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Universal conductance fluctuations and low-temperature Af noise in mesoscopic
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We report on intrinsic time-dependent conductance fluctuations observed in mesoscopic AuFe spin-glass
wires. These dynamical fluctuations have d-lide spectrum and appear below the measured spin-glass
freezing temperature of our samples. The dependence of the fluctuation amplitude on temperature, magnetic
field, voltage, and Fe concentration allows a consistent interpretation in terms of quantum interference effects,
that are sensitive to the slowly fluctuating spin configuration.

The low-field magnetic susceptibility of a spin glass indicate the presence of a magnetofingerprint that is stable in
shows a sharp peak near the freezing temperdaturé8elow  time. The fingerprint is strongly altered after heating the
T¢, the magnetic impurity spins gradually freeze into randomsamples to temperatures well aboVe. According to the
directions. The magnetization contains af lhoise authors, this supports the idea that the UCF are sensitive to
componertt that appears in the vicinity of; and saturates the specific frozen spin configuration. Very recently,
below the freezing temperatuté. The resistance of small Jaroszyski et all’ have observed a fl/noise signal in
spin-glass samples also contains & dise component re- heavily doped Cd ,Mn, Te spin-glass wires with a Mn con-
lated to the slow dynamics of the frozen spinshe resis-  centrationx=0.02 andx=0.07. The 1f noise in the dilute
tance noise may appear because of electron quantum interagnetic semiconductors is consistent with the presence of
ference effects that are sensitive to the slow fluctuations o) CF-induced fluctuations. The onset of thé hbise signal
the magnetic impurity configuration in the spin-glasscoincides with the bulkT; value, while typical spin-glass
phasé’ properties such as aging and irreversibility are clearly

Quantum interference effects give rise to universal conpresent. For the Gd,Mn,Te spin-glass compounds, the
ductance fluctuationdJCF), which for a stable defect con- spectral wandering of the noise spectrum rather favors an
figuration induce reproducible fluctuations of the magneto-interpretation in terms of uncorrelated droplet excitations.
conductance (magnetofingerprin® In a sample having In this paper, we report on high-resolution measurements
dimensions comparable to the phase-coherence length of the electrical noise in small samples of the archetypical
the fluctuation amplitude is of the order of the conductancespin glass AuFe with Fe concentrations of 0.85 and 5 at. %.
quantume?/h.° In larger samples, a slow stochastic averag-The spin-flip scattering at the Fe impurities largely destroys
ing of the UCF occurs. For sufficiently small non-magneticthe static magnetofingerprints. We are able to detect an ex-
samples, switching of a defect between two stable configueess 1f noise signal whose amplitude rapidly grows at lower
rations(two-level systemgives rise to a UCF-induced tele- temperatures. Both the temperature and current dependence
graph noise signaf’ For larger nonmagnetic samples, super-of the 1f noise are in agreement with UCF reflecting the
position of telegraph noise signals results in & hbise  dynamics of the impurity spin configuration. Ouif hioise is
spectrumt!12 In mesoscopic spin glasses, the UCF will be strongly suppressed at the elevated measuring currents that
largely destroyed by the spin-flip scattering in the paramaghave been used by Israelofft al'®'* The low-frequency
netic phase abovE; . Below T, the dramatic slowing down noise in the AuFe spin glasses can be observed because of a
of the spin-glass dynamics should allow the experimentatramatic slowing down of the spin dynamics due to the
observation of a UCF-induced noise sighal. freezing process.

Israeloffet al1® have measured theflélectrical noise in We have performed detailed measurements of the electri-
CuMn spin-glass films with a Mn content between 4.5 andcal noise in narrow AuFe spin-glass wires as well as in a
19.5 at. %. The noise amplitude shows a rapid increase neaure Au test wire. Table | gives the relevant parameters for
T; followed by a saturation at lower temperatures, which isthe samples that have been studied. The narrow wires are
interpreted in terms of the UCF-induced noise mechanism. lobtained by flash evaporation of small pieces of a AuFe
smaller, mesoscopic samples, the noise signal strongly devinother alloy in resist profiles defined by electron-beam li-
ates from the usual Gaussian statistit¥he resulting spec- thography, followed by lift-off. For the pure Au sample,
tral wandering of the noise spectrum favors a description othermal evaporation of 99.9999 % pure Au has been used.
the spin-glass dynamics in terms of a hierarchical model wittfSecondary-ion mass spectroscq®MS) measurements in-
correlated fluctuations. Similar experiments by Meyer andlicate that distillation effects occurring during the AuFe
Weissman on AuFe samples reveal deviations from both thBash evaporation are negligible. The absence of distillation
droplet model and the hierarchical model for mesoscopieffects is confirmed by the temperature dependence of the
sample size$® Measurements by de Vegvat all® on me-  spin-glass resistiviff’ as well as by the temperature depen-
soscopic CuMn wires with a Mn concentration of 0.1 at. %dence of the anomalous Hall resistivityin thicker AuFe
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TABLE |. Relevant parameters for the AuFe wires with different Fe concentratiandth w, lengthL,
thicknesst, resistivity p, and elastic mean free path .

Sample c (at. % L (um) w (nm) t (nm) p (nQ) cm) le; (NM)
w1 0 1.48 184 30 3.15 26.7
W2 0.85 1.46 187 23 13.1 6.44
W3 0.85 7.82 752 23 13.5 6.24
W4 5 1.49 170 35 34.3 2.45

films (see also beloy The noise experiments have been per-temperatures. Below 1 K, the noise spectra can be fitted to a
formed with a five-terminal bridge configuration and an ac1/f* dependence indicated by the dashed lines in Fig). 2
measuring current of a few kHz. A transformg00:2000  The exponentr=1.5 for T=1.00 K and decreases towards
winding ratio cooled with liquid helium amplifies the volt- ,~1.3 forT=0.47 K. At higher temperatures, thef1/de-
age fluctuations produced by the sample and at the same tim@ndence is on average still present, but an accurate deter-
adapts the sample impedance to obtain an optimum noisgination of« is not possible for the available time window.
figure for detecting the sample voltage with a lock-in ampli- Averaging noise spectra for different cooling cycles should
fier (PAR 124A. We are able to reliably detect voltage pe avoided in view of the sensitivity to the particular frozen
variations having a root-mean-squafens) amplitude of  gpin-glass statésee also beloy Above 5 K, the noise spec-
only 0.1 nV. tra become independent of frequency and temperature and
In Fig. 1, we show the time dependence of the conducare governed by external noise sources. In Fig),2ve com-
tance fluctuations that appean B 5 at. % AuFe sample pare the voltage noise specBa(f) at T=0.47 K for the 5
(sampleW4 in Table ) at different temperatures. For the zt 95 AuFe sample and a pure Au test sample of comparable
measurements, a 1-s cutoff filter has been used, implying th%ﬁmensions(sampler in Table ). For the pure Au sample,

fluctuations with a higher frequency are filtered out. At g excess ¥/ noise can be detected within our measuring
=0.47 K, the peak-to-peak variations of the conductancgensitivity.

noise Correspond to mi/h This is a first hint that SupportS An excess noise Signa| is also C|ear|y present at lower
an interpretation in terms of UCF that are coupled to theiemperatures for the AuFe samples having an Fe concentra-
slow dynamics of the impurity spins beloW .° The addi-  tion of 0.85 at.%. Again, the noise rapidly grows at lower
tional steplike changes of the conductance, which becom%mperature§<1 K and can be described by & 1/depen-
visible at T=1.00 K andT=2.94 K in Fig. 1, may be dence withe in the vicinity of 1. In Fig. 3, we compare the
linked to the thermally induced motion of spin clustérs.  temperature dependence of the integrated noise power for the
In Fig. 2(a), the noise power spect(f) corresponding 5 at. 9% sample and a 0.85 at. % sample with comparable

to the data in F|g 1 have been plOtted on a double Iogarithdimensionisamp|eW2 in Table D The p|otted noise pow-
mic scale. The low-frequency noise rapidly grows at lower
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FIG. 2. (a) Noise spectra corresponding to the data shown in
FIG. 1. Time-dependent fluctuations of the conductance in a F-ig. 1 at temperature¥$=0.47,1.00,2.94,7.20,12.3 K from top to

at. % mesoscopic AuFe structuigampleW4 in Table ). The data  bottom. The dashed curves correspond to f& Hlependencésee
are obtained by subsequent cooling of the sample toward lowetext). (b) Comparison of the voltage noise spectrd at0.47 K for
temperatures, i.e., without cycling through the spin-glass freezinghe 5 at. % sample and for a pure Au sam@@ampleW1 in Table
temperatureT; . ).
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1] been performed. While we cannot extragtfrom Eq.(1), an

1 alternative method to estimale, will be discussed below.

E The larger noise amplitude in Fig. 3 for the 0.85 at. %
sample can be explained by a reduced spin-flip scattering
rate due to the smaller Fe content. As pointed out by
Jaroszyski et al.,}” the emergence of the low-frequency
noise requires that the spin-glass dynamics, which couples to
the UCF, has become sufficiently slow, with characteristic
4 relaxation rates corresponding to our experimental measur-
] ing frequencies.

In order to be sure that the pronounced increase of the
conductance noise below 5 K is indeed related to the spin-
glass freezing, we have monitored the freezing process via
measurements of the anomalous Hall effécthe inset of
FIG. 3. Temperature dependence of the integrated conductanddd- 3 shows the temperature dependence of the Hall resis-

noise power for the 5 at. % AuFe sampl8) shown in Fig. 1 and  tivity for fieId-gooIed (FQ as well as for zero—field—cooleq
Fig. 2b) as well as for a 0.85 at. % sampl®] (samplew2 in  (ZFC) measuring conditions. The data have been obtained

Table ). Both samples have the same dimensions. The curvefor a 0.85 at. % AuFe film that is about 3 mm wide and has
through the data points are only a guide to the eye. For comparisofyeen deposited simultaneously with the sampisandwW3
the integrated noise power is also shown for a wider 0.85 at. %§see Table ). From the ZFC data we obtain a freezing tem-
sample () (sampleW3 in Table ). The inset shows the tempera- peratureT;=4.4 K, which is considerably smaller than the
ture dependence of the Hall resistivity for a 0.85 at. %, 3-mm-widepulk valueT;=7.8 K. The reduction of; can be linked to
film measured for field-coolet~C) and for zero-field-cooledZFC) finite-size scaling effectd AlthoughT;=17 K is consider-
conditions, respectively. ably larger for the 5 at. % filmsT;=22 K for the bulk
alloy), the temperature dependence of the integrated noise

ers have been integrated between 1 and 10 mHz and hayp®wer in Fig. 3 is similar for the 5 at. % sample and the 0.85
been corrected for the extrinsic white background noise. That. % sample, in contrast to the results obtained by Israeloff
integrated noise power has a comparable temperature depest-al*® for CuMn alloys. Unlike these authors, we also do
dence for both Fe concentrations, but is larger in the samplaot find any evidence for a saturation of thé hbise signal
with the lower Fe concentration. at lower temperatures.

According to Fenget al® the conductance noise is related  In Fig. 3, we have included the integrated noise power for
to the electron phase-coherence lenggliT) and the imagi- a wider and longer 0.85 at. % AuFe sampéampleW3 in
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nary party” of the spin susceptibility® Table |) at the lowest measuring temperatuie=0.47 K).
For sample sizes exceeding the phase coherence léngth
4 kLT 2 (see _below, stocha;tlc self-.averagmg implies that the UCF
Se(f)= € FLo(T) 2keT” x (T’f), ) amplitude scales with the inverse of the square root of the
2wh?  Lle Er f sample volumé. Consequently, the integrated noise power

should scale with the inverse of the sample voldfm@ur
with |, the elastic mean free path of the electrons. If weexperiments indicate a reduction by a factor of 8.7, while
assume thajy” depends only weakly on frequency far theory predicts a reduction by a factor of 6.4.
<T;,* Eq. (1) predicts a spectrum foBg that is close to While turning on a magnetic field of 3 T below leaves
1/f. Below T;, both xy' and x” slowly decrease with de- the noise amplitude unchanged, field cooling in the presence
creasing temperature reflecting the spin-glass freezing. Thef a 3 T field delays the increase of the spin-glass noise
increase of the noise power at lower temperatures can theabove the white background noise. This is illustrated in the
be linked to a drastic enhancement of the phase-coherendeset of Fig. 4 for sampl&V2 (see Table )l In contrast to
length L, which dominates all other temperature-dependenfFig. 3, the white background noisgorresponding to the
factors in Eq.(1). While inelastic scattering at phonons and dotted ling has not been subtracted from the data points in
the other electrons becomes less effective at lower temperghe inset of Fig. 4. A shift of the noise onset toward lower
tures, an additional increaselof is caused by a reduction of temperatures was observed before in CulRef. 13 and in
the spin-flip scattering rate due to the spin-glass freezing\uFe (Ref. 15 samples. For the CuMn samplE'sa depen-
process. This reduction of the spin-flip scattering at lowerdence on field history similar to ours was reported. A sup-
temperatures is confirmed by a decrease of the spin-glaggession of the noise amplitude, which depends on the mag-
resistivity below the freezing temperatuffeThe knowledge netic field applied during thermal cycling, supports the
of x"(T,f) in principle allows us to determine the influence intrinsic spin-glass origin of the excesd hoise! In contrast
of the spin-glass freezing ob,. This kind of information  to noise experiments in nonmagnetic Bi sampfese do not
cannot be obtained from static magnetoresistance measurebserve any reproducible magnetofingerprints. The coupling
ments. Since it is known that the spin-glass freeZing., between the UCF and the fluctuating spin configuration is
x(T,f) and R(T)] becomes size dependent in reducedsufficiently strong in our samples to induce a complete
dimension€? it is necessary to measure the susceptibility ofscrambling of the magnetofingerprints.
mesoscopic samples with dimensions comparable to our An additional important piece of evidence in favor of the
samples. To our knowledge, such measurements have not yieterpretation of the excess noise in terms of UCF is pro-
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for the AuFe sample (0.@8/h, see Fig. 4 is about three
times smaller than the rms amplitude of the magnetoconduc-
tance fluctuations in the pure mesoscopic Au sampl& at
=0.47 K (0.2%/h). Taking into account that the finite fre-
quency window of our noise measurements results in a re-
duction of the measured noise amplitude, this supports our
interpretation that the observed noise indeed results from a
scrambling of the magnetofingerprints due to telew) dy-
namics of the Fe impurity spins.

The results shown in Fig. 4 confirm that the UCF that
cause the excess noise can only be observed for very small
measuring currents. Israelaét al*'* have used measuring
current densities that are about two orders of magnitude
larger than in our case. This implies that their UCF-induced
noise signal may have been strongly suppressed by electron

FIG. 4. Reduction of the rms conductance noise amplitude whellf'eat,'ng effects. .
increasing the voltage applied across the 5-at. % AuFe sample Finally, we note that the _conductance of our samples is
(sampleW4 in Table ). The full line corresponds to the stochastic &Ways much larger thaef’/h, i.e., our samples reveal a pro-
averagingeV~ 2 that is expected to occur above the thresholdnounced metallic character. Jarosgkiet al'” have studied
voltageV, (see text The inset illustrates the reduction of the rms doped magnetic semiconductors that are very close to the
conductance noise amplitude when applying a 3-T magnetic fieldnetal-insulator transition. This results in a strong enhance-
under field-cooled conditions for a 0.85-at. % AuFe sanigéenple ~ment of the resistance noise amplitu@owing to observe
W2 in Table ). The full curves in the inset are only a guide to the aging and hysteresis effegtbut at the same time makes it
eye, while the dotted line indicates the extrinsic white noise level.more difficult for these authors to compare different samples.

The noise properties are, however, remarkably similar, sup-

porting a common origin of the fl/noise for both experi-
vided by the strong reduction of the noise signal when in-ments.
creasing the measuring current. This is illustrated in Fig. 4 [n conclusion, we have identified an intrinsicf Ioise
for the 5 at.% sample(sample W4 in Table ) at T  mechanism in narrow AuFe wires. The noise can be directly
=0.47 K. The data points have in this case again been cofelated to the spin-glass freezing process and can only be
rected to take into account the current independent whit@bserved for very small measuring currents. Our results sup-
background noise. Due to the finite voltage across th&ortthe idea that the noise is caused by the time dependence
Samp'e, the Carriers will Sampré: eV/EC incoherent inter- Of the un|Versa| Conduct|on f|UCtuatI0nS._The noise Only ap-
ference patterns, witfi,=eV,=%D/L? the Thouless energy P€ars for temperatures below the freezing temperalyge
andD the diffusion constant. This leads to an increased curWhere the electron phase coherence length is sufficiently
rent noised! = JN. On the other hand, the conductance fluc-'0n9 and the spin dynamics is sufficiently slow. Combined
tuations8G= 81 /V decrease as IN=(E./eV)'2 (see also with measurements of the ac magnetic susceptibility in small
the discussion of Fig. 12 in Ref).8The full line in Fig. 4 §amples, our noise measurements may be able to re\{eal Fhe
corresponds to this theoretically expected reduction of thénterplay b_etwgen spin freezing and electron dephasing in
UCF at sufficiently large voltages. From the saturation at low/TESOSCOPIC SpIN glasses.

voltages (dashed ling we infer a value for the Thouless  We thank R. Wengerter from Vacuumschmelze GmbH
energyE.=0.01 meV, corresponding to a phase-coherencéor providing the core of the cryogenic transformer. We are
lengthL ,(T=0.47 K)=0.3 um. Due to the spin-flip scat- also much indebted to J. Vlekken of the Limburgs Universi-
tering, L, is about an order of magnitude smaller than for thetair Centrum for the SIMS measurements. This work has
pure Au sample. On the other harld, is about five times been supported by the Fund for Scientific Research—Flanders
smaller than the sample length, but remains larger than th&eFwWO) as well as by the Flemish Concerted Acti@®OA)
sample width. Taking into account the stochastic self-and the Belgian Inter-University Attraction Pold&JAP) re-
averaging of the UCE the rms conductance noise amplitude search programs.
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