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Anomalous low-frequency noise in synthetic antiferromagnets: Possible evidence of
current-induced domain-wall motion
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We investigate current-driven magnetization dynamics in synthetic [Fe/Cr],, multilayer antiferromagnets by
using low-frequency voltage noise measurements. We observe suppression of the noise above a critical current
density of about 2 X 103 A/cm?. Theoretical estimates suggest that this effect may be attributed to current-

induced motion of domain walls in the antiferromagnet. The observed critical current density is about one order
of magnitude smaller than for ferromagnetic systems. Our results are relevant for applications of antiferromag-
netic metal spintronics in, e.g., magnetic memory storage technology.
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I. INTRODUCTION

The interaction between a collective coordinate, usually
an order parameter that characterizes a phase transition, and
nonequilibrium quasiparticles is common in physics. Ex-
amples are Andreev reflection of electronic quasiparticles of
a superconductor and the influence of charge-density waves
on electron transport. Prominent recent examples are giant
magnetoresistance (GMR) (Refs. 2 and 3) and, in particular,
spin transfer torques that are actively studied in the field of
spintronics.*~7 Both effects occur due to the interaction of a
spin-polarized current with the ferromagnetic order param-
eter. Currently, spin transfer is mostly studied in the context
of current-driven domain-wall (DW) motion, which has been
observed in ferromagnetic metals®'?> and ferromagnetic
semiconductors.'3-1

Recently, it was proposed theoretically that current-
induced torques also exist in antiferromagnets.'® Indirect evi-
dence for their existence was found by the observation that
the current influences the exchange bias in nanopillars.!”!3
One of the most interesting aspects of current-induced
torques in antiferromagnets is that the critical current for
inducing magnetization dynamics is predicted to be substan-
tially lower than in ferromagnetic systems.!® However, di-
rectly monitoring magnetization dynamics in antiferromag-
nets turns out to be hard because the resolution limit of the
techniques commonly used to study ferromagnetic materials
renders them unsuitable for studying antiferromagnets.

Noise measurements, on the other hand, have generally
proven to be a powerful indirect diagnostic tool. For ex-
ample, electronic shot noise has led to the observation of
fractionally charged quasiparticles in fractional quantum-
Hall systems.!® Very recently, a sliding charge-density wave
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was observed using low-frequency noise measurements. -2

In this paper we report on current-driven magnetization
dynamics in a synthetic antiferromagnet, observed via a
change in the voltage noise as a function of current. We
investigate the interaction of dc currents with domain walls
in epitaxial antiferromagnetically coupled [Fe/Cr];, multi-
layers in a wide temperature range below 300 K and with
current densities up to 5X 10° A/cm?, by using simulta-
neous measurements of domain-wall magnetoresistance and
low-frequency noise. While the domain-wall magnetoresis-
tance (DW-MR) remains practically unchanged for the cur-
rent densities under investigation, a transition from excess
DW-induced 1/f noise at low current densities to a sup-
pressed noise at current densities j. exceeding 2
X105 A/cm? is observed. We present theoretical estimates
that indicate that this unexpected observation could be attrib-
uted to current-induced domain-wall motion above the criti-
cal current density j., which coarsens the DWs and reduces
the DW-related noise. Current-induced DW noise in ferro-
magnetic Co line structures is found to remain qualitatively
unchanged for densities up to 2 X 10® A/cm?, indicating a
weaker influence of current on DWs. We have chosen cobalt
as a reference system and not Fe/Cr multilayers with strongly
suppressed antiferromagnetic coupling because Co is a fully
ferromagnetic material. The Fe/Cr multilayers might consist
of two magnetic phases: the dominant one with local ferro-
magnetic order and a smaller antiferromagnetic fraction cre-
ated by the unavoidable presence of monolayer steps in the
Cr spacer.

As the observed critical current density for magnetization
dynamics in the synthetic antiferromagnet is about one order
of magnitude smaller than for ferromagnets, our results are
important for applications of synthetic antiferromagnets in,
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e.g., memory storage technology. It should be noted that the
domain structure and length scales of these materials are dif-
ferent from natural antiferromagnets. In the synthetic case
the wavelength of the alternation of the magnetization direc-
tion is of the order of the Fe/Cr layer thickness, whereas in a
natural antiferromagnet this length scale would be atomic.
Furthermore, the domain structure in the synthetic antiferro-
magnet is most likely induced by local variations in indi-
vidual layer thickness. In a natural antiferromagnet the do-
main structure is caused by crystalline anisotropy (among
other factors) which for example causes domain walls be-
tween different directions of antiferromagnetic ordering vec-
tors. The current-in-plane of the constant magnetization is
therefore hard to achieve with natural antiferromagnets.
Nonetheless, we believe that our results present an important
step in exploring spin torque effects beyond conventional
ferromagnets.

II. DOMAIN-WALL MAGNETORESISTANCE

Two different epitaxial [Fe(001)/Cr(001)],, multilayers
with the same Cr thickness of 13 A (providing the maxi-
mum antiferromagnetic coupling) and with different Fe
thicknesses of 24 A [magnetic multilayer (MMLI1)] and of
12 A [magnetic multilayer (MML2)] were deposited in a
molecular-beam epitaxy system on MgO(100) substrates
held at 50 °C. Detailed descriptions of the sample prepara-
tion and characterization [x-ray diffraction (XRD), electron
transport, etc.] may be found in references of Aliev and
Schad.?!?? The samples were patterned to a line structure
configuration along the easy (001) axis with a length of
500 wmm, a width of 10 wm, and a distance between pairs of
oppositely situated voltage probes of 400 um. Experiments
were carried out with the dc current parallel to the external
magnetic field and to the magnetically easy (001) axis. De-
tails of the growth and characterization of 2I1-nm-thick,
10-um-wide, and 700-um-long polycrystalline Co line
structures can be found in references of Brems.?* The setup
employed in electron transport and low-frequency noise
measurements has been described previously.?*?3

Creation of DWs in antiferromagnets is not energetically
favorable. For synthetic antiferromagnets, such as [Fe/Cr],
MMLs, the influence of a magnetic field on the DWs is
mainly due to the presence of biquadratic coupling, allowing
effective displacement of the antiferromagnetic domain walls
by the external fields.?® A relatively low DW pinning energy
in fully epitaxial Fe/Cr MMLs?’ gives rise to appreciable
DW-MR only at temperatures below 100 K.>! Although the
physical origin of the low DW pinning barrier in the Fe/Cr
multilayers remains to be further clarified, we think that it
might be related to the antiferromagnetic exchange coupling
between Fe layers.

Magnetic force microscope (MFM) studies, which are
sensitive to the perpendicular component of the local-field
gradient and typically have resolution only down to 100 nm,
show a rather complicated character of the domains in our
[Fe/Cr] multilayers with irregular domain walls (see inset in
Fig. 1). Our MFM images are qualitatively similar to those
previously reported for Fe/Cr/Fe trilyers in the strongly an-
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FIG. 1. (Color online) Main part: low-field dependence of the
magnetic susceptibility in MML1 measured at 7=77 K. The inset
shows a MFM image of MMLI obtained in zero magnetic field at
T=300 K within 10X 10 gm?.

tiferromagnetically coupled regime and measured at some-
what larger scales by using Kerr microscopy.?® We are not
aware of any published micromagnetic calculations for Fe/Cr
or similar synthetic antiferromagnets which would allow
comparison with these data. The main difficulty with such
calculations is related to the rather small values of the de-
magnetizing fields (and corresponding energies to be mini-
mized) in the synthetic antiferromagnets. Another factor con-
tributing to the complicated domain structure present in the
Fe/Cr system will be discussed below in more detail and is
related to the local crystal structure (one monolayer Cr steps)
resulting in strong local variations of the magnetic
coupling.?’

The main part in Fig. 1 shows the magnetic-field-
dependent susceptibility measured for MMLI1 along the easy
axis and for the field and temperature range where domain
walls contribute to the magnetoresistance. Although the large
scale domain walls are created and annihilated at relatively
low fields roughly below 100 Oe, the field-dependent mag-
netic susceptibility also reveals the presence of much smaller
magnetic hysteresis above fields larger than 200 Oe. This
feature is most probably related to gradual changes in the
local-microstructure-induced magnetic disorder. More direct
characterization of the changes in the local magnetic disorder
up to saturation can, in principle, be provided by polarized
neutron reflectometry (PNR) experiments.>*3! The magnetic
multilayers studied in the present work are too thin to obtain
appreciable PNR signals. On the other hand, increasing the
total thickness of our epitaxial magnetic Fe/Cr multilayers by
increasing the number of magnetic layers (as employed in
reference of Langridge® for Co/Cu MMLs) results in an en-
hancement of both roughness and microstructure related lo-
cal magnetic disorder.

Figure 2(a) shows the low-temperature in-plane magne-
toresistance in samples MML1 and MML2 measured up to
high magnetic fields to ensure complete parallel alignment of
the Fe layers. The high GMR values (60—80 %) point to the
strong antiferromagnetic coupling and confirm the good ep-
itaxy. We have found, however, that the saturation field H is
much better defined for MML1, indirectly indicating its en-
hanced crystalline order in comparison with MML2. In
agreement with previous observations, both types of multi-
layers show an appreciable DW magnetoresistance only at
temperatures below 100 K.2!%7
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FIG. 2. (Color online) (a) Comparison of giant magnetoresis-
tance GMR=[R(H)-R(60 kOe)]/R(60 kOe) X 100 measured

at 10 K for MML1 and MML2: The arrows indicate the correspond-
ing saturation fields H,. (b) Magnetoresistance MR(0 Oe)
=[R(H)-R(0 Oe)]/R(0 Oe)Xx 100 for MMLI and MML2 mea-
sured at 77 K. (c) Magnetoresistance MR(400 Oe)=[R(H)
—R(400 Oe)]/R(400 Oe) X 100 for MMLI1 measured at =77 K
with different current densities that were also used for the noise
measurements. The arrows indicate the DW nucleation (H,) and
annihilation (H,) fields. (d) Low-field magnetoresistance for MMLI
measured at 7=77 K with very small current density and with cur-
rent either parallel or perpendicular to the external magnetic field.

Figure 2(b) compares the normalized magnetoresistance,
measured at a temperature of 77 K in MML1 and MML2, for
the low magnetic field regions where DWs nucleated at H
=H, and annihilated at H=H, contribute to magnetoresis-
tance. One clearly observes a less-defined DW annihilation
field for MML2 when compared to MML1, which correlates
with a much broader field region needed to suppress com-
pletely the antiferromagnetic state [Figs. 2(a) and 2(b)]. This
further indicates the presence of higher local structural order
in MML1 when compared to MML2.

We have found that the DW-MR is independent of the
applied current density up to the maximum applied current
densities. Figure 2(c) demonstrates that even with the
maximum current density used at 7=77 K (j=3.3
X 10° A/cm?), the current-induced self-field or heating are
negligible and practically have no influence on the DW-MR.
To finalize our discussion of the low-field electron transport
we also mention that the DW-MR is found to be practically
independent of orientation of the current with respect to the
in-plane magnetic field [see Fig. 2(d)]. This clearly indicates
the absence of anisotropic magnetoresistance, as expected for
strongly antiferromagnetically coupled multilayers with re-
duced magnetization.

II1. NOISE MEASUREMENTS

The voltage noise power Sy due to magnetization fluctua-
tions was studied in the frequency range between 1 and 40
Hz. The observed 1/f noise can be expressed in terms of
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FIG. 3. (Color online) (a) Dependence of the Hooge factor («)
on the magnetic field for MML1 at 77 K with different applied
current densities. (b) Hooge factor plotted on a logarithmic scale vs
magnetic field for MML1 at 77 K with two different applied current
densities. The normalized noise vs field measurements are done
with a current density of j=3.3X10° A/cm? and the results are
shown both for increasing and decreasing magnetic field. The ex-
periments have been carried out with dc current parallel to the ex-
ternal magnetic field and to the magnetic easy (001) axis.

Sy(f ,H):ﬂﬂfm, with « the Hooge factor and V the average
voltage between potential contacts.’?33 Figures 3 and 4
present our main finding: there occurs a clear suppression of
the DW-related excess low-frequency noise (Hooge factor)
in MMLI for sufficiently high current densities. Figures 3(a)
and 3(b) show data obtained at T=77 K when the current
density exceeds 2 X 10° A/cm?, the excess noise observed
for low magnetic fields, where DWs are created and propa-
gate, is suppressed in the field interval H,<H<H, Mea-
surements under similar conditions (77 K) for MML2 reveal
that the Hooge factor is about an order of magnitude smaller
and the noise shows no qualitative changes up to current
densities of 5X 10° A/cm? (not shown). This provides fur-
ther proof for stronger DW pinning due to higher structural
disorder in MML2.

Figures 4(a) and 4(b) show direct voltage noise power
measurements for MML1 presented for two limiting cases:
small vs high current density with the magnetic field either
inside or outside the interval (H,<H<H,) where antiferro-
magnetic DWs nucleate and propagate. Figure 4(c) demon-
strates the relatively good scaling of the averaged, over the
frequencies of interest (1-25 Hz), noise power by the fre-
quency with the square of bias voltage at 77 K, which is
expected for the phenomenological Hooge law describing
near equilibrium 1/f noise. For the weak field H,<H<H,
and weak bias interval, however, a strong deviation from the
above dependence is observed. We attribute the excess noise
and deviation from the 1/f-like frequency dependence to
nonequilibrium noise present at low fields (H,<H<H,) to a
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FIG. 4. (Color online) [(a) and (b)] Voltage noise (power spec-
tral density) for MMLI for low and high biases, j=6.6
x10* A/cm? and j=3.3X10° A/cm?, respectively, for different
applied fields inside (H=+50 Oe) or outside (H=—-125 Oe) the
interval (H,<H<H,) where antiferromagnetic DWs nucleate and
propagate at 77 K: The dotted lines represent 1/f variation in the
noise power, while the black arrows relate the applied bias with the
current density. Part (c) plots the averaged over the frequencies
(1-25 Hz) product of the power spectral density multiplied by the
frequency as a function of square of the applied bias voltage V2. A
nearly linear dependence Sy X f=a(H)V? is seen for the field H=
—125 Oe outside the interval where antiferromagnetic DWs nucle-
ate and propagate, whereas in the field range (H,<H<H,) the
parameter Sy X f exhibits a clearly different behavior discussed in
the text.

Barkhausen-type contribution to the noise at low biases
[Figs. 4(c)]. Despite this deviation, our work uses the Hooge
factor as a simplified parameter for the analysis of the nor-
malized noise.

Decreasing the temperature down to 10 K substantially
reduces the excess DW-induced noise measured in MMLI
for low current densities [Fig. 5(a)]. This is in perfect agree-
ment with the suppression of the DW-related excess imagi-
nary contribution to the magnetic susceptibility due to stron-
ger DW pinning at low temperatures.”® The noise measured
at 10 K with low current density (<10° A/cm?) weakly in-
creases when DWs are formed. However, for current densi-
ties exceeding 2X 103 A/cm? a strong reduction in the nor-
malized noise for the field region where DWs are created and
propagate is again observed. Figures 5(b) and 5(c) compare
the dependence of the Hooge factor on current density for the
field regions with (H,<H<H,) and without (H>H,) the
presence of DWs. The crossover from excess to suppressed
DW is shifted to lower current densities for 7=10 K when
compared to 7=77 K. We believe that part of the current-
induced suppression of the DW-related noise at the highest
current densities and low temperatures [Fig. 5(c)] may be
due to Joule heating and Oersted field effects that are esti-
mated to be about 10 K and 5 Oe for a current density of
4X10° A/cm?. We finally mention that qualitatively similar
current-induced changes in the normalized low-frequency
noise have been observed when experiments have been car-

PHYSICAL REVIEW B 79, 134423 (2009)

T=10K a
H ( ) 3 :@\
=
=
2
L
T
) R
& s 5 e
[— (@RiaH) [ | 1710 é’cm |
) s | —e—2.3*10° A/lcm
107 d
-200 0 200 400
H (Oe)
- —l— H=-125 Oe —l— H=-125 Oe
—P— H=+50 Oe —&P— H=+60 Oe
0] 13 -14
S 10", 9 77K & 10
S] o\ 3
- A T 10k
®.
10™ . () 5 ¢ (c)
1 2 3 4 5 W92 3 4 5

J( 05A/cm2) J( OSA/CITIZ)

FIG. 5. (Color online) (a) Dependence of the Hooge factor ()
(on logarithmic scale) on the magnetic field for MMLI obtained
from noise measurements at 7=10 K with two different applied
current densities. For comparison, the solid line shows the absolute
values of the derivative dJR/JH measured with a current density of
2.3%X10° A/cm?. The vertical arrows mark the regions of nucle-
ation and annihilation of the domain walls determined from low-
field magnetoresistance measurements. [(b) and (c)] Dependence of
the Hooge factor on the current density measured in MML1 with
and without domain walls for two different magnetic fields at tem-
peratures of 77 K (part b) and of 10 K (part c).

ried out with the dc current along the easy axis, but perpen-
dicular to the external magnetic field.

It was recently reported that the DW-induced noise mea-
sured within the field region where DWs are formed, propa-
gate, and annihilate under quasiequilibrium conditions, ap-
proximately scales with the absolute values of the derivative
of resistance vs magnetic field, i.e., a(H) > 2—51.34 Figure 5(a)
compares the field dependence of JR/JH and of the Hooge
factor measured at 10 K with a current density of 2.3
X 10° A/cm?. Clearly, the Hooge factor and JR/JH reveal
qualitatively different field dependences close to the region
where DWs are formed and propagate. This observation in-
dicates the presence of strongly nonequilibrium DW induced
noise at high current densities and also is an indirect proof of
current-induced motion of the DWs in Fe/Cr multilayers. In-
terestingly, we have found that the simple relation between
dR/9H and the Hooge factor is reasonably well fulfilled for
our noise measurements in the ferromagnetic Co line struc-
ture in the field region where DWs are nucleated and propa-
gate up to current densities of about 4 X 10° A/cm? (Fig. 6).
Qualitatively similar behavior was observed both for 300 and
77 K. For current densities exceeding 10® A/cm? the Oer-
sted field created by the transport current (roughly 12 Oe for
the maximum used current density) and Joule heating (being
above 10 K for the maximum applied dc currents) may, how-
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FIG. 6. (Color online) Hooge factor («) vs magnetic field mea-
sured in the ferromagnetic Co line structure at 77 K with a current
density of 3.3X 10> A/cm? The inset shows the field values of the
maximum in the Hooge factor and the related maxima of the de-
rivative dR/JH as a function of current density.

ever, affect both magnetotransport (JR/JH) and low-
frequency noise in the ferromagnetic Co line structures. This
influence is evidenced in the gradual reduction in the
domain-wall depinning field and related displacement of
both maxima in both dR/JH and the Hooge factor above
10° A/cm? (see inset to Fig. 6).

IV. DISCUSSION AND CONCLUSIONS

We believe our experimental results are consistent with
current-induced motion of the domains in the magnetic mi-
crostructure in the Fe/Cr multilayers, as we now explain.
First of all, the predominant domain walls are those in the Fe
layers induced by local variation of the Cr layer thickness,
which causes alternating exchange coupling between the Fe
layers,” as well as extrinsic pinning for the domain walls.
Second, because the geometry is current-in-plane of the lay-
ers, we assume that within each layer the same mechanisms
prevail that cause current-induced domain-wall motion in
ferromagnetic metallic wires. In the presence of extrinsic
pinning the critical current for depinning a domain wall is
then given by35 36 jo~e|VyiN/ (hBAE), where e is the elec-
tron charge, Vy;, is a typlcal pinning energy for the domain
wall, and A is the cross-sectional area perpendicular to the
current direction of a single Fe layer. For our system param-
eters we find, taking V;,/kp equal to the temperature below
which DW magnetoresistance is observed (~100 K), that
Je~N/BEX10° A/cm? in terms of the width N of the do-
main wall and the typical range & of the pinning potential.
The critical current is further determined by the dimension-
less parameter 3 that characterizes the degree to which spin
is not conserved in the spin transfer process, and/or the de-
gree to which the spin transfer torque is not adiabatic. In our
system we expect that N/ is of the order of 0.1-0.01.%
Microscopic calculations indicate that 3 is of the same order
as, though generally not precisely equal to, the Gilbert damp-
ing constant (~0.1-0.01) (Refs. 37-40) and we conclude
that the estimated critical current is consistent with our ex-
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perimental findings. From this theoretical picture we also
conclude that the critical current for moving domain walls is
lower in multilayer Fe/Cr than in ferromagnetic wires,
mainly because the pinning energy of the domain walls is
smaller due to the antiferromagnetic structure. To further cor-
roborate the picture of extrinsic pinning, we note that esti-
mating the so-called intrinsic critical current for domain-wall
motion from the saturation magnetization of one Fe layer
(~2T) yields a critical current that is several orders of mag-
nitude higher than the current at which the suppression of
1/f noise is observed.*

Let us finally discuss the possible origin of the unusual
minimum in the normalized 1/f noise at high current densi-
ties and for magnetic fields in between the DW nucleation
and depinning fields. When current-induced torques over-
come the DW pinning energy and for high current densities
the DWs are set in motion, their continuous displacement
could essentially reduce a local variation in the magnetic
coupling sign due to 1 ML steps at the Fe/Cr interface pre-
viously reported for Fe/Cr/Fe multilayers.?’ The presence of
interfacial roughness induced magnetic disorder in [Fe/Cr],
multilayers with large n=30-80, which is influenced by high
(close to saturation) magnetic fields, was also identified by
using neutron off-specular diffusive scattering experiments.!
Here, we suggest that the substantial suppression of magnetic
noise in the vicinity of the depinning field with high current
densities j,>2X10° A/cm? is due to large DW movement
induced reduction in the local magnetic disorder. In other
words, we propose that the downward and upward variations
in the magnetic noise at low fields appears because of com-
petition between local magnetic disorder (which provides the
background magnetic noise) and its reduction by the moving
domain walls due to larger currents. We note that our hypoth-
esis is also corroborated by the observation of broad maxima
in the noise at low temperatures (7=10 K) and at low cur-
rent densities [Fig. 5(c)]. We believe that the weakly mobile
domains at low currents could contribute to the enhanced
low-field magnetic noise while the DWs moving by the cur-
rent suppress the local microstructure induced magnetic dis-
order and the related low-frequency noise.

In conclusion, detailed studies of domain-wall magnetore-
sistance and noise in antiferromagnetically coupled Fe/Cr
multilayers reveal an unexpected dependence of domain-
wall-induced low-frequency noise on the current density. We
attribute this observation to current-induced magnetization
dynamics that occurs at a critical current density that is
smaller than typical current densities observed in ferromag-
netic materials.
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