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Scaling of Dzyaloshinskii-Moriya interaction with magnetization in Pt/Co(Fe)B /Ir multilayers
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Magnetic multilayers with perpendicular anisotropy and an interfacial Dzyaloshinskii-Moriya interaction
(DMI) contain chiral domain walls and skyrmions that are promising for applications. Here, we measure the
temperature dependence of the DMI in Pt/CoFeB/Ir and Pt/CoB/Ir multilayers by means of static domain
imaging. First, the temperature dependences of saturation magnetization (Ms), exchange stiffness (A), and
intrinsic perpendicular anisotropy (K, ) are determined. Then the demagnetized domain pattern in each multilayer
is imaged by wide-field Kerr microscopy in the temperature range 9—290 K, and the characteristic domain period

at each temperature is determined. We calculate the DMI constant D from an analytical expression for the
domain wall energy density that treats the multilayer as a uniform medium. Scaling laws for K, and D with
the magnetization are established from the experiments. While the scaling of K, is consistent with Callen-Callen
theory, we find that the scaling of D is like that of A predicted theoretically (~1.8).

DOLI: 10.1103/PhysRevB.104.224402

I. INTRODUCTION

In magnetic multilayers, the interfacial Dzyaloshinskii-
Moriya interaction (DMI) [1] causes domain walls to have
a chiral spin structure, and if it exceeds a critical value,
skyrmions can be stabilized [2]. Even larger values of DMI
produce spin spirals. The different chiral spin textures are
stable only in quite limited regions of a parameter space
where DMI, anisotropy, exchange stiffness, and demagnetiz-
ing fields compete with each other. All of these energies are
also temperature dependent. Chiral spin textures have been
put forward for use in some types of magnetic memories,
sensors, and computing devices [3]. Many proposed devices
use electric current to drive domain walls or skyrmions along
narrow magnetic strips. The induced Joule heating will raise
the temperature of the devices. Moreover, electronic devices
are expected to operate over a range of temperatures around
room temperature. It is therefore important to understand the
temperature dependence of the different energy contributions.
The changes in anisotropy, exchange stiffness, and demagne-
tizing fields with temperature are reasonably well understood
but the DMI less so. It is therefore important to measure the
temperature dependence of DMI in a variety of candidate
materials to improve understanding.

There is also a fundamental interest because the tem-
perature dependence can lead to a better understanding of
the microscopic origin of the DMI in magnetic multilayers.
However, there is as yet little agreement between the re-
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sults. Anisotropy decreases with increasing temperature in
a power law K, (T)/Ky(T = 0) = m(T)"“+D/2 where m =
Ms(T)/Ms(0), the reduced magnetization, and [ is the order
of the anisotropy. This result is derived from Callen-Callen
theory [4,5]. There is not such a simple theory for the
temperature dependence of the exchange stiffness or of the
DMI, but numerical simulations suggest that they also fol-
low power laws A(T)/A(T = 0) = m(T)* and D(T)/D(T =
0) = m(T)? and that the exponents « and § are the same [6-8].
While these works calculated o = 1.5, the important conclu-
sion that should be drawn from them is that « = §. In general,
the value of the exponent will vary depending on the choice of
lattice. One experimental study on Pt/Co/Cu superlattices [9]
found D(m) ~ m*°, while another on [Pt/CoFeB/Ru], [10]
measured D(m) ~ m'8. So far, it is not clear why such dif-
ferent values have been found.

Here, we measure the temperature dependence D(T') of
the DMI in Pt/FM/Ir multilayers that are analogs of those
in several previous reports in which skyrmions are the fo-
cus [11-13]. The ferromagnet (FM) is amorphous CoFeB
or CoB, originally chosen to try and avoid the problems of
skyrmion pinning at grain boundaries. Pt and Ir are chosen
because they are expected to give rise to DMI of opposite
signs at the top and bottom interface and thus a large net
DMI, although this is disputed [14]. We measure DMI by
fitting an expression for the domain wall energy density [15],
for which the inputs are temperature-dependent measurements
of the saturation magnetization Mg, the exchange stiffness A,
the effective perpendicular anisotropy K., and the domain
period d. The low-temperature exchange stiffness is deter-
mined by fitting an expression for Bloch’s law in a thin film to
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Ms(T), while the domain period is determined from images
of the demagnetized domain pattern obtained by wide-field
Kerr microscopy in the temperature range 9-290 K. In the
Pt/CoFeB/Ir multilayers that we study, the DMI varies be-
tween 1.0 and 1.8 mJ/m?, depending on the temperature,
while in the Pt/CoB/Ir multilayers, the DMI lies in a narrower
range between 0.3 and 0.5 mJ /mz. We find that A, K, and D
all scale close to the theoretically predicted behavior.

II. METHODS

The multilayers that we studied consisted of
(i) [Pt(2.3 nm)/CoegFersB10(0.7 nm)/Ir(0.5 nm)],
(hereafter  referred  to as CoFeB) and  (ii)

[Pt(2.3 nm)/CoggB3,(0.8 nm)/Ir(0.5 nm)],, (CoB) deposited
by dc magnetron sputtering on a 3 nm Ta seed layer on a
thermally oxidized Si substrate. Thicknesses are nominal
values. A 2.3 nm capping layer of Pt was deposited on top
to prevent oxidation. The number of repeats n was varied
from 1 to 20, and then the samples were subjected to an ac
demagnetizing procedure, yielding a maze domain structure
at zero field. Three samples were then selected for further
study according to their suitability for DMI measurement:
those with a large number of domains in the typical field of
view in a wide-field Kerr microscope (approximately 200 x
200 um square) to provide a reasonable statistical estimate
of the domain period but with domains that were still well
resolved, no narrower than 400 nm. The samples thereby
selected were CoFeB (n = 2) and CoB (n = 5 and 7).

The saturation magnetization was measured from super-
conducting quantum interference device (SQUID)-vibrating
sample magnetometer (VSM) hysteresis loops in the tem-
perature range 9-290 K, and the exchange stiffness at low
temperature was found by fitting a modified version of the
Bloch 73/2 law for thin films to the normalized SQUID-VSM
moment vs temperature data.

For thin films, the spin wave spectrum is quantized in
the thickness direction which leads to a difference in the
temperature dependence of magnetization. Bloch’s law can
be derived [16,17] in this case by assuming a continuous
spin-wave spectrum in plane but a discrete spectrum in the
thickness, resulting in the following equation:
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where Ms(0) is the zero temperature magnetization, kg is the
Boltzmann constant, 7" is the temperature, ¢ is the thickness
of a single FM layer, A(0) is the exchange stiffness at low
temperature, N is the number of atomic layers in the thickness
t, g = 2.0023 is the electron g factor, By is an applied field
which saturates the magnetization (here, By = 1.5 T), and a,
is the distance between atomic layers in the z direction. This
differs for different lattice types [simple cubic, body-centered
cubic (bcc), face-centered cubic (fcc)] and orientations, but all
are based on a cubic lattice parameter a = 0.355 nm [18]. As
the FM layers are amorphous, the choice of a, is somewhat

MsT) _
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arbitrary; we use values that would correspond to bcc and
fcc lattices in the [100] and [111] orientations. Equation (1)
implies that Ms(T) does not depend on n, which is indeed
what we observe across the range of n.

The value of exchange stiffness in Bloch’s law is the
zero temperature value. Exchange stiffness decreases with
increasing temperature due to renormalization of the magnon
spectrum by the thermal magnons [19]. Theory and experi-
ment find an approximate power law scaling of the exchange
stiffness with the temperature-dependent magnetization where
the exponent depends on the lattice geometry [7]. In our analy-
sis, we use A(T)/A(0) = A(m) ~ m'3, in line with theory [8].

The temperature dependence of the magnetic anisotropy
field Hx was measured from in-plane SQUID-VSM hystere-
sis loops. From this, we calculate the effective perpendicular
anisotropy Keg(T) = %HK(T)MQMS(T). The intrinsic perpen-
dicular anisotropy K,(7T) is then calculated by accounting
for the shape anisotropy for a thin film K. (7) = Ky(T) —
% wolMs(T)H]?, where g is the vacuum permeability.

In principle, K, (T) contains both bulk magnetocrystalline
anisotropies and interface anisotropies. However, for amor-
phous transition metal films, we expect the bulk anisotropy
to be negligible. The main source of anisotropy is a two-ion
anisotropy at the interfaces, for example, Pt-Co, where the
spin-orbit coupling of the Pt leads to an anisotropic exchange
favoring an out-of-plane orientation for the magnetization.
The scaling of two-ion anisotropies according to Callen-
Callen theory [4,5] is K, ~ m?.

We measured the magnetic domain period in the tempera-
ture range 9-290 K from images of the demagnetized domain
pattern obtained by wide-field Kerr microscopy. We first sat-
urated the samples in sufficient out-of-plane field (30-50 mT)
and then demagnetized them at room temperature by applying
a sinusoidally varying out-of-plane field at 0.5 Hz decaying
over 120 s from a maximum amplitude of 30 mT down to zero.
We then mounted each sample in turn in an optical cryostat,
cooled to 9 K, and captured an image of the domain pattern
at several set temperatures while warming back up to room
temperature. Using a similar method to Agrawal et al. [20],
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FIG. 1. Ms(T) for [Pt(2.3 nm)/CogFesnBio(0.7 nm)/Ir(0.5
nm)],—, and [Pt(2.3 nm)/CogsB3,(0.8 nm)/Ir(0.5 nm)],—s 7, normal-
ized to the low-temperature value. The solid lines are fits to the data
using Eq. (1)
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TABLE I. Extracted low-temperature values of magnetic parameters for the three measured thin films.

Ms(9K) (MA/m) A(9K) (pJ/m) K (9K) (MJ/m?) K.(9K) (MJ/m?) D(9K) (mJ/m?)
CoFeB (n =2) 1.36 + 0.07 55+ 1.7 1.01 £ 0.08 2.18 £ 0.13 1.8 £05
CoB (n =5) 1.25 +0.04 73+ 1.7 0.80 =+ 0.04 1.78 £ 0.08 0.47 £ 0.40
CoB(n=17) 1.26 £ 0.05 75+ 1.8 0.32 £ 0.01 1.32 £ 0.08 0.52 £ 0.31

we extracted the domain period from these images. Briefly, a
fast Fourier transform of the image produces rings at a charac-
teristic wavelength related to the maze domains. We extracted
this wavelength by radially averaging in reciprocal space and
fitting a Gaussian function to the intensity. Transforming back
into real space, the peak of the function gave the average
domain period d.

III. RESULTS AND DISCUSSION

Figure 1 shows Ms(T)/Ms(9K) for CoFeB (n = 2) and
CoB (n =5 and 7) thin films. Fitting the data with Eq. (1)
yields the low-temperature value of the exchange stiffness A
for each sample, given in Table I. There is a considerable
uncertainty in the number of atomic layers represented by the
thickness of the film because the film is likely to be rough
at the interfaces. We therefore estimated the uncertainty in A
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FIG. 2. (a) Hysteresis loops measured at room temperature by
magneto-optic Kerr effect with field applied out of plane. (b) Hys-
teresis loops measured at room temperature by SQUID-VSM with
field applied in plane.

by calculating A for n, & 1 from the nominal value n, =t/a,
and taking the largest difference in A as the uncertainty. Our
estimated error is therefore large (up to 30%), but we believe
it is a realistic estimate of how well A can currently be inferred
from thermodynamic measurements in amorphous films. All
the values of A here lie within the range of the uncertainty
estimated above. We then extrapolated the temperature de-
pendence of A using the power law scaling A(T)/A(9K) =
[Ms(T)/Ms (9K)1"® from theory [8].

Figure 2 shows hysteresis loops measured at room tem-
perature (290 K) using an out-of-plane field [Fig. 2(a)] and
in-plane field [Fig. 2(b)]. The former show an expected broad-
ening in the switching field distribution as n increases due to
the increase in interface roughness as successive layers are de-
posited. The latter were measured as a function of temperature
to obtain Hx (T") and thus K.¢. The low-temperature values of
K.t and the intrinsic perpendicular anisotropy K, are reported
in Table I. The uncertainty in the anisotropy is mainly due
to the error in measuring the volume of the sample. Figure 3
shows a log-log plot of K, normalized by the low-temperature
value plotted against the normalized magnetization. The slope
of the linear fit ¥ ranges from 1.88 to 2.09 for the different
thin films, consistent with a power law scaling of K, ~ m?
for a two-ion interfacial anisotropy. Table II lists the scaling
parameters.

Figure 4 shows typical demagnetized domain patterns at
room temperature and the extracted domain period d(T') as
a function of the temperature. The domain period does not
change with the temperature. For each temperature, we use
d(T), Ms(T), A(T), and K. (T) and calculate the domain
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FIG. 3. Log-log plot showing the scaling of the intrinsic per-
pendicular anisotropy K, with Ms. The solid line represents the
Callen-Callen scaling law K, ~ m?. Linear fits (not shown) to the
data yield the scaling parameters in Table II.

224402-3



KHULAIF ALSHAMMARI et al.

PHYSICAL REVIEW B 104, 224402 (2021)

TABLE II. Scaling exponents of the magnetic parameters for the
three measured thin films. Asterisk (*) denotes theoretical value.

o K )
CoFeB (n =2) 1.8% 1.88 + 0.03 1.65 + 0.04
CoB (n=15) 1.8* 2.09 £+ 0.02 1.81 + 0.09
CoB(n="17) 1.8% 2.05 &+ 0.02 1.86 + 0.05

wall energy density (in J/m?) [21]:

Ms(TH?fd(T)?
opw(T) = tol[Ms( n); fd(T)
<1 2k nf —2kmnf
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@

where f is the magnetic volume ratio of the full stack, and 7 is
the thickness of one Pt/FM/Ir unit in the uniform medium
approximation [15]. Here, f = 0.2 or 0.22, and 7 = 3.5 or
3.6 nm based on the nominal layer thicknesses in the CoFeB
and CoB samples, respectively. We find D from the theoretical
domain wall energy density [2]:

opw(T) = 4y A(T)Kest (T) — m|D(T)|. 3

This analysis yields D(T") for each sample [Fig. 5(a)]. The
uncertainty in A dominates the uncertainty in D. Here, D for
both CoB samples is the same within error, as expected, be-
cause the interfaces are the same, and the only difference is the
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FIG. 4. Demagnetized domain patterns imaged by Kerr mi-
croscopy at room temperature for (a) CoFeB (n = 2) and (b) CoB (n
= 7). The images have been adjusted to display maximum contrast
between up/down domains. (¢) Domain period vs temperature for all
three samples. Error bars are smaller than the data points.
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FIG. 5. (a) DMI constant Vs
[Pt(2.3 nm)/CogsFe1nB1o(0.7 nm)/Ir(0.5 nm)],—» and
[Pt(2.3 nm)/CoesB32(0.8 nm)/Ir(0.5 nm)],—s7. (b) Log-log
plot showing the scaling of D with Mg, normalized by the
low-temperature values. The solid line represents D ~ m'$. Linear
fits (not shown) to the data yield the scaling parameters in Table II.

temperature for

number of repeats n. The DMI of the CoFeB sample is larger
than that of the CoB samples (Table I), which we can ascribe
to the presence of Fe and also the smaller atomic percentage
of B in the CoFeB sample. The DMI in the CoB samples is
in the range of what might be expected given a previous mea-
surement in a [Pt(1.0 nm)/CogyB2¢(0.7 nm)/Ir(1.0 nm)],—¢
multilayer [22]. In relative terms, the temperature dependence
of the DMI for the CoFeB and CoB samples is the same.
Figure 5(b) shows log-log plots of D(T") normalized by the
low-temperature value against the normalized magnetization.
Linear fits yield the scaling exponents, which range from 1.65
to 1.86 (Table II). The values of the scaling are nearly all the
same within error. The scaling for CoFeB(n = 2) is only less
than that for CoB samples because the data is skewed by one
point at room temperature. The scaling parameters are close
to the exchange stiffness scaling ~1.8 and align with previous
predictions and results [10,16]. The similar scaling of A and
D explains why the domain period is almost independent of
temperature. Furthermore, if different values for the scaling
of A are used in the analysis (a reasonable range is 1.5-2.0),
the scaling of D is the same within the uncertainty of the
measurement, i.e., ¢ = §, a result consistent with numerical
simulations [6-8].
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IV. SUMMARY

We have measured the temperature dependence of the
magnetization, perpendicular anisotropy, and demagnetized
domain period in Pt/CoFeB/Ir and Pt/CoB/Ir multilayers.
The domain period does not change significantly as the tem-
perature is varied from 9 to 290 K. This result can only be
obtained if A and D have the same temperature dependence,
as predicted by theory. Assuming a scaling of A ~ m!'®, we
find that D ~ m'8, and we report values for the DMI in these
films across the temperature range. Pt/CoFeB/Ir exhibits a
larger DMI than Pt/CoB/Ir, which we ascribe to the presence
of Fe and the smaller at. % of B in the former.

Data associated with this paper are available from the Re-
search Data Leeds repository [23].
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