
PHYSICAL REVIEW APPLIED 13, 064050 (2020)

Laser-Induced Abnormal Cryogenic Magnetoresistance Effect in a Corbino Disk
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The geometric magnetoresistance effect in semiconductors has remained a heated discussion for many
years. However, there are few reports on laser-triggered geometric magnetoresistance in traditional struc-
tures. In this work, we use a laser to change the carrier concentration to obtain a large magnetoresistance
(212.6%) under a low magnetic field (1 T) at 150 K in a Corbino disk with Co-Ag films. One unantici-
pated finding is that the large positive magnetoresistance does not change monotonously with temperature,
which is different from previous research. Theoretical calculation reveals that the interaction among a pho-
togenerated carrier, bending of the current path, and magnetic nanoparticles in low temperature improves
the magnetoresistance in a Corbino disk. These findings reveal an important strategy for creating laser-
trigged nanoscale magnetoresistance devices, while presenting a wide range of possibilities for exploring
the dependence of photogenerated carriers on temperature under magnetic field.
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I. INTRODUCTION

The geometric magnetoresistance (MR) effect [1,2] in
nanoscale films has attracted increasing research attention
since its discovery [3,4], which is widely used in accurate
measurement of carrier concentration [5–7], evaluation of
transferred electron device performance [8], high magnetic
field sensors [9], current sensors [10], and other fields
[11]. A Corbino disk is a quintessential structure to inves-
tigate the geometric magnetoresistance effect thoroughly
since it can eliminate Hall voltage. Considerable research
efforts have been devoted to explain the underlying mech-
anism of the geometric magnetoresistance effect, which
can be attributed to the bending of the current path and
uneven carrier distribution [12–14]. However, using a laser
to change the carrier concentration and mobility is rarely
involved in these studies. Moreover, relatively little atten-
tion has been paid to the temperature dependence of the
effect, despite its importance for the selection of mech-
anisms and the development of a microscopic theory of
geometric magnetoresistance.

Previously, our group reported a large laser-triggered
positive magnetoresistance in a Corbino disk of Cu/SiO2/
Si [15]. With the combined application of laser and mag-
netic field, the magnetoresistance is significantly improved
by more than 60 times compared with other research
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[16,17] at the same magnetic field (1 T). On the basis
of our previous research, this work investigates the
laser-triggered geometric magnetoresistance effect in Co-
Ag films, especially to further explore the temperature
response of this effect. Thin films consisting of cobalt
nanoparticles embedded in a silver matrix are attractive
for magnetoresistive research. The phase diagram indi-
cates there is very limited mutual solubility of Co with
Ag, which offers the possibility of heterogeneity [18,19].
Experimental results show the laser-triggered magnetore-
sistance of Co-Ag films can reach 212.6% and 8.2% at
150 K and room temperature under a magnetic field of
1 T, respectively. The magnetoresistance is significantly
enhanced compared with previous studies under the same
circumstances (1 T magnetic field) [12,15,18,20]. We also
notice, most surprisingly, that the magnetoresistance does
not change monotonously with temperature, unlike the
monotonous rise in magnetoresistance of granular films
caused by scattering with a decreasing temperature [19].
This research extends the knowledge into the geometric
magnetoresistance mechanisms induced by laser and tem-
perature, while opening the door to the possibilities in
temperature sensors and magnetoresistance devices.

II. FABRICATION AND METHODS

We fabricate Co-Ag composite films on the doped
n-type Si (111) wafers (approximately 0.3 mm thickness,
20–50 �cm resistivity) with a native ultrathin oxide layer
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approximately 1.2 nm thick on one side. Co-Ag films are
deposited by co-sputtering of Co and Ag targets (purity
better than 99.9%) using dc magnetron sputtering from
two confocal sputter magnetron guns at room tempera-
ture. The whole sputtering process is in an argon pressure
of 0.78 Pa, and the base pressure of the vacuum system
is better than 3.8 × 10−4 Pa. The dc power of cobalt and
silver is fixed at 10 and 20 W, respectively. The depo-
sition rate is 3.2 Å s−1, which is determined by the step
profiler on thick calibration samples fabricated under the
same condition. A ring-shape mask is utilized to deposit
the film. First, the ring groove is covered by the mask and
deposited for 145 s. Then, the mask is removed, and the
whole part is deposited for 5 s. Counting with the depo-
sition rate, the electrode layer of 48 nm Co-Ag alloy is
deposited on center and peripheral areas of the Si substrate,
as annotated in Fig. 1(a). The annular region between two
electrodes is 1.6 nm (nominal thickness) superthin Co-Ag
composite films. We switch the dc power of the Co target to
regulate the content of cobalt in the samples. The compo-
sitional distribution of the alloy film is further investigated
by energy dispersive spectroscopy (EDS).

Figure 1(a) shows a representative schematic diagram
of a Corbino disk, where ra is the radius of center region
and rb is the outer radius of the ring. The width of the

ring groove is defined as rb − ra. During the experiment,
the ring width of all samples is maintained at 1.5 mm.
Electrodes A and B of alloying indium (less than 1 mm
in diameter) are pressed on the central and peripheral
bulk Co-Ag areas, respectively. Figures 1(b) and 1(c)
show SEM images of the two different regions, and the
inset shows the corresponding EDS spectra. SEM images
recorded at high magnification clearly show that the as-
deposited films consist of a bulk region with uniform
shapes [Fig. 1(b)] and nanoparticles [Fig. 1(c)].

In the experimental process, electrode A is irradiated by
a 635-nm, 3-mW laser focused on a roughly 50-µm diam-
eter spot continuously, and without any background light
illumination. We measure the magnetoresistance using the
two-probe method in a vacuum cavity with a pressure of
1.0 × 10−4 Pa, and the chamber temperature ranged from
20 to 300 K in the presence of a magnetic field in the z-
axis direction varying up to 1 T. The chamber temperature
is regulated by helium compressors and a temperature con-
troller, and the resistance is determined using the Keithley
4200-SCS Semiconductor Characterization System. The
magnetoresistance is defined as

�R/R0 = [(RH − R0)/R0] × 100%. (1)

(3 mm)
(1.5 mm)

(a)

(b) (c)

FIG. 1. (a) Schematic diagram of
Corbino structure with Co-Ag/SiO2/Si
and the experimental measurement
method. (b) SEM image of the bulk Co-
Ag layer. Inset shows the corresponding
EDS spectra. (c) SEM image of the
annular groove region where superthin
Co-Ag films are deposited.
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Here, RH represents the resistance with the external mag-
netic field applied, and R0 is the resistance in the absence
of magnetic field.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the I -V curves of the Co-Ag/SiO2/Si
sample between electrode A and B under different condi-
tions at 20 K (equipment limit). We define the forward-
sweep voltage to represent the case where electrode A is
the anode and B is the cathode. The original I -V curve
(i.e., without laser irradiated and magnetic field applied)
is symmetrical, and the sample is in a high-resistance
state. However, when a fixed 635-nm laser is applied
perpendicularly to electrode A, the resistance is signifi-
cantly reduced. Most surprisingly, the I -V curve exhibited
extreme asymmetry, which suggested a laser-induced polar
resistance effect. This bipolar resistance effect has been
reported in our previous research, which can be attributed
to diffusion and scattering of carriers based on Schottky

barriers [15]. On this basis, we apply a 1-T magnetic field
perpendicular to the sample, the I -V characteristic as indi-
cated by the blue line in Fig. 2(a). The resistance of the
sample increases observably under the combined effect of
laser and magnetic field. Nevertheless, when the laser is
removed, the I -V characteristic is almost the same as the
original curve. From the results we can conclude that the
laser plays an indispensable role in the effect.

In order to further investigate the effect of temperature
and magnetic field on magnetoresistance, we fix the laser
position and change the ambient temperature, and mea-
sure the magnetoresistance under different magnetic fields.
The MR values are calculated by Eq. (1). Figure 2(b)
shows MR data of the Co-Ag/SiO2/Si sample versus mag-
netic field for various temperatures. As the magnetic field
increases, the MR value is drastically promoted, which is
in consonance with the work we have reported before [15].
Besides, the magnetoresistance in a Corbino disk struc-
ture presents excellent symmetry to the direction of applied
magnetic field. As for temperature dependence, the MR

(a) (b)

(c) (d)

FIG. 2. (a) I -V curves of the Co-Ag/SiO2/Si sample with different laser and magnetic field conditions. The ambient temperature
is set to 20 K, and measurement details are shown in the inset. A fixed 635-nm, 3-mW laser on a roughly 50-µm diameter spot
perpendicular to electrode A. (b) MR ratio of the Co-Ag/SiO2/Si sample as a function of magnetic field at different temperatures.
(c) The Co-Ag/SiO2/Si sample’s MR ratio versus cobalt content as a function of temperature. The applied magnetic field is fixed at
1 T and the measurement condition is identical to before. (d) The dependence of the Co-Ag/SiO2/Si sample’s MR on temperature with
different laser conditions. The measurement condition is the same compared to before (with a 1-T magnetic field and 635-nm laser
applied).
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values increase with the increasing temperature and grow
up to the maximum when the temperature is 150 K, and
then decrease sharply above 170 K. We obtain a large
magnetoresistance of 212.6% at 150 K, only 1-T magnetic
field, which is comparable to other research.

To gain deeper insight related to the laser-triggered MR
effect in Co-Ag films, a systematic study has been carried
out in Co-Ag/SiO2/Si samples with cobalt content varying
from 3.01% to 26.53%. The cobalt content is governed by
sputtering time and power, and determined by energy dis-
persive spectroscopy. We prepare samples with the same
nominal Co-Ag thickness but different cobalt contents.
During the experiment, the applied magnetic field is fixed
at 1 T and the samples are irradiated by a 635-nm laser con-
tinuously. A clear dependence of MR on the cobalt content
is observed [Fig. 2(c)]. The same general trend is found
at different temperatures: the MR value increases with the
cobalt content up to a maximum and then drops off with
the higher cobalt content.

As is widely known, a laser may cause the temperature
change in the place of irradiation, and further leading to the
apparition of temperature gradients. In order to eliminate
the possibility that the local temperature change caused
by a laser contributes to the magnetoresistance, we mea-
sure the dependence of MR on temperature with different
laser conditions in a 1-T magnetic field. As annotated in
Fig. 2(d), MR values present the same tendency with tem-
perature changes under different illumination conditions.
When the temperature is below 150 K, the magnetoresis-
tance increases slowly with temperature. With temperature
increasing from 150 to 200 K, the magnetoresistance value
is drastically reduced. Once the temperature is greater than
200 K, the magnetoresistance decreases very slowly with
increasing temperature. Besides, the MR effect with 1550-
nm laser irradiation almost has no change compared with
the case with no laser irradiation, but it is greatly enhanced
with 635-nm laser irradiation, indicating the local temper-
ature change caused by the laser does not contribute to the
magnetoresistance effect.

The influence of magnetic materials on magnetoresis-
tance is non-negligible. To further investigate the mag-
netism of samples, magnetic hysteresis, the field cooled
(FC), and the zero field cooled (ZFC) are employed.
Figure 3(a) shows the full hysteresis loops of the mag-
netization measured at room temperature on the Co-Ag
(nominal thickness, 1.6 nm, and 13.27% Co) sample for
parallel (||) and perpendicular (⊥) to film plane orienta-
tions of the applied magnetic field. The inset shows the
enlarged image of the M -H curve corresponding to H
perpendicular (⊥) to the film, and the sample exhibits
negligible coercivity force (16.8 Oe). It is found that the
two M -H curves could not reach saturation even at the
maximum magnetic field of 1.5 T, which clearly indicates
the presence of superparamagnetic particles [21]. And the
easy axis of the nanoparticles is out of plane. To confirm

the superparamagnetic behavior, we measure the ZFC and
FC data in the temperature range 2–400 K, as shown in
Fig. 3(b). For samples with 13.27% Co, the M ZFC(T) curve
exhibits the maximum at TB ∼ 170 K, while the M FC(T)
curve decreases monotonously with the increasing temper-
ature. Such magnetic properties indicate the superparam-
agnetic character of the Co nanoparticles in our samples
[22]. Besides, the blocking temperature in the sample with
13.27% Co is larger than the sample with 8.22% Co, which
suggests the increase in particle size. Moreover, the FC
curves suggest the absence of cobalt oxide. Because CoO
is antiferromagnetic, the magnetization of FC curve will
exhibit a sharp drop above the Neel temperature of 290 K.
However, this is not observed in our samples.

Magnetic measurements of the samples are carried out to
determine whether the Co-Ag materials contribute greatly
to magnetoresistance. Figure 3(c) shows the MR ratio as
a function of temperature in Co-Ag/SiO2/Si with ordinary
structure (without Corbino geometry). The nominal thick-
ness of Co-Ag film is fixed at 1.6 nm, which is the same
as the thickness in a Corbino disk. And the content of
cobalt is 13.27%. As can be seen in Fig. 3(c), the magne-
toresistance values are quite small in the absence of laser,
and the temperature dependence of MR is consistent with
previous researches [19,23]. However, the magnetoresis-
tance is considerably improved when the laser is applied.
And the temperature dependence is completely different
from that without laser. With the temperature increasing
from 20 to 170 K, the laser-triggered MR declines slowly.
Once the temperature is higher than 170 K, the laser-
triggered MR ratio decreases sharply until 230 K. Obvi-
ously, the magnetic material has a certain contribution to
the magnetoresistance below TB (170 K), but it makes lit-
tle contribution once the temperature is higher than TB. We
think these results can be attributed to the transition from
ferromagnetism to superparamagnetism, which involves a
transition from ordered to disordered orientations of the
electron spins. The neighboring islands tend to be parallel
aligned by the external field and reduce the resistance in the
absence of laser, thereby, the negative magnetoresistance.
But when the laser is applied, the photogenerated carriers
play a vital role in the magnetoresistance. In the diffusion
process of carriers, electrons in Co-Ag also may recombine
with holes in silicon. And the carrier recombination rate
is affected by scattering. When the temperature is below
TB, the particles exhibit ferromagnetism. Under the applied
magnetic field, the spin-dependent scattering of conducting
electrons contribute to the increase of photogenerated car-
rier recombination rate, thereby, the increased resistance
and positive magnetoresistance. But when the temperature
is higher than TB, the thermal energy can disrupt the mag-
netic moment, thereby weakening the magnetism, which
contributes little to the magnetoresistance.

For comparison, we also measure the temperature
dependence of laser-triggered MR in Corbino disks with
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(a) (b)

(c) (d)

FIG. 3. (a) M -H hysteresis loops corresponding to H parallel (||) and perpendicular (⊥) to film measured at room temperature for
the Co-Ag (nominal thickness, 1.6 nm, and 13.27% Co) sample. (b) Temperature dependence of magnetization in Co-Ag samples
with different Co contents, in the ZFC and FC protocols in the presence of magnetic field of 100 Oe. (c) The MR ratio as a function
of temperature in Co-Ag/SiO2/Si with ordinary structure (without Corbino geometry). The nominal thickness of the Co-Ag film is
1.6 nm and the content of cobalt is 13.27%. The inset shows the measurement method. (d) Dependence of laser-triggered MR ratio on
temperature with nonmagnetic materials in Corbino disks. The width of the ring groove is fixed at 1.5 mm, and the thickness of metal
kept consistent.

nonmagnetic materials, as shown in Fig. 3(d). Both of the
samples show similar nonmonotonic temperature depen-
dence. Compared with the magnetoresistance in magnetic
materials shown in Fig. 2(d), there is a striking difference
when the temperature is quite low. The magnetoresis-
tance in magnetic materials is much larger than that in
nonmagnetic materials.

To explain these phenomena, we propose a model based
on the Schottky barrier. The samples contain bulk Co-
Ag layers and superthin films, and the Schottky barrier is
much lower in the annular groove region, which covered
by superthin films [15]. Therefore, the equivalent circuit
can be considered as two reverse diodes and a pure resis-
tor, as indicated in Fig. 4 (left). Obviously, the system is in
a high-resistance state without laser irradiation. When the
laser is applied, a large amount of photogenerated carriers
are generated in the silicon substrate. There was a high car-
rier concentration at the laser spot, so carriers diffuse to the
surrounding. [24–26] And photogenerated electrons have

the opportunity to tunnel into the alloy layer. The applica-
tion of magnetic field brought on the deflection of a carrier
motion path under Lorentz force, thereby, the increased
resistance (Fig. 4, right).

If we suppose the initial resistivity without a laser and
magnetic field is ρ0, the resistance at position x (i.e., the
distance from the laser spot) can be written as [27,28]

ρ(x) ≈ ρ0

(
1 − n0

N0
+ n0

N0λ
x
)

. (2)

Here λ is the diffusion length, n0 and N0 represent the den-
sity of laser-induced electrons and drift carriers at the laser
spot, respectively.

In previous research, we have derived the current path
formula under the applied magnetic field, which can be
written as [15,29]

s = αx, (3)
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FIG. 4. Schematic diagram of
photogenerated carriers’ move-
ment only laser irradiated (left).
The carriers’ motion path with the
combined effect of laser and mag-
netic field (right).

here,

α =
√

1 + μ2H 2

c2 , (4)

and μ is the carrier mobility, H is the density of magnetic
field, and c is a constant in the Gauss unit system. We find
that the new parameter α characterizes the current path
change caused by magnetic field in the Corbino disk. More
simply, α characterizes the extent of motion-path bending.
Note that a laser is a prerequisite in the experiment. R0 rep-
resents the resistance with laser irradiation only, and it can
be written as a path integral of ρ(x):

R0 =
∫ rb

ra

ρ(x)dx. (5)

However, when the magnetic field is applied, the current
path changed, thereby, the resistivity at different positions.

RH =
∫ rb

ra

ρ(s)ds = α

∫ rb

ra

ρ(αx)dx. (6)

Finally, the laser-triggered magnetoresistance can be writ-
ten as

�R/R0 ≈ α + (α2 − α)

1 + kλ
(

N0
n0

− 1
) . (7)

Here k = 1/(ra + rb) is a constant. From Eq. (7), we can
see the temperature T has an influence on three parameters:
λ, N0/n0, and α. The diffusion length λ can be written as
[26,30]

λ =
√

Dτ ∝ T−1, (8)

where D is diffusion coefficient affected by temperature.
And according to the Boltzmann distribution function, the

carrier concentration satisfies

N0

n0
∝ e− EC−EF

k0T ∝ e− 1
T . (9)

The parameter α, which measures the current path change
caused by magnetic field described in Eq. (4), can be sim-
plified as α ∝ μ. Here, μ is the mobility, which can be
written as [17]

μ = qτ

m∗ . (10)

Here m∗ and τ are the effective mass and lifetime of the
carrier, respectively. Hence, the MR can be simplified as

�R/R0 ∝ μ(T)

{
1 + [μ(T) − 1]T

e− 1/T

}
. (11)

Here, e− 1/T approaches a constant as temperature
increases. Therefore, we mainly take the mobility μ into
consideration. The scattering processes influence the life-
time, thereby, limiting the mobility. Due to the large carrier
density, the thermal vibration of the lattice has a non-
negligible influence on the mobility even at low tempera-
ture. Therefore, the ionized impurity scattering dominates
at low temperatures, where μ ∝ T3/2. Apparently, the mag-
netoresistance increases with the increasing temperature.
But as the temperature further rises, the lattice vibration
scattering dominates, which satisfies μ ∝ T− 3/2 [17]. As
a result, the magnetoresistance decreases. Similar tem-
perature dependence of magnetoresistance (without laser
irradiation) in a Corbino disk has been reported in previous
research [17]. According to the above analysis, we con-
clude that the nonmonotonic temperature dependence of
magnetoresistance is mainly due to the change of mobility
in Corbino structure. And the laser plays a significant role
in generating photogenerated carriers and amplifying mag-
netoresistance. Under the influence of these factors, the
magnetoresistance grows monotonously up to maximum,
above which it precipitously decreases.

Besides, taking into account the contribution of mag-
netic nanoparticles below the blocking temperature TB,
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the recombination rate of photogenerated carriers increases
due to the spin-dependent scattering. As a result, the diffu-
sion length λ decreases. According to Eq. (7), the magne-
toresistance is enhanced below TB, which also explains the
reason why the MR effect in magnetic particles is better
than nonmagnetic at low temperatures.

As for the cobalt content dependence of MR shown
in Fig. 2(c), it can be attributed to changes in parti-
cle size. When the concentration of magnetic particles
is small, there is less scattering and larger particle spac-
ing, which leads to the small magnetoresistance. There-
fore, as the cobalt content is increased, the MR effect
is improved. However, as indicated in Fig. 3(b), TB
increases with increasing cobalt content, which suggests
the increase in particle size. As the particles grow larger,
the surface:volume ratio decreases, which weaken the
spin-dependent scattering of conducting electrons [19,31].
As a result, the photogenerated carrier recombination rate
decreases, thereby, the magnetoresistance is reduced.

IV. CONCLUSION

In conclusion, we obtain a colossal magnetoresistance
effect using a simple laser-triggered method in Corbino
disks with Co-Ag films. The temperature dependence of
the laser-triggered magnetoresistance effect is investigated
in the temperature range from 20 to 300 K. What is surpris-
ing is that the dependence of the MR ratio on temperature
is nonmonotonic. Moreover, the MR effect is closely asso-
ciated with the elemental component of samples. We show
that the Corbino geometry, diffusion length, and magnetic
nanoparticles contribute to the magnetoresistance. This
work expands the possibility of design for laser-trigged
and temperature-regulated magnetoresistance devices.
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