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Relaxation of two-level fluctuators in point contacts
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The contributions by three different mechanisms of interactions between electrons and two-level fluctuators
to the low-energy singularity present in point-contact spectra of metallic glasses have been studied by mea-
suring rf response signals at 600 MHz and 60 GHz, and the low-frequency response at 1.85 kHz. The resulting
curves indicate that a nonmagnetic Kondo-like interaction is the most important contribution, but, depending
on the exact shape of the background signal due to electron-phonon and electron-electron interactions, elastic
scattering on highly asymmetric two-level fluctuators may also be quite impof&0i63-18268)01927-4

[. INTRODUCTION of the occupation numbers of the latter as a result of
electron-TLF scattering cause a nonlinear behavior of the
The elucidation of the origin of low-energy singularities, current through the contact as a function of voltage that was
the so-called “zero-bias anomalieSZBA), is one of the described by Kozub and KufiR (KK). There are some ex-
most long-standing problems in point-cont@@C) spectros-  perimental data® that strongly support the two-channel
copy of conductors.In some special casés.g., dilute mag-  scattering model,whereas in our previous papers, we failed
netic alloys>* the ordinary or one-channel Kondo effect is tg discriminate unambiguously between the VZ and KK
responsible for the observed maximum in the differential r€theory on the basis of spectral featdfesr modulation of

sistance of PC’s at zero-bias voltage. Nowadays it is acCgjectron-TLF scattering by slowly moving defetsalone.
knowledged that in the majority of cases these effects origi(See also the discussion in Refs. 13 and 14.

nate from interactions of electrons with lattice defects that It should be noted that although the asymmetric TLF's,

;nvé'[tigtgfx)f?rrll_;golnnﬁg;%a(?(rq#(la\gll:rI]DtCPs(,)S::)OI?:,?J-iII?t;/r ?lljm accountable for the KK mechanism, and the nearly symmet-
' q ric TLF's in the VZ model are frequently referred to as

defects were created during the PC fabrication process, an st ones the difference in their relaxation times
room-temperature “annealing” of nanoconstrictiéner 105 10_’6 d~10-11 " hes 56
break junctions brings about a dramatic decrease or even e(N - and~ s, respectivelyreaches 5-6 or-

complete disappearance of the ZBA. In amorphous conduc@ers of magnitude. From the short theoretical analysis pre-
ing materials or metallic glasséG’s) the structural de- sented in the next section it becomes evident that yet another

fects are quenched in, and the high density of TLF’s deterpossibilit;_/ to St_aparatg different contributions to the zero—bia}s
mines their anomalous low-temperature propeftickhis ~ anomaly is an investigation of the nonsteady-state conductiv-
makes this class of materials a model object for investigaity of PC’s in the frequency range whetery ¢~1. This, in
tions of electron-TLF interactions employing the PC spec-rinciple, gives the possibility to study the relaxation kinetics
troscopy technique. and to determine characteristic relaxation times of various
There are two different mechanisms that can result in thecattering processes, as was shown befor¥.
observed nonlinearity of the-V curves. The first one was Here, we report experimental observations of response
predicted by Vladar and ZawadowskiiZ) and stems from  signals for metallic glass PC’s in rf electromagnetic fields at
a nonFermi liquid behavior of the electrons due to their coudrradiation frequenciesw,/2r=6x10° Hz and w,/27=6
pling with TLF’s. The second is determined by a specific X 101° Hz. The results will be compared to the low-
nonequilibrium distribution of the electrons in the vicinity of frequency response, after which some conclusions on the
the contact that depends on the applied higs Relaxation  most important contributions are presented. But first, a short
of these nonequilibrium electrons on TLF's and a variationtheoretical description of the different electron-TLF interac-
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tion mechanisms that affect the current through a PC will bébias dependence arises as a result of a modification of the
given. TLF state by inelastic interactions and leads to a third current
addend or “spectral” terfhat T=0

Il. THEORY v 1
The addition to the point-contact current due to the pres- AI3=§ s > M(r)[o; (1=Nj)+a; N;]
\ . 02 |
ence of TLF's can be written as a sum
\Y o —o
Al=Al;+Al,+Al,, (1) :ﬁE M(rj)%{(Ej—eV)
05
where the first addend|,, related to the nonFermi-liquid : ¢
behavior of the electrons described by V& the result of E
“elastic” scattering on individual defects in the contact + E+q(eV—E) O(eV-E)))|, ®
18
area,
where af and o; are the scattering cross sections for the
\ o1 upper and lower levels, ard; is the occupation number for

All_Ro S 2 M(rj) @ the lower level.
The contributions ofAl;, Al,, andAl; to the PC spec-

with R, the contact resistance in the absence of TLF's&nd  trum are different. The first one describes a negative Kondo-
the contact areaM(r;) is a geometrical factor that depends |ike anomaly in the second derivative of the/ curve. The

on the individual TLF positions? second is analogous to the inelastic scattering of electrons on
phonons and results in an increase of the contact resistance.
N dQ, [ dQ, _ N , This contribution to the anomalous behavior therefore has a
M(rj) 4 ap(r])[afp/(r]) a*p(rj)]' P : . f :
4w 4w positive sign with respect to the electron-phonon interaction

(3)  spectrum. The sign akl; depends on the sign of the differ-

a,(r) is the probability for an electron with momentyorto ~ €M¢€ between the effective scattering cross sectignsWe
reach the point starting from one of the electrodes of the €Mphasize that for the negative ZBA observed in our experi-
contact. ForeV<e the function a,(r) satisfies a field- Ments, the effective scattering cross section of TLF's in the
independent kinetic equation as well as the boundary condHPPer stateg; , is less tharw; . In this case thencreaseof

tion corresponding to the requirement of zero-current flowthe bias voltage results in an increase of the occupation num-
across the metal surfaé®The effective scattering cross sec- ber for electrons in the upper state andexreaseof current

tion o, for electrons on TLF’s can be represented by matrixbackflow. When the energy-distribution function for TLF's
elements of the electron-TLF coupling. Its dependence o the PC has a maximum &,;=E,, then, in accordance
the energyeV of the incident electrons and on temperature isWith Egs. (4) and (5), a singularity ateV=E, in the PC
determined by renormalization effects that are essential onl§Pectrum appears.

for nearly symmetric double-well potentidlor which the The » ranges at which the frequency dependence for each
energy splitting between the two mininfasymmetry en- contribution manifests itself differs considerably. At rela-
ergy A; is much smaller than the tunneling energynnel- ~ tively low frequencies the degendend@\(/dlz is deter-
matrix element Ao;. The tunneling rate between the two Mined byAls. According to KK, the amplitude of the sec-
minima of thejth TLF can mostly be taken proportional to ond derivative of thd-V curve for TLF's with a relaxation
(A /E;)2,%° with the excitation energf;=(A%+A2)Y2  frequencyl’j<w atT=0 is proportional to

It must be emphasized that the inequallty<A; therefore

generally corresponds to quickly relaxing TLF’s. A2~ oo D ) Ty |aev S(eV—E))
Inelastic scattering of electrons on these TLF's results in a 3 S ] ! 2 J
second addend to the current, which is givefi by oaE
as;
1 o, + E, +q(eV—E)) O(eV Ej)}. (6)
Mo=gmg > M(r))| 2eVO(E;—eV)
c ! Because of the factdr/w the intensity of theAl; term in
2Ej2 the rf resp%nse signal must drop considerably already in the
+ m @(eV— EJ)} (4) MHz range.
at T=0, with'® Ill. EXPERIMENT
1 dQ, 2 For the rf experiments we used conventional pressure-
9=3 |1~ 1_2f . olry) type PC’s described elsewhefsee, e.g., Ref. 21 and refer-

ences therein The PC’'s were produced by bringing the
and o, the effective inelastic scattering cross section foredges of two MG strips together by means of differential
electrons on quickly relaxing TLF's. screws while being directly immersed in liquid helium. Be-

For elastic scattering on highly asymmetric TLF'A;(  fore mounting into the cryostat, the electrodes were cleaned
>Ay), it is important to take the bias dependence of theby etching in a solution of nitric and hydrochloric acids
occupation numbers for each level into consideration. ThigHNO3:HCI:H,0=1:1:5).
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All measurements were done @t=1.6 K. In a single o
cycle both the second harmonic of the low-frequety5 X-band waveguide
kHz) modulation current and the rectification signal for rf 10x 23 mm
irradiation(using a 100% 2.43-kHz low-frequency amplitude
modulatior) were registered using a conventional lock-in
technique. The amplitude of the modulation signal at audio
frequency was kept as low as possitfle5—0.6 m\f to mini-
mize smearing of the spectrum. —

The time-averaget-V curve of a PC under rf irradiation
of frequencyw may be expressed in the following forfh%®

(V)= _i Vo+n ﬁ?w) (7) ! F

coaxial cable
with 75 Ohm

resistor in a

coupling loop

electrode
holder

— 1l

& i short circuit plunger

whereV=V,+coswt, the J,, are Bessel functions of order electrode

n, v, is the ac voltage amplitude in the contact determined holder 2x23mm
by the rf field, and ,(V) is the nonperturbettV curve for

dc current.

This expression can be transformed into the standard form FIG. 1. Experimental setup for rf response signal measurements
for a classic detector in the low-frequency limitid in point contacts.
<eyp 1) ,24 ,25

w (o In a part of the experiments the response signal was mea-
(V)= — f lo(Vo+vy COSwt)dt. (8) sured for a few levels of rf irradiation to verify the linear
™ Jo dependence between the amplitude of the detected signal and

In the low-signal limit ¢;<V,) the current response under € applied power.
irradiation(the difference between the perturbed and nonper-
turbedl-V curvesg can readily be obtained from E(B), IV. RESULTS AND DISCUSSION

01 d214(V) Typical d?v/dI%(V) dependencies and rf response signals
RV (9)  for the iron-based RgB,, and FegMo,B,g (knoyvn also as
MG 2605 and MG 2605A and nickel-based

and is proportional to the second derivative of th¥ curve.  Fe3NizeCriPi,Bg (MG 2826A) metallic glasses are pre-
Therefore the rf response in effect leadset@ctly the same sented in Fig. 2. The second derivative of th&/ curves
function as the low-frequency point-contact curve. This al-shows a sharp minimum at a bias voltagg~1 mV due to
lows a comparison between the two measureméntaust  the electron-TLF interaction, accompanied by a transition to
be mentioned that in the experiments we measure the voltage sSmooth negative background ¥t=10 mV. There, the
responsga small addition to the voltage due to the rf irra- differential re5|stance of the contact decreases proportional
diation), which is related to the current response |#v| to V, or Vi, which can be explained by an interaction
=[sl|(dV/dl). between conduction and weakly localized electfdirs.the

In the rf experiments the typical resistance of the PC’sintermediate region a rather pronounced maximum some-
was about one order of magnitude smaller than the freetimes occurs a¥,~5 mV for FggB,oand FegMo,B,,. This
space wave impedance=1207()=377Q0. We therefore can be understood as a result of a superposition of electron-
used current sources for both the rf and the low-frequencyLF, electron-phonon, and electron-electron interactions.
measurements. The main problem in rf measurements is the calibration of

The electromagnetic field was delivered to the PC using dhe response signal with respect to the second derivative sig-
standard 1& 23 mm cross-sectioX-band wave guide with a nal. For normal metal PC’s this can easily be done by fitting
smooth transition to a ® 23 mm cross section, or using a the mtensmes of the low-energy electron-phonon interaction
coaxial cable with a 7%) resistor in a coupling loop close to maxima*® Here, the fact that in MG’s the electron-electron
one of the electrodes. The electrodes were positioned in @teraction at elevated bias voltages is the dominant-
hole through the wave guidsee Fig. 1in such a way that scattering mechanism is very important, because one can ex-
the PC was at its center. By moving the short-circuit plungeipect that the corresponding scattering time is very short and
one can change the structure of the rf field near the PC. Itthe second derivative and rf signal amplitudes for diffekent
optimal position can be found by maximizing the output sig-must therefore be practically the same. A calibration can then
nal. We restricted the frequency range to 60 GHz to prevenbe made by fitting the background signals ¥,=15
a transition to the quantum-detection regime. The energy of a 20 mV.
photon is theni w=0.25 meV, which is considerably less  Experimental proof for this suggestion is presented in Fig.
than the spectral width of the observed singularity. 3, where thed?Vv/dI?(V) dependence and the rf response

During the measurements the rf power level, which issignals are plotted for a EfNizCri4P1.Bg PC, which was
controlled by a rf diode, was kept constant. The intensity ofobtained as a result of a spontaneous electrical breakdown of
the rf irradiation was adjusted to the minimal level that pro-a more high-Ohmic junction. Evidently, during this process,
vided a detection signal amplitude of aboup.V. which includes local heatingor even melting of material

ol(Vo) =1 (V) —1o(Vo)=
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not very accurate and may result in a 10—-20 % error in the
intensity.

The zero-bias anomaly in the rf response sigiiglg. 2)
is somewhat smeared and has a reduced amplitude compared
to the low-energy singularity iml?v/d12. This effect is al-
ready clearly visible at 0.6 GHz and becomes larger at 60
GHz for a majority of the contacts. It should be stressed that
the shape of the rf curve is completely different from that of
the second derivative smeared by temperature or a lage
to 2-3 mV) modulation voltage. This indicates that the rf
b power dissipation in the contacts is moderate enough and
does not cause overheating. The size of the effect varies
slightly from material to material and from contact to con-
tact. Those variations are most likely due to a different na-
-30 -20 -10 ture of the structural defects responsible for the TLF forma-
tion, and a different spectral distribution of relaxation times.
However, the amount of TLF’s contributing to the nonlinear
behavior of the contact conductivity ranges from a few hun-
10 20 30 dreds to a few thousands for PC’s with a resistance of 10—30
Q) according to estimations based on a universally adopted
-30 -20 -10 figure for the TLF density of 10°~10° per atom. This
excludes a large variation in distribution functions for TLF'’s.

The estimated minimal relaxation time in the MG’s under
investigatiot® ranges from 10'° to 10! s. The situation
where the relaxation frequendy; <w, therefore corre-
sponds to the suppression of the signal from relatively slowly

FIG. 2. rf response signals at 60 Gkthick solid ling and 0.6  (in the MHz rangg relaxing TLF's. A further reduction of
GHz (dashed linpandd?V/d12(V) dependencéhin solid line for ~ the zero-bias anomaly amplitude @ is determined mainly
(a) a 2642 Fegy B, point contact(b) a 84) Fe,gMo,B,, point con- by an additional decrease of the contribution from these
tact, and(c) a 1542 FeyNi;sCr,4P;,Bg point contact. TLF's, because faster relaxing on€SHz range are nearly

symmetric(with the same effective scattering cross section

within the contact area, the degree of disorder decreases afst both level$ and do not contribute much ia1$?. Note
phonon-electron reabsorption processes become more impgfat theAl () has the positive sign.
tant at sufficier12tly high/b, explaining the change to a posi- ¢ first glance, the relatively high amplitude of the low-
tive sign for d“V/dI*(V). An estimation of the phonon- ¢ singularities in the rf response signal up to 60 GHz
electron relaxation time glveszPh'e%.l at w/2m seems to indicate that the main mechanism behind the zero-
—6-8GHz and therefores; <wppe<w, in full accor- i g anomaly is the nonmagnetic Kondo resondniceur-

dance with the fact that the response S|gnal at0.6 GHz fOI'Ehermore suggests that the spectral density of almost sym-
lows the behavior of the second derivative, whereas for th?netric uickly relaxing TLE's in metallic alasses must be
60-GHz curve the background remains negative. It must be 4 y 9 9

noted, however, that for the nickel-based MG with a rela_surpr'igingly high(or, othervyi.se, that the VZ model is not so
tively small background(ess than 10% of the zero-bias sgnsltlve toth\ <A COHdItIOI’).' I'g should be noted that the
anomaly amplitudethe proposed calibration procedure is ©figinal VZ model does not anticipate any frequency depen-
dence, but it certainly must exist at sufficiently high The
term A1 that arises due to the elastic scattering of electrons
is determined by relatively “slow” TLF's with relaxation
times of 10°-10 8 s, and seems to be noticeably smaller in
our case. However, the relative magnitude of the contribu-
tion due to the nonmagnetic Kondo effect may be overesti-
. mated here when a considerable background is present in the
spectrum.
To clarify this issued?V/dI?(V) was integrated to obtain
the bias dependence of the differential resistaRg@/) of a
contact. By applying the same procedure to the rf response
signals, quantities are obtained that are formally proportional
to the differential resistances of the contact measureg, at
FIG. 3. rf response signals at 60 Gkthick solid line and 0.6 ~ and w,. Figure 4 shows a set of such curves corresponding
GHz (dashed linpandd?Vv/d12(V) dependencéhin solid line for ~ to the data plotted in Fig. 2. An increase of the differential
a short circuited(partly recrystallizell 220 Fe;NigCri/P1,Bs  resistance in rf measurements can be interpreted as a sup-
point contact. pression of the spectral contribution. It occurs approximately

-30 -20 -10

response signal
o
N
o
(2]
o

bias voltage (mV)

response signal

0 5 10 15 20 25 30

bias voltage (mV)
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T T T T T V. CONCLUSION

Above, it was shown that the contributions to the zero-
bias anomaly in point-contact spectra of metallic glasses by
different electron-TLF interaction mechanisms can be sepa-
rated by measuring rf response signals. These measurements
indicate that the dominant mechanism in a certain class of
metallic glasses is the two-channel Kondo scattering pro-
posed by VZ’ and that the elastic scatteriii§k ) modef is
of less significance. The exact shape of the background sig-
e nal due to electron-phonon and electron-electron interactions

. . . . . is unfortunately unknown. Depending on the chosen back-
-30 -20 -10 O 10 20 30 ground, the KK contribution may be of the same magnitude

bias voliage (mV) as the VZ contribution, and may therefore still be quite im-
portant.

We wish to stress that the results presented here should
not be generally applied to different classes of metallic
glasses, where the TLF's present may be of a different nature
and the relative importance of the different electron-TLF in-
o o teractions are most likely not the same as for the metallic
within the sameV, limits of +7-10 mV where a modula- 455565 studied here. This is corroborated by a study of the
tion of the differential resistance by slowly moving defeCtSIOW-energy singularity in spectra measured at simple metal-
was observed? For the iron-based MG 2605 the situation is point contacts! The sign of the peak was different for crys-
somewhat complicated, but for the other materials the relag|line bulk samples and PC’s of thin films of low crystalline
tive increase of the “differential resistance™ as a function of gyality, indicating that different types of TLF's may be un-

frequency in the range 10<V,<<10 mV is nearly the same der study, and different interaction mechanisms may be of
for w; andw, and amounts to 15-20 %. This means that thgmportance.

KK part of the signal is still rather substantial at low fre-

guency. The uncertainty in the calibration and in the deter-

mination of the contribution to the background signal at low ACKNOWLEDGMENTS
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FIG. 4. Differential resistanceV/dI(V) (thin-solid line and
integrated rf response signals at 60 Gttzick solid ling and 0.6
GHz (dashed ling for the contacts presented in FigaR-2(c).
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