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Asymmetric Nonlinear Differential Resistance of Mesoscopic AuFe Spin-Glass Wires
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We have measured the differential resistanceR ­ dVydI of mesoscopic AuFe wires as a function
of temperatureT and dc current biasI. RsTd shows a maximum at a temperatureTm , 1 4 K,
consistent with the onset of spin-glass order in these films. At temperaturesT , Tm, RsId also shows
a maximum; however,RsId is asymmetric inI, the asymmetry increasing with decreasing temperature.
The asymmetry is sample specific, sensitive to the four terminal measurement configuration, and is
associated with the presence of magnetic impurities in the samples. [S0031-9007(96)01168-4]

PACS numbers: 73.50.–h, 75.30.Hx, 75.50.Lk
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The placement of a transition metal impurity in a nob
metal host induces a collective response in the elec
gas which attempts to screen the magnetic momen
the impurity. At low impurity concentration, enhance
scattering of electrons from the screened impurity le
to a characteristic logarithmic increase of the resista
with decreasing temperature, the well-known Kon
effect [1]. If the concentration of impurities is high
the interaction of the screening electrons around
impurity with those around other impurities leads to
effective impurity-impurity interaction, the RKKY
(Ruderman-Kittel-Kasuya-Yosida) interaction [2]. A
high temperatures, the thermal energy of the impu
spins is sufficient to overcome the RKKY interactio
and each individual spin is free to rotate independen
As the temperature is reduced, however, the impu
spins are increasingly fixed in random orientations by
RKKY interaction. The onset of this spin-glass ord
is signaled by a drop in the resistance of the host m
due to the reduced magnetic scattering of the conduc
electrons. In combination with the Kondo effect at high
temperatures, this gives rise to a maximum in the re
tance as a function of temperature which is character
of spin glasses [2].

Earlier work on magnetic impurities in metals co
centrated on the properties of bulk materials; recen
with the opportunities presented by nanolithography,
terest has focused on the properties of samples whos
mensions are comparable to relevant microscopic len
scales. A number of such microscopic length sca
have been proposed for both the Kondo effect [3] a
spin glasses [4]. The hope is that measurements
mesoscopic samples would allow one to verify direc
the existence of these microscopic length scales. H
ever, the experimental evidence in both Kondo syste
and spin glasses has so far been inconclusive.
example, measurements by some groups [5,6] of
Kondo effect in thin films, wires, and small point contac
defined by break junctions show a definite size dep
dence, but on vastly different length scales, while m
0031-9007y96y77(11)y2276(4)$10.00
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surements by other groups [7] on AuFe wires found
size dependence on the Kondo effect. The situation
similar for samples in the spin-glass regime [8–11]. Th
the issue of the existence of fundamental length scale
both the spin-glass and the Kondo regimes remains op

In this Letter, we report on measurements of t
low temperature differential resistanceRsId ­ dVydI of
AuFe wires as a function of dc current biasI . As
reported previously by other groups in measurements
CuCr wires [9] and point contact break-junction devic
[10], we find that the shape ofRsId reflects the behavior
of the temperature dependent resistanceRsT d, in that it
has a maximum at a particular currentIm. In addition,
however, we find thatRsId is asymmetricin I , even
in zero magnetic field. The asymmetry is small
high temperatures, but grows by more than an ord
of magnitude as the temperature is lowered, indicat
that it is associated with enhanced spin scattering
low temperatures. The degree of asymmetry is sam
specific, being larger in some samples and smaller
other nominally identical samples. Furthermore, we fi
that the asymmetric component ofRsId is sensitive to the
particular configuration of contact leads used in a fo
terminal measurement. We also find that the asymme
depends on the size of the wire, being generally larger
shorter and narrower wires and disappearing entirely
very long samples. These observations are indicative
the mesoscopic nature of this phenomenon.

The samples in this experiment were patterned o
oxidized silicon substrates by conventionale-beam lithog-
raphy techniques. After thermal deposition of 99.999
Au, the samples were implanted with Fe ions at energ
and dosages calculated to give impurity concentrations
0.2 and 0.4 at. % [12]. All samples of one concentrati
were fabricated and ion-implanted at the same time to
sure uniform film properties. The inset of Fig. 1(a) show
a schematic of one of the samples. The thickness of
films was 33 nm, and the sheet resistanceRh was,1 V

at 4.2 K after ion implantation. The samples were me
sured in4He and3He cryostats (for the 0.4 at. % samples
© 1996 The American Physical Society
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and a dilution refrigerator (for the 0.2 at. % samples). F
the RsT d measurements, a homemade four terminal
bridge with a PAR 124 lock-in amplifier was used wit
current drive low enough to avoid self-heating effec
For the RsId measurements, a dc current was summ
with the ac drive in the same bridge. Although we ha
measured a number of different samples, we shall disc
below the data for only a few representative samples.

Figure 1(a) showsDRsTd ­ RsT d 2 RsT ­ 13 Kd for
two samples: a,1.8 mm long, 0.2 at. % AuFe wire and
a ,3.5 mm long, 0.4 at. % AuFe wire. Both sample
show the temperature dependence expected for a s
glass sample discussed above with a maximum a
characteristic temperatureTm which depends on the
concentration of impurities [2].Tm is larger for a higher
impurity concentration, as can be seen from the data
Fig. 1(a). Figure 1(b) showsDRsId ­ RsId 2 RsI ­ 0d
for the same two samples of Fig. 1(a), along with data
a ,1.8 mm long Au wire of the same geometry withou
any implanted Fe ions.DRsId for both spin-glass sample
is similar to the form ofDRsT d. In contrast,DRsId for the
pure Au sample shows only an approximately quadra
increase with increasing current. Such nonlinear curre
voltage sIV d characteristics in spin-glass samples ha
also been reported recently by Laneet al. in CuCr wires

FIG. 1. (a) DRsT d ­ RsTd 2 Rs13 Kd of a 0.2 at. % AuFe
wire (width w ­ 135 nm, lengthl ­ 1.8 mm) and a 0.4 at. %
AuFe wiresw ­ 85 nm, l ­ 3.5 mmd. Inset: A schematic of
the samples. (b)DRsId ­ RsId 2 Rs0 mAd of the 0.4 at. %
AuFe wire at T ­ 1.705 K and the 0.2 at. % AuFe wire a
T ­ 0.051 K, and a pure Au wiresw ­ 117 nm, l ­ 1.8 mmd
at T ­ 1.36 K. Inset: The antisymmetric componentRAsId
of the three samples of (b). The plots are offset for clari
The resistance at 4.2 K of the 0.2 at. % sample is17.7 V, the
0.4 at. % sample57.5 V, and the pure Au wire28.5 V.
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[13], Grabeckiet al. in a magnetic heterostructure devic
[14], and van der Postet al. in a break-junction point
contact [10]. NonlinearIV curves have been reported al
by many groups on thin film samples without magne
impurities [15]. In most of these cases, the nonlinearit
have been associated with heating of the conduc
electrons by the dc bias to a temperatureTeff, which is
higher than that of the substrate or phonon bath.

Although electron heating is the dominant contributi
to the nonlinear behavior in our samples, it is not the o
contribution. This can be seen by noting the symme
of the DRsId curves as a function ofI in Fig. 1(b).
The curves for both spin-glass samples are quite cle
asymmetricwith respect toI. This asymmetry can be
seen more clearly in the inset to Fig. 1(b), which sho
the antisymmetric componentRAsId of the three traces
in Fig. 1(b). For electron heating, one would expe
DRsId to be symmetric with respect toI since the heating
is independent of the current direction. For examp
DRsId for the pure Au wire shows no asymmetry whe
measured on the same scale. Asymmetries inIV curves
in mesoscopic samples have been reported earlier
and have been attributed to nonclassical physics;
example, asymmetricIV curves due to electron quantu
interference in disordered metals. Comparing the dat
the AuFe wires to that of the pure Au wire, it is cle
that the asymmetries we observe are associated with
presence of magnetic impurities.

Figure 2(a) showsDRsId for the 0.2 at. % sample o
Fig. 1 at a few different temperatures in zero magne
field. RAsId increases as the temperature is reduced
can be seen in Fig. 2(b), eventually becoming tempera
independent below, 1 K. To obtain a more quantitative

FIG. 2. (a)DRsId and (b)RAsId for the 0.2 at. % AuFe wire
of Fig. 1 at five different temperatures. The temperatu
are 0.10, 0.68, 1.47, 5.61, and 10.6 K from top to botto
The plots are offset for clarity. (c) Integrated amplitude
RAsId from 0 to 30 mA for the 0.2 at. % sample of Fig. 1
and a 0.4 at. % AuFe wiresl ­ 1.85 mm, w ­ 85 nmd as a
function of T .
2277
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estimate of the asymmetry, we have analyzedRAsId as a
function of temperature by integrating the magnitude
RAsId from 0 to 30 mA. The result of this integration is
plotted in Fig. 2(c) for the 0.2 at. % sample of Fig. 1(
and a, 1.85 mm long 0.4 at. % sample. For both spin
glass samples, the antisymmetric component is sma
high temperatures, but grows by more than an or
of magnitude as the temperature is lowered, eventu
saturating at low temperatures. This saturation occur
,3 K for the 0.4 at. % sample and,1 K for the 0.2 at. %
sample. Comparing these temperatures to the value
Tm for the two concentrations shown in Fig. 1(a),
is tempting to associate this saturation with the on
of the spin-glass transition. However, the saturat
temperature obtained by this analysis is dependent on
range of integration, presumably due to electron hea
at high current bias. Reducing the integration ran
lowers the saturation temperature by about (10–20
but the increased scatter in the data also increases
uncertainty in determining the saturation temperature
approximately the same amount. Consequently, we h
chosen the integration range small enough to minimize
effect of heating but large enough to reduce the scatte
the data to an acceptable level.

The application of a magnetic field is known to strong
influence the properties of dilute magnetic alloys [1,
and we find that it affects the asymmetry as we
Figure 3(a) showsDRsId for the 0.4 at. % sample a
three different magnetic fields at a temperature below

FIG. 3. (a) DRsId of the 0.4 at. % AuFe wire of Fig. 1 a
T ­ 1.28 K at three different magnetic fields. Inset: Th
antisymmetric componentRAsId of the traces in (a). The plots
are offset for clarity. (b) Integrated amplitude ofDRAsId for
the 0.4 at. % sample of (a) as a function ofT at three different
magnetic fields.
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zero field maximum temperatureTm. The corresponding
antisymmetric components are shown in the inset.RsI ­
0d decreases in a magnetic field due to the large nega
magnetoresistance in a spin glass [2]. AlthoughDRsId
appears to become more symmetric with increasing fie
the antisymmetric componentRAsId actually grows with
magnetic field to 6 T. This can be seen in Fig. 3(b
which shows the integrated magnitude ofRAsId at three
different magnetic fields. It should be noted, howev
that we see no measurable difference between the fi
cooled and zero field cooled cases.

A number of further experimental aspects of this ph
nomenon point to the mesoscopic nature of the asy
metry. First, the effect is size dependent, in that long
and wider samples in general have a smaller deg
of asymmetry than shorter and narrower samples,
though the present geometry of our samples preclu
the possibility of experimentally identifying the relevan
mesoscopic length scale. Second, in measurements
number of different samples, we have found that the
gree of asymmetry is sample specific. Samples which
nominally identical in length, width, and concentratio
can have antisymmetric components which vary by fa
tors of 2–3, even though theirDRsT d curves may be simi-
lar. Such sample-specific behavior is reminiscent of sm
disordered metallic and semiconducting devices, and
hallmark of mesoscopic samples [16]. Finally, both t
amplitude and sign ofRAsId are sensitive to the mea
surement configuration in a four terminal measureme
Figure 4 shows four representative traces to illustrate
for the 0.4 at. % sample of Fig. 1. In order to ide
tify the measurement probe configuration, we shall u
the notationRij,kl, where the first two indices denot
the current contacts and the last two the voltage c
tacts; the numbers refer to the contacts shown in
inset to Fig. 1(a). In all four traces shown in Fig.
the dc current flows in the same direction, and cla
sically the same sample is being measured. Howe
switching current and voltage sometimes reverses

FIG. 4. DRsId for the 0.4 at. % sample of Fig. 1 atT ­
1.56 K, measured with different probe configurations. Th
plots are offset for clarity.
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sign of RAsId and sometimes leaves it unaffected. W
have tried all possible combinations of these four pro
and have not been able to discern any pattern to
switching. It should be noted that only theantisym-
metric part of DRsId depends on the probe config
ration; thesymmetricpart of DRsId is independent of the
arrangement of lead contacts.

Such unusual symmetry properties have been obse
before in mesoscopic samples. Benoitet al. [17] noted
that the four terminal magnetic field dependent cond
tanceGsBd of small metallic wires and loops was sen
tive to the configuration of current and voltage contac
even though classically the same sample was being m
sured. Buttiker [18] explained this as a consequence
mixing of the diagonal and off-diagonal components
the conductance in a four terminal phase coherent sam
Our experiment, however, is quite different from the si
ation discussed by Buttiker and Benoitet al. Because
of the presence of magnetic impurities, we expect t
the electron phase coherence length is much shorter
the length of the sample [19]. We have no exter
magnetic field applied to the sample; more importa
the asymmetry we observe is with respect to dc cur
bias rather than magnetic field. In addition, unlike p
vious experiments which measured electron quantum
terference effects in mesoscopic spin glasses [19],
asymmetry does not appear to depend on the rela
microscopic orientation of magnetic impurity momen
although it may depend on the spatial distribution of
magnetic impurities. The evidence for this is that the s
and magnitude of the asymmetry in a single sample
completely reproducible, even after repeated thermal
cling to room temperature, a process which is expec
to completely randomize the impurity spin orientation
Consequently, we believe that the asymmetry is not
sociated with electron quantum interference effects in
samples.

What is the origin of the asymmetry in these me
scopic spin-glass devices? We have shown that i
clearly associated with the presence of magnetic
purities in the samples. One possibility is that th
phenomenon is related to the enhanced thermopowe
magnetic alloys [1,2] arising from local hot spots in t
samples and leads. This mechanism will give a con
bution to RsId antisymmetric inI and may account fo
the temperature dependence and sensitivity to meas
ment configuration. Another possibility is that the asy
metry is associated with changes in the electron den
of states due to the magnetic impurities, similar to
zero bias Kondo anomalies observed in point contact
vices [6,10,20]. Further experimental work needs to
performed before the microscopic origin of this effect c
be determined.
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