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Large magnetic anisotropy in canted antiferromagnetic Sr2IrO4 single crystals
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The magnetocrystalline contribution to magnetic anisotropy was studied in the canted antiferromagnetic state
of layered Sr2IrO4 single crystals. We performed torque measurements in magnetic fields up to 9 T under various
magnetic field orientations. The strong dependence of torque on the magnetic field revealed that the magnetic
easy axis is along the in-plane direction and that the observed field-induced weak ferromagnetic order is attributed
only to the in-plane component of the external magnetic field. The dependence of torque on the angle produces
a twofold symmetric sawtoothlike shape. A simple model consisting of canted antiferromagnetic and magnetic
induction terms showed good agreement with the measured torque. These results show that magnetic anisotropy is
closely related to the anisotropy of the exchange between antiferromagnetic moments whose canting is mediated
by the Dzyaloshinsky-Moriya interaction. Our study demonstrates that torque magnetometry can be extended to
the investigation of the magnetic anisotropy of complex magnetic phases.
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I. INTRODUCTION

Iridates represent one of the most studied families among
strong spin-orbit-coupled materials. It has been realized that
a strong relativistic spin-orbit coupling can drastically modify
magnetic interactions such as the giant magnetoelastic effect
[1] and can yield a far richer phase diagram for magnetic
systems than those obtained from conventional models. In
strong spin-orbit-coupled Sr2IrO4, a rotation of the IrO6

octahedron of approximately 11◦ about the c axis and a
distorted in-plane Ir-O-Ir bond angle are critical to a variety of
magnetic phenomena such as spin canting from the a axis. The
canting of the moments yields a nonzero net moment within a
layer, which is ordered in the up-down-down-up spin pattern
along the c axis. This magnetism can be interpreted based on
the alignment of the effective total angular moment Jeff , where
the canted Jeff is placed on the plane of the IrO6 octahedron
below TN = 230 K [2–11].

Whereas the magnetic ground state has been investigated
using several theoretical and experimental approaches, the
magnetisms for fields applied along different crystallographic
directions have not yet been thoroughly evaluated. In partic-
ular, it is not clear how the magnetic response of Sr2IrO4

to the out-of-plane magnetic field orientation (H ‖ c axis)
contributes to the magnetic anisotropy [8,10,12]. Experimen-
tally, the anisotropic magnetoresistivity showed no apparent
correlation to the magnetization when H ‖ c axis [13]. The
inelastic Raman scattering studies of Sr2IrO4 showed a weak
magnetic field dependence of the spin-wave mode energy for
H ‖ c axis, which is consistent with electron-spin-resonance
results [14].

Layered transition oxides exhibit intrinsic easy and hard
directions of magnetization; that is, the energy required to
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magnetize a crystal depends on the direction of the applied
field relative to the crystal axes. The two main sources
of magnetic anisotropy are the magnetic dipolar interaction
and the spin-orbit interaction. The dipolar interaction can
be neglected in bulk crystals. The correlation between spin
and orbital governed by lattice distortions mostly confines the
orientation of the magnetization relative to the crystalline axes,
which gives rise to magnetocrystalline anisotropy [15].

Measuring the anisotropic susceptibility and magnetization
directly obtained from a superconducting quantum inter-
ference device (SQUID) or vibrating-sample magnetometer
(VSM) is an accurate method of investigating macroscopic
magnetic structure. However, there are some limitations, such
as the difficulty of applying high magnetic fields and making
minute angle adjustments. Torque magnetometry has been
widely used to evaluate magnetic anisotropy in terms of
the components of the magnetic susceptibility tensor �m for
fields �B applied along different crystallographic directions,
i.e., �τ = �m × �B. In a layered honeycomb Li2IrO3, the highly
anisotropic spin exchange was studied. When the field is
rotated to the ac plane, the torque directly indicates magnetic
anisotropy on angles, i.e., τ (θ ) = (χc−χa )H 2 sin(2θ)

2 , where θ is
the angle between the direction of magnetization and that
of the external field [16]. In isovalent doped iron pnictides,
electronic nematicity has also been researched using torque
magnetometry, which is confirmed by the breaking of the
structural symmetry [17]. In many epitaxial films, anisotropy
energy [18], the dominant effect of anisotropy [19], and the
energetically favored axis of the orientation of the magneti-
zation [20] were investigated by changing the angles between
the magnetization and the field direction.

In this study, we used torque magnetometry as a sensitive
probe to investigate the macroscopic magnetic anisotropy in
Sr2IrO4 single crystals. We measured the field τ (H ) and angle
dependences τ (θ ) of the magnetic torque in Sr2IrO4 single
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crystals under a magnetic field greater than 1 T. In particular,
this is the first observation of the angle dependence of canted
antiferromagnetic ordering at high resolution, i.e., at as small
as 1◦. We found that τ (θ ) deviates from the simple sin(2θ )
behavior expected for conventional layered materials. As a
result of fitting τ (θ ) to a model equation, we concluded that
highly anisotropic magnetism in Sr2IrO4 is strongly related to
the anisotropic exchange of canted antiferromagnetic (CAF)
moments accompanying the change in lattice geometry.

II. EXPERIMENTAL DETAILS

Sr2IrO4 single crystals were synthesized using a flux
method with SrCl2 as the flux [21], and the crystallinity
was confirmed using x-ray diffraction. Temperature- and
magnetic- field-dependent magnetizations were measured
using a SQUID (Quantum Design, Inc., San Diego, CA,
USA). A Sr2IrO4 single crystal was mounted on a piezo
cantilever with its crystallographic c axis perpendicular to
the plane of the lever; the displacement was measured via
changes in the resistance of the piezo lever [22]. The change in
resistance, which is proportional to torque, was measured with
a Wheatstone bridge using a physical property measurement
system (PPMS; Quantum Design, Inc.), in which a rotator
allowed the cantilever to change its orientation with respect to
the direction of the applied field.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the field dependence of the magnetization
and magnetic torque at 5 K when the magnetic field is
applied along the in-plane direction. We define the angle
θ relative to the ab plane such that θ = 0◦ corresponds
to fields aligned along the planar direction. A nonzero θ

corresponds to a rotation of the field toward an out-of-plane
direction of the sample [see the diagram in Fig. 2(c)]. As
the strength of the magnetic field increases, magnetization
gradually increases and saturates above a certain critical
field Hc = 0.25 T [3], showing a small saturated magnetic

FIG. 1. (a) Magnetization and torque of the Sr2IrO4 crystal at
T = 5 K when the magnetic field is applied along the in-plane
direction. (b) Torque and differential torque at θ = 84◦ with the
definition of weak ferromagnetic field Hc and saturation field Hs.

FIG. 2. (a) and (b) Field dependence of torque at 5 K for various
angles. The arrows indicate the weak ferromagnetic transition fields
Hc. (c) Angle dependence of the transition points at 5 K. Red and
blue symbols indicate the transition points when the field is increased
and decreased, respectively. The inset is a schematic plot of the piezo
cantilever where the sample is mounted on the lever. The magnetic
field is rotated with an angle θ from the in-plane direction of the
sample. (d) Effective fields Heff as a function of the angle θ , where
the in-plane component of the critical point Hc is.

moment of 0.05μB/f.u. This result is consistent with those of
previous reports [4,21,23]. The same behavior is observed in
the torque, whose slope changes near Hc, exhibiting hysteresis.
The metamagnetic transition near Hc is attributed to a sudden
flopping of each spin in the Ir ions over its inverse direction.
The remanent net moments Jeff , which are the vector sum of
the canted antiferromagnetic spins, align ferromagnetically,
layer by layer, under applied magnetic fields.

The magnetic moment of magnetically anisotropic ma-
terials will tend to align along the easy axis because it is
the most energetically favorable direction of spontaneous
magnetization. However, magnetic moments do not align
exactly along the direction of the applied field but, instead,
align at some angle θ . The details concerning the dependence
of the magnetic response on the angle were studied using
angle-resolved torque magnetometry. We defined two points,
Hc and Hs, as the antiferromagnetic to weakly ferromagnetic
spin-flop transition field and the magnetization saturation
field, respectively. As shown in Fig. 1(b), these fields are
clearly observed at an angle θ = 84◦ in the differential torque
(dτ/dH) for increasing and decreasing magnetic field sweeps.
We observed that dτ/dH has a peak at Hc where dτ/dH has
an inflection point, whereas the hysteresis disappears at Hs.
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A significant angular dependence is observed in τ (H )/H .
In Figs. 2(a) and 2(b), τ (H )/H is plotted for selected angles
below and above 80◦ at 5 K, respectively. All of the curves
show an inflection point at Hc, as indicated by the arrows.
Hc is slightly shifted to higher values with increasing angles.
However, an abrupt increase in Hc can be observed near 90◦

in Fig. 2(b). When the magnetic field is applied along the
c-axis direction (θ = 90◦), the torque responses to increasing
and decreasing fields are quite different. A clear kink is
observed at 3 T only for increasing fields; however, no kink is
observed in the decreasing field sweep, and no saturation
is observed below 9 T. When the angle θ is near 91◦, the
saturation field Hs is observed above 7 T. We show the values
of Hc and Hs as a function of θ in Fig. 2(c). When the magnetic
field is applied along the interplanar direction, Sr2IrO4 does
not experience any metamagnetic transition, at least for applied
fields up to 9 T. This behavior is well represented by the
effective field Heff shown in Fig. 2(d), where Hc is projected
onto the crystal plane, i.e., Heff = Hc| cos(θ )|. Heff shows the
critical field of 0.2 and 0.15 T for increasing and decreasing
field at all angles except very near θ = 90◦. The difference
of the Heff values between increasing and decreasing fields
is due to the hysteretic properties. This result implies that a
realignment of Jeff follows only the in-plane component of the
magnetic fields.

We also performed angle-dependent torque τ (θ ) measure-
ments at fixed fields ranging from 1 to 7 T at 30 K [see
Fig. 3(a)]. The τ (θ ) behavior of a Sr2IrO4 single crystal
reveals a highly anisotropic susceptibility. The torque vanishes
when the magnetic field is applied for θ = 0◦ and 90◦, which
indicates that the ab plane and c axis are both either easy or hard
axes. We adjusted the torque to zero by rotating the sample to
θ = 0◦. The stronger the magnetic field is, the larger the torque
is, and a pronounced sawtoothlike dependence on the angle
was detected. The twofold symmetric sawtoothlike signal is
not usually observed in conventional metal oxides in which
the torque sinusoidally depends on the angle. There are two
requirements for determining whether the total magnetization
can be mainly attributed to the CAF alignment: the amplitude
of the torque should be proportional to the field strength, and
the shape of τ (θ ) should be sawtoothlike [24–27]. A linear
fit of the maximum amplitude of torque as a function of the
magnetic field shows high reliability [Fig. 3(c)]. We adopted
a simple model to analyze τ (θ,H ) as follows.

We assume that the magnetic field is rotated in a plane
defined by both a direction along the basal plane and the
interplanar c axis. The angle θ is defined with respect to the
basal plane. The component of the saturated magnetization
along the basal plane Ms is defined by the projection of
the external field onto the basal plane, forming an angle
α relative to the intersection between the basal plane and
rotated plane. The magnetic torque τ is then developed in the
rotated plane, where the magnetization component on the ro-
tated plane Mc subtends an angle γ from the intersection. The
torque is simply described by τ = McH sin (θ − γ ) when the
sample is perfectly aligned, i.e., θ0 = 90◦ from the basal plane.
However, there is always a misalignment of the positioning of
the sample, and the rotated plane deviates from θ0 = 90◦. We
found that θ0 is approximately 93◦, which cannot be neglected.
Using Ms instead of Mc is more intuitive, and therefore, we

FIG. 3. (a) Angle dependence of the torque of Sr2IrO4 under
various magnetic fields at T = 30 K. The solid red line fits the
model, taking into account the canted antiferromagnetic and induced
magnetization terms (see the text). (b) Schematic diagram of the
relation between the basal plane and the rotated plane, including
several parameters. (c) The amplitudes of torque change linearly with
the applied magnetic fields.

define

Mc sin θ = Ms sin α cos θ0, (1)

where tan α = tan θ cos θ0 and tan γ = tan α cos θ0. Using
a trigonometric calculation, the torque induced by CAF
alignment τCAF is expressed as

τCAF = cos(θ )

| cos(θ )|
Ms sin(θ ) sin2 θ0√
1 + tan2(θ ) cos2 θ0

H. (2)

To determine the total magnetization of Sr2IrO4, we assume
that the CAF and induced magnetization (IM) terms are
important; i.e., Mtotal = MCAF + MIM. Thus, the torque signal
can be represented as τ (H ) = ACAFH + AIMH 2, where ACAF

and AIM provide different responses to the direction of the
applied magnetic field. The first term derives from the CAF
moment in the basal plane with a contribution from the canting
effect. The second term is the quantity of magnetization
induced by the strong external magnetic field. The angle- and
field-dependent torque τ (θ,H ) is then expressed by

τ (θ,H ) = cos(θ + θ1)

| cos(θ + θ1)|
B sin(θ + θ1) sin2 θ0√

1 + tan2(θ + θ1) cos2 θ0

H

+D sin(2θ + θ1)H 2 + F, (3)
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FIG. 4. (a) Angle dependence of the canted antiferromagnetic
term (solid lines) and induced magnetization term (dashed lines)
when fields of 1 T (black) and 7 T(blue) are applied. Both graphs
are gained from fitting the graph to Eq. (3). (b) The graph of the
subtraction of CAF terms, when fields of 7 and 1 T are applied, vs
the angles.

where θ1 is a correction variable for an initial orientation of the
basal and rotated planes, F is an offset resistance of the piezo
cantilever, and B and D are fitting parameters. B is the parasitic
magnetic moment, which is the remanent moment from the
CAF moments without external fields. D is the anisotropy
between the in-plane and out-of-plane susceptibilities, i.e.,
(χab − χc)/2. According to τ (H ) for different angles in Fig. 2,
it is proven that Sr2IrO4 is highly anisotropic between the
in-plane direction and the out-of-plane direction. We can
neglect the interplanar interactions, and thus, D represents
only the in-plane susceptibility. Both B and D are intrinsic
properties and are very slightly changed by the magnetic fields.
Equation (3) accurately reproduces the observed data shown in
Fig. 3(a), shown as solid red lines, which means that the CAF
and IM terms can explain the macroscopic magnetic responses
of Sr2IrO4 under a high applied magnetic field.

We estimated the anisotropic magnetism of Sr2IrO4 by
comparing the amplitudes of ACAF and AIM at 1 and 7 T
in Fig. 4 (a). Although both ACAF and AIM contribute to the
magnetization, ACAF (solid line) is greater than AIM (dotted
line), with an enhancement when H = 7 T. The conclusion
is that the intrinsic canted antiferromagnetism is dominant
and more important for determining the magnetic anisotropy.
Figure 4(b) shows the deviation of ACAF at 7 T from that at 1 T.
The influences of ACAF on the magnetic fields are consistent,
except at approximately θ = 90◦, where the magnetic field
is applied along the out-of-plane direction of the crystal.
This phenomenon clearly reflects that the two-dimensional
antiferromagnetic correlation is crucial, whereas the magnetic
interaction along the out-of-plane direction is not influential
[9,28].

Our angle-resolved torque τ (θ ) shows that the CAF term
has a major influence on the shape and amplitude of the
torque. This result implies that a highly anisotropic magnetism
in Sr2IrO4 is strongly related to the anisotropic exchange of
CAF moments accompanying the change in lattice geometry.
Furthermore, even under high magnetic fields above Hc, the
magnetic anisotropy is prone to following the motion of
the spin component rather than the spin-orbit coupled Jeff

moments. Recent studies of Sr2IrO4 have already established
that the canted magnetic moment is sensitive to the bond angle.
A theoretical approach to implementing the Kitaev model
in the magnetic structure of insulating Sr2IrO4 was recently
developed [29]. Accounting for the rotations of the IrO6

octahedra, the Hamiltonian contains isotropic, symmetric, and
antisymmetric antiferromagnetic exchange couplings. Among
these couplings, antisymmetric antiferromagnetic exchange
coupling is found to be a dominant contributor to CAF
ordering. This uncompensated antiferromagnetic exchange
coupling can be ascribed to the Dzyaloshinsky-Moriya (DM)
interaction. In the context of a DM interaction, tetragonal
elongation along the c axis leads to octahedral rotation and
bond-angle alteration between Ir-O-Ir. The bond length and
bond angle are approximately 1.97 Å and 159◦, respectively,
and canted spin moments rigidly follow octahedral rotation
[7,29]. This is significantly different for La2CuO4, which
has crystal and magnetic structures equivalent to those of
Sr2IrO4 [23]. As the IrO6 octahedra rotate with the spins,
the application of the H ‖ ab plane induces the rotation
of the IrO6 octahedra, which, in turn, changes the bond
angle. However, the application of the H ‖ c axis has very
little effect on the spin reconfiguration. We conclude that
antiferromagnetic exchange coupling makes a substantial
contribution to magnetic anisotropy in Sr2IrO4. Our result is
quite significant in terms of the ability of Jeff states to explain
bulk magnetism.

IV. CONCLUSIONS

In this study, we investigated the magnetism of the
strongly spin-orbit-coupled Sr2IrO4 single crystals via torque
magnetometry under high applied magnetic fields. Previously,
magnetization and magnetic susceptibility results limited
our ability to understand the anisotropic alignment of the
Jeff moments and to predict the effects of strong magnetic
fields. We measured the angle and the field dependence of
torque using a piezo cantilever torque magnetometer and
the rotator option of a PPMS. From the field-dependent
experiment for different angles, we concluded that only the
in-plane component of the magnetic field stimulates the weak
ferromagnetic ordering of the Sr2IrO4 crystal. The c axis
is the hard axis because extremely high fields are required
to orient the moments along the c-axis direction. For the
angle-dependent experiment, we compared the results with
fitted torque curves, considering the CAF and IM terms. We
determined that the CAF order is crucial for determining the
magnetic anisotropy, which is closely related to the anisotropy
of the antiferromagnetic exchange coupling mediated by the
DM interaction. To summarize, a clear macroscopic two-
dimensional magnetic structure exists under high magnetic
fields.
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