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Magnetic properties of highly magnetostrictive amorphous glass-coated microwires are strongly
correlated to the presence of a glass coating that introduces a spatially inhomogeneous stress field
distribution. We investigate the influence of mechanical stresses on the inclination of magnetic domain
walls in magnetic microwires. Magneto-optical Kerr effect imaging is used to compare the tilted
orientation of the domain wall shape in as-cast and annealed microwires. Angular dependencies of
magnetization loops measured by alternating gradient field magnetometry reveal that the change of
domain wall tilting with annealing is related to the decrease of a magnetic anisotropy with axial
orientation. Finally, micromagnetic simulations are used to show that sufficiently high uniaxial magnetic

anisotropy gives rise to the presence of the observed charged domain walls with tilted orientation.
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. Introduction

The mechanisms of a magnetic domain wall propagation have been employed in many emerging
applications, such as magnetic sensors [1,2], memories [3,4] or energy harvesting devices for internet
of things (loT) [5]. The suitability of the used magnetic nano- and micro-sized elements stems from the
low energy consumption for changing the magnetization states that are resistant against loss of
information by energy outage. With a small exception [6], most of the dynamic properties of magnetic
domain walls in planar patterned nanostructures can be predicted by a simple one-dimensional (1D)
model. Recent progress in advanced fabrication techniques allows preparation of complex three-
dimensional magnetic wires [7,8] that could provide new classes of domain walls with unprecedented
richness and applicability of their dynamics.

Amorphous glass-coated microwires [9] with positive magnetostriction and spontaneous bistability
features possess very high domain wall velocities that can reach values of up to 5 km/s [10,11].

Furthermore, the fast domain wall motion can be tailored effectively by a transverse magnetic field [12]




or by temperature [13]. Such multi-sensitivity of microwires makes them an ideal candidate for advanced
sensors [14,15], which are capable of the measurement of several physical quantities at the same time.
Despite some attempts to propose a simple mechanical model of domain wall motion [16, 17], the origin
of the obtained high domain wall velocity is still not clear. It is evident that a detailed knowledge of the
internal spin structure in statics is crucial for understanding the dynamic behavior. The shape of domain
walls in microwires has been in focus of several theoretical and experimental studies. Analytical
calculations of eddy-current damping mechanism [17] predict a conical shape of the domain wall. On
the other hand, analysis of a voltage pulse induced in a single-turn pick-up coil showed [18] that the
change of the magnetization is not symmetrical around the principal axis of the cylindrical microwire. A
novel method for mapping magnetization in thin cylinders [19] confirmed a tilted domain wall structure
at the surface. However, the method suffers from the fact that the domain wall cannot be observed
statically, and the field of view is limited by the size of laser spot, which makes an unambiguous
interpretation difficult.

In this paper, we focus on the domain wall inclination in FeSiB microwires and study the influence of the
axial magnetic anisotropy on the domain wall tilting via magneto-optical Kerr effect (MOKE) microscopy.
The manuscript is organized as follows. First, MOKE microscopy is used to estimate the surface
inclination of a domain wall in the static case. The measurements are carried out on the full length of
wires in order to distinguish between long-range effects, i.e. magnetostatic interactions of the domain
wall with the ends of the wires, and local effects arising from domain wall pinning. In the next part, we
show that microwires with domain wall inclination are characteristic due to the domination of axial
stresses. Finally, we perform micromagnetic simulations to ascertain the influence of the axial anisotropy
on the domain wall shape. The experimental results are related to previous measurements of domain

wall length by induction and optical methods.

II. Samples and experimental

Measurements are performed on cylindrical wires produced by the Taylor-Ulitovski method [20]. The
fabrication process involves drawing of the molten master alloy with glass coating through a water jet
that ensures fast quenching of the as-prepared composite. Furthermore, as a result of different thermal
expansion coefficients of the metallic core and glass-coating, very strong stresses are introduced to the
wires [21,22]. In our case, a 3 cm long Fe775Si7sB1s sample with a total diameter (metallic core plus
glass thickness) of 36 um is used. The alloy composition is characterized by the absence of a surface
shell of domains [23,24]. Microwires of such a composition have been intensively studied due to so-
called “unidirectional effect”, where the domain wall velocity depends on the orientation of magnetization
to which the microwire is magnetized relative to the domain wall movement [25].

The overall schematics of the experiment are shown in Fig. 1. The domain wall inclination is observed
by magneto-optical microscopy [26,27] using a Zeiss EC EPIPLAN 50x objective (numerical aperture
NA = 0.8), having an aperture large enough to observe a surface of magnetic cylinder, corresponding
to angles from the normal up to + 20° [28]. Observations are carried out in longitudinal p-MOKE
configuration with the global angle of incidence optimized for the cylindrical surface [28]. The microwire

is oriented along the plane of incidence and the magnetic contrast is detected at both sides of the




cylinder. The change of axial magnetization direction is detected as a characteristic dark and bright
MOKE contrast [28]. Thus, the inclined domain wall is identified by the disproportion between the lengths
of dark and bright contrasts (Fig. 4b). A detailed explanation of the observed magneto-optical contrasts
is provided in section Ill.ll. To assure a reliable estimation of the domain wall inclination, the microwire
is rotated up to the angle with the highest surface domain wall length. This is achieved by cutting the
microwire into small pieces with a length of 3 cm and each piece is rotated by 90°. To achieve small
additional rotations, the microwire is fixed to a rotating sample holder with diameter of 1 mm (Fig. 1).
The rod is rolled on a double-face adhesive tape with a blackened surface to minimize light reflections
from the supporting aluminium stage. It is worth mentioning that the angle of rotation of the sample
holder and the angle of rotation of the microwire are equal with respect to the incoming light.

The angular dependence of magnetization loops is measured by alternating gradient force
magnetometry (AGFM). The alternating field gradient exerts an alternating force on the sample,
proportional to the magnitude of the gradient field and the magnetic moment of the sample. A microwire
with a length of 6 mm is placed on an extension rod attached to a piezoelectric element. The resulting
deflection of the extension rod is used to determine the magnetization value along the direction of the

applied magnetic field.
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Fig. 1 Schematic illustration of the experimental setup. The microwire M is fixed to the rotating sample holder SH,
which is supported by an xy translational stage S with adhesive tape on top. Incident light I is illustrated by pink
colour. Red arrows depict the direction of reflected optical rays R. The observations are carried out by an objective
O. The position at the surface of the microwire is parametrized by the angle theta.

lll. Results
lll.I Control of a domain wall position

A key-prerequisite for reliable estimation of the domain wall length is a precise control of the domain
wall position. In our experiment, the position of the domain wall is stabilized by two magnetic fields Hi

and H2 produced by coils C1 and C2 (Fig. 2a). Fig. 2b shows the strength of the resulting magnetic field

H = H, + H, as a function of the position for several values of driving current in coil C2.




@@ = — ®w @ —_—Y~——

C1 Hy > < H C2 2000 O 1 =20mA 100
= - — O @1, =25mA
M s | < M D A1 =15mA
T 1000 4 1-05
R B > =
| 2 1™
‘|H||||||‘|||\|H\|‘|l|\|l|\|‘|“|‘i\H HII‘IIH‘IHI‘HH T
-15 -10 -5 0 5 10 15mm -1000 1-1.5
z -2000 Iy
x x> 15 10 5 0 5 10 15

X (mm)
Fig. 2 (a) Schematic illustration of the coil system used for the stabilization of the domain wall. C1 and C2 denote
the set of two coils producing the opposite magnetic fields Hi and Hz. (b) Magnetic field H as a function of the
position between the two coils. The energy E profile corresponds to the one-dimensional potential well, where the

location of the minimum can be simply controlled by adjusting the current in one of the coils.

The energy of a microwire in external magnetic field H is given by
E(a) = —uoS [, M.H dx , (1)

where S is the cross-sectional surface of a wire, a is the distance of a domain wall from end of a wire,

H is the local magnetic field (black curves in Fig. 2b) and M is the local magnetization. The integration

in Eq. 1 is performed over the entire length L of a wire. In line with the general assumption that the

microwires under study do not contain surface shell domains, the magnetization M has always an axial
direction, which simplifies the calculation of the energy E(a). Moreover, we consider that the size of the
domain wall is much smaller than the volume of the wire, so the overall energy is mainly given by the
contributions from magnetic domains. A plot of Eq. 1 for three different values of the driving electric
current is presented in Fig. 2b. As seen, for every gradient of the magnetic field, the energy minimum is
achieved at the position that coincides with zero local magnetic field. Thus, the system with two opposite
magnetic fields applied to the wire with a head-to-head domain wall generates an effective one-
dimensional potential well. Furthermore, the position of the potential well can be precisely controlled by
the electric currents in the magnetic coils (Fig. 2b), which provides a smooth and precise control of the

domain wall position.

lIl.Il Optimization of magneto-optical contrast

In MOKE microscopy, the detection of magnetic contrast is based on the change of a light intensity in
an optical polarization microscope due to interaction of a polarized light with the surface magnetism.

The contribution of the cylindrical sample geometry to the overall magneto-optical effects has been
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discussed in our previous works [28]. It was found that the specific optical features of thin cylinders, like
the spatial orientation of planes of incidence or mixed local polarizations, must be taken into account for
a correct estimation of the magneto-optical contrast. Furthermore, the strength of the magneto-optical
contrast of thin magnetic cylinders depends on several other parameters like the global angle of
incidence (defined as the angle between normal at the top of the wire and the incoming light), which is
limited by the numerical aperture of the used objective. In agreement with the formalism introduced in
[28] and using the same coordinate system, the intensity of the reflected light from the cylindrical surface
in the longitudinal p-MOKE configuration and using an optical compensator by rotating a quarter-wave
plate, can be expressed as

2

1=|S-R-Q-B|", )

where § is the global S polarization, R is the reflection matrix that consists of Fresnel coefficients, P is

the global P polarization [28] and Q is the matrix of compensator given by

- cos?@ + i sin? 1 —1i) sing cos
0= ® ¢ (1-10)sing <p], 3)

~l(1 - i) sing cosp  sin*@ + icos?p

where ¢ is the angle between the slow axis of the compensator and the S polarization. A plot intensity
using Eqg. 2 for a cylinder with axially magnetized surface is presented in Fig. 3(a). As seen, for any
rotation of the compensator, the profile consists of two intensity maxima, similarly to the case without
compensator [28]. On the other hand, even a slight rotation of the compensator increases the light
intensity at one side of the circular wire at the expense of the other side. The change of light intensity
due to interaction with surface magnetization is very small and it has the same sign at both sides of a
cylinder (blue and cyan curves in Fig. 3(a)).
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Fig. 3. (a) Intensity of reflected light as a function of the rotation of compensator (A/4 plate) by an angle ¢.

Calculations are carried out for a compensator placed between the sample and polarizer in a longitudinal p-MOKE




configuration. (b) The magneto-optical contrast as a function of the rotation of the compensator. The angle theta

describes the position on the cylinder surface [28] (Fig. 1).

For magnetic cylinders with axial magnetization at the surface, the maximum magnetic contrast obtained

by differential image subtraction is simply proportional to the change of light intensity given by
Al = I(+Ms, ¢) — I(=Ms, ) , 4)

where Ms is the saturation magnetization at the surface and ¢ is the rotation of compensator from the S
polarization. The intensity difference Al obtained from Eq. 4 and Eq. 3 for several values of the angle ¢
is shown in Fig. 3(b). As seen, a change of surface magnetization direction results in a characteristic
black and white contrast that is typical for cylinders with spontaneous magnetization oriented along the
principal axis (see also Fig. 4(b)). The contrast was explained by the local mixed polarization of the light
[28]. Due to the spatial distribution of the local planes of incidence, the linear polarization of the incident
light can be decomposed into the perpendicular (i.e. local s) and parallel (local p) components with
respect to the local plane of incidence [28]. The opposite contrast is given by the dominant contribution
from the local s polarization that has opposite sign at both sides of the cylinder. As seen in Fig. 3(b), the
rotation of a compensator suppresses the contrast at one side and enhances it at the other. Fig. 4
compares the profile of the magneto-optical contrast detected by MOKE microscopy for several rotations
of the compensator. As seen in Fig. 4(b), the correct rotation of the compensator is a key for obtaining

well-balanced magneto-optical contrasts at both sides of the cylindric microwire.
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Fig. 4. (a) Light intensity as a function of the compensator rotation in MOKE microscopy. Experiments are carried
out in the longitudinal p-MOKE configuration. (b) The magneto-optical contrast (left column) and corresponding

optical intensity image (right column) with varying rotation of a compensator.
[IL.IIl Observations of domain wall by MOKE microscopy

First observations of domain wall shapes were performed in the central region of the microwire. The
measured surface domain wall length is displayed in Fig. 5(a). Figs. 5(b) and 5(c) show typical magneto-
optical images of domains stabilized by two opposite magnetic fields. Generally, the length of the
characteristic contrasts differs at both sides of the cylinder, which implies a tilted orientation of the

domain wall. It is worth mentioning that the magnetic field gradients of up to 2 kA/m? are not strong
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enough to change the apparent domain wall inclination. Thus, the observed shape of the domain wall
does not result from the interaction with the external magnetic field, but it appears to be an intrinsic
feature of the domain wall. This assumption is additionally confirmed by the fact that the apparent
domain wall orientation is strongly correlated to the rotation of the microwire around its principal axis
(Fig. 5(a)). The domain wall rotates together with the mechanical rotation of the microwire and externally
applied fields with perpendicular orientation changes neither the characteristic orientation nor the length
of the domain wall. In this work, the length of a domain wall is estimated by precise positioning the
microwire to a 90° position, where the surface length is higher than the field of view of the used
microscope objective. Then, the apparent surface length of the domain wall is obtained indirectly by
measurements of the distance between the ends of the stripes of different contrast, when the domain

wall is moved out from the field of view.
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Fig. 5 (a) The apparent domain wall length as a function of the position along an as-cast (star symbol) and an
annealed (square symbol) FeSiB microwire. (b) Schematic illustration of the black-and-white magneto-optical
contrast obtained by the differential imaging technique. Red dashed lines depict the visible part of the wire. (c)
Magneto-optical image of a domain wall in the as-cast sample obtained by MOKE microscopy. (d) Magneto-optical
image of a domain wall in several positions with respect to the field of view. The domain wall is moved from the left
to the right. The rotation angle of 90° is measured from the position, where the apparent surface domain length is
zero (Fig. 5(c)).

While the local defects are the origin of domain wall nucleation at high uniaxial magnetic fields [28], the
interplay between defects and the local shape of domain wall has been a matter of discussion for years
[30]. Fig. 5(a) shows the surface domain wall length estimated at different positions along the length of
wire. Variations of the local domain wall length do not exceed 10 percent and the local changes are
barely detectable for small domain wall displacements. Owing to the amorphous origin of the sample,
the potential landscape of a domain wall is not spatially homogeneous. However, variations of the
surface domain wall length observed in our experiment are not as high as for the local map of nucleation
fields [28]. This result indicates that the surface domain wall pinning is less important than the pinning

in the bulk. This finding is not surprising, as the bulk pinning is obviously the dominant contribution to




the overall domain wall pinning in wires with large diameter [31]. Moreover, the surface domain wall
length does not change remarkably neither close to the end of wire (7 mm). From that result, we infer
that the domain wall inclination does not originate from the interaction with uncompensated magnetic
charges, as it was observed in shorter wires [18], where the magnetostatic contribution to the overall

domain wall energy is more significant. It is inherent to the properties of the microwire.

From the spatial distribution of the surface domain wall lengths in the annealed sample in Fig. 5(a) it
can be seen that the maximum domain wall length is decreased significantly as compared to the as-cast
wire. As in the as-cast state, variations of surface domain wall length do not exceed 10 percent and
neither orientation nor tilting are changed in regions close to the ends of the wire. The observed increase
of a surface domain wall length may be associated with the reduction of internal mechanical stresses
during the annealing process, which through magnetoelastic coupling influences the overall magnetic

anisotropy distribution in the microwire.
I1.IV Magnetometry measurements

Stress-induced magnetic anisotropy is one of the most important anisotropies that determine the
domain structure of as prepared microwires. As a result of the local cooling during fabrication process,
strong mechanical stresses with axial, radial and azimuthal orientation may be introduced to the sample
[21]. It was shown in previous works [32] that the magnitude and spatial distribution of mechanical
stresses is very sensitive to the preparation conditions. In order to quantify the amplitude of internal
mechanical stresses of our sample, we apply a modified Stoner-Wohlfarth model. The magnetic energy

density En,q, Of uniaxial ferromagnets placed in magnetic field H,,. is expressed as

Emag = KUSin2(¢5 - (pS) - MOMSHextCOS ¢S , (5)

where M is the saturation magnetization, y, is the vacuum permeability, K;; is the constant of uniaxial
magnetic anisotropy, ¢s is the angle between the magnetic field direction and the easy axis of

magnetization, and ¢, is the angle between the magnetic field direction and magnetization. The energy

minimum is then given by

Ky, (sin2(¢5 — ) +2 He,tt sin ¢S) —0, 6)

H

where Hy = 2K,;/uoM; is the anisotropy field. In our work, comparison of the uniaxial Stoner-Wohlfarth
model with the magnetization process of the microwire has been carried out in four successive steps:
(1) the descending branch of a magnetization loop is measured at certain angle ¢g, (2) Eq. (6) is used
to calculate the field dependence of axial magnetization. The angle ¢ is measured by a high-resolution
camera equipped with a zoom objective. The saturation magnetization Ms is obtained from step (1). (3)
The uniaxial anisotropy field value Hy is determined by the least square method. (4) Steps (1)—(3) are

repeated for various angles of ¢.
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Fig. 6 (&) Comparison of the Stoner-Wohlfarth model (red curves) to the experiment (color curves). (b) Plot of the
saturation magnetization and the anisotropy field. Data are obtained from fitting the ascending branches of

hysteresis loops before and after annealing.

Exemplary fits of the Stoner-Wohlfarth model for the as-cast sample are presented in Fig. 6(a). A good
agreement of the experiment with the Stoner-Wohlfarth model is obtained for each angle of rotation.
However, Fig. 6(b) shows that the fitted values of the anisotropy field and the saturation magnetization
are slightly varying with sample rotation ¢s. We infer from this result that the studied material has
spatially non-uniform magnetization directions. This agrees with general assumptions, considering a
closure domain wall structure at the ends of wire [21]. The density of the uniaxial magnetic anisotropy

Ky from shape Kg.mqy and magnetoelastic anisotropy Kg.ss can be expressed as

UoMsH
Ky = Kdemag + Kstress = OTSK- (7)

Using an average value of the magnetic anisotropy field Hy =591 kA/m and the saturation
magnetization Mg = 913 kA/m, Eq.(7) gives K, = 3.4 X 10> J/m3. The demagnetizing field of a long
cylinder is given by Hyemag = Ms/2, S0 the contribution of shape anisotropy to the corresponding density
of uniaxial magnetic anisotropy can be evaluated as Hgemqg = 2.6 X 105 J/m3. Thus, the density of
uniaxial magnetic anisotropy arising from magnetoelastic coupling is given by K, = 0.8 X 10 J /m3,
which agrees with previous results [33]. The value of the magnetoelastic anisotropy energy density is
surprisingly high. Referring to pure iron [34], the magnetoelastic anisotropy energy density is lower, but
of comparable magnitude. It can be expected that such high axial magnetic anisotropy influences the

domain wall shape as well.
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Fig. 7(a) shows ascending branches of the magnetization loops of a thermally annealed FeSiB
microwire. The data are used to the extract fitting parameters presented in Fig. 6(b). As seen, the
average value of the fitted anisotropy field Hy = 420 kA/m is here slightly smaller as compared to the
as-cast sample. The value of magnetic anisotropy field in the annealed microwires is close t0 Hyemqg.
so the magnetoelastic anisotropy has almost vanished. This can be attributed to the relaxation of the

internal stresses during the annealing procedure.
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Fig. 7 (a) Ascending branches of magnetization loops measured by AGFM for various angles between the field
direction and the easy axis of anisotropy orientation. The maximum of applied field is 2T. (b) Domain wall width as
a function of uniaxial magnetic anisotropy. The calculation of the domain wall width is done by the Thiele formula

(Eq. 8).
1.V Micromagnetic model

The micromagnetic simulations were performed by the Object Oriented Micro Magnetic Framework
(OOMMF) software [35]. In order to show that the tilted orientation of a domain wall is not a direct
consequence of cylindrical shape of the sample, simulations are carried out on a thin rod with a square
cross-section. A finite difference method is employed to simulate the spontaneous magnetization of
individual nanowires with a 200 nm long side of square cross-section and a length of 2000 nm. The
wires are discretized into uniform cubic meshes with a size of 5 nm x 5 nm x 5 nm. The magnetization
is evolved from an initial configuration consisting of two opposite magnetic domains with a transient
region with perpendicular magnetization. The domain wall shape is obtained by minimization of the total
energy for several values of the uniaxial magnetic anisotropy K. The material parameters for simulation
include Mg = 8.4 x 105 A/m and A = 13 x 10712 J/m, where M is the saturation magnetization and A is
the exchange constant. The Mg value is extracted from fits of the Stoner-Wohlfarth model at ¢ = 85°,
where the saturation magnetizations of annealed and as-cast samples are equal (Fig. 6b). The

exchange constant has a typical value for iron-based alloys [36].

Figure 8 shows the simulated magnetization distribution of an individual nanowire with varying domain
wall shape as a function of the uniaxial magnetic anisotropy. Starting from Fig. 8(a), a screw-like domain
wall is obtained at zero axial magnetic anisotropy. With further increase of the axial anisotropy, the
number of turns of domain wall decreases (Fig. 8(b)-(c)). When the anisotropy constant exceeds K, =

1.0 x 10° J/m3, the uniaxial magnetic anisotropy dominates, and the domain wall becomes planar with
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a tilted orientation at the surface. It is worth mentioning that the domain wall tilting is clearly visible in all
magnetic domain images. The micromagnetic calculations reveal distinct domain wall patterns as a
result of the system attempts to reduce its energy through twisting and formation of tilted magnetic
structures orthogonally to the main axis.

(a)

(b)

x-component
(C) -1 -0.429 -0.143 0.143 0.429 0.714 1.00

Fig. 8 Magnetic component along the wire length obtained from micromagnetic simulations displaying the domain
wall shape as a function of the axial magnetic anisotropy. The axial x-component of magnetization is coded by the
color scale. (a) Ku= 0 J/m3, (b) Ky=1.1x10%2 J/m?, (c) Ku= 1.1x10* J/m?, (d) Ku=1.1x10% J/m3, and (e) Ku = 2.75x10°
J/im3. The nanowire has a length of 2000 nm and a width of 200 nm. The orientation of each image is slightly

changed to make the shape of a domain wall better visible.

In order to further clarify the origin of a domain wall tilting presented in Fig. 8, the domain wall width is
calculated using the Thiele formula [37,38]

2
%= f(’;—zl) dx dy dz , (8)

where S is the cross-sectional area, A is the effective width and the integral is applied for the whole
volume of nanowire. Fig. 7(b) shows the anisotropy dependence of the calculated domain wall width.
For small values of the anisotropy constant, the domain wall width remains constant. An increase in the
uniaxial magnetic anisotropy does not result in a smaller domain wall width. Thus, the domain wall width
in this region is governed by magnetostatics. On the other hand, if the anisotropy constant exceeds
Ky =1x 105 J/m3, the width of the domain wall is well approximated by a square-root formula (Fig.
7(b)), which confirms a dominant role of the uniaxial magnetic anisotropy on the domain wall inclination
observed in this region. Referring to the anisotropy fields of microwires (Fig. 6b), the K;; value of real
samples is between 2.6x10° J/m® (annealed state) and 3.4x10° J/m? (as-cast state). In both cases, the

magneto-optical imaging confirmed a tilted orientation of a domain wall at the surface.

Overall, the occurrence of a tilted domain wall relates to the reduction of magnetostatic energy and
magnetic charge density through the increase of the effective wall length. In several systems, the
presence of a high uniaxial magnetic anisotropy may lead to formation of a periodic zig-zag domain wall
pattern that has been investigated both experimentally [39,40] and theoretically [41] in thin films. The
presented micromagnetic analysis shows that the high uniaxial magnetic anisotropy leads to an inclined

domain wall orientation in individual wires as well.
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IV. Conclusions

In summary, we have studied the characteristics of domain wall inclination in amorphous glass-coated
microwires with positive magnetostriction. Magneto-optical imaging showed that the apparent
orientation of a domain wall does not significantly change its tilting orientation, also not close to the ends
of wire. The tilting angle decreases remarkably with the release of mechanical stresses by thermal
annealing. A comparison of magnetization loops with the Stoner-Wohlfarth model reveals that
microwires with tilted domain walls are characteristic to mechanical stresses with dominant axial
orientation in the wires. Finally, micromagnetic simulations are used to further prove that the tilted

domain wall orientation can be achieved by sufficiently high uniaxial magnetic anisotropy.
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