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We presenttheresultsof measurementsof electricalresistivity on hydrogen-dopedZr-Co
metallicglassin thevicinity of thesuperconductingtransitiontemperature,TC, in thetem-
peraturerange1.5K – 4.2K. Thehydrogendopantlowersthesuperconductingtransition
temperature.At the sametime, the superconductingtransitionregion is broadenedand
“steps”appearin theresistancecurveat thetransition.Scanningprotonmicroprobeandp-
p scatteringhavebeenusedto determinearealdistributionsof hydrogenanddepthprofiles
in thesamplesstudied.Hydrogendepthprofilesat particularpositionshave beendecon-
volutedusingcubicsplines.We discusstheeffectsof differenthydrogenenvironmentson
thesuperconductingtransitiontemperatureof Zr-Co-Hmetallicglasses.

1. Introduction

In evaluatingthe effectsof higher-orderdiagramsin the perturbationmodelsdealing
with electronicpropertiesof disorderedsystems,suchas4d-3dmetallic glasses,we use
the hydrogendopantas an atomicprobeto test the contribution of variousinteractions
[1]. Sincethesehighly disorderedalloys containatomsof widely differentproperties,one
may expect considerablevariationsin the chemicalshort-rangeorder, which is in fact
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observed. Thesesystemsmay thusbe regardedasheterogeneouson thenanoscale.It is,
therefore,of great importanceto be able to characterizethe samplenanotopologyand
nanomorphologybeforeandafterthedopantis introduced.Morespecifically, thequestion
of homogeneityof thedopantdistributionis of primaryinterestbeforefurtherinvestigation
of its influenceonthenanoscalecanbeperformedin aquantitativeway. In orderto address
this question,we have undertakena studyof samplesof Zr-Co metallicglassdopedwith
variousconcentrationsof hydrogenintroducedinto themetalmatrix. Herewe discussthe
effectsof differenthydrogenenvironmentson thesuperconductingtransitiontemperature
of Zr-Co-Hmetallicglasses.

2. Experimental

Sampleswerepreparedby theusualmethodof meltspinning[2]. Theribbons,typically
30 µm thick and3 mm wide, werecut into strips 4 cm long, and wereelectrolytically
chargedwith hydrogen.Duringhydrogenation,theribbonscurl up becausethegasenters
preferentiallythroughthe surfacewhich hadbeenin contactwith the quenchingwheel.
As the hydrogendiffusesinto the sample,the ribbonsstraightenout andare then used
in themeasurements.Thestructuresof theas-quenchedandhydrogenatedsampleswere
examinedby X-ray diffractionusingCuKα radiationto verify thatthey wereamorphous.

In our earlierwork, therelationshipbetweenthevolumetricallydeterminedhydrogen
concentrationin the sampleandits resistancehasbeenfound to be linear for the range
of concentrationsused[3]. Here we apply the samemethodby correlatingthe dopant
concentrationwith thechangein thesampleresistanceat 0

�
C andit is expressedin those

terms.

Fig.1. Schematicpresentationof theexperimentalsetup.DetectorsD1 andD2 areusedfor
detectionof elasticallyscatteredprotons.DetectorsPIXE andRBSareusedfor detection
of X-rays and backscatteredprotons,respectively. Bipolar pulsesfrom D1 and D2 are
usedin coincidence,while unipolarpulsesaresummedfor the pulse-heightanalysisin
ADC/MCA.

The resistancewasmeasuredby low-frequency (23.2 Hz) four-probeAC-methodin
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the temperaturerange1.5 K – 4.2 K. The precisionof thesemeasurementsextendsto a
few partsin 106.

The scanningprotonmicroprobeandp-p scatteringwereusedto investigatethe hy-
drogenarealdistributionsanddepthprofilesin thesamplesstudied.Thehydrogendepth
profilesat particularpositionsweredeconvolutedusingcubic splines.The layout of the
scanningprotonmicrobeamfacility at the“Rudjer Bošković” Instituteis shown schemat-
ically in Fig. 1. The experimentaldetailsof this new methodfor 3D hydrogenprofiling
aswell asthe deconvolution techniqueappliedon the experimentalspectrameasuredat
differentsamplepointshavebeendescribedelsewhere[4].

3. Resultsanddiscussion

Thetemperature-dependentpartsof theelectricalresistivity of Zr0� 67Co0� 33Hx metal-
lic glasses,(x � 0; 0.01; 0.02; 0.07), in the vicinity of the superconductingtransition
temperatureareshown in Fig. 2. As thehydrogenentersinto theZr-Co matrix, thesuper-
conductingtransitionregion not only broadens,but “steps”appearsothatthreetransition
temperaturescanbeassociatedwith eachsample(seeTable1). Thus,in Zr0 � 67Co0 � 33H0� 01,
therearethreesteps,at TC1

� 2 � 74 K, TC2
� 2 � 68 K andTC3

� 2 � 58 K. As thehydrogen
concentrationrises,the stepsbecomemorepronouncedandshift to lower temperatures
(e.g.,in Zr0� 67Co0� 33H0 � 07,

Fig. 2. Thetemperature-dependentresistivity relative to its valueat 4.2 K versustemper-
aturebelow 3 K of hydrogen-dopedZr0 � 67Co0� 33Hx metallicglasses:x � 0 (

�
), 0.01( � ),

0.02( � ) and0.07( � ).
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TABLE 1. Valuesof theelectricalresistivity, ρ(290K), andthesuperconductingtran-
sition temperatures,TC1 � TC2 andTC3 of hydrogen-dopedZr0 	 67Co0	 33Hx metallicglasses.

x ρ 
 µΩcm) TC1(K) TC2(K) TC3(K)
0 180 2.74

0.01 182 2.74 2.68 2.58
0.02 184 2.69 2.59 2.50
0.07 192 2.21 2.17 1.98

TC1 � 2 � 21 K, TC2 � 2 � 17 K andTC3 � 1 � 98K). Theoccurrenceof several“steps”associ-
atedwith theonsetof superconductivity couldbedueto thepresenceof severalsupercon-
ducting“phases”which aredueto differencesin the local environmentof the hydrogen
atomsin thematrix. Of course,this phenomenonmay(at leastin principle)bedueto the
possibleinhomogeneityin the dopedsampleand/ordifferentglassyphases.If the steps
weredue to inhomogeneities,they would have to be very large so as to effectively di-
vide thesampleinto several series-connectedsamples,sinceinhomogeneitieson a small
scaleareexpectedto insurepercolationto each“phase”,andshouldnot causethesteps.
Besides,large inhomogeneitieswould producevery differentandirregular transitionsin
samplescontainingdifferentconcentrationof hydrogen.

Fig. 3. Arealdensitymapof Zr0 	 67Co0	 33H0	 10 sample.Scansizeis 700µm 
 1000µm.

Thesampleswerescannedwith 6 MeV protonmicrobeamto determineif thehydrogen
arealdensitieswereuniform (Fig. 3). Sincethe samplesweremore than 30 µm thick,
the protonsscatteredat 45� in the first few micronscould not emerge throughthe back
of the samplesto give a coincidencein the counters.For deepercollisions, the energy
lossof thescatteredparticlesdecreases,andat onepoint they begin to give coincidences.
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The closerthe origin of the scatteringgetsto the back surfaceof a given sample,the
greatertheprobabilityof the particlesto reachthe coincidencecounter, and,conversely,
thefurtherfromthebacksurfacethescatteringeventtakesplace,thegreatertheprobability
thatmultiplescatteringof theemergingparticleswill causecoincidencelosses.Thesignal
yield thus decreasesas we move from the back surfaceof the sampletoward its front
surfacei.e. toward “shallower” (asviewed from the front surface)collision depths.This
canbe observed from Fig. 4. A large exponentialdecreaseof eventsis observed aswe
move toward the lower energiesi.e. toward the front of the target. An assumedconstant
exponentialfactorα wasfittedto theslopeof theenergy spectrumfor thelast10µm of the
samplethickness.Threedepthprofilesat the pointsmarked in Fig. 3, anddeconvoluted
with 11 cubicsplines,areshown in Fig. 5. PointsA) andC) have thesamethickness,but
atC), thereis a line-shapedsurfacecontamination(alsovisible in Fig. 3), probablydueto
tracesof formvarglue.PointsA) andB) have thesamehydrogenconcentration,but atB),
thesampleis thickerandthecoindencelossis higher. Thiscausesa falsedecreasein areal
concentrationseenin Fig. 3. Insidethesample,all thethreepointshavethesamehydrogen
concentration.

Fig. 4. The6 MeV proton-protoncoincidencespectrumof theZr0 � 67Co0 � 33H0� 10 sample.

Thus,only thelast10 µm of thesamplecanbereliablyanalysed,andby reversingthe
sample,wehaveobtainedtheprofiledatapertainingto thetwo outer10µm layers.

We thusconcludethat, within the limits of this method,the dopantconcentrationin
our samplewasremarkablyuniform, lendingcredenceto thedopingmethodused.There
is still noguaranteethatthisuniformity extendsto thenanoscale.

Accordingto thestructuralanalyses[5,6] of hydrogendopedZr-3damorphousalloys,
thehydrogenatomstendto occupy preferentiallytetrahedralholessurroundedby four Zr
atoms,for smallhydrogenconcentration,while tetrahedralsitesdefinedby threeZr atoms
begin to beoccupiedathigherhydrogenconcentration.Consequently, theelectronicstates
aroundZr atoms,whichcontributemainly to theelectronicdensityat theFermilevel, EF ,
aremodifiedsubstantially[7]. Thus,a subbandforms at 6.5 eV below the Fermi level,
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whichhasbeenattributedto theformationof Zr-H boundstates.Thisresultsin areduction
of theZr 4d-densityof statesat EF , asobservedearlier[1,8]. Becauseof this preferential
Zr-H bonding,the Co 3d-stateswould shift towardsthe EF (the effect oppositeto that
observedon alloying Co with Zr), leadingto theenhancementof spinfluctuationsin the
dopedsample.Thus,botheffectsleadto thesuppressionof thesuperconductingtransition
temperatureTC. The effectsare similar to thoseobserved in Zr-Co metallic glasseson
goingfrom Zr-rich to Co-richalloys [9].

Fig. 5. Hydrogendepthprofile of Zr0 � 67Co0 � 33H0� 10 sampleat treedifferentpointsshown
in Fig. 3. Thethicknessincreasesasonemovesupwards,causinga falsedecreaseof areal
density. PointC) lies on anintensearealdensityline but thedepthprofile shows that this
enhancementis causedby surfacecontamination.

In the undopedsample,the onsetof superconductivity is establishedby percolation
throughtheZr-rich partof thematrix(TC � 2 � 74K). As hydrogenconcentrationincreases,
thesiteswith lessandlessZr atomsbegin to beoccupied.Thus,for x � 0 � 01,thehydrogen
atomsareprobablytrappedattetrahedralholesdefinedby four Zr atoms(stepatTC � 2 � 74
K), or threeZr atomsandoneCoatom(stepatTC � 2 � 68K), or two Zr atomsandtwo Co
atoms(stepat TC � 2 � 58 K). This is in contrastto thehydrogen-dopedZr-Ni amorphous
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alloys wheresitesdefinedby thereZr atomsand oneNi atom begin to be occupiedat
muchhigherhydrogenconcentrations[10]. For the Zr-Cu system,this concentrationis
even higher[1]. This enhancedaffinity for hydrogenatomsasonegoesfrom Cu to Ni,
andCoandZr canbeattributedto thedifferencein theextensionof d-statesandto aband
structureof thealloy. As hasbeensaidbefore,the densityof statesof Zr-3d amorphous
systemat theFermilevel is dominatedby theZr d-stateswhich areonly partly filled and,
thus,canaccommodatethesurplushydrogenelectronsmoreeasily. In thecaseof Cu, the
d-bandis completelyfilled and lies well below the Fermi level. This is consistentwith
the resistivity results[1,3] in thevicinity of thesuperconductingtransitiontemperatures,
whichshow noevidenceof “steps”in hydrogen-dopedZr-Ni andZr-Cualloys.

We canassumethat introductionof hydrogentendsto suppresspercolationin theZr-
rich part of the matrix, and superconductive currentsarealso directedthroughthe Co-
richerdomainswherespinfluctuationsareincreasinglyinfluential,owing to a decreasing
coherencelength,ξ, foundearlier[11] (i.e.,ξ � 35 � 10� 10 m in theundopedsample,and
ξ � 27 � 10� 10 m for x � 0 � 12). Theexistenceof spin fluctuationsin hydrogen- doped
Zr-Co metallic glassesis confirmedin our magneticmeasurements[12] which show an
increaseof themagneticsusceptibilitiesat temperaturesbelow 20 K, proportionalto the
hydrogenconcentration.Again, if we comparethepresentresultswith thosefor Zr-Ni-H
andZr-Cu-H[1,3], weseethatsuperconductivity is morerapidlysuppressedin theZr-Co-
H dueto enhancedspinfluctuations.

4. Conclusion

Thescanningmicroprobeandp-pscatteringresultsshow auniformdistributionof hy-
drogenatomsin Zr-Co-Hmetallicglasses.Althoughthereis noguaranteethatthisunifor-
mity extendsto thenanoscale,wehaveproposedthattheobserved“steps”in theresistivity
curvesat thesuperconductingtransitionarecausedby differenthydrogenenvironmentsin
themetallicmatrix. Theeffect of hydrogenon the loweringof thesuperconductingtran-
sition temperatureis throughthedecreaseof theZr 4d-densityof statesat theFermilevel
andenhancementof thespin-fluctuationsatCo-richersites.
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12) I. Kokanović, B. Leontíc, J. LukatelaandK. Zadro,Magneticsusceptibilityin hydrogen-doped
Zr0� 67Co0� 33 andZr0 � 68Fe0 � 32 metallicglasses,to bepublished.

UTJECAJNEHOMOGENOSTINA NANOSKALI NA TEMPERATURU
SUPRAVODLJIVOGPRIJELAZAU Zr-CoMETALNOM STAKLU DOPIRANOM

VODIKOM

Prikazuju se rezultati mjerenjaelektrǐcne otpornostiZr-Co metalnogstakla dopiranog
vodikomu blizini temperaturesupravodljivogprijelaza,Tc, u temperaturnompodrǔcju 1.5
– 4.2 K. Povećanjemkoncentracijevodika smanjujese temperaturasupravodljivog pri-
jelaza. Istovremenose širi podrǔcje supravodljivog prijelazai pojavljuju se stepeniceu
krivuljamaotporana prijelazu. Prostornaraspodjelavodika, kako površinskatako i du-
binska,odredenaje skanirajúcomprotonskommikroprobomi p-p raspřsenjem.Dubinska
raspodjelavodika na pojedinimmjestimadekonvoluiranaje pomócu kubneprilagodbe.
Raspravlja seutjecajrazlikau raspodjeliatomamatriceu okolini vodikovih atomanatem-
peraturusupravodljivogprijelazau Zr-Cometalnimstaklima.
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