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Sr3ZnlrOg is an effective spin one-half Mott insulating iridate belonging to a family of magnets which includes a
number of quasi-one dimensional systems as well as materials exhibiting three dimensional order. Here we present the
results of an extensive investigation into the magnetism including heat capacity, a.c. susceptibility, muon spin rotation
(uSR), neutron diffraction and inelastic neutron scattering on the same sample. It is established that the material exhibits
a transition at about 17 K into a three-dimensional antiferromagnetic structure with propagation vector k = (0, %, 1) in
the hexagonal setting of R3¢ and non-collinear moments of 0.87u5 on Ir** ions. Further we have observed a well defined
powder averaged spin wave spectrum with zone boundary energy of ~5meV at 5 K. We stress that a theoretical analysis
shows that the observed non-collinear magnetic structure arises from anisotropic inter- and intra-chain exchange which
has its origin in significant spin—orbit coupling. The model can satisfactorily explain the observed magnetic structure and

spin wave excitations.

1. Introduction

In materials with Ir** (54°, S = 1/2) ions occurring in
IrO¢ octahedral units, spin—orbit entanglement combined
with the crystal field lead to an effective description in terms
of interacting spin one-half moments.” Exploring such
magnetic systems has been a topic of intense study over
the last few years motivated by the search for novel electronic
phases including topological insulators, complex magnetic
structures, quantum spin liquids and other exotica. For
example, in various 2D and 3D honeycomb lattice magnets,
strong spin—orbit coupling leads to Ising exchange along
bonds joining magnetic ions which may lead to Kitaev spin
liquids being realized in solid state magnets.”™ The iridate
pyrochlores have provided a rich set of interesting phenom-
ena and inspired new ideas to realize novel phases.®” More
recently, the electron doped layered iridate Sr,IrO4 has been
shown to have tantalizing similarities to the hole-doped
precursors of the high temperature superconductors."

In this paper, we consider iridate magnetism in yet another
context: in Sr3ZnlrOg—one of a family of magnetic
materials with chemical formula A;BB’Og in which magnetic
ions live on the B or B’ positions or both and where A is
either Sr>* or Ca®*. Recent interest in this family of materials
among condensed matter physicists stems from the fact that
when both B and B’ are magnetic the materials often exhibit
quasi-1D Ising magnetism and that the magnetic chains have
a triangular coordination giving the potential for geometrical
frustration to affect their ground states.””'” The most well-
known case is Ca;C0,0¢%!!"!¥ which has ferromagnetically
coupled chains with weak antiferromagnetic inter-chain
correlations. However, many of these materials are phenom-
enologically interesting: there is evidence for partially
disordered antiferromagnetism at low temperatures in
Ca3C0,04,'™'Y Ca3CoRhOg,'> and Sr3NilrO4'® co-existing
with peculiar dynamical properties including memory effects.
In sharp contrast, CazNiMnOg'” exhibits spiral order at low
temperatures while CazCoMnOg exhibits collinear-magnet-
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ism-driven ferroelectricity.lg) In all these materials, the inter-
chain coupling plays a crucial role. In order to appreciate
better the nature of these couplings, one may substitute
nonmagnetic ions onto the B site so that the inter and intra
chain couplings become comparable which is the case in
Sr3ZnlrOg. !

Early work on Sr3ZnlrOg reported the crystal structure
determined from x-ray measurements and both the moment
size and the scale of the exchange coupling from the d.c.
susceptibility but no 3D long-range magnetic ordering
transition was observed in the neutron diffraction work.'>-??)
Subsequent studies based on a.c. and d.c. magnetization as
well as heat capacity (C,) measurements established the
existence of long-range magnetic ordering in this material.?"
In this paper, we present results of an extensive experimental
investigation into the magnetic properties of this material
including a.c. susceptibility, heat capacity, muon spin
rotation (uSR), neutron diffraction and inelastic neutron
scattering culminating in the determination of the magnetic
structure in this material and its excitations. The magnetism
of Sr3ZnlrOg is a priori expected to be affected significantly
by spin—orbit coupling. We present a theoretical model that
explains the non-collinear spin structure in this material
based on exchange parameters which rely on the presence of
significant spin—orbit coupling. Our theory establishes the
most general form of the couplings that can arise between
magnetic B site ions.

2. Experimental Methods

The compound Sr;ZnlrOg was prepared by the solid-state
route as detailed in Ref. 21. The quality of the sample was
checked using x-ray and neutron diffraction measurements
and found to be a single phase. The ac-magnetization and
heat capacity, C,, measurements were carried out using a
Quantum Design physical properties measurement system
(PPMS). The neutron diffraction measurements were carried
out on the GEM and WISH time-of-flight diffractometers at
the ISIS facility. The powder sample of Sr3ZnlIrOg, contained
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in a vanadium can of 3-mm diameter, was placed inside a
standard helium cryostat under He-exchange gas on WISH.
The temperature dependent order parameter was measured on
the GEM diffractometer. The ySR experiment was performed
on the MuSR spectrometer at the ISIS facility. The inelastic
neutron scattering measurements were carried out on the high
flux time of flight spectrometer MERLIN at the ISIS Facility
using an incident neutron energy E; = 18 meV at 5 and 25 K.
The energy resolution at the elastic position was 1 meV
(FWHM). The powder sample of Sr3ZnlrOg (weight 4.1 g)
was mounted in an aluminium can with 40 mm diameter in an
annular geometry to reduce neutron absorption.

3. Experimental Results and Discussion

3.1 Susceptibility and heat capacity

Figure 1 shows the temperature dependent heat capacity,
a.c. magnetic susceptibility and uSR frequency. As one can
see in Fig. 1(a) in zero field a clear lambda-type anomaly
is observed near 17K in C,(T), which is indicative of a
transition to long-range magnetic order. Further, the values of
the heat capacity at the A-anomaly of our data agree very well
with the published data,”V [Fig. 1(a)] indicating that the
quality of the samples is similar. To estimate the gap in the
spin wave spectrum we have fitted the heat capacity data of
Sr3ZnIrOg between 2 and 16K using the formula C,(T) =
PT? + aexp(—A/T) where  is related to Debye temper-
ature, @p = (127[4Rn/5ﬂ)1/3, R is the molar gas constant and
n is the number of atoms per formula unit. The parameter A
in the last term is the magnetic spectral gap. We have fitted
the C,(T) between 2 and 16K to this formula. The value of
the parameters obtained from the fit are f = 3.48(0.5) X 104
J/molK*), a=289.53.7) and A =38.57(0.6)K (3.32
meV). The estimated value of the spin gap is in agreement
with that seen in the inelastic neutron scattering study
~4meV [see Fig. 3 and also Fig. S5 in the Supplementary
Material (SM)??]. From the value of  we estimated ®p =
394 K.

The ac susceptibility was measured between 2 and 300 K
in a magnetic field of 10 Oe over a range of frequencies. The
real part of the ac susceptibility " shows a peak at 17 K due
to an antiferromagnetic ordering of the Ir moments [Fig. 1(c)]
which is independent of frequency between 100Hz and
10* Hz [see Fig. S1(b) in SM??]. For temperatures greater
than 25K the inverse susceptibility vs temperature plot
follows the expected Curie-Weiss behavior as shown in
Fig. 1(d), which gives an effective magnetic moment,
1.65(2)up and the paramagnetic Curie—Weiss temperature,
—24.4(3) K. The value of the observed magnetic moment is
close to the 1.73 ug expected for S = 1/2 in agreement with
the previous studies.?*?"

3.2 Muon spin rotation and relaxation

The temperature dependence of the muon spin relaxation
was measured in a zero field. For all temperatures above
Tn = 17K, the muon spin relaxation spectra can be described
by a simple exponential decay. However, on cooling below
17K, coherent oscillations are observed in the uSR spectra
(see Fig. S2 in SM??). This shows that we have a long-range
magnetically ordered ground state. The uSR spectra are well
described by three sinusoidal functions with a Gaussian
envelope and an exponential decay. The temperature de-
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Fig. 1. (Color online) (a) Heat capacity of Sr;ZnIrOg and for comparison

we have also shown the heat capacity data from the published work of Niazi
et al.,, Ref. 21. The solid line shows a fit (see text). (b) Triplet of uSR
frequencies vs temperature showing onset at 7y marked by an arrow. (c) ac-
susceptibility as a function of temperature with inset showing vicinity of 7.
(d) Inverse ac-susceptibility as a function of temperature. The solid line
shows a fit to Curie-Weiss law in the paramagnetic regime.

pendence of the three observed uSR frequencies is plotted in
Fig. 1(b). We have seen three well resolved frequencies up to
Tn. The overall temperature dependence of the observed
frequencies is consistent with that expected for a second
order phase transition. Irrespective of the absolute positions
of the muons, the number of frequencies observed is
determined by the local symmetry of the Ir** moment. In
the presence of threefold symmetry (i.e., Ir** moment along
the c-axis) only one frequency will be observed. However,
if the threefold symmetry is lost, which is the case for
Sr3ZnlrO¢ below the magnetic ordering transition, and the
magnetic moment has a component perpendicular to the
chains then we can see by symmetry that the muons will
experience three different magnetic fields.>”

3.3 Neutron diffraction

Figure 2 shows a neutron diffraction pattern collected at
1.5K from the WISH diffractometer. At this temperature,
there are four weak additional Bragg peaks (marked with
stars) compared to the pattern collected in the paramagnetic
state at 25 K (see inset Fig. 2). The fact that these observed
magnetic peaks disappear above 17K (see inset Fig. 2),
indicates that the magnetic ordering temperature is 17 K in
agreement with the 7Ty determined by the SR and heat
capacity measurements. The intensities of the superstructure
peaks decrease with momentum transfer (Q) confirming their
magnetic origin. The peak positions can all be indexed by the
propagation vector k = (0, 1/2, 1) in the hexagonal setting of
the R3c space group. This is a high-symmetry point of the
Brillouin zone, labeled ks in the Kovalev notation and
equivalent to k = (1/2,1/2,0) in the rhombohedral setting.
The symmetry analysis shows that there are four one-
dimensional representations in the little group, labelled z;
(i = 1,4) in Kovalev notation,>® but only two enter in the
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Fig. 2. (Color online) (a) Neutron diffraction pattern at 1.8 K of Sr3ZnlIrOg

from the bank-2 at 58.2 degrees of WISH. The symbols show the
experimental data and the (black) line shows the fit using nuclear and
magnetic structures. The (blue) line at the bottom shows the difference plot
and vertical bars (green) indicate the Bragg peak positions: nuclear at the top
and magnetic at the bottom. The inset shows the data on an expanded scale
for 1.8 K (red color symbols) and 25 K (blue color symbols) where stars show
the observed magnetic Bragg peaks. The solid line shows the fit to 1.8 K data
including nuclear and magnetic structures. (b) The temperature dependent
intensity of magnetic (0,1/2,1) peak measured on GEM. (c) The crystal
structure in the hexagonal setting with Ir (red), Zn (blue) and the oxygen
octahedra. The magnetic structure in the cell is also shown together with the
nearest neighbor and next nearest neighbor Ir—Ir distances as indicated by J;
(green) and J, (black) respectively.

decomposition of I = 37; 4+ 373. Both IR have three basis
vectors, ¢1; and ¢3; (i =1,2,3). We first tried to fit the
magnetic structure using 73, but we were unable to fit the
intensities and positions of all observed magnetic reflections
[see Fig. S3(a) in the supplementary section]. Considering 7,
none of the ¢;; modes taken separately give a satisfactory
agreement with the data. However, a solution is found by
refining a model with a linear combination of the three
modes. The final refinement yields a good description of the
experimental data [Fig. 2(a)] and a magnetic Bragg factor
Rune = 14% obtained using the software FULLPROF.? The
mixing coefficients for the three modes ¢;;, i =1,2,3 are
respectively —0.072, —0.579, and 0.670 and the ordered state
Ir moment of 0.87(3) ug. It is to be noted that the moment has
three components —0.072, —0.579, and 0.670 along the a-,
b-, and c-axes, respectively. Thus the magnetic structure is
non-collinear, with a substantial angular deviation of the
magnetic moment with respect to the c-axis. The collinear
structures with moments either in plane or along the c-axis
provide much worse fitting quality, yielding the magnetic
Bragg factors 96 and 27%, respectively. In the proposed
magnetic structure, the threefold symmetry axis is lost, and
the magnetic transition corresponds to a change of magnetic
point group from 3 m.1" in the paramagnetic state to 2/m.1’
in the magnetically ordered state. The observation of three
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Fig. 3. (Color online) Neutron scattering intensity maps. Energy transfer
vs momentum transfer measured with an incident energy of E; = 18 meV on
MERLIN for two different temperatures (a) one below and (b) one above Ty.

frequencies in the muon data is also consistent with the loss
of threefold symmetry that splits the oxygen sites into three
inequivalent sites below the magnetic ordering as described
above. A representation of the magnetic structure is displayed
in Fig. 2(c).

3.4 Magnetic excitations

The inelastic neutron scattering (INS) intensity maps of
Sr3ZnlrOg measured at 5 and 25K with E; = 18 meV are
shown in Fig. 3. At 7 = 5K, with the momentum transfer
|Q]| below 1.5 Al a strong inelastic scattering peak which
shows weak dispersion can be clearly observed between 3
and 6 meV. The magnetic origin of the strong scattering in
the 3—6 meV band is established by the initial reduction in the
energy-integrated inelastic intensity as a function of |Q|.
Further, at 25K there is no sign of scattering between
3—-6meV. We attribute the observed magnetic excitations
between 3 and 6 meV for |Q| below 2A7" 1o spin wave
scattering from Ir** jons in the magnetically ordered state
below 17K, as expected. The spin wave excitations do not
survive above Tx = 17K, which is consistent with the
proposed similarity between inter and intra chain interactions.
In contrast, the spin wave excitations in Sr3NilrOg survive up
to 250K, which is well above Ty = 70 K in that material,
indicating the existence of a one-dimensional magnetic
exchange interaction.®

4. Theoretical Model for Exchange Couplings

The existence of three dimensional magnetic order without
a regime of purely 1D correlations above Ty indicates that
the scale of the further neighbor exchange is similar to that
of the intra-chain exchange in Sr3ZnlrOg. In an iridate one
expects, a priori, the spin—orbit coupling to be relevant to
the low temperature magnetic order.?” This expectation is
confirmed by the discrete nature of the symmetry breaking
into a state with moments in the ab plane that are orientated
almost along the bond directions. In order to understand the
origin of the magnetic structure of Sr3ZnlrOg, isotropic
exchange is therefore not sufficient so we determine the most

©2020 The Physical Society of Japan
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general bilinear couplings allowed by the lattice symmetries
and then establish the minimal set of couplings that are
necessary to select the observed magnetic structure.

For nearest neighbors within the chains along the ¢ axis,
there are three possible types of exchange (see SM for
detail®?): Ising, isotropic easy plane and Dzyaloshinskii—
Moriya.?® The latter coupling has D vectors along the ¢
direction and alternating in sign from one bond to the next.
The second neighbor interactions couple iridium ions in
different chains. The chains are arranged in a triangular lattice
but with three different staggerings in the ¢ direction such that
the second neighbor coordination is in the form of a puckered
hexagon shown in Fig. S4 of the SM.??) One may show that
there are six distinct types of second neighbor exchange
coupling. Of these six, one couples the Ising components and
three couple the XY components, one of which preserves a
global U(1) symmetry. The remaining two couple transverse
to Z components and are central to selecting the observed
structure in Sr3ZnlrOg. Further details on the symmetry
analysis and explicit forms for the second exchange can be
found in the Supplementary Material.

Classical Phases—- Having established the nature of the
exchange couplings in Sr3ZnlrOg and related materials with
significant spin—orbit coupling, we may find the possible
magnetically ordered phases. We obtain the ground states of
the exchange model by rotating the vector spins along their
local mean field on a periodic cluster. As guidance for this
calculation —in particular, to choose the correct minimal cell
for the minimization— we obtain the ordering wavevector
Q¢ from the location q = Q4 of the minimum eigenvalue
of the Fourier transformed interactions 7,;,(q) where a and b
are the 6 magnetic sublattices in the hexagonal representation
of the interactions.

Exchange to nearest neighbor only couples moments
within chains running along the ¢ axis. Further neighbor
couplings are necessary for fully three dimensional ordered
structures. For example, the second neighbor XY antiferro-
magnetic coupling leads to spontaneous symmetry breaking
to a collinear XY structure identical to the one observed in
Ca3ZnMnOg.?” A collinear structure with moments along the
¢ axis is found for second neighbour Ising exchange.

One obtains the structure close to that observed in
Sr3ZnlrOg and Sr;ZnRhOg by including couplings for
exchanges H. ,s (antisymmetric) and H,.  (Symmetric) in
the ratio J{2 /J@ = /3 with both couplings negative.
Then one may switch on either antiferromagnetic nearest
neighbor Ising exchange J{} or second neighbor ferromag-
netic Ising exchange Jz(f). The phase diagram obtained with
fixed /2 /J12  and variable J{!) and J{) is shown in Fig. 4.
There are two distinct ground states. The one for small |/
(colored purple in Fig. 4) is a simple collinear ferromagnet
with Q.4 = 0 and the other is proximate to the Sr3ZnlrOq
and Sr3ZnRhO4*¥ antiferromagnetic structure with Qg4 =
(0,1/2,1). The moments are canted away from the ¢ axis by
an angle which is represented by the (colored) contours in
Fig. 4. The experimental value of about 39 degrees is
indicated by a black dashed line.

The Sr3ZnlrOg and Sr;ZnRhOg structures differ from the
(0,1/2,1) phase shown in Fig. 4 by a staggered rotation 5¢;
of the moments in the ab plane away from the 60n degree
angles where the magnitude of d¢; is the same for all sites.
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Fig. 4. (Color online) Phase diagram with two types of Ising exchange
and J@, J2 fixed. The diagram shows two phases. At the bottom of the

diagram, the blue region is the collinear ferromagnetic phase. The second
phase is the magnetic structure of Sr3ZnlrOg up to a small rotation of the
moments in the XY plane. The gradient of colors in the latter phase
represents the canting angle of the moments with respect to the ¢ axis with
the color bar in degrees. The dashed line indicates the range of parameters
over which the canting angle of the moments from the c-axis matches the
experimental value for Sr;ZnlrOg [see Fig. 2(c)].

The relevant rotation angle is about 6 degrees for Sr3ZnlIrOg.
Just such a rotation can be achieved by switching on an
antiferromagnet XY coupling between nearest neighbor
moments.

On the basis of the exchange model presented above, we
compute the spin wave excitations to leading order in a
Holstein—Primakoff 1/S expansion. The spectrum has 12
modes albeit with some degeneracies. The spectrum is
gapped as we should expect on the basis of the observed
discrete symmetry breaking. We are able to obtain the
absolute scale of the exchange parameters on the basis of a
comparison between the experimental data and the calculated
scattering. The powder averaged dynamical structure factor
for a set of parameters that give the correct magnetic structure
as their semiclassical ground state is shown in Fig. 5. A form
factor for Ir** has been applied using parameters from
Ref. 30. The model captures the principal features of the INS
data including the single strong band of intensity between
4 and 6meV which is clearly visible in both plots and
a maximum between 0.5 and 1A~'. While our exchange
parameters are consistent with the available data there is
some freedom to choose these parameters while holding the
magnetic structure fixed. Single crystal inelastic neutron
scattering may be used to determine these parameters
completely.

5. Conclusion

We have studied the magnetism in Sr;ZnlrOg using a
variety of techniques including heat capacity, ac susceptibil-
ity, uSR, neutron diffraction and inelastic neutron scattering.
These reveal a clear magnetic transition at 17 K into a fully
3D long range ordered magnetic structure with propagation
vector (0, 1/2, 1) in which the moments in the ordered phase
exhibit a discrete coplanar orientation with respect to the

©2020 The Physical Society of Japan
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Fig. 5. (Color online) Angular averaged spin wave intensity computed to 13)
linear order in 1/S. The exchange parameters are only weakly constrained by
the observed magnetic structure. For the spin wave calculation we chose the
following couplings (in meV) J{) = 0.3, J) = 0.135 to first neighbor and
JP =-0525, 73 =0263, JP, = -0.18 and JP, = —0.311 to second ~ 14)
neighbor.
15)
L . . . 16)
principal lattice directions. We have also presented a
theoretical analysis with which we have understood the
origin of the observed magnetic structure. By determining the
complete set of allowed couplings between first and second 17
neighbors we established the importance of anisotropic inter-
chain exchange between the XY component of one moment 18)
and the Ising component of its neighbor. The model
presented here is applicable to both the simple structure  19)
observed in Caz;ZnMnOg and the complex non-collinear
ordering reported here which is also present in Sr3ZnRhOg>> 20
31
and Sr;MglrOg. ) 21)
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