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 2011 July 10Metallic glass electronic structure peculiarities revealed by UHVSTM/STSA. I.Oreshkin+1), N. S.Maslova+, V.N. Mantsevich+, S. I. Oreshkin+�, S. V. Savinov+, V. I. Panov+,D.V. Louzguine-Luzgin4+Department of Physics, Moscow State University, 119992 Moscow, Russia� Sternberg Astronomical Institute, Moscow State University, 119992, Moscow, Russia4WPI-AIMR, Tohoku University 2-1-1 Katahira, Aoba-ku, 980-8577 Sendai, JapanSubmitted 10 May 2011We present the results of Ultra high vacuum scanning tunneling microscopy/spectroscopy investigation ofmetallic glass surface. The topography and electronic structure of Ni63:5Nb36:5 have been studied. A greatnumber of clusters with size about 5{10 nm have been found on constant current STM images. The tunnelingspectra of normalized tunneling conductivity revealed the energy pseudogap in the vicinity of Fermi energy. Forenergy values above 0.1 eV the normalized tunneling conductivity changes linearly with increasing of tunnelingbias. The obtained results can be understood within suggested theoretical model based on the interplay ofelastic electron scattering on random defects and weak intra-cluster Coulomb interaction. The e�ects of the�nite edges of electron spectrum of each cluster have to be taken into account to explain the experimentaldata. The tunneling conductivity behavior and peculiarities in current images of individual clusters can be alsoqualitatively analysed in the framework of suggested model.1. Introduction. Amorphous metallic glasses havebeen classi�ed in a separate class of materials start-ing from classic rapid-quenching experiments on AuSialloys performed by Duwez and colleagues [1]. Latera new class of metallic glasses called bulk metallicglasses with high glass-forming ability has been invented[2, 3]. The physical and chemical properties of metal-lic alloys in amorphous state are signi�cantly di�erentfrom the properties of metallic alloys in crystalline state.The strength and hardness values of amorphous alloysare higher than crystals have, while elastic modulus isslightly lower than in crystalline state. An elastic mod-ulus di�erence can be caused by more loosely packedstructure of metallic glasses due to lower number of thenearest neighbors in atomic structure. The \disordered"local structure of metallic glasses is responsible for theirstrength, hardness and formability. It has been also sug-gested that the main reason for high corrosion resistanceis the absence of speci�c crystallographically \ordered"defects, which are typical for crystal structure. Sucha unique combination of alloys properties is very im-portant for creation of new materials with prede�nedparameters. Thus intensive experimental and theoret-ical investigations of such structures on nanoscale areof great importance at present. The microtopographyof the nanometer-scale defects in metallic glasses hasbeen studied recently by means of transmission electron1)e-mail: oreshkin@spmlab.phys.msu.su

microscopy [4]. Scanning tunneling microscopy (STM)[6, 7] was also applied [5] to get movies of the surface ofmetallic glasses with time resolution as fast as 1 minuteand extending up to 1000 minutes. It was shown thatrearrangements of surface clusters occur almost exclu-sively by two-state hopping. The majority of investiga-tions dedicated to study metallic glasses were orientedto get information about microtopography of surface.Transmission electron microscope and difraction meth-ods have been applied for these purposes mostly [8]. Thespectroscopic information was obtained from photoemis-sion experiments [9]. The structure of Ni62Nb38 metal-lic glass have been also investigated by neutron inelasticscattering [10]. The employment of scanning tunnelingmicroscopy/spectroscopy (STM/STS) in the frame ofthis work allows to study topography and performs spec-troscopic investigation of the surfaces of metallic glasseson the nanometer size area. Thefore the structural inves-tigations combined with local electronic structure analy-sis using STM/STS are vital and attractive to analyzethe microscopic origin of metallic glasses unusual prop-erties.2. Experimental procedure. We performedSTM/STS study of bulk metallic glasses surfacetopography and electronic properties. Metallic glassNi63:5Nb36:5 (bulk samples, prepared in 1mm diameterrod shape [11]) were prepared at Tohoku Universityin Prof. Louzguine group. Ni-based metallic glasswas chosen owing to its higher thermal stability versus58 �¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 1 { 2 2011



Metallic glass electronic structure peculiarities : : : 59crystallization compared to Cu- and Zr-based glasses[12]. Then they were cut along the length to �t theSTM-sample holder. The surface suitable for STM/STSstudy was obtained by grinding prosess with futhertreatment of the surface using polishing slurry withparticle sizes of 5, 1, and 0.05�m to get 
at andmirror like surface. The quality of prepared surfacewas controlled by optical microscope. Before installingsamples in STM-holder they were ultrasonically cleanedin acetone and distilled water. Samples were degassedat 400 �C during 24 hours and processed with argon-ion-sputtering (1.5 kV, 30�A, 60min) at 9:0 � 10�6 torrargon pressure. At the �nal stage of surface preparationthe samples were heated again at 400 �C (which is257 �C below its crystallization temperature of 657 �C[11]) during 12 hours at 10�10 torr pressure range.All experiments were performed using commercialUHV Omicron system with base pressure 1 � 10�10torr at room temperature. In our experiments weused tungsten tips obtained by electrochemical etching.To remove the oxide layer from the STM-tip apex,they were annealed at 1200 �C at ultra high vacuumconditions (1:0 � 10�10 torr). All the STM-imagespresented here are the constant current and the currentimaging tunneling spectroscopy images (CITS) withbias voltage applied to the sample, while STM tip isvirtually grounded. The constant current images are400 � 400 points in size, while the CITS-images are80 � 80 points. The I(V ) spectrum was taken at each�fth point of each �fth line of the scanning frame.3. Theoretical model and main results. Typicalconstant current image of Ni63:5Nb36:5 surface is pre-sented in Fig. 1. The STM-imaging showed that surfaceconsists of clusters with typical size of about 5{10nm.We were not able to observe any ordered structure inour STM images. We suppose that the sample surfacecan be treated as a disordered structure formed by setof random clusters. The size of each cluster d as wellas its spectrum "p are random values. The spectrumboundaries of i-th cluster are Ai-lower one andWi-upperone. The positions of the spectrum boundaries relativeto the Fermi level EF are also random. The observedbehavior of tunneling conductivity spectrum �T (eV ), av-eraged over a large number of clusters, demonstrates theenergy pseudogap in the vicinity of EF. Moreover onecan observe linear part in dependence of tunneling con-ductivity on applied bias (�T (eV ) � eV for eV & 0:1).To explain such behavior of �T (eV ) we suggest a simplemodel taking into account the elastic scattering of elec-trons on the impurities inside each cluster and on therandom de�ects on the cluster boundaries in the pres-ence of intra-cluster Coulomb interaction of scattering

Fig. 1. Typical STM-constant current image ofNi63:5Nb36:5 surface; 20� 20 nm2; V = �1:5V; I = 57 pAelectrons. Similar model has been used to obtain weaklocalization (WL) corrections to the electron density ofstates in weak localization regime [13{16]. The i-th clus-ter can be described by hamiltonian:Ĥ icl =Xp;� "ipc+ip�cip� +Xp;p0 Upp0c+ip�cip0� ++ Xp;p0;g Vgc+ip c+ip0 cip�gcip0+g + h:c: (1)The �rst term of Hamiltonian Ĥ icl describes the free elec-trons with spin � and momentum p within each cluster,the second one corresponds to the electron scattering in-side the i-th cluster on random defects potential and thethird term decribes the Coulomb interaction inside i-thcluster. Here Vg = e2=g2 { bare Coulomb interactionin Fourier representation, cip�=c+ip� { operators of anni-hilation/creation of cluster's electrons with spin �. Thefourier transform of random potential responsible for theelectron scattering inside the i-th cluster is described byUpp0 . The correlation function of random potential ishUpp0 � Upp00i = U2�(p00 � p0):In WL-regime the interplay of Upp0 and Vg results inchanges of cluster density of states: �(") = �0+��("), �0is unperturbed density of states (DOS), ��(") { changescaused by the interaction. We also consider that theinter-cluster interaction is weak compared with intra-cluster one and leads to small corrections to �("). Thechanges of local density of states (LDOS) caused bytunneling current and non-equilibrium e�ects are not�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 1 { 2 2011
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Fig. 2. DOS of Ni63:5Nb36:5 surface, obtained by averaging6400 curves, measured at every 5-th point of 30 � 30 nm2constant current image. The �rst derivative of depictedcurve is shown in the inserttaken into account in this approach. Let's determinethe main scales of the model: EF, pF, VF { Fermi en-ergy, momentum and velocity correspondingly. In thefollowing discussion we are using CGS-system of units;~��1 = U2�0 = 
 { elastic scattering rate, � { elasticscattering time, �' { characteristic time of inelastic scat-tering (dephasing time); D � V 2F � { di�usion coe�cientdue to elastic electron scattering; l = VF� { mean elec-trons scattering length, d { the cluster size, � = 4�e2�0 {Thomas{Fermi screening length of Colomb interaction.In WL-regime pFl~ � 1; !�~ � 1;where ! { the electron energy changes caused by inelas-tic Coulomb interaction.Taking into account the renor-malization of Coulomb interaction by elastic electronscattering on random impurity potential and �nite val-ues of electron energy spectrum boundaries for i-th clus-ter one can obtain the changes of electron DOS similarto [17{19]: ��(")�0 � ��e2d ���2d2� 1Eth ���arctg"+Ai
 � arctg"�Wi
 ��dil �r "Eth� ;where Eth = ~D=d2 { Thouless energy, Ai, Wi { en-ergy boundaries of i-th cluster. Let's point out that,Ai, Wi depend on the size, shape and enviroment of thei-th cluster. In �nal expression Ai, Wi, di have to besubstituted by their averaged values (over all clusters)�A; �W; �d.If "�W (�A) 6 1:

��(")�0 � ��e2�d ���2�d2� 1Eth ��arctg �A
 + arctg �W
 ��� ��dl �r "Eth�+� 
�W 2 + 
2 � 
�A2 + 
2���dl "�� :For "=
 � 1 the square root law dominates in DOS-dependence on electron energy.From STM/STS-expereiments one can obtain thenormalized tunneling conductivity �T (eV ) averagedover all clusters. In the case of non-destructive mea-surements (modi�cation of initial spectrum caused bytunneling current and non-equilibrium e�ects are ne-glected): ��(")�0 ����"=eV � ��(eV )�T (eV ) :For energies higher than 0.1 eV the linear dependenceof tunneling conductivity on applied bias voltage can beobserved. For cluster size about 10 nm elastic scatter-ing rate can be of order 0.1 eV. Thus the behavior of
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Fig. 3. Constant current STM image (400 � 400 points;30�30 nm2; V = �2:0V ;I=130 pA) and CITS (30�30 nm;V = 1:09 V) are shown in the lower left and right parts ofFigure correspondingly. LDOS of Ni63:5Nb36:5 surface, ob-tained at single point, marked by the cross, is shown in theupper part of Figure�T (eV ) averaged over a large number of clusters can beapproximated by linear dependence for eV > 0:1. Fig-ure 2 demonstrates dependence of normalized tunneling�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 1 { 2 2011
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2Fig. 4. CITS images (100 � 100 nm2), measured at 0.31V (left) and �0:28V (right) show the same site of the surface; 1 and2 denote two di�erent clusters visible in CITS-modeconductivity experimental averaged curve on bias volt-age. The energy pseudogap can be observed at EF .The insert in Fig. 2 shows the derivative of depictedcurve. This way our experimental data show the oppor-tunity of linear approximation of normalized tunnelingconductivity according to theory. The additional fea-tures on the averaged normalized tunneling conductiv-ity marked by arrows we associate with the presence oflocalized states in each di�erent individual cluster onthe Ni63:5Nb36:5 surface. Each cluster has its own elec-tron structure (Fig. 3) and peaks visible in their LDOS-correspond to energy spectrum of individual cluster lo-calized states. The tunneling spectrum depicted in Fig. 2demonstrates information about averaged over a greatnumber of surface clusters normalized tunneling con-ductivity spectra. Let's consider the cluster visible inCITS image and marked by the crosse (Fig. 3) morecarefully. In the present case the considered clusterappears in CITS-images as a bright spot. The brightspot in CITS-images corresponds to maxima of tunnel-ing current. Some peaks observed in averaged tunnel-ing conductivity spectrum can be found in individualclusters spectra. We suggest that additional peaks arecaused by localized impurity states inside the chosencluster. As the cluster appears as a bright spot in CITSfor both polarities of applied bias voltage we supposethat current image tunneling spectroscopy re
ects thespeci�c features of topographic structure which prevaileon peculiarities connected with LDOS. Fig. 4 shows twoCITS-images of the same site of the surface. Two di�er-ent clusters on STM-image are marked by the numbers1 and 2. The left image in Fig. 4 is CITS image at pos-itive bias voltage. The upper cluster 1 looks as darkspot while the cluster 2 looks as bright spot. The rightimage in Fig. 4 is CITS-image at negative bias voltage.In this case we can observe the opposite situation. The

upper cluster 1 becomes visible as bright spot while thelower cluster 2 is visible as dark spot. The schematic di-agram in Fig. 5 helps to explain the observed behaviour
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eVSIFig. 5. Schematic diagram of energy levels for two di�erentclusters on Ni63:5Nb36:5 surfaceof two clusters with di�erent spectrum edges. For clus-ter 2 most of the states are �lled, for cluster 1 { empty.Tunneling current is determined by the local density ofstates with energies ": (EF < " < EF + eV ):I(eV; r) � Z EF+eVEF �(r; ")d":So, for applied bias eVSI cluster 2 appears in CITS-imageas a bright spot, while cluster 1 looks like a dark spot.For eVSII the situation is opposite.Analyzing CITS-images we can obtain some infor-mation about the relative values of the energy spectrumboundaries and LDOS of individual clusters.In conclusion we have have carried out the UHVSTM/STS-measurements of bulk metallic glasses sur-face topography and electronic properties at room tem-perature. The great number of clusters with size about5{10nm have been observed on Ni63:5Nb36:5 metallicglass surface. The pseudogap at Fermi energy and lin-ear part of normalized tunneling conductivity spectradependence on applied bias voltage have been revealed�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 1 { 2 2011



62 A. I.Oreshkin, N. S.Maslova, V.N. Mantsevich , S. I. Oreshkin et al.in consistence with suggested theoretical model. Theadditional features on the averaged normalized tunnel-ing conductivity are connected with the presence of lo-calized states in individual clusters on the Ni63:5Nb36:5surface. The theoretical analysis of electron elastic scat-tering on the impurities inside each cluster and on therandom de�ects on the cluster boundaries in the pres-ence of intra-cluster Coulomb interaction of scatteringelectrons can be applied to explain the experimental re-sults, if the �nite values of electron spectrum edges istaken into account.This work was partially supported by RFBR grants.1. W. Klement, R.H. Willens, and P. Duwez, Nature 187,869 (1960).2. A. Inoue, Acta mater. 48, 279 (2000).3. W. L. Johnson, MRS Bull. 24, 42 (1999).4. J. Li, Z. L. Wang, and T.C. Hufnagel, Phys Rev B 65,144201 (2002).5. S. Ashtekar, G. Scott, J. Lyding, and M. Gruebele, J.Phys. Chem. Lett. 1, 1941 (2010).6. G. Binnig, H. Rohrer, Ch. Gerber, and E. Weibel, Appl.Phys. Lett. 40, 178, (1982).7. G. Binnig, H. Rohrer, Ch. Gerber, and E. Weibel, Phys.Rev. Lett. 49, 57 (1982).
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