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We present a study of the influence of an external magnetic field H and an electric current I on the spin-valve 
(SV) effect in point contact between a ferromagnetic thin film (F) and a sharp tip of a nonmagnetic metal (N). To 
explain our observations, we propose a model of a local surface SV which is formed in such a N/F contact. In 
this model, a ferromagnetic cluster at the N/F interface plays the role of the free layer in this SV. This cluster ex-
hibits a larger coercive field than the bulk of the ferromagnetic film, presumably due to its nanoscale nature. Fi-
nally, we construct a magnetic state diagram of the surface SV as a function of I and H. 

PACS: 72.25.–b Spin polarized transport; 
73.40.Jn Metal-to-metal contacts; 
75.75.+a Magnetic properties of nanostructures; 
85.75.–d Magnetoelectronics; spintronics. 
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1. Introduction 

Spin-valve (SV) effect on the electric conductance of 
F1/N/F2-type nanopillars, where F1,2 represent ferromag-
netic layers and N is a nonmagnetic spacer layer, generated 
great interest both from the fundamental point of view and 
from its application perspective in spintronic devices [1]. 
The fundamental interest lies in the spin-transfer torque 
(STT) in a SV by a spin-polarized current that passes 
through it [2]. This effect could be used to control the 
magnetic state of a SV [3]: the passage of a spin-polarized 
current can change the orientation of the magnetization М 
of the layers F1 and F2 relative to each other, depending on 
the direction of the current flow. Hence, if one would fix 
the magnetization of the layer F1 (fixed layer), the magnet-
ization of the other layer F2 (free layer) could be set either 
parallel (P) or antiparallel (AP) to F1 depending on the 
direction of an electric current that flows through the sys-
tem. These two states, i.e., the P and the AP states, lead to 
a different conductivity of a SV due to the giant 
magnetoresistance effect [4]. This results in a hysteresis in 
the resistance of a SV with a transition between the low 
resistance state (P orientation) and a high resistance state 

(AP orientation) during a bipolar current sweep. In addi-
tion, the direction of M1 and M2 can also be controlled by 
an external magnetic field. If the layers F1 and F2 have 
different coercivities, the P and AP orientations of M1,2 
can be realized, forming two states in the magnetoresis-
tance R(H) of a SV. These states produce hysteresis loops 
(meanders) in the R(H) dependence within the range of the 
coercive fields of the fixed and the free layers. 

In particular, one is interested in the behavior of a SV 
structure both in an external magnetic field and under elec-
tric current. This situation has been studied in pillar-type 
SV structures based on Co and permalloy (Ni80Fe20), for 
which current-field (I–H) diagrams of the magnetic state of 
a SV were obtained [5–7]. The effects of a flow of electrons 
that creates a spin transfer torque, and a magnetic field H 
can mutually enhance or suppress each other, leading to an 
asymmetric I–H phase diagram. Additionally, as proposed 
in Ref. 6, other factors, such as the self-Oersted-field of the 
current, generation of non-equilibrium magnons, and ther-
mal effects due to heating of the structure by a high current 
density, may influence the shape of the I–H phase diagram. 

Spin-valve effects that are similar to those found in the li-
thographically-made conducting F1/N/F2 nanopillars were 



Current-field diagram of magnetic states of a surface spin valve in a point contact with a single ferromagnetic film 

Low Temperature Physics/Fizika Nizkikh Temperatur, 2013, v. 39, No. 3 361 

also observed in point contacts between a single ferromag-
netic thin film and a nonmagnetic metallic tip [8–10]. Ac-
cording to Refs. 8, 9, the role of the free layer F2 in such a 
system is taken by a ferromagnetic domain that is formed 
at the point contact. However, a study of this effect in Co 
thin films of varying thickness (3–100 nm) and point con-
tacts with diameters from several tens down to few na-
nometers raised doubts about the formation of “conven-
tional” ferromagnetic domains as an explanation of this 
effect [10]. Instead, a model of a surface SV (SSV) has 
been proposed, where a ferromagnetic layer of a few atoms 
thick at the surface, which has a weakened magnetic bond 
to the bulk of the film, plays the role of the free layer F2. 

Recently it was shown that other effects that are charac-
teristic of the F1/N/F2 pillar structures can also be observed 
on a single ferromagnetic film [11–13]. These effects in-
clude the dynamic SV effect [11], formation of spin vortex 
states [12], and exchange bias effect [13]. The size of the 
point contacts in these studies was at least an order of 
magnitude smaller than the existing lithographically-
prepared F1/N/F2 pillars, thus showing that the SV effect is 
preserved on the nanoscale.  

In this paper we present our study on the influence of an 
electric current and an external magnetic field applied sim-
ultaneously to a N/F point contact. Along with gaining a 
deeper understanding of the spin-dependent processes in 
such structures, we also constructed the I–H phase diagram 
of the magnetic states of a SV formed in a point contact. 
We expect this study to contribute to a more adequate 
model of SV effects observed in point contacts. 

2. Experimental details and a model of a point contact 

Figure 1 shows a schematic representation of a multi-
layer thin-film structure that we used in our measurements. 
A Cu film with a thickness of 100 nm was deposited on a 
Si substrate by sputtering. This buffer layer of Cu provides 
a geometry in which the electric current flows nearly per-
pendicular to the plane of the thin film layers. A ferromag-
netic Co layer with a thickness of ≤ 100 nm was deposited 
onto the Cu layer. The Co layer was capped with a layer of 
either Cu or Au of several nanometers to protect it from 
oxidation. The surface of this thin film structure was con-
tacted by a sharpened Cu tip using a mechanical manipula-
tor. This tip acted as a nonmagnetic electrode, forming a 
point contact between the tip and the thin film structure. 

The formation mechanism of the second (free) layer F2 
in this system is not yet clear. According to Ref. 10, appar-
ently a very thin ferromagnetic layer F2 is formed at the 
interface between an F-film and a nonmagnetic metallic tip 
N. The formation of this interface layer may be due to the 
inter-diffusion between the F-film and the N-tip. The mag-
netic properties of this interface layer F2 differ from those 
of the bulk F-film due to a large density of nonmagnetic 
lattice defects and magnetic spin-lattice defects in the in-

ter-diffusion region. Surprisingly, this layer consists of a 
single ferromagnetic domain, as indicated by the measured 
nearly-rectangular magnetoresistance hysteresis / ( )dV dI H  
loops [10]. At the boundary between the interfacial F2-
layer and the bulk F-film a spin-glass layer can be formed. 
This spin-glass layer plays the role of a spacer, which ena-
bles the magnetization of the F2-layer to rotate freely with 
respect to the bulk F-layer. Please note that the spacer layer 
in this case is not a nonmagnetic metal film with relatively 
weak magnetic scattering, such as in conventional nano-
pillar structures, but contains strongly interacting chaoti-
cally directed spins of the F-metal. Thus, to observe the SV 
effect in this system the thickness of this spin-glass layer 
must be very small, namely, of the atomic scale.  

We would like to note that it is relatively unlikely that 
upon contact the inter-diffusion between the N-tip and the 
F-film would lead to the formation of a “free” ferromag-
netic cluster surrounded by an atomically-thick spin-glass 
domain wall. Indeed, we observe the SV effects only in 
about 10% of the contacts formed between the N-tip and 
the F-film at random locations on the surface. As men-
tioned in Ref. 14, formation of magnetic clusters is possi-
ble in the interfacial region of alternately deposited Co and 
Cu films due to the immiscibility of the two components. 
A similar structure with implanted 5 nm Co clusters in a 
nonmagnetic layer on top of a Co film was investigated in 
[15]. The behavior of this special SV structure, in which 
the Co clusters play the role of F2, is similar to what we 
obtain using our system. It is likely that similar clusters can 
be created during the formation of a mechanical contact 
between a tip and a thin film even at low temperatures due 

Fig. 1. Schematic representation of the sample layout with a buff-
er Cu layer, a single Co film, and a Cu or Au capping layer that is 
contacted by a Cu needle. Current and voltage leads that are at-
tached to the system as shown. Small oval at the surface of the Co 
film represents an interfacial ferromagnetic cluster.  
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to metal yielding at high mechanical stress. Furthermore, 
since the formation of an electric contact is monitored by 
the onset on an electric current under an applied voltage of 
about 5 V, an electric discharge may accompany the con-
tact formation. This discharge may cause “instant” melting 
and recrystallization of the metal in the vicinity of the con-
tact, thus promoting the cluster formation.  

This cluster should not be larger than the size of the 
contact in order to observe the STT effect. If the cluster is 
too large, then the STT effect would be too weak to change 
its magnetization and no hysteresis in the electric re-
sistance would be observed. This cluster is most probably 
formed at the surface, since we observed the SV effects in 
ferromagnetic layers of only 3 nm thick and in contacts 
with the diameter of only 2 nm [10]. The state of such a 
nanostructured magnetic system differs significantly from 
the homogeneous state in the bulk of a ferromagnetic film. 
Hence, the domain wall around the cluster that is pinned at 
the structural inhomogeneity can be very thin, according to 
both the theoretical estimations [18] and experimental 
measurements [19,20]. The main difference of this cluster 
model from the “domain” model in Ref. 9 is that the size of 
the cluster may not exceed the size of the contact, which is 
of the order of several nanometers to several tens of na-
nometers. 

Since the size of the ferromagnetic cluster should be 
comparable to the size of the point contact (~10 nm), the 
following sequential configuration of the layers is possible: 
bulk polycrystalline ferromagnetic film F1, transitional 
atomically-thick spin-glass layer, and a single-domain 
cluster F2. This ferromagnetic cluster has to be located 
precisely at the point contact, which explains the low prob-
ability (≤ 10%) of obtaining a F1/N/F2 structure by this 
method. Yet the occasional observation of the SV effect in 
the / ( ) ( )dV dI V R V=  curves and the absence of hysteresis 
loops in the magnetoresistance curves / ( ) ( )dV dI H R H=  
and vice versa can be explained within this model. The 
absence of the latter, occurring much more often than the 
former, can be explained if during the acquisition of the 
R(H) curves the external magnetic field aligns the magnet-
ization vectors of many different clusters (if these are pre-
sent) up to saturation. However, the total spin torque trans-
fer of the conductance electrons can be insufficient for the 
change of its magnetization direction if the size of the clus-
ter is much larger than the diameter of the point contact. 
Hence, there would be no hysteresis in the R(V) depend-
ence. In a less common case, if the coercivities of the clus-
ter and the bulk ferromagnetic layer are identical or the 
magnetic bond between the two is strong, the change of the 
magnetization direction of the cluster and the bulk layer 
due to an external magnetic field would proceed simulta-
neously. On the other hand, due to the highest current den-
sity at the point contact and, accordingly, at the cluster, the 
STT can lead to the change of the cluster magnetization 
without influencing the magnetization of the bulk layer. 

The STT effect of the current on the bulk layer would be 
insignificant due to a substantial difference in the geomet-
rical extension of the point contact and the layer, which 
results in a rapid decrease of the current density due to the 
spread of the current flow in the bulk of the film. In this 
case only a hysteresis in the R(V) dependence would be 
observed. 

3. Experimental results and discussion 

Figure 2 shows a dependence of the differential re-
sistance / ( )  ( )dV dI V R V=  of a point contact as a func-
tion of the applied dc voltage V. Negative voltage (current) 
corresponds to a flow of electrons from the tip to the film. 
One can see a hysteresis of the resistance, which is caused 
by a change of the orientation of magnetization of the in-
terfacial cluster (microdomain) relative to the bulk Co lay-
er due to the STT by the electron current. The behavior of 
the resistance at large negative (positive) bias voltages of 
the order of 50–60 mV can be explained by the excitation 
of the magnetization vector precession in either the interfa-
cial domain or the bulk of the film, see [21,22]. 

The change of the differential resistance ΔR in Fig. 2 
constitutes 0.8%, which correlates well with the 1% height 
of the measured magnetoresistance curve, see the inset in 
Fig. 2. The slightly smaller value of ΔR in the / ( )dV dI V  
dependence can be attributed to an inhomogeneously dis-
tributed current density in the contact due to the lateral 
spread of the current. Thus, the STT effect is not sufficient 
for the switch of the magnetization direction in the periph-
eral area of the contact.  

The size of the contact can be estimated by using the 
well-known Wexler’s formula [23]: 

Fig. 2. Dependence of the differential resistance / ( )dV dI V  of a 
Co–Cu point contact R0 = 6.4 Ω in zero external magnetic field
acquired during a bipolar current sweep. The inset shows the 
magnetoresistance of the same contact as a function of the ap-
plied magnetic field at zero bias voltage. 
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where d is the point contact diameter, ρ is the resistivity of 
the film, and l is the electronic mean free path. For this par-
ticular contact with the resistance of R = 6.4 Ω we obtain d = 
= 20 nm. This leads to a current density of more than 
2·109 A/cm2 at a bias of –60 mV, at which the transition to the 
upper branch of the / ( )dV dI V  curve occurs. In this estima-
tion we used the lower limit of the resistivity ρ = 10 μΩ·cm 
for Co thin films and a value of ρl = 8.5·10–12 μΩ·cm2 (calcu-
lated for a charge carrier density of 5.8·1022 cm–3 [24]). In the 
calculation we neglected the resistance of the Cu electrode, 
which is much smaller than that of the Co film. 

4. Magnetization reversal cycle of a surface spin valve 

In the following we consider the magnetization reversal 
cycle of a point contact that exhibits the SV effect at dif-
ferent values of the electric current at positive bias voltag-
es, see Fig. 3. A decrease of the magnetic field from its 

maximum value of ~ 4 kOe does not result in the change of 
the mutual orientation of magnetizations of the bulk layer 
and the surface cluster, i.e., M1 and M2, respectively. The-
se remain parallel to the external field. The resistance of 
the point contact remains at its minimal value. Even at Н < 0 
coercive force keeps the positive orientation of M1 and M2 
until the magnetic field reaches a value of about –0.2 kOe. 
At this field the magnetization of one of the layers flips 
and becomes parallel to the external field. Thus, the spin 
valve becomes “closed”, i.e., its resistance becomes maxi-
mal, since M1 and M2 are aligned in opposite directions. 
Based on Refs. 13, 14, we suggest that the magnetization 
of the bulk film M1 is flipped at lower absolute values of 
the external magnetic field than the magnetization of the 
surface cluster M2 due to a larger coercivity of the latter. 
This suggestion is also supported by the absence of the 
influence of the bias current on the position of the slopes 
around H = 0 of the R(H) curves, see Figs. 3 and 4. 

If the magnetic field is swept further along the negative 
axis, at H2

- ≈−3 kOe the magnetization of the surface clus-

Fig. 3. Magnetization reversal cycles of the same contact as in Fig. 2
at different positive bias voltages (currents). At a positive bias the
electrons flow from the Co film into the Cu tip. At I = 0 mA several
curves are plotted over each other. Additionally, at this bias voltage
a lesser hysteresis loop, which corresponds to the magnetization
reversal of the bulk film only, was acquired during a magnetic field
sweep in the region of –0.5 kOe < Н < +0.5 kOe. The coercive
field, which is the half-width of the small hysteresis loop, equals to
about 0.17 kOe for the bulk Co layer. At 1.56 mA bias current two
magnetization cycles are shown, and at 4.69, 6.25, and 7.8 mA
single cycles are presented. The curves at non-zero biases are shif-
ted along the vertical axis by 0.1 Ω for clarity. T = 4.2 K. 

Fig. 4. Magnetization reversal cycles of the same contact as in Fig. 2
at different values of negative bias voltage (current). The R(H) 
loops are observed at bias currents lower than I = −7.8 mA. Up to I =
= – 6.25 mA the shape of the magnetization cycle curve is almost 
identical to the one acquired at zero bias. However, at I = – 6.25 mA
it is considerably different from the similar cycle at a positive bias 
of I = +6.25 mA in Fig. 3. Jumps in the R(H) dependence are ob-
served at a bias of I = −7.8 mA, which are caused by unstable mag-
netic states. The arrows next to the curves show the field sweep 
direction. s represents the starting point and f represents the ending 
point of the sweep in the lower curve. Т = 4.2 K. 
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ter is flipped. Thus, the magnetization vectors M1 and M2 
become parallel to each other and the resistance is reduced 
by ΔR. Please note that the resistance decreases by the 
same value of ΔR as after the magnetization reversal of the 
bulk layer F1 around H = 0. Usually, the resistance change 
ΔR, which is defined as ΔR = (RAP – RP)/RP, equals to 
several percent, unless a multidomain structure inside the 
contact leads to the reduction of this value. Here RAP 
equals to the resistance of a point contact with the anti-
parallel magnetizations M1 and M2 and RP is the contact 
resistance at the parallel alignment of the magnetizations. 
The magnetization reversal of the system during a magnet-
ic field sweep in the opposite direction occurs in a similar 
fashion. Thus, a complete magnetization reversal cycle of 
the R(H) dependence consists of two symmetrically-
located loops of magnetoresistance.  

Magnetization cycle of the bulk layer F1 is not sensitive 
to the changes of the polarity and the amplitude of the bias 
current, whereas the behavior of the surface cluster during 
consecutive magnetization cycles is much more susceptible 
to such changes, see Fig. 3. To verify that, Fig. 4 shows 
magnetization reversal cycles of a contact with the SV ef-
fect at negative values of the bias current. 

5. Simultaneous influence of electric current and 
external magnetic field on the magnetoresistance 

of a point contact with the SV effect 

In the following we analyze the simultaneous influence 
of the electric current and the external magnetic field on 
the magnetization direction of the interfacial single-domain 
cluster and, correspondingly, on the electric resistance of 
the whole N/F structure. A flow of spin-polarized current 
through the contact is accompanied by the STT effect, 
which influences its magnetization in addition to the exter-
nal field. By analogy, we will call this influence the “STT 
field” in the following discussion. One can see from Fig. 3 
that the magnetic field 2 2( )Н H+ −  that leads to the magneti-
zation flipping of the cluster at zero bias is slightly less 
than ±3 kOe. An increase in the bias current is accompa-
nied by a shift of the switching field H2 to lower absolute 
values. This is the result of the cumulative action of the 
external and the STT fields. The latter reduces the value of 
the external field 2Н

±  required to flip M2, thus narrowing 
the R(H)-loop. At a bias current of +7.8 mA, the R(H)-loop 
disappears completely in this contact, see Fig. 3. Please 
note that the reversal of the magnetic field and the corre-
sponding change of the magnetization direction of the bulk 
film lead to a change of the direction of the STT field. 
Hence, the R(H) curves are virtually symmetrical relative 
to H = 0, i.e., the absolute values of 2H −  and 2H + are 
equal. Similar influence of an electric current on the width 
of the R(H)-loops has been also observed in F1/N/F2 pillar 
structures based on Co [5]. 

We conclude that a positive current leads to a reduction 
of 2Н

± . The electron flow that passes through the bulk Co 
layer becomes spin-polarized. Upon the entry of this flow 
into the surface cluster, an additional STT field is created, 
which results to a reduction of the width of the R(H)-loops. 

On the other hand, if the current is negative, it helps to 
maintain the antiparallel alignment of M1 and M2, since 
the effective STT field now acts against the external mag-
netic field. As a result, one should observe an increase of 
the switching field 2Н

±  of the surface cluster and a corre-
sponding widening of the R(H)-loops. Such an effect was 
observed in F1/N/F2 structures based on permalloy 
(Ni84Fe16) [6]. However, our results show that at negative 
bias (current) the value of 2Н

±  does not increase. Instead, 
it decreases with an increasing negative bias. Nevertheless, 
if we compare the R(H)-loops acquired at the same positive 
and negative currents (see e.g., curves at 6.25 mA in Figs. 3 
and 4), we see that at negative currents the R(H)-loops are 
broader. Thus, we can conclude that there the STT field 
counteracts the external magnetic field. 

Figure 5 shows the resulting current-field phase dia-
gram of stable magnetic states of a surface SV. This dia-
gram is based on the measured values of 2H +  and 2H −  at 
different values of bias voltage. Bias dependence of the 
coercive field Hc of the surface cluster, calculated as 

2 2( ) / 2cH H H+ −= −  is also shown. 
The absence of an increase of 2Н

±  in the I–H diagram 
(Fig. 5) at negative currents can be linked to a spontaneous 
generation of magnons during the energetic relaxation of 
the conductance electrons, which is described theoretically 

Fig. 5. Current-field phase diagram of magnetic states of a sur-
face SV. The diagram is based on the measured values of H+ 

(triangles pointing upwards) and H– (triangles pointing down-
wards) from the R(H) curves in Figs. 3 and 4. Long arrows repre-
sent directions in the phase space during the acquisition of an 
R(H) dependence. Stars represent the behavior of the coercive 
field 2 2( ) / 2cH H H+ −= −  of the surface domain (cluster). Filled 
symbols correspond to the switching fields of the bulk layer and 
hollow symbols represent the switching fields of the surface cluster.
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in [7]. In that paper it was shown that an increase of nega-
tive bias should lead to a monotonic increase of 2Н

±  in the 
absence of this relaxation mechanism. A slight decrease of 

2Н
±  observed at negative bias currents can be attributed to 

the influence of the magnetic (Oersted) field of the electric 
current and a possible heating of the contact at high dc 
bias. Similar effect was observed in spin valves with an 
interlayer of a CuPt alloy, which resulted in a current flow 
without spin-polarization [6]. 

Finally, we would like to discuss the possible dynamic 
states of a SV. It is known that, in addition to the P–AP 
switching of the magnetic states of a SV, the STT effect 
can lead to an excitation of various vibration modes of the 
magnetization precession. These modes include a coherent 
rotation of a local magnetic moment as well as a non-
coherent generation of magnons. At large currents the sta-
tionary precession of the magnetization leads to the for-
mation of singularities, such a peaks and valleys, on the 

/ ( )dV dI V  dependence (see Fig. 2) due to such a dynamic 
behavior of the magnetization. This results in the formation 
of a dynamic states region on the I–H phase diagram. In 
our measurements we have acquired / ( )dV dI H  curves in 
the bias region of V < ±50 mV (I < ±7 mA, Fig. 2), i.e., we 
have limited ourselves to the hysteretic region of the 

/ ( )dV dI V  dependence where no such singularities occur. 

6. Conclusions 

The main results of this work can be summarized as fol-
lows. 

1. We have proposed a model of a local surface spin 
valve that is formed in a N/F point contact. In this model, 
the bulk ferromagnetic layer acts as a spin polarizer of the 
electric current, which then passes through the magnetic 
cluster at the surface of the layer. Magnetization switching 
in the bulk ferromagnetic layer occurs at weaker magnetic 
fields than in the surface cluster. Possibly, the anisotropy 
of the surface magnetic cluster is larger than that of the 
bulk layer due to the atomic size of the cluster and its clus-
ter-like nature. This large anisotropy results in a higher 
coercive field of the cluster.  

2. We have constructed an I–H phase diagram of stable 
magnetic states of a surface spin valve based on a Co–Cu 
microcontact. The magnetization switching field of the 
surface cluster decreases until its complete disappearance 
with an increase of the positive bias current (the spin-
polarized electrons flow from the bulk film to the surface) 
in an in-plane external magnetic field. This effect is due to 
the parallel alignment of the external and the STT fields to 
each other leading to the enhancement of the total field. 
The width of the corresponding hysteresis loops in the 
magnetoresistance curves decreases symmetrically with an 
increasing negative bias. In contrast, the width of the R(H)-
loops at negative biases is larger than their width at posi-

tive bias voltages. This effect is due to a counteraction of 
the STT field to the external magnetic field. 

3. There is a general tendency of the R(H)-loops to be-
come narrower during an increase of the absolute value of 
the bias independently of its polarity. This effect could be 
due to the reduction of the coercivity of the surface cluster 
by a magnetic (Oersted) field of the bias current, which can 
reach ~1.5 kOe for a current of I = 7.8 mA that flows 
through a contact of 20 nm diameter at V = 50 mV. Addi-
tionally, generation of non-equilibrium magnons and ther-
mal effects due to a high current density of 109 A/cm2 
could lead to the reduction of the R(H)-loop width.  

The research was supported in part by the “NANO” 
program of NAS of Ukraine under Project 26/12-H. 
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