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The phenomenon of dielectric breakdown is employed for switching of magnetization in

ferromagnetic (FM) metallic layers of Co and CoFe sputtered onto the native oxide (SiO2) of Si

substrates of different types. The switching can occur even without applying a bias field under

discharging a capacitor through an FM/SiO2/Si sample via electric pads lying on its surface. The

switching thresholds and biasing fields (if needed) are found to be much lower in samples based on

low-resistivity (�10 mX cm) substrates. It is argued that the discharge induces localized breakdown

of the SiO2 layer, and so, the discharge current is able to flow through the Si substrate. This current

produces the magnetic (Oersted) field inside the FM layer, which is sufficient for the switching.

Such on-chip pulsed magnetic fields generated in FM/SiO2/Si structures can be employed instead

of bulky electromagnets for developing magnetic technologies, which would be compatible with

Si-based electronics. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4990975]

A reason for successful integration of Si-based devices

into the field of microelectronics is the occurrence of a Si

dioxide (SiO2) layer on the surface of a Si wafer, which

serves as an insulator and as a protecting passivation layer.1

It is also of considerable interest2 that this ability of SiO2

adds functionalities to metal-oxide-semiconductor (MOS)

structures by combining it with the phenomenon of dielectric

breakdown3–5 observed by applying a strong enough electric

field (>105 kV/m). A manifestation of dielectric breakdown

is the irreversible immense decrease in electrical resistance

of the system owing to the formation of percolation paths in

which the chemical structure of SiO2 is modified.6–8 In MOS

devices, this effect has been studied for decades in the con-

text of reliability and device failure5 and more recently9 has

been investigated for applications in non-volatile memory.

Here, we demonstrate that breakdown in MOS structures can

be used for the generation of a magnetic (Oersted) field

which is able to switch magnetization in the ferromagnetic

(FM) layer, that is, metallic component of the MOS structure

(FM/SiO2/Si). We explore how discharging a capacitor

through the FM/SiO2/Si structure affects its magnetization.10

We show that magnetization switching induced by the dis-

charge results from the breakdown of the SiO2 layer on the

Si surface. The discharge current starts to flow through the Si

substrate and generates the Oersted field BOE that toggles

magnetization in the FM layer sputtered onto SiO2/Si.

Electrical control of magnetism has emerged as an appealing

solution to significantly reduce the power dissipation and

variability beyond current MOS technology.11–14 It is here

challenging to get a candidate with high Curie temperature,

controllable ferromagnetism, and easy integration with cur-

rent Si-based electronics.

The samples studied here are FM metallic layers of

CoFe and Co sputtered in a vacuum chamber15 onto natively

oxidized 400-lm-thick Si substrates. These two FM materi-

als are chosen as being extensively used for controlling the

magnetism with electrical means.12,14,16 The obtained results

are demonstrated with two different samples, a 15-nm-thick

CoFe film on a Si substrate of n type (Si-n) with a resistivity

of qSi¼ 5.0 mX cm and a 20-nm-thick Co film on a Si wafer

of p type (Si-p) with a resistivity of qSi¼ 12 mX cm. For

comparison, CoFe and Co layers with the same thicknesses,

i.e., 15 and 20 nm, respectively, were prepared on high-

resistivity (qSi¼ 10 X cm) Si-p substrates under the same

other sputtering conditions.

To control the native oxide on the Si surface, we ana-

lyzed the chemical composition of our samples in their depth

using secondary ion mass spectroscopy (SIMS). The SIMS

procedures performed are described in Ref. 17. Also, the

formation of the native SiO2 layer on the Si surface was

detected for the electrical resistance of both reference sam-

ples, i.e., SiO2/Si and FM/SiO2/Si. The magnetic properties

of FM films sputtered onto SiO2/Si were controlled with the

longitudinal magneto-optic Kerr effect (MOKE). The sche-

matic of the experimental geometry is shown in Fig. 1. Two

Al pads with a width of W� 1.0 mm (black boxes) were

FIG. 1. Schematic of the experiments on magnetization switching in FM/

SiO2/Si samples via the localized breakdown of the SiO2 layer under dis-

charging the capacitor C. The discharge current starts to flow along the x
axis in the Si substrate and produces the Oersted field BOE that toggles mag-

netization M oriented in the film plane along the y axis, if BOE (and assisting

B when needed) is aligned antiparallel to the initial direction of M.
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placed on the sample surface at pad-to-pad spacings (S) vary-

ing in a range of 1.0 to 5.0 mm. The magnetization in the

interpad gap was probed in situ with MOKE both before and

after discharging a capacitor (C) through the sample upon

closing switch K1.18 The discharge current flowing in the

substrate decays in time as (U/2R?)exp(–t/2R?C), where U
is the voltage applied for charging the capacitor when

switches K2 and K1 are closed and opened, respectively, and

2R? is the resistance to the discharge.

Figure 2(a) shows the results of SIMS depth profiling of

the atomic/molecular distributions of O, Si, SiO, and SiO2 in

a 15-nm-thick CoFe layer sputtered onto a Si-n (111) sub-

strate with a resistivity of qSi¼ 5.0 mX cm. These data indi-

cate that the native oxide remains on the Si surface after

sputtering and that SiO2 gives the major contribution to its

composition. We also see that the concentration of oxygen

increases at both the surfaces of the CoFe layer. Obviously,

the oxygen enhancement at the outer surface can be attrib-

uted to the formation of the corrosion (oxide/hydroxide)

layer,10 while its increase at the inner (CoFe/Si-n) surface

reflects the occurrence of the oxide layer between the metal

and Si-n. The obtained SIMS data allow us to draw a sketch

of the sample structure, as shown in the inset of Fig. 2(a).

Interestingly, similar concentration profiles—with practi-

cally the same thickness of the SiO2 layer (�5.0 nm)—were

observed in our SIMS studies of the samples sputtered onto

Si substrates of other types used, e.g., highly resistive

(qSi¼ 10 X cm) Si-p (100) (not shown).

To demonstrate the electrical breakdown of the native

SiO2 layer under electrical discharges (Fig. 1), we have mea-

sured the two- and four-probe resistances of our samples in

their as-prepared state and after discharges at different U/S
values. Figure 2(b) depicts the two-probe resistance, mea-

sured between the pads used for magnetization switching

(Fig. 1), of reference samples—SiO2/Si-n (qSi¼ 5.0 mX cm)

and SiO2/Si-p (qSi¼ 10 X cm)—and of the same reference

samples covered by a CoFe layer (CoFe/SiO2/Si). We see

that, after discharges of C¼ 5.0 lF at U/S> 15 kV/m, the

two-probe resistance of the reference sample comprised of

the low-resistivity Si-n (qSi¼ 5.0 mX cm) strongly decreases

from its initial value of a few megaohms and asymptotically

approaches �5.0 X at U/S> 100 kV/m. A similar behavior

has been found in the CoFe/SiO2/Si-n (qSi¼ 5.0 mX cm)

sample where the initial two-probe resistance, �30 X,

decreases down to the same value, i.e., �5.0 X. The observed

decrease in the two-probe resistance and vanishing of a dif-

ference in this quantity between SiO2/Si and FM/SiO2/Si

after discharges can be attributed to the breakdown of SiO2

in both kinds of samples. Importantly, breakdown occurs

locally, i.e., underneath the pads. If we change the pad loca-

tion for any other one where the SiO2 layer is virgin, a highly

resistive state will be found again. In contrast to a low-

resistivity Si and thin-film samples upon its basis, there was

no breakdown in the samples based on a high-resistivity Si

(qSi¼ 10 X cm) up to the maximal value of (U/S)¼ 150 kV/

m used in our experiments.

Figure 2(c) shows the temperature dependence of the

four-probe resistance, R � V/I (V is the voltage between the

inner probes, while I the current that passes between the outer

ones), for a CoFe layer on a low-resistivity (qSi¼ 5.0 mX cm)

Si-n substrate after discharges at different U/S values as well

as for its reference, i.e., SiO2/Si-n. In these experiments, we

discharged C through outer probes of our four-probe device.

Again, we see that, after discharges with increasing discharge

voltage up to U/S� 125 kV/m, V/I of the CoFe/SiO2/Si sam-

ple approaches the value measured for the Si-n substrate, RSi

� 0.03 X. This can also be explained by the breakdown of

SiO2. According to the measurements of the two- and four-

FIG. 2. (a) SIMS depth profiling of O,

Si, SiO, and SiO2 concentration in a 15-

nm-thick CoFe/SiO2/Si-n (qSi¼ 5.0 mX
cm) sample. The inset shows a sketch

of the sample structure derived from

the SIMS data. (b) Two-probe electric

resistance in the interpad spacing versus

U/S at C¼ 5.0 lF of low-resistivity

Si-n (qSi¼ 5.0 mX cm) and high-

resistivity Si-p (qSi¼ 10 X cm) refer-

ence samples covered by SiO2 and of

the same samples, i.e., SiO2/Si, covered

additionally by a CoFe layer. (c) Four-

probe resistance, R � V/I, versus tem-

perature of the SiO2/Si-n (qSi¼ 5.0 mX
cm) reference sample as well as of

the CoFe/SiO2/Si-n (qSi¼ 5.0 mX cm)

sample after discharges through the

outer probes at different U/S values

given in units of kV/m. (d) Equivalent

electric scheme of the discharge circuit;

see the details in the text.
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probe resistances, the electric scheme of the discharge through

the FM/SiO2/Si structure is shown in Fig. 2(d). After the

breakdown, the transverse resistance of the SiO2 layer, 2R?,

becomes comparable to that of the FM layer, RFM, but still

remains much larger than RSi. Thus, 2R? gives a major

contribution to the time of a discharge through a low-

resistivity Si substrate. We also note that, in the temperature

range within which V/I was measured [Fig. 2(c)], its depen-

dence on the temperature was rather weak. Such a behavior is

compatible with that of thin metallic films19 and of heavily

doped Si (qSi� 5.0 mX cm)20 studied in the same temperature

regime.

In this study, we demonstrate that the breakdown of the

SiO2 layer in the FM/SiO2/Si structure can be used for

switching of magnetization in its FM component. Initially,

the magnetization was saturated in an applied magnetic field

B which subsequently was switched off. In the next step, we

applied a bias field against the direction of the remanent

magnetization M—with a bias field strength B smaller than

the sample coercivity, Bc. Finally, with the assistance of B,

we discharged C through the sample and detected changes in

the Kerr rotation, i.e., magnetization state. Figure 3 shows

MOKE hysteresis cycles for three kinds of samples, (a)

(15 nm)CoFe/SiO2/Si-n (qSi¼ 5.0 mX cm), (b) (20 nm)Co/

SiO2/Si-p (qSi¼ 12 mX cm), and (c) (20 nm)Co/SiO2/Si-p
(qSi¼ 10 X cm). In all the samples studied, we observed elec-

trically induced transitions from –M to þM and vice versa.

The –M$ M transitions (as well as the changes to a different

magnetization state such as that observed in the CoFe/SiO2/

Si-n sample) are shown by the arrows in Figs. 3(a)–(c)—with

indications of the switching thresholds (U/S)thr in units of kV/

m. We mark that these –M ! M and M ! –M transitions

occur at opposite directions of the discharge current. The fact

of unipolarity of the switching indicates that heating of the

sample by discharge current, if happens at all, is not responsi-

ble for it. To support the latter conclusion, we calculated heat-

ing of a Si substrate and an FM layer deposited on it under

capacitor discharges. The results of these calculations are pre-

sented in the supplementary material. It is also striking to

observe that (U/S)thr strongly differs in the samples based on

Si with high and low qSi [Fig. 3(d)]. For example, we have

found out that magnetization of a Co film on a low-resistivity

Si (qSi¼ 12 mX cm) substrate is switchable (shown by the

double arrow) without applying B at all. In contrast, a Co film

on a high-resistivity Si (qSi¼ 10 X cm) substrate exhibits

the switching only if B applied is very close to Bc, while

the switching thresholds for such samples are very high, (U/

S)thr> 80 kV/m. This comparison highlights a key role of qSi

in the switching, which can be easily triggered in the samples

with a low-resistivity Si substrate.

Finally, we confirm straightforwardly that there is a rela-

tionship between the breakdown of SiO2 and the observed

switching. Figure 4(a) shows a modified geometry of our

experiments in which an FM (CoFe) specimen on the surface

of a low-resistivity (qSi¼ 5.0 mX cm) Si-n substrate was

shaped into the stripe with a width of �1.0 mm so that the

electric pads could be put directly on the SiO2/Si-n surface.

Therefore, after the breakdown of SiO2, the discharge current

flows through the Si substrate and crosses the FM specimen

underneath it. In such a configuration, we have detected the

switching after discharges as well. The bias fields needed for

the switching and switching thresholds were close to those

observed for the same sample [Fig. 3(a)] in the conventional

geometry presented in Fig. 1.

Moreover, we have determined how M is oriented with

respect to the direction of the discharge current at which

switching of M does occur. As a result, according to the right-

hand rule, we have concluded that, under the hypothesis that

FIG. 3. (a)–(c) Hysteresis loops of

15 nm-thick CoFe and 20-nm-thick Co

layers sputtered onto Si substrates of dif-

ferent resistivities. Electrically induced

transitions in the magnetization state are

indicated by the arrows. The numbers in

the plots are the switching thresholds

(U/S)thr given in units of kV/m. (d) The

switching thresholds of the samples,

whose hysteresis cycles are shown in

plots (a)–(c), versus Bc–B.
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M is switchable by BOE, the discharge current producing BOE

flows through the bottom of the FM layer. This is illustrated

in Fig. 4(b) where we point out the polarity of the applied

voltage (the direction of the discharge current) and the direc-

tion of the electric current in the coils of an electromagnet

employed for applying B (and thus the direction of B and M).

Within an approximation of the infinite slab of a thick-

ness of d� S, the in-plane component of BOE produced by

electric current flowing through the slab is given by (supple-

mentary material to Ref. 10)

BOE ¼

l0j

2
d; z < 0

l0j

2
�2zþ dð Þ; 0 < z < d

� l0j

2
d; z > d;

8>>>>><
>>>>>:

(1)

where j is the current density, l0¼ 4p � 10�7 T m A�1 is the

magnetic constant, and z is the coordinate along the normal

to the slab. It follows from Eq. (1) that the average BOE is

equal to zero inside the slab (0< z< d), and so, the current

flowing in the FM layer cannot affect M. In FM/SiO2/Si

samples with high-resistivity Si (qSi� 10 X cm), we have RSi

� RFM, and so, most of the discharge current flows through

the metallic FM layer. Therefore, the switching thresholds

are very high in such samples [Fig. 3(d)]. In FM/SiO2/Si

samples with a low-resistivity Si (qSi� 10 mX cm) substrate,

by contrast, electric current largely flows through the Si sub-

strate [after breakdown of the SiO2 layer so that 2R? would

be at least �5.0 X (Fig. 2(b)] and thus is able to produce the

outside Oersted field with its strength up to BOE¼ (l0/2)U/

(2 R?þRSi)/W> 10 mT that exceeds Bc in our samples.

Then, the switching time can be evaluated as S/lBOE� 50

ls, where l� 10 m s�1 mT�1 (Refs. 21 and 22) is the typical

value of the domain-wall mobility in thin FM films. We see

that the switching time evaluated is comparable to the dis-

charge time 2R?C� 25 ls in our experiments. One should

note here that the switching thresholds can be further

reduced, in particular, by increasing C and thus the discharge

time.10

We anticipate that the produced Oersted field can be

strongly increased up to BOE� 10 T by achieving a deeper

breakdown so that ideally 2R? ! 0 in a Si wafer having

qSi� 1.0 mX cm (RSi� 6.0 mX), which corresponds to the

maximal concentration of dopants attainable currently in

commercial Si wafers (�1019 atoms/cm3).23 As shown in the

supplementary material, electrical discharge with the param-

eters typical for our experiments cannot cause significant

heating of Si even at extremely low 2R? and RSi.

It is of great interest to apply pulsed magnetic fields—

with strongly varying field strengths and pulse durations—

for probing magnetization dynamics in small entities.24 In

particular, so far, there has been a lack of understanding of

the domain-wall behavior in ferromagnetic nanowires under

magnetic fields above the critical field for Walker breakdown

l0aMs/2 (a� 0.01 is the damping constant, and l0Ms is the

saturation magnetization).21,22 In view of possible applica-

tions of small magnetic entities in memory devices, it is

highly desired to generate magnetic fields which would be

localized at the nanoscale.25 In the limit opposite to that

described here, i.e., d� S, the Oersted field produced by the

electric current, whose density j is a non-uniform function of

spatial coordinates, can be numerically simulated from the

equation BOE¼ curl A with the vector potential satisfying

the Poisson equation DA¼ –l0j provided that div A¼ 0.

These studies will allow us to clarify the scalability of the

BOE action upon a ferromagnetic entity.

We note in addition that the produced Oersted fields

can be utilized in microwave magnetic devices operating

in the gigahertz regime,26,27 where external fields with a

strength of at least a few hundred mT should be used. In

such applications, the built-in magnetic field generated in

FM/SiO2/Si structures could be employed instead of bulky

electromagnets. We also envision the applicability of such

fields in magnetic refrigeration based on the magnetocaloric

effect in thin magnetic films near their ferromagnetic-

paramagnetic transition.28,29 A short duration of the applied

field would be useful for providing the adiabaticity for the

demagnetization process and thus the direct measurement of

the magnetocaloric effect.30 We believe that both natural

and artificial SiO2 layers on the Si surface can be employed

in such applications.

In conclusion, we study the effect of electrical discharge

on magnetization of an FM¼Co, FeCo layer on a Si sub-

strate. Our main observation is that the magnetization vector

can be fully reversed even without applying a bias field. It is

striking that the switching is accompanied by the dielectric

breakdown of the native SiO2 layer on the Si surface and that

the switching threshold strongly depends on the electrical

resistivity of the Si substrate. These findings enable us to con-

clude that the switching results from the magnetic (Oersted)

field generated by the discharge current flowing through the

Si substrate after the breakdown of SiO2. Utilizations of such

pulsed fields in various magnetic devices fabricated on a sili-

con chip are feasible.

See supplementary material for evaluations of tempera-

ture elevation in a Si substrate and the thin metallic layer on it.

FIG. 4. (a) Modified geometry for test-

ing electrical switching of magnetiza-

tion: the FM specimen is shaped as a

stripe, and electric pads lie on the SiO2/

Si surface so that the discharge current

should flow through the Si substrate and

cross the strip-shaped CoFe specimen

underneath it. (b) Identifying straightfor-

wardly whether the discharge current

flows in top or bottom of the FM layer.
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