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Slow magnetization relaxation processes are an important time-dependent property of many
magnetic materials. We show that magnetotransport measurements based on a well-established
current-reversal method can be utilized to implement a simple and robust screening scheme for
such relaxation processes. We demonstrate our approach considering the anomalous Hall effect in
a Pt/Co/AlOx trilayer model system, and then explore relaxation in τ -MnAl films. Compared to
magnetotransport experiments based on ac lock-in techniques, we find that the dc current-reversal
method is particulary sensitive to relaxation processes with relaxation time scales on the order of
seconds, comparable to the current-reversal measurement time scales.

I. INTRODUCTION

Slow magnetization relaxation processes in magnetic
materials, i.e., the delayed response of the magnetization
to the external magnetic field [1], have been observed
and investigated for several decades, as described by Néel
[2], Preisach [1], and others [3–11]. Over time, slow re-
laxation processes have been reported in materials with
various magnetic properties, including thin films with
perpendicular magnetic anisotropy (PMA), spin glasses,
and compensated magnets [5, 10, 12–15]. Magnetic relax-
ation can be probed by the magneto-optical Kerr effect
(MOKE) [5, 7–9], magnetometry [4, 15], magnetic mi-
croscopy [6, 16], and the anomalous Hall effect (AHE)
[11, 17, 18]. The relaxation processes also impact mag-
netic characterization experiments. For example, the co-
ercive field measured in recording tape depends on the
field sweep rate owing to relaxation effects [19]. Similar
observations have also been reported in AHE experiments
on thin films [18]. Indeed, the time necessary for the re-
versal of the magnetization to reach a new (quasi-) equi-
librium state can vary over many orders of magnitude,
depending on various parameters such as the material,
sample size, defects, temperature, and external magnetic
field strength. It can be quasi-instantaneous [20], or reach
up to several hundreds or thousands of seconds [4, 5]. In
the following, we limit the considerations to slow magne-
tization relaxation, i.e., relaxation processes which hap-
pen on time scales ranging from a few seconds [5–7] up
to thousands of seconds [5].
In-depth studies of slow magnetization relaxation pro-
cesses require either the measurement of the time evo-
lution of the magnetization over long time intervals, at
fixed magnetic field, or a series of magnetic field sweeps

with a systematic variation in field sweep rates [18]. Since
such experiments can be very time consuming, slow re-
laxation is often ignored or goes unnoticed. We here show
that a current-reversal method widely used for sensitive
magnetotransport and AHEmeasurements [21, 22] allows
to straightforwardly screen for the presence of slow mag-
netization relaxation processes. The screening benefits
from the slow time-scale of the current-reversal measure-
ment as compared to conventional lock-in measurements,
and provides quantitative access to the normalized relax-
ation parameter dMnorm

dt (with the normalized magneti-

zation Mnorm = M(H)
Ms

and the saturation magnetization

Ms). In turn, if unaccounted for, relaxation effects can
result in measurement artifacts.
This paper is structured in the following way: In Sec.
II we introduce the current-reversal method and derive
the effects of slow magnetic relaxation on this method.
In Sec. III we apply the current-reversal method to a
Pt/Co/AlOx trilayer showing slow magnetic relaxation
to corroborate the considerations from Sec. II. We then
compare the dc current-reversal method to the ac lock-
in method in Sec. IV, and finally apply the method to
τ -MnAl as a material of current interested in Sec. V.

II. CURRENT-REVERSAL METHOD

The current-reversal method (in the following also
called delta method) is a standard technique to reduce
or even eliminate thermoelectric voltages from electrical
measurements [22–24]. In this current-bias, four-point
measurement method, for each measurement point, e.g.
for each magnetic field magnitude in a magnetic field
sweep, two data points are recorded: one voltage V (+I)
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for positive current polarity and one voltage V (−I) for
negative current polarity. The delta minus signal V∆−
and delta plus signal V∆+ are then calculated as:

V∆− =
V (+I)− V (−I)

2
(1)

and

V∆+ =
V (+I) + V (−I)

2
(2)

respectively. Consequently, V∆− contains all effects odd
in current, such as the resistive contribution. For many
experiments focused on (magneto-)resistance, this is the
only quantity of interest. In turn, V∆+ contains all effects
even in current, in particular the above mentioned ther-
moelectric effects. While thermoelectric contributions
are often neglected in transport measurements, V∆+ has
proven very useful in the study of, e.g., the spin Seebeck
effect [25–27], or spin torque effects [28, 29]. In the fol-
lowing, we demonstrate that the V∆+ signal can also be
used to screen for slow relaxation processes.
In a first step, we discuss the consequences of slow mag-
netic relaxation effects on current-reversal Hall measure-
ments. Phenomenologically, the Hall voltage VH in a fer-
romagnet with Hall bar or Hall cross geometry is de-
scribed by [30–32]:

VH =
I

d
·AOHE · µ0Hext +

I

d
·AAHE · µ0M(Hext) (3)

with the sourced current I, the ordinary and anomalous
Hall coefficients AOHE and AAHE, the external magnetic
field Hext, and the sample thickness d. In Hall voltage
measurements, voltage offsets due to a geometrical mis-
alignment of the voltage probes or similar artifacts are
commonplace [33, 34]. This offset is often subtracted
from the data without further consideration. Moreover,
also a planar Hall effect (PHE)/ transversal anisotropic
magnetoresistance contribution could be present in the
measured transversal ‘Hall’ voltage. This PHE contri-
bution would depend on the magnetization orientation,
but in contrast to the AHE it would be even under the
reversal of magnetic field. For simplicity, we assume that
the AHE is much larger than the PHE in the following,
which is reasonable for a ferromagnet with high PMA,
such that the latter can be neglected [29, 35].
To formally model the role of slow magnetic relaxation
on the current-reversal method, the time-dependent re-
laxation of the magnetization M(t) must be taken to ac-
count. Owing to the relaxation, the magnetization at
times t and t+∆t can differ, as approximated by a first
order Taylor expansion:

M(t+∆t) = M(t) +
dM

dt
·∆t+O(∆t2) (4)

Here the derivative dM
dt , which we will call relaxation pa-

rameter in the following, describes the relaxation. Using

Eqs. 2 and 3, the voltage in the delta plus signal becomes:

VH,∆+

(
t+

∆t

2

)
=

VH(t,+I) + VH(t+∆t,−I)

2
(5)

Note that we use t+ ∆t
2 as time point for the delta plus

voltage VH,∆+ since the value is calculated from voltages
measured at the time points t and t+∆t with ∆t, being
the time between the two voltage readings. Using Eq. 3,
Eq. 4 and Eq. 5, we can therefore write:

VH,∆+

(
t+

∆t

2

)
= − I

2d
AAHEµ0

dM

dt

∣∣∣∣
t+∆t

2

∆t

= −1

2

dVH

dt

∣∣∣∣
t+∆t

2

∆t

(6)

We would like to stress, that the negative sign in Eq. 6
comes from the fact that the first measurement point (at
time t) is taken with a positive current polarity, while the
second measurement point (at time t+∆t) is taken for a
negative current polarity. Instead of the voltage, one can

also consider the resistance RH,∆+ =
VH,∆+

|I| calculated

from this voltage, which then is:

RH,∆+

(
t+

∆t

2

)
= − 1

2d
AAHEµ0

dM

dt

∣∣∣∣
t+∆t

2

∆t

= −1

2

dRH

dt

∣∣∣∣
t+∆t

2

∆t

(7)

Eqs. 6 and 7 imply that the delta plus signal allows to
quantify the relaxation parameter dM

dt (or rather the nor-

malized relaxation parameter dMnorm

dt ), i.e., the presence
and amplitude of slow relaxation in a magnetic conduc-
tor, given that the time scale of the relaxation is suf-
ficiently large compared to the time step ∆t, and that
the signal dVH

dt ∆t is above the noise floor of the voltage
measurement. It is important to stress that the time it
takes to acquire a single voltage reading can be fast. In
the discussion above, we thus have tacitly assumed that
the voltage reading is instantaneous, while a finite wait-
ing time ∆t separates the two measurement points with
opposite current polarity. In current-reversal measure-
ments, typical voltage acquisition times range from 0.2 s
to 1 s, while the delay ∆t is of the order of several seconds
(see Sec. III and V). The voltage acquisition thus is fast
compared to ∆t. If the time required to acquire one volt-
age reading becomes comparable to ∆t, relaxation also
will impact the voltage reading itself, and the simple Eqs.
6-14 are no longer applicable. However, qualitatively, the
delta plus signal will still show the characteristic signa-
tures of relaxation.
Another important question is, which quantitative infor-
mation can be extracted from the delta plus signal in the
Hall resistance. Considering the Hall voltage given by
Eq. 3, the anomalous Hall signal is proportional to the
magnetization, and the OHE proportional to the external
magnetic field. Therefore it is possible to determine the
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OHE contribution by fitting a linear function to the Hall
voltages at high magnetic fields (i.e., in magnetic satura-
tion) and to remove the OHE by subtraction. Since the
AHE contribution is proportional to the (out-of-plane)
magnetization component of the sample, we can therefore
calculate a normalized AHE signal, which is equivalent
to the normalized magnetization Mnorm [36]:

Mnorm(H) =
M(H)

Ms
=

RAHE(H)

RAHE,s
(8)

with the field dependent magnetization M(H), the satu-
ration magnetization Ms, the field dependent anomalous
Hall resistance RAHE(H) and the anomalous Hall resis-
tance at saturation RAHE,s. In this way, the transport

experiments yield: dMnorm

dt as a quantitative measure of
relaxation. Using Eq. 8 and the expression for RH,∆+

(see Eq. 7):

RH,∆+ = −1

2

dRH

dt
∆t (9)

we obtain:

dMnorm

dt
=

dRAHE

dt

1

RAHE,s
= −2

RH,∆+

RAHE,s∆t
(10)

Note that we hereby have assumed that dRAHE

dt = dRH

dt .
This is reasonable, since the OHE is time-independent
(instantaneous on the time scales considered here) and
therefore the AHE is the only time-dependent contribu-
tion in the Hall resistance. This means we can directly
calculate the normalized relaxation parameter dMnorm

dt (at
the beginning of the relaxation) from the delta plus signal
of the Hall resistance. With knowledge of the saturation
magnetization it is further possible to estimate the re-
laxation parameter dM

dt . Moreover, using the normalized
magnetization from Eq. 8 to calculate a normalized mag-
netic susceptibility dMnorm

dµ0H
, we estimate the change of the

measured coercive field, if the magentic field sweep rate
is changed:

dµ0Hc

dt
=

dMnorm

dt
dMnorm

dµ0H

=
dMnorm

dt
· dµ0H

dMnorm
(11)

By analogy to the delta plus signal, the voltage for the
delta minus signal is:

VH,∆−

(
t+

∆t

2

)
=

I

d

(
AOHEµ0Hext +AAHEµ0M(t)

+
1

2
AAHEµ0

dM

dt

∣∣∣∣
t+∆t

2

∆t

)
(12)

Thus:

VH,∆−

(
t+

∆t

2

)
= VH (t) +

1

2

dVH

dt

∣∣∣∣
t+∆t

2

∆t (13)

and RH,∆− =
VH,∆−

|I| :

RH,∆−

(
t+

∆t

2

)
= RH (t) +

1

2

dRH

dt

∣∣∣∣
t+∆t

2

∆t (14)

Slow relaxation (finite dM
dt ) thus also results in a finite

contribution to the delta minus signal of the Hall resis-
tance. However this contribution is much smaller than
the (time-independent) part of the Hall effect in most
materials, and thus difficult to resolve.
Finally, substantial relaxation effects typically are ob-
served when the magnetic susceptibility dM

dH is large. In
a more elaborate model, also the relaxation time con-
stant can depend on the magnetic field strength [5]. We
thus expect marked relaxation-related contributions to
the delta plus signal of the Hall resistance RH,∆+ in the
field range for magnetic hysteresis, in which the magne-
tization (and therefore AHE) is switching.

III. MAGNETIC RELAXATION IN A
Pt/Co/AlOx THIN FILM HETEROSTRUCTURE

In order to experimentally corroborate the considera-
tion in Sec. II, we study the magnetotransport response
of a trilayer consisting of 5 nm platinum, 1.1 nm cobalt
and 1.6 nm aluminum oxide, sputter-deposited onto a sil-
icon substrate with thermal silicon oxide. We refer to
this trilayer as Pt/Co/AlOx. The heterostructure is pat-
terned into Hall crosses, as described in more detail by
Nabben et al. [37]. We measure the Hall effect using
a room-temperature electromagnet setup, with the mag-
netic field applied along the film normal. The current
is hereby applied using a Keithley 2450 sourcemeter and
the transversal (Hall) voltage is recorded by a Keithley
2182 nanovoltmeter.
The sample shows perpendicular magnetic anisotropy, a
high remanence, and a deviation from a square hystere-
sis loop at higher magnetic fields, as evident in the Hall
curve in Fig. 1 (a). The delta minus signal of the Hall re-

sistance RH,∆− =
VH,∆−

|I| is dominated by the anomalous

Hall contribution [30], the ordinary Hall contribution is
negligible in comparison (see left axis of Fig. 1(a)). Simi-
lar hysteresis curves were observed in other Co/Pt layers,
as for example described by Shen et al. for Co/Pt mul-
tilayers consisting out of 30 stacks. These authors also
attribute the shape of the hysteresis loop to non-uniform
domain wall expansion [38]. We expect similar effects in
our Pt/Co/AlOx film. We intentionally did not remove
the offset in the Hall measurements discussed above in
Sec. II. The right axis of Fig. 1(a) shows the normalized
magnetization of the sample calculated with Eq. 8.
We now consider the delta plus signal of the Hall re-

sistance RH,∆+ =
VH,∆+

|I| shown in Fig. 1(b) (left axis),

obtained from the same set of data as RH,∆−, simply by
adding instead of subtracting subsequent voltage mea-
surements. As expected from the discussion in Sec. II
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FIG. 1. Hall resistance of Pt/Co/AlOx, recorded us-
ing the delta method:
(a) Left axis: delta minus signal of the Hall resistance, right
axis: normalized magnetization calculated from the Hall re-
sistance using Eq. 8.
(b) Left axis: delta plus signal of the Hall resistance, right
axis: negative of (normalized) relaxation parameter dMnorm

dt
calculated from the delta plus signal of the Hall resistance,
using Eq. 10.
(c) Left axis: derivative of the delta minus signal of the Hall
resistance with respect to the external field µ0H, right axis:
normalized susceptibility (derivative dMnorm

dµ0H
calculated from

the normalized magnetization). The data was recorded with a
time step ∆t = 3 s and I = 1mA at room temperature. The
field sweep directions are indicated by arrows and different
colors.

we indeed observe a finite signal. We further plot
dRH,∆−
dµ0H

as a measure for the magnetic susceptibility dM
dH in the

left axis of Fig. 1(c), and obtain sharp peak followed by
a broad shoulder in the magnetic field ranges in which
the magnetization reorients, which is qualitatively sim-
ilar to the delta plus signal RH,∆+ in Fig. 1(b). The
magnetic field sweep direction is hereby encoded in the

sign of RH,∆+, while
dRH,∆−
dµ0H

is not affected by the sweep

direction, since the time axis is irrelevant here. More-

over, we have carefully checked that the delta plus signal
shows an ohmic behavior, i.e., delta plus signal of the
Hall resistance RH,∆+ is constant for different magni-
tudes of the sourced current I. This together with the
signal’s shape rules out the possibility of a thermal ori-
gin. Nevertheless, similar effects could be misinterpreted
as thermovoltages, if the delta method is used to inten-
tionally measure thermovoltages. In Figs. 1(b) and 1(c),
the position and magnitude of the peaks in Fig. 1(b) and
(c) are not symmetrical. This is due to the fact that in
our setup, we apply a series of current levels to the coils
of the electromagnet to generate different magnetic field
values. Owing to the finite remanence of the iron yoke
of the magnet, this results in slightly different applied
magnetic fields for positive and negative currents in the
coils. Since the peaks are very narrow, small deviations
in the magnetic field can have a big influence on the mea-
sured value. Additionally, the reason for the qualitative
difference of the two-step variation with H in Fig. 1(b)
and (c) could be a field-dependent time constant of the
relaxation.
The negative of the normalized relaxation parameter
dMnorm

dt (see Eq. 10) is shown in the right axis of Fig.
1(b). It goes up to about 8%/s at the sharp peak and
is in the order of 0.8%/s in the region of the shoulders.
In the right axis of Fig. 1(c) we plot the normalized
susceptibility dMnorm

dµ0H
. With the approximation from Eq.

11, the normalized relaxation parameter dMnorm

dt and the

normalized susceptibility dMnorm

dµ0H
(see right axis of Fig.

1(c)) we can therefore estimate the sensitivity of the mea-
sured coercive field with regard to small changes of the
field sweep rate or measurement delays as up to approx.
0.4mT/s, for a coercive field of approx. 7mT. Here the
derivative dHc

dt is in the same order of magnitude, as the
coercive field. Therefore changes of the field sweep rate
will have a noticeable impact on the measurement of the
coercive field.
To confirm that the delta plus signal of the Hall resis-

tance originates from slow magnetic relaxation, we mea-
sure a time trace of both the delta plus and delta minus
signal of the Hall resistance. In these measurements, we
first saturate the magnetization of the thin film by apply-
ing a magnetic field of 50mT. Then we sweep the mag-
netic field to a given magnetic field value (i.e., −7mT
in Fig. 2). Now the magnetic field is kept constant
and the voltage V (t) is recorded over time, using the
delta method. The investigated Pt/Co/AlOx films in-
deed exhibit a slow magnetic relaxation as shown by the
time trace of the delta minus signal of the Hall resistance
RH,∆− in Fig. 2(a). In the time trace of the delta plus
signal of the Hall resistance RH,∆+, depicted in Fig. 2(b)
(red curve), we observe a finite signal which decays over
time. This decay is equivalent to the quantity − 1

2
dRH

dt ∆t
calculated in Eq. 7 and can be seen by comparing the
red and green curve in Fig. 2(b). Note that in Eq. 7 we
have the derivative dRH

dt , while in Fig. 2(b) the derivative
dRH,∆−

dt is plotted. Strictly speaking, these two terms are
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FIG. 2. Time-dependent evolution of the Hall resis-
tance in Pt/Co/AlOx film at µ0H = −7mT:
(a) Left axis: measured time trace of the delta minus signal
of the Hall resistance, with schematic depiction of the link
between RH,∆− and RH,∆+ in the delta method with exag-
gerated time steps ∆t, right axis: time trace of normalized
magnetization calculated from RH,∆− using Eq. 8.
(b) Left axis: measured time trace of the delta plus signal of

the Hall resistance (red) and right axis: derivative − 1
2

dRH,∆−
dt

(green) calculated via Eq. 7.

not equivalent. We can write the time derivative of Eq.
14 as:

dRH,∆−

dt
=

dRH

dt
+

1

2

d2RH,∆−

dt2
∆t (15)

If we transpose Eq. 15 to dRH

dt and use this term in Eq.
7 we obtain:

RH,∆+

(
t+

∆t

2

)
=− 1

2

dRH,∆−

dt

∣∣∣∣
t+∆t

2

∆t

+
1

2

d2RH,∆−

dt2

∣∣∣∣
t+∆t

2

(∆t)2
(16)

This corresponds to a second order Taylor expansion, in
analogy to the first order Taylor expansion in Eq. 4.

Given that
∣∣∣ 12 d2RH,∆−

dt2 (∆t)2
∣∣∣ ≪

∣∣∣ 12 dRH,∆−
dt ∆t

∣∣∣ which is

the case if the time step ∆t is sufficiently smaller than
the time scale on which the relaxation happens, we can

neglect the second order term, thus:

RH,∆+

(
t+

∆t

2

)
= −1

2

dRH,∆−

dt

∣∣∣∣
t+∆t

2

∆t (17)

As shown by the agreement of the red and green curve
in Fig. 2(b), since the time scale of the relaxation is
slow enough compared to the time step ∆t to assume,

that dRH

dt =
dRH,∆−

dt . In summary, the measurements on
the Pt/Co/AlOx trilayer confirm the considerations from
Sec. II. Slow magnetic relaxation leads to a measurable
signal of the delta plus signal of the Hall resistance, as
shown in Fig. 1(b).

IV. COMPARISON TO THE LOCK-IN
METHOD

Another standard method for sensitive (magneto-) re-
sistance measurements and measurement of higher har-
monic signals is homodyne detection using a lock-in am-
plifier. In the following, we discuss whether lock-in based
Hall measurements are equally susceptible to slow relax-
ation effects. Instead of a dc current, we thus consider
that an ac current Ilock−in with a reference frequency fref ,
the angular frequency ω = 2πfref , and an amplitude I0
is applied:

Ilock−in = I0 cos(2πfreft) = I0 cos(ωt) (18)

The measured ac voltage Vm can then be demodulated
with respect to different frequencies and phase shifts,
so that the in-phase components Vx and the quadrature
components Vy of the first harmonic signal V ω and the
second harmonic signal V 2ω can be extracted. From Eq.
3 and Eq. 18, it follows, that the slow magnetic relax-
ation manifests as a decreasing or increasing envelope of
the measured ac Hall voltage Vm (depending on sweep
direction and Hall sign). Due to the changing envelope,
the peak at 1ω in Fourier/frequency space is expected to
broaden, when a magnetic relaxation is present.

Vm = (AOHEµ0Hext

+AAHEµ0M(Hext, t))
I0
d
cos(ωt)

(19)

Therefore, after demodulation with cos(ωt) for the in-

phase first harmonic of the Hall resistance Rω
H,x =

V ω
H,x

I0
in both cases the demodulated signal (e.g. first har-
monic of the Hall resistance) is dominated by the time-
independent part of the Hall signal. For the first har-

monic quadrature component Rω
H,y =

V ω
H,y

I0
and the in-

phase second harmonic component R2ω
H,x =

V 2ω
H,x

I0
the mea-

sured voltage signal is demodulated with sin(ωt) and
cos(2ωt), respectively. Therefore in the absence of slow
magnetic relaxation, the first harmonic quadrature com-
ponent Rω

H,y and second harmonic in-phase component

R2ω
H,x vanish. The residual signals in these components
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that occur when the magnetic system relaxes is simi-
lar to the delta plus signal of the Hall resistance in the
dc current-reversal method. In addition, irrespective of
whether magnetization relaxation is present, the second
harmonic signal can also have contributions from ther-
moelectric effects, in analogy to the discussion for the
dc-method.
To verify these considerations, we performed lock-in

measurements on the Pt/Co/AlOx Hall crosses. In Fig.
3(a),(c),(e) we show measurements at a slow reference
frequency fref = 1Hz. However, in many lock-in mea-
surements higher reference frequencies are used to shift
the detection window away from 1

f noise, which is large

at low f [39, 40]. We therefore also show measure-
ments at a more commonly used reference frequency of
89Hz in Fig. 3(b),(d),(f),(g), using a phase correction of
θcor = −0.019 rad, to compensate for reactive effects in
the circuit. The time constant for the lock-in measure-
ments at fref = 1Hz was chosen as 3 s, while the time
constant for the measurement at fref = 89Hz was cho-
sen as 1 s. For both reference frequencies, a clear Hall
signal is present in the in-phase component of the first
harmonic of the Hall resistance (see Fig. 3(a),(b)). For
fref = 89Hz, we see no signature of the slow relaxation
in the quadrature component of the first harmonic of
the Hall resistance (Fig 3(d)). Moreover, also the in-
phase component of the second harmonic of Hall the re-
sistance (Fig 3(f) and (g)) apparently is not affected by
relaxation, but rather dominated by leakage of the first
harmonic component into the second harmonic compo-
nent by insufficient filtering or harmonic distortion. For
fref = 1Hz, small but clear signatures of the slow re-
laxation in both the quadrature component of the first
harmonic of the Hall resistance (Fig 3(c)) and the in-
phase component of the second harmonic of the Hall re-
sistance (Fig 3(e)) appear, as expected. Hence, the lock-
in method is rather robust against measurement artifacts
stemming from slow magnetic relaxation effects, at least
for reference frequencies fref ⪆ 100Hz, which are much
faster than the typical relaxation rates [41, 42].

V. MAGNETIC RELAXATION IN MnAl THIN
FILMS

We now use the current-reversal method to gauge the
presence of magnetic relaxation in a material of current
interest, τ -MnAl. This ferromagnetic compound features
a high uniaxial anisotropy leading to a PMA behaviour,
which makes it an interesting candidate for spintronic
applications [43, 44]. Slow magnetic relaxation processes
have recently been observed in ferromagnetic τ -Mn-Al-C
alloys [15]. We here focus on a 78 nm thick MnAl film
sputter-deposited onto a 19 nm thick Cr buffer layer on
a MgO(001) substrate. Details of the growth parame-
ters of the film are described by Scheffler et al. [44].
The film is patterned into a Hall bar by optical lithog-
raphy and wet etching. The Hall response is measured

500

0

500

1000

R H
,x

 (m
)

fref = 1 Hz

500

0

500

1000

R H
,x

 (m
)

fref = 89 Hz

0.25
0.00
0.25

R H
,y

 (m
)

0.25
0.00
0.25

R H
,y

 (m
)

50 0 50
µ0H (mT)

0.5
0.0
0.5

R
2 H,

x (
m

)

0.5
0.0
0.5

R
2 H,

x (
m

)

50 0 50
µ0H (mT)

0.14

0.16

R
2 H,

x (
m

)

(a) (b)

(c) (d)

(e) (f)

(g)

FIG. 3. Hall resistance of Pt/Co/AlOx recorded us-
ing the lock-in scheme:
(a) In-phase component of the first harmonic of the Hall re-
sistance, recorded with a reference frequency of 1Hz.
(b) In-phase component of the first harmonic of the Hall re-
sistance, recorded with a reference frequency of 89Hz.
(c) Quadrature component of the first harmonic of the Hall
resistance, recorded with a reference frequency of 1Hz.
(d) Quadrature component of the first harmonic of the Hall
resistance, recorded with a reference frequency of 89Hz.
(e) In-phase component of the second harmonic of the Hall
resistance, recorded with a reference frequency of 1Hz.
(f) In-phase component of the second harmonic of the Hall
resistance, recorded with a reference frequency of 89Hz.
(g) Zoomed plot of the in-phase component of the second har-
monic of the Hall resistance, recorded with fref = 89Hz.
The data was recorded at room temperature.

in a superconducting magnet cryostat with variable tem-
perature insert, since the coercive field of MnAl is much
higher than the coercive field of the Pt/Co/AlOx film.
Again, the current was applied using a Keithley 2450
sourcemeter and the transversal voltage measured with
a Keithley 2182 nanovoltmeter. In Fig. 4(a) we show
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FIG. 4. Magnetic relaxation in a MnAl thin film de-
tected via the delta method:
(a) Delta minus signal of the Hall resistance.
(b) Left axis: delta minus signal of the anomalous Hall re-
sistance obtained by substracting the OHE from the data in
(a), right axis: normalized magnetization calculated from the
anomalous Hall resistance, using Eq. 8.
(c) Left axis: delta plus signal of the Hall resistance, right
axis: negative of the (normalized) relaxation parameter
dMnorm

dt
calculated from the delta plus signal of the Hall resis-

tance via Eq. 10.
(d) Derivative of the delta minus signal of the Hall resistance
with respect to the external field µ0H at T = 300K, recorded
with a time step ∆t = 4.5 s and I = 5mA. The field sweep
directions are indicated by arrows and different colors.

the Hall resistance (recorded using the delta method) in
dependence of the external magnetic field. In Fig. 4(b)
(left axis) the OHE contribution is removed from the Hall
measurements, as described in Sec. II, such that only
the delta minus signal of the anomalous Hall resistance
remains. On the right axis the normalized magnetiza-
tion is depicted, which is calculated using Eq. 8. The
delta plus signal of the Hall resistance is shown in the
left axis of Fig. 4(c). This signal shows clear peaks when
the magnetization reorients, indicating the presence of
slow relaxation of the magnetization. As can be seen
on the left axis of Fig. 4(d) the maxima of the delta
plus signal again coincide with the maximum change of
Hall resistance and therefore maximum change of mag-
netization (i.e., maximal susceptibility) in the sample.
In the right axis of Fig. 4 the negative of the normal-
ized relaxation parameter dMnorm

dt is depicted, using Eq.
10. Here the maximum of the normalized relaxation pa-
rameter is approx. 0.4%/s. This normalized relaxation
parameter is an order of magnitude smaller compared
to the 8%/s observed in the Pt/Co/AlOx trilayer. We
therefore expect, that the time scale of relaxation in the
MnAl sample is higher (i.e., slower relaxation) compared
to the Pt/Co/AlOx sample. Using the approximation
from Eq. 11, the normalized relaxation parameter dMnorm

dt
(see right axis Fig. 4(c)), and the normalized susceptibil-
ity dMnorm

dµ0H
(see right axis of Fig. 4(d)) we can estimate

the sensitivity of the measured coercive field with regard
to small changes of the field sweep rate or measurement
delays as approx. 0.0009T/s, which is negligible small
compared to the coercive field Hc ≈ 0.9T. Therefore we
expect no noticeable influence of (reasonable) changes of
the field sweep rate on the measurement of the coercive
field. To confirm this assumption, we measured a time
trace of the transversal voltage. Like in Sec. III for this
measurement, first the magnetization of the sample is
saturated at a high (positive) magnetic field after which
the external field is ramped to a negative field value (i.e.,
−0.9T) and then kept constant. Once the field is stable,
the voltage is recorded over time using the delta method.
In Fig. 5(a) we show the delta minus signal of the Hall
resistance over time for this measurement. The normal-
ized magnetization values corresponding to this Hall re-
sistances are depicted in the right axis. Fig. 5(b) shows
the delta plus signal of the Hall resistance on the left axis
(green curve) and the correspondence of this values to the

term − 1
2
dRH,∆−

dt ∆t (see Eq. 7) on the right axis (blue
curve). Note that the curves only match until a time of
approx. 150 s. After this time, the measured curve is
dominated by noise, since the theoretical calculated volt-
age is beneath the noise floor of the experimental setup
and relaxation-independent thermoelectric voltages from
the setup. However, as evident from the measurement
curve, the relaxation in the MnAl thin film happens on a
much longer time scale (cf. time axis in Fig. 5) as com-
pared to the relaxation in the Pt/Co/AlOx trilayer (see
time axis in Fig. 2) This corroborates the notion that
the current-reversal method allows to detect the (nor-
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FIG. 5. Time-dependent evolution of the Hall resis-
tance in a MnAl film at µ0H = −0.9T:
(a) Left axis: measured time trace of the delta minus signal
of the Hall resistance RH,∆− , right axis: time trace of the
normalized magnetization calculated from RH,∆− using Eq.
8.
(b) Left axis: measured time trace of the delta plus signal of

the Hall resistance (green), right axis: derivative − 1
2

dRH,∆−
dt

(blue) calculated via Eq. 7.

malized) relaxation parameter and subtle changes in slow
magnetic relaxation. In particular, in field sweep rate
dependent measurements on MnAl, such subtle changes

could easily be overlooked, highlighting a big advantage
of the current-reversal method.

VI. SUMMARY AND OUTLOOK

In conclusion, we presented a scheme for the detection
of slow magnetic relaxation effects based on the measure-
ment of the AHE response via a standard dc current-
reversal method. This method can easily be applied to
standard Hall measurements and is very sensitive to even
subtle relaxation processes. As such, it is an ideal tech-
nique for fast screening, providing first information about
the time scale and amplitude of slow relaxation processes
quantify dMnorm

dt , and identify field ranges for further in-
vestigation of the relaxation processes in magnetic films
showing an AHE. Our analysis reveals that the method
is ideally suited to study relaxation processes on the time
scale of a few seconds up to several hundred seconds. For
such relaxation parameters, conventional lock-in based
magnetotransport measurements are much less sensitive
to relaxation effects. In other words, the dc delta method
has the big advantage, that it works at very low frequen-
cies, for which lock-in schemes are overwhelmed by 1

f
noise.
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