé are plotted versus the Ar fluence.
characterized by a single time constant as in elemental mefccording to Fig. 2a), the maximum relaxation towards de-
als, but should reflect the corresponding broad distribution ofreasing resistances is obtained for small ion fluences. The
time constants. A description in terms of a broad distribution

of relaxation time constants should hold even more so for the 3'5. T ' ' ' — & |°°
amorphous phase with its many possible structural configu- 54| o\\ weight of relaxation A PP
rations resulting in corresponding, almost degenerate groun Y processcs duc to it
states. Thus, for both relaxation processes, in the crystallini 25{ ©© ;Mmme amogghovs ¢ ——— .5
phase leading to a resistance decrease and in the amorpho —\ volume fractions \
phase to a resistance increase, a description appears apptg 291 © L {202
priate taking into account broad distributions of relaxation = ' 14 <
times. A well-known function adopted especially for such a 151 ¥ s {15 <
situation is the “stretched exponentidf’currently taken in 10' o, / o
the following forms: ] Y ! 1
R(t,80 K)/R(0) = A, + (1 —AJexd— ()], (1) 054 Ve Jos
00l eoeoeme—o o o loo
R(t,80 K)/R(0) = A{1 — exg— (t/m,)9]}, (2) 00 0.1 0.2 03 04 05 06

) i fluence (10" Ar'fem?)
where Eg.(1) describes the temporal resistance decrease

within the crystalline phase and E¢R) the resistance in- FIG. 3. Different weights of crystalline and amorphous volume
crease in the amorphous phase, both due to structural relaftactions to the temporal stretched exponential relaxation processes
ation processes. Together, E@¢k) and(2) give an excellent in partially amorphized IpAu sampleqcf. Egs.(1) and(2)].
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corresponding limiting value fo¢p— 0 andt— « is given by 300 J (a) 0.06 0.12 0.18 0.24 0.30dpal
A,=0.965, i.e., the maximum resistance decrease is 3.5% o—— "0
On the other hand, for large fluences, i.e., for completely 554 ] los
amorphized films, the maximum resistance increaset for In,Au '
— o as given byA, is only 0.35%. 200 | 300 keV Ar" los

In the context of theoretical considerations related to theg T,= 80K o°

stretched exponential behavior it is worth noting that both 45, ]
stretching exponents andq are close to the “magic” value
of 3/5=0.6, pointing to relaxation processes in a disordered 44 ]
medium of effective dimensiod=3 as concluded from the

B Interrupts to determine T_
—— Fitto R(¢) = A-(1-exp(-B-9))+C
with 402
A=(25207 £038)Q

standard trapping model deliveriqu=d/(d+2).23 Remark- 50 B=(7.0210™ £2:10")em’  J0.0
ably, a stretched exponential behavior wjtk0.5 has also Z C=0905 +£03)0 z
been previously reported for the grain growth of nanocrys- 0.0 0.2 ) 06 . 08 1.0
talline Au films determined via the corresponding resistance fluence (10" Ar'fom’)

changes? Another important point worth mentioning is the 4 . : : :

fact that up to an amorphous volume fraction of around 80% 3091

the relaxation is dominated by the crystalline phase, i.e., re-
sistance decreasing effects with the amplitégerepresent- 2504
ing processes within the amorphous phase set to zero. Thi
probably is a characteristic of the electric transport measure.. 2001
ment, where the well-conducting crystalline phase forms a’%
percolating network dominating the total resistance of the 150
mixture with the much less conductive amorphous phase un:

til this percolation is interrupted at high amorphous volume 1004
fractions. The final remark is related to the different fluence

dependence of the relaxation times and 7,. A possible 50

explanation may be linked to the expected temperature be 0% /4 . . . . {

havior oft. Assuming a characteristic temperatdigwhere 070 100 150 T(K) 200 250 300
certain types of crystalline defects preferentially anrjézd

In,Au such an annealing stage has been foundTat FIG. 4. Annealing behavior of partially and completely amor-

=110 K(Ref. 25] and performing the measurements isother-phized InAu samples(a) lon-induced amorphization as indicated
mally at Tg=80 K as in the present caseshould be gov- by the fluence dependence of the resistatief scalg or of the
erned by the ratid@g/Ta, Which is fixed as long a$, is not  amorphous volume fractiofright scalg¢. The bombardment inter-
dependent on the ion fluence. In the amorphous case, howupts, after which the corresponding annealing behavior as shown in
ever, the corresponding annealing temperafiyés identi-  (b) was determined, are indicated by solid squares. The arrgy) in
fied with the crystallization temperatufie and, as discussed 9ives the direction of increasing ion fluences.

in the hlptrc:_ducu;an, I m?y Wg_” d?p;:‘nd_t%n_tthe ?jegree Ofcomplete amorphization of the sample. In this way, the
amorpnization ot a sample, 1. (Ca(4)) with its value €x-  rasistance-versus-fluence curve was obtained presented in
pected to increase towards complete amorphization. Thusp;ig_ 4(a), where the fluences, for which annealing curves

the ratioTg/Ty(ca(¢)) will decrease as a function of the ion haye been taken, are marked by solid squares. The corre-
fluence, leading to a slowing down of the relaxation pro-sponding volume fractions of the amorphous phase are indi-
cesses. In order to support this idea experimentally, in theated by the right vertical scale, while the ion fluences are
following section the crystallization behavior of partially as expressed in dpa by the upper horizontal scale. The exponen-
well as completely amorphized samples will be presented. tial saturation behavioR(¢)=A[1-exg—B¢)]+C fitted to
the experimental data is included in Figagas solid line
resulting in the parameters given in the inset.

The annealing curves of the resistance as obtained after

The experimental procedure is similar to that in the lastthe various bombardment interruptions are presented in Fig.
section. A polycrystalline lpAu film is bombarded at 80 K 4(b). The stepwise increased fluences at the starting points
with 300 keV Ar ions and the resulting resistance increaseare reflected by the monotonic increase of the starting resis-
is monitoredin situ. After some distinct fluences, the ion tance values as given in Fig(a}. A pronounced irreversible
bombardment is interrupted and the sample temperaturannealing step of the resistance is observed, the height of
ramped from 80 to 300 K at a rate of 0.7 K/min while still which is growing with increasing ion fluences and, most im-
continuously measuring its resistance behavior. Then, thportant, the temperature position of this step is systematically
sample is recooled to 80 K and the ion bombardment continshifted from 110 K up to 155 K accompanied by a signifi-
ued up to the next total fluence, after which a new annealingant sharpening of the transition. The interpretation of this
cycle is started. These cycles are repeated up to a total immnealing step is very much facilitated by noting that for
fluence corresponding to 0.31 dpa, which is significantlypolycrystalline I3Au films irradiated with high energetic
higher than the maximum value in Fig. 1, thus guaranteeinglectrons at 10 K, a prominent, though rather broad recovery

B. Annealing and crystallization behavior
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1704 (@)  InAu i
300 keV Ar’
160 T,=80K

plaining the correspondingly increasing height of the anneal-
ing steps. With this interpretation, however, one has to con-
clude that the crystallization temperatures depend on the
volume fractionc, of the amorphous phase, i.d,(c.(¢))

(L . with T, monotonically approaching 155 K, the value of the
o B " homogeneous WAu amorphous phase. As already argued
= 1404 L T = 80K 1 above in the context of the relaxation processes, the
= 30 i T.(ca(¢)) behavior is consistent with the observed fluence

dependence of the time constants giving additional sup-

fits to T ()-A(-expBOIC ﬁﬁgtntge';he interpretation of the annealing steps at higher ion
A final remark may be in order related to a second anneal-

. . . s . ing step visible in Fig. &) at 250 K, i.e., well above the

0.15] ' ' T T ' ] crystallization temperature of the amorphous phase, thus in-
(b) InzAu 1 . . . .
. dicating the recovery of defects in the crystalline phase. In
;Og;gl‘(’“ the case of electron bombardment, a similar, also quite small,
0.101 B

] recovery stage has been observed at 200 K, however only for
1 the highest electron energy of 2.5 MeV, but not for 1 MeV
or below?® Consistently, in the present ion bombardments
representing much larger average energy transfers as com-
pared to electrons even for ion energies of only some hun-
dred keV, the stage at 250 K was found in all cases, after Ar
as well as He irradiations. This dependence on the energy
transferred by the primary collisions points to a type of de-
fect formed within a collision cascade rather than by one
: . . single displacement event. Together with the rather high an-
0.0 0.2 0.4 0.6 0.8 1.0 1.2 nealing temperature this suggests that the recovery of vacan-
fluence (10" Ar'/om’) cies or small vacancy clusters can be attributed to the 250 K

annealing stage.

We now come back to the first, most pronounced anneal-

at 4.2 K (solid dot9 or 80 K (open squarasrespectively(b) Slope ing step signaling the crystallization of the amorphous vol-

of the reversible temperature dependence of the resistance as detgpj; fracgon. Byknumerlcbally dlgfer(TIntla}tlng the CUI’VE.S. glvin
mined between 70 and 80 K for partially or completely amorphized F19- 4(b), peaks are obtained, allowing us to position the
In,Au samples prior to their crystallization. midpoint temperature3, of the annealing steps quite pre-

cisely. In this way, the data points of Fig(&p were ex-
step of the irradiation-induced resistance at 100 K has beetnacted. While for small fluencgs<0.02 dpa the position of
reported previousf? and attributed to the recombination of the annealing stage remains practically unchanged at 108 K,
close Frenkel pairs. Accordingly, the annealing steps obthe continuous increase observed for larger fluences can be
tained after small ion fluences<0.03 dpa in the present described by an exponential saturation behaymiid line
case are similarly attributed to the recovery of defects withinthrough the data points delivering a final value ofT,
the crystalline phase rather than to the crystallization of the-156 K for the amorphous phase obtained at 80 K.
very small amount of volume, which already has been amor- The stepwise amorphization with successively increasing
phized. Within this fluence range, the midpoint temperaturegrystallization temperatures is also reflected in the reversible
of the annealing steps practically remain fixed at 110cK  temperature dependence of the resistance expressed by
Figs. 4b) and %a)]. Additionally, as reported in the last sec- AR/AT as determined between 70 and 80 K. This is demon-
tion, for these fluences the relaxation processes related to thgrated in Fig. B), where AR/AT is plotted versus the ion
amorphous phase still can be neglectag=0). Both obser-  fluence. While for small fluences a positive slope is obtained
vations support the above idea of attributing the annealingypical of crystalline metallic samples, which monotonically
steps to recovery of crystalline defects. On the other handjecreases for increasing fluences until, aboye-0.2
for amorphous IpAu films crystallization temperature,  x 10 cn? (corresponding to 0.06 dpaa change of sign is
between 160 and 180 K have been repdfiétiwith the  observed saturating for large fluences aR/AT
higher values found for films quench-condensed onto liquid=0.064()/K as can be extracted from the fitted exponential
helium-cooled substratdd.2 K). These crystallization tem- behavior[solid line through the data of Fig.(p]. Small
peratures are in good agreement with the very sharp anneailegative slopes ofAR/AT are characteristic of metallic
ing step atT,=155 K obtained for the highest ion fluence, glasses and the above value compares very well with the
resulting in a completely amorphized sample. Thus, one isorresponding results obtained for the quench-condensed
led to attribute the annealing steps observed for ion fluenceammorphous IpAu phase?® Notably, the crossover in sign oc-
well above 0.03 dpa to crystallization of the amorphous vol-curs when the time constant attributed to the amorphous vol-
ume fraction, which, according to Fig(a}, monotonically = ume fraction becomes dominant as indicatedAyy- O (cf.
increases as a function of the ion fluence immediately exFig. 3). This a posteriorijustifies the above assumption that

0.05

AR/ AT (@ 1K)

0.004

--0.051

FIG. 5. (a) Crystallization temperature$, of In,Au samples
partially or completely amorphized by 300 keV *Abombardment
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below 0.02 dpa, the ion-induced resistance increases can las given by theR(¢) curves presented in the inset of Fig. 6.
attributed to crystalline defects. At 4.2 K, complete amorphization as indicated by the satu-
The results reported so far were all obtained with the ionration value of the resistance is reached at a much smaller
bombardments performed d=80 K. One might argue, fluence than at 80 K. On the other hand, the final resistance
however, that at this temperature willz/T,=~0.5, signifi-  values are practically indistinguishable. In the context of the
cant relaxation processes within the amorphous phase cary behavior, this implies that, for a given quenching rate, it is
occur, which then may cause the shift of the crystallizationthe preparation temperature of an amorphous phase, which
temperatured, towards lower values. To exclude such andetermines the resulting crystallization temperature. When
argument, additional ion bombardments with 300 keV} Ar preparing at 4.2 K, practically all thermally activated con-
were carried out afg=4.2 K going through the same experi- figurational changes are suppressed and an “ideal amorphous
mental procedure as at 80 K, i.e., interrupting the amorphizasolid”?® is formed, which, due to the lack of any crystalline
tion process at certain fluences and determining the crystakuclei, is the most stable one. In contrast, preparation at
lization temperature of the partially amorphized sample, ther80 K allows the formation of such crystalline nuclei or at
recooling and continuing the bombardment, and so on. Thi&ast local arrangements having already close similarity to
results obtained in this way fof, are depicted in Fig. 6. the corresponding short range order of the crystalline phase.
Clearly, the same type of annealing behavior is observed @bhis immediately leads to a lowering of tig value. Within
for Tg=80 K with a pronounced step starting at 111 K for this interpretation, it is clear that incompletely amorphized
the smallest ion fluence and shifting towards 168 K for thesamples will exhibit such &, depression even more so.
highest fluence, in all cases accompanied by a second, much Thus, taking the results of the relaxation as well as crys-
smaller annealing step at 250 K. Thus, the 4.2 K data areallization experiments together, a consistent picture
completely consistent with those found at 80 K. Correspondemerges. Focusing first on completely amorphizegAin
ingly, the main annealing stage found after 0.03 dpa is attribfilms, seemingly identical amorphous phases are obtained by
uted to the recovery of crystalline defects, while for higherion bombardment at 4.2 and 80 K, if judged from the corre-
dpa values>0.03 the crystallization of the amorphous vol- sponding resistivity values. The crystallization temperatures
ume fractionc,(¢) takes over. Thus, one concludes that theT,, however, found for these two cases are significantly dif-
observed monotonous shift,(c,(¢)) towards larger values ferent pointing to nuclei created at 80 K as opposed to 4.2 K,
is an intrinsic property of partially amorphized samples. Ob-which then lead to strongly decreasBdvalues. The creation
viously, the still existing crystalline volume fraction can pro- of these nuclei may also be involved in the small but clearly
vide nuclei allowing the crystallization to occur at a lower observable temporal relaxation of the resistance after switch-
temperature. This point can even be put one step further bing off the ion beam at 80 K. This type of isothermal relax-
extracting the midpoint crystallization temperatures fromation exhibits a stretched exponential behavior with expo-
Fig. 6 as before. The results are included in Figa)sas  nents typical of an effective dimensial¥ 3. Interpreting the
closed dots and as an exponential behavior fitted to the databoveT, differences as being due to crystalline nuclei im-
The fact that this curve lies significantly above the 80 K datamediately suggests that only partially amorphized samples
with an extrapolated saturation valuef=173 K, in excel- show even much strong@, shifts towards lower values. The
lent agreement with what is obtained for films quench-experimental results revealing a monotoficenhancement
condensed at 4.2 K, clearly points to relaxation processesntil saturation is reached characteristic of the fully amor-
present at 80 K but frozen out at 4.2 K. These processes aghous phase convincingly confirm this conclusion for both
also reflected in the resistance buildup during ion irradiatiorbombardment temperatures. Additionally, for partially amor-
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