
Low-voltage magnetoresistance in silicon
ARISING FROM C. H. Wan, X. Z. Zhang, X. L. Gao, J. M. Wang & X. Y. Tan Nature 477, 304–307 (2011)

Magnetoresistance exhibited by non-magnetic semiconductors has
attracted much attention1–13. In particular, Wan et al. reported room-
temperature magnetoresistance in silicon to reach 10% at 0.07 T and
150,000% at 7 T—‘‘an intrinsically spatial effect’’12. Their supply volt-
age was approximately 10V (ref. 12), which is low and approaches the
industrial requirement14. However, we have found their large magne-
toresistance values to be experimental artefacts caused by theirmethod
ofmeasurement. The true room-temperaturemagnetoresistance of the
devices described in ref. 12 is lowwith amagnetic field of up to 7 T and
a supply voltage of around 10V and hence these devices cannot offer
large magnetoresistance with low supply voltage to industry. There is
a Reply to this Brief Communication Arising by Zhang, X. Z., Wan,
C.H.,Gao,X. L.,Wang, J.M.&Tan,X.Y.Nature501,http://dx.doi.org/
10.1038/nature12590 (2013).
Wan et al.12 measured two types of In/SiO2/Si/SiO2/In devices

using a Keithley 2400 sourcemeter as both a current source and a
voltage meter (which we refer to here as method 1), and obtained
largemagnetoresistance values of up to 10% at 0.07 T and 150,000% at
7 T.We fabricated two devices with the same structures as those of ref.
12 and performed method 1 using them. Their voltage–current (V–I)
curves can be divided into different regions with different resistances,
just as in the results of ref. 12. Wan et al.12 claim that injection of
minority carriers into silicon causes a p–n junction and the changes in
resistance, that large magnetoresistance occurs with applied current
in one of the regions (referred as to the transition region), and that the
magnetic-field dependence of the magnetoresistance in the transition
region is different from those in the other regions. However, when we
used another method (here called method 2) with unchanged mea-
suring parameters and different instruments on the devices, the V–I
characteristics without the transition region were obtained. The only
difference between the two methods is that in method 2 we used the
Keithley 2400 only as the current source, with an independent volt-
meter (Keithley 2182) as the voltage meter.
Further, we performed both methods on two circuits composed of

linear resistors, which were used to simulate the devices. The results
indicate that in method 1 the Keithley 2400 itself interferes with the
measurement of the specimen and cannot give correct voltage values
when the applied current exceeds a certain value and falls in the
transition region. Because ref. 12 claims that largemagnetoresistances
weremeasuredwhen Iwas in the transition region,magnetoresistance
was defined as [R(B)2R(B5 0)]/R(B5 0) and R5V/I, we conclude
that the large magnetoresistance values are really experimental arte-
facts caused by the interference of the sourcemeter. Method 2 is valid.
Using it, we obtained magnetoresistance values for the two devices
with supply voltages of 6.7–72V and 0.79–50V, respectively. The
values are all low and the magnetic-field dependence at all applied

currents is the same (above 2 T the field dependence is linear); the
magnetoresistance does not exhibit any signs of saturation at fields up
to 7 T. The linear dependence without magnetoresistance saturation
is the same as for inhomogeneity-induced magnetoresistance7–9.
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Zhang et al. reply
REPLYING TO J. Luo et al. Nature 501, http://dx.doi.org/10.1038/nature12589 (2013)

We agree with Luo et al.1 that the magnetoresistance effects that we
reported2 were dependent on the method used to measure them. The
reason that there is a difference in the results depending on whether
method 1 or method 2 is used (adopting the measurement notation of

ref. 1) is that there are two voltage-stabilizing diodes in the Keithley
2400 instrument we used. We were unaware that when this instru-
ment was used both as current source and voltmeter, one diode con-
nected the input port of the current source to the input port of the
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voltmeter, whereas the other diode connected the output port of the
current source to the output port of the voltmeter. The diodes caused a
crossover of the Hall coefficient from negative to positive when the
instrument was used to conduct a Hall measurement in this configu-
ration, leading us to propose an invalid mechanism for the abnormal
magnetoresistance. Therefore themechanismwe proposed2—minority
injection and an induced p-n boundary—does not provide a correct
explanation for the observed geometry-enhanced magnetoresistance.
Although such a mechanism does not operate in our samples, we note
that a p–n boundary could still enhance magnetoresistance in certain
circumstances according to our and others’ theoretical calculations
and experiments2–4.
Once we became aware of the existence and role of the diodes, we

were able to show that all the magnetoresistance properties reported
previously2 could be qualitatively reproduced by integrating two
diodes between the indium electrodes within the devices themselves,
resulting inmagnetoresistance devices—consisting of the siliconwafer,
the indium electrodes and now also the diodes—whose apparent prop-
erties are no longer dependent on the measurement methodology.
We arenowdeveloping a newmechanistic framework to describe this

phenomenon, which takes into account the influences of both device
geometry and the newly incorporated diodes. The mechanism and its
generalization to other materials, (accompanied by corrections to our
earlier invalid explanation) will be described in a forthcoming paper.
Finally, it is worth noting that (1) this magnetoresistance device

could still be integrated into silicon-based electronics and therefore
aid the development of magnetoelectronics, (2) the new mechanism

potentially provides ways to optimize device performance, such as
improving the low-field sensitivity and reducing the power required
and (3) our research2 shows that the low-field magnetoresistance of
(mB)2 restricted by the Onsager relation5 could be enhanced in the
nonlinear transport region, suggesting a way to improve the low-field
sensitivity of semiconductors with only moderate mobility.
We thank Yang Ji at the Chinese Academy of Sciences, who initially

alerted us to the methodology-dependence of our original results.
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