PHYSICAL REVIEW B 98, 174401 (2018)

Static and dynamic magnetism of the Ir-based double perovskites La, BIrOg (B = Co, Zn)
probed by magnetic resonance spectroscopies

M. Takovleva,'-23 S. Fuchs,'2 A. Alfonsov,! H.-J. Grafe,! M. Vogl,l*2 S. Aswartham,' S. Wurmehl,' T. Df:y,l
B. Biichner,"2 E. Vavilova,’ and V. Kataev'
! Leibniz Institute for Solid State and Materials Research IFW Dresden, 01171 Dresden, Germany
2Institut fiir Festkorper- und Materialphysik, Technische Universitdit Dresden, 01062 Dresden, Germany
3Zavoisky Physical-Technical Institute of the Russian Academy of Sciences, 420029 Kazan, Russia

® (Received 22 June 2018; published 1 November 2018)

We report the 1**La nuclear magnetic resonance (NMR), electron spin resonance (ESR), and complementary
magnetometry results on the Ir-based double perovskite compounds La, BIrOg with strongly magnetic Co**
(3d’, S = 3/2) and nonmagnetic Zn>* (3d'°, S = 0) ions at the B site. ESR signals from Ir** ions in La,ZnIrOq
and a collective ESR mode of coupled Co** spins S = 3/2 and Ir** pseudospins jo; = 1/2 were observed and
studied as a function of temperature and excitation frequency. These signals gradually evolve into a resonance
mode of the uncompensated ferromagnetic moments in the antiferromagnetically (AFM) ordered state below
Ty ~ 11K and 98 K for La,ZnIrOg and La,ColrOg, respectively. The temperature evolution of the '*La NMR
spectra and the nuclear spin relaxation Tl_I (T) reveal three distinct regimes for La, BIrOg (B = Co, Zn): (i) a
paramagnetic state at high temperatures; (ii) a short-range AFM order in an extended temperature region above
Tn where the ESR modes first appear; (iii) magnetic long-range order at lower 7. The extended short-range-
ordered regime at temperatures much higher than 7Ty constitutes evidence of substantial magnetic frustration
which appears to be a salient feature of both studied materials.

DOLI: 10.1103/PhysRevB.98.174401

I. INTRODUCTION

An intimate interplay of different degrees of freedom—
spin, orbital, charge, and lattice—is the remarkable fingerprint
of complex 5d iridium oxides which keeps them in the fo-
cus of unceasing interdisciplinary attention for already quite
some time (for reviews see, e.g., Refs. [1-5]). Their Mott-
insulating 3d counterparts exhibit a clear hierarchy of the
energy scales with the on-site Coulomb repulsion energy of up
to 10 eV being the largest one, as compared with much smaller
bandwidths and practically negligible relativistic spin-orbit
coupling (SOC) energy. In contrast, these scales in the iridates
become roughly similar, equalizing at the level ~0.5eV. This
is because a substantial spatial extension of the 5d orbitals re-
duces the Mott—Hubbard electron-electron correlation effects
and increases the bandwidth, whereas SOC, which scales with
the atomic number as Z2 for the outer electrons [5,6] boosts
significantly. In this exotic situation, novel phenomena are
expected to occur in complex iridium oxides, such as spin-
orbit assisted Mott insulating states with exotic spin orders,
quantum spin liquid phases, Weyl semimetallic behavior, and
superconductivity (see, e.g. Refs. [2-4]).

One important case of iridates is found in materials adopt-
ing the double perovskite structure La, BIrOg with either
magnetic (Mn, Fe, Co, Ni, Cu) or nonmagnetic (Mg, Zn)
BT cations. Their crystal structure can be understood as a
superposition of the interpenetrating simple perovskite lat-
tices LaBOj3 and LalrO3 with alternating B* 04 and Ir*+Oq
octahedra (Fig. 1). The Ir*" ions are characterized by the
effective pseudospin jer = 1/2 ground-state magnetic dou-
blet with a very anisotropic distribution of the spin density.
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Depending on the lattice geometry, it may provide a realiza-
tion of different spin models, ranging from the Heisenberg to
the Kitaev quantum compass models and their extrapolations
which may also incorporate symmetric (pseudodipolar) and
antisymmetric (Dzyaloshinskii—-Moriya) contributions [7]. In
the double perovskite structure multiple intra- and intersub-
lattice exchange pathways are possible where long-range in-
teractions may play an important role [8—10]. As a result,
different magnetically ordered ground states were found in
these materials. In the case of nonmagnetic B = Mg and
Zn, A-type antiferromagnetic (AFM) order was observed
below Txy = 12 and 7.5 K, respectively [11,12]. The spin
structure is collinear in La,MglrOg4, whereas the Ir moments
are canted in La;ZnlrOg. The canting can be understood via
a simple model that includes both the Heisenberg exchange
and the Dzyaloshinskii—-Moriya interaction [11,13]. However,
a more intriguing scenario with the dominant Kitaev term
has been proposed recently [12]. In the case of magnetic
B sites, a complex interplay of the 3d and 54 magnetic
sublattices was observed. For example, La,MnIrOg undergoes
a ferromagnetic (FM) transition at 7. = 130K [14], whereas
La;FelrOg and La;NilrOg exhibit both AFM and FM compo-
nents and the possible ground state is a helical or canted spin
structure [15,16]. La,CulrOg orders below 74 K with a spin
structure composed of two orthogonal AFM sublattices char-
acterized by a very small canted moment [17]. In La,;ColrOg,
Ir** pseudospins couple AFM to the weak FM moment of
the canted Co*" sublattice which is an ordered zigzag AFM
(E type) at a temperature slightly below 100 K [18,19]. A
crossover from the Co-dominated to the Ir-dominated AFM
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FIG. 1. Crystal structure of La, BIrOg (B = Co®", Zn**,...).
The La®* ion is located in the center of the cube made out of B>tOg
(light orange) and Ir** Qg (light blue) metal-oxygen octahedra.

behavior in the substitution series La,Zn_IryOg was studied
in Ref. [20], revealing a reduced magnetic entropy that points
towards a large SOC and orbital contribution in the system.

The majority of the studies of this family of iridium-based
double perovskites was performed with static magnetic, ther-
modynamic, and in part with neutron scattering techniques.
Magnetic resonance techniques have received much less at-
tention although they could provide valuable insights into the
spin dynamics and ordering phenomena on the local scale.
Indeed, in our previous work in Ref. [17], a combined elec-
tron spin resonance (ESR) and nuclear magnetic resonance
(NMR) study of La,CulrO¢ revealed a temperature-driven
continuous evolution of the low-frequency dynamics of the Cu
and Ir spin subsystems which feature short-range correlations
slightly above the ordering temperature of 74 K and a gradual
crossover with decreasing temperature from the incoherent to
coherent joint precession of the interacting sublattices, which
finally get locked at the characteristic temperature of 54 K. In
this material both sublattices are built of spins (pseudospins)
of the same value of S =1/2 (Cu”, 3d°) and Jett = 1/2
(Ir**, 5d°).

The goal of the present work is to examine with ESR and
NMR spectroscopies the coexistence of the Ir** pseudospin
Jetf = 1/2 sublattice with either the strongly magnetic (B =
Co*t,3d7, 8§ =3 /2) sublattice or the nonmagnetic (B = Zn,
3d'%, S = 0) sublattice realized in La,ColrOg and La,ZnIrOg
compounds, respectively, and to evaluate the respective roles
of the 3d and 5d spin subsystems for the static and dynamic
magnetism of La, BIrOg, considering also the previous results
on La,CulrOg. Indeed, our ESR and '*La NMR data demon-
strate an interesting evolution of the electron spin dynamics
in both compounds over the entire temperature range of
study. In particular, we find an extended temperature region

of the short-range spin order which intervenes between the
paramagnetic state at high temperatures and the long-range
ordered state below Ty. We qualitatively discuss this remark-
able observation as a signature of magnetic frustration which
we relate to a manifold of factors, such as an inherent geomet-
rical frustration in the double perovskites, and, in particular,
multiple long-range exchange pathways yielding competing
exchange interactions with strong anisotropy, characteristic of
5d double perovskites with strong spin-orbit coupling.

The paper is organized as follows: Sample preparation and
details of the used experimental techniques are described in
Sec. II. In Secs. III A-IIT C bulk magnetic measurements data
and the results of ESR and NMR experiments, respectively,
are presented and analyzed. Section IV is dedicated to the
discussion. Finally, major conclusions are summarized in
Sec. V.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of La,ZnIrO¢ and La,ColrOg
were prepared by a conventional solid-state reaction method.
Details of their synthesis and primary characterization with
x-ray diffraction, scanning electron microscopy (SEM), and
energy-dispersive x-ray spectroscopy (EDXS) was reported
in Ref. [20]. Both compounds are found to crystallize in the
monoclinic space group P 2;/n with the very similar cell
parameters, as expected due to almost equal ionic radii of
the high-spin Co®>" and Zn?*. SEM and EDXS confirm the
chemical homogeneity and the targeted stoichiometry of the
samples.

139.a NMR experiments were performed on the powder
samples shielded in a quartz tube. The probed '*La nuclei are
characterized by spin / = 7/2, natural abundance of 99.1%,
a quadrupole moment Q = 0.21 barns, and a gyromagnetic
ratio y, = 6.014 MHzT~!. The data were collected by us-
ing a Tecmag pulse solid-state NMR spectrometer with a
0-9.2 T superconducting magnet from Magnex Scientific
equipped with a *He variable-temperature inset. The spec-
tra were recorded by sweeping magnetic field at a constant
frequency vy = 42.1 MHz and integrating at each field step
the intensity of the spin echo obtained with the conventional
Hahn-echo pulse sequence (7/2-t-m). For the spin-lattice
relaxation rate measurements the stimulated echo sequence
(/2-11-7/2-15-11/2) was employed.

ESR measurements at ~10 GHz were performed with a
commercial X-band ESR spectrometer from Bruker. Measure-
ments at higher frequencies were carried out with a homemade
high-field multi-frequency ESR spectrometer [21] upgraded
with the PNA-X Network Analyzer from Keysight Technolo-
gies. In this setup, magnetic fields up to 16 T were obtained
with a solenoid superconducting magnet from Oxford Instru-
ments equipped with a “He variable-temperature insert.

Bulk magnetic measurements were done with a Quantum
Design MPMS-XL SQUID magnetometer.

III. RESULTS

A. Bulk magnetic properties

Basic static magnetic properties of the LayZnlrOg and
La,ColrOg samples studied in the present work were
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FIG. 2. (a) Temperature dependence of the static magnetization
M(T) of La,ZnlrO¢ measured in the field-cooled mode at several
fields in the range 0.01-7 T. (b) Temperature dependence of the
derivative dM(T)/dT. The inset shows the field dependence of the
ordering temperature 7y determined from the peak of dM(T)/dT.

investigated in Ref. [20] and agree with the results of other
groups [13,18]. Here we report additional measurements nec-
essary for the analysis of the magnetic resonance data, e.g., as
a function of field.

The temperature dependence of the static magnetization
M(T) of the La,ZnlrOg samples measured at different fields
up to 7 T is shown in Fig. 2(a). The ordering temperature Ty
was determined from the peak of the derivative dM(T)/dT
[Fig. 2(b)]. Tn increases linear with field as shown in the inset
of Fig. 2(b). Above ~15K the static susceptibility x = M/H
is field independent, implying a linear relation M vs H. At
10 K the M(H) dependence acquires an S-like shape and
shows a small hysteresis at lower temperatures (Fig. 3). At
stronger fields M (H) increases linearly which is typical for
the canted AFM spin structure as determined for La,ZnIrOg
in Refs. [11,12].

In addition, we have measured the ac-susceptibility of
La;ZnIrOg which did not reveal a frequency dependence, thus
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FIG. 3. Field dependence of the static magnetization M (H) of
La,ZnlrO¢ measured at selected temperatures in the range 1.8—-15 K.

excluding a spin-glass-like behavior in the whole temperature
range (Fig. 4). Interestingly, the peak in the ac susceptibil-
ity reveals a double structure which is also visible in the
dM(T)/dT peak in small magnetic fields. This structure
broadens by increasing the dc-field strength. A similar feature
that is suppressed by a magnetic field was observed in the
M(H) data in Ref. [13] and in the specific heat data in
Ref. [20].

Measurements of the M (T') dependence for the La;ColrOg
sample reveal, similar to La;ZnlrOg, an increase of Ty with
increasing field strength, as shown in Fig. 5.
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FIG. 4. Temperature dependence of the ac susceptibility x'(7)
measured at frequencies of 500 Hz (triangles) and 1500 Hz (circles)
in a static field of 1000 Oe. Note that the curves are practically
indistinguishable. The x'(7) dependence at 1500 Hz in zero static
field is plotted by squares. In all measurements the strength of the ac
field amounts to 5 Oe.
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FIG. 5. (a) Temperature dependence of the static magnetization
M(T) of La,ColrOg measured in the field-cooled mode at 0.05 and
7 T. (b) Temperature dependence of the derivative dM(T)/dT. The
inset shows the field dependence of the ordering temperature Ty
determined from the peak of dM(T)/dT.

B. Electron-spin resonance spectroscopy
1. La,ZnlIrOg¢

ESR response from a powder sample of La,ZnIrOg could
be detected at temperatures below ~30 K. Two type of signals
can be observed in the spectrum: an asymmetric signal at a
field corresponding to the g factor of order two (Fig. 6, inset),
and a broad feature emerging practically at zero magnetic
field (Fig. 7). The former signal has a typical powder pat-
tern arising due to the averaging of the anisotropic g factor
with the left-side peak corresponding to g, and the right-
side shoulder corresponding to the g, components of the g
tensor, respectively [22]. From ESR measurements at several
selected excitation frequencies v and different temperatures a
relationship between v and the field position of the peak and
the shoulder H, can be obtained, as exemplified in Fig. 6.
At each temperature this relationship can be well fit with the
linear dependence

hv = guopp Hees + A, (D

where A is the zero-field magnetic anisotropy gap, and &, ug,
and po are the Planck constant, Bohr magneton, and vacuum
permeability, respectively. The fits yield gy = 1.69 and g, =
2.03 independent of temperature, within the experimental
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FIG. 6. Relationship between the frequency v and the field
1o Hes corresponding to the peak (circles) and the shoulder (squares)
of the asymmetric ESR powder signal of La,ZnlrO¢ (inset) at
T = 6 K. Solid lines are fits to Eq. (1).

accuracy, in the whole studied range 4-20 K. A is practically
zero at higher temperatures whereas it acquires a small but fi-
nite value A &~ 2 GHz upon entering the magnetically ordered
state of La,ZnlrOg below Ty ~ 11 K.

The anisotropy of the g factor with g, > 2 > g is gener-
ally expected for the Ir** ion in the case of the elongation of
the surrounding octahedron of oxygen ligands [23], although
some exceptions are possible [24]. Indeed, in La;ZnlrO¢
the Ir—-O bonds in the equatorial plane of the IrOg octa-
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FIG. 7. Low-field part of the ESR spectra of La,ZnIrO¢ at
(a) v = 9.8 GHz and (b) 36 GHz. Note that, in panel (a), the signal is
the field derivative of the absorption recorded with the X-band spec-
trometer. Panel (c) depicts the amplitude of the low-field microwave
absorbtion as a function of temperature.
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hedron amount pairwise to 1.961 A and 1.946 A, whereas
the bonds along the elongation axis are appreciably longer
(1.991 A) [25]. This enables to assign the observed ESR signal
to the response of the Ir** ions. The signal does not expe-
rience strong changes in the ordered state besides opening
a small gap of ~2GHz. According to the inelastic neutron
scattering study of La,ZnIrOg in Ref. [12], the energy gap for
the spin-wave excitations of the Ir AFM sublattices amounts
to ~2meV (&500 GHz). Thus the resonance response at a
much smaller excitation frequency close to its paramagnetic
value and characterized by a zero-field magnetic anisotropy
gap much smaller than the AFM spin-wave gap can be at-
tributed to the low-frequency ferromagnetic-like mode of the
net sublattice moments arising in the noncollinear AFM spin
structures [26-28].

The other feature of the ESR spectrum, namely, the low-
field signal (Fig. 7), emerges in the vicinity of 7y. The ab-
sorption starts always at zero field, independent of frequency,
suggesting its nonresonant nature [Figs. 7(a) and 7(b)]. At the
smallest studied frequency of 9.8 GHz the signal raises sharp
at Ty and rapidly decreases again revealing a shoulder at ~8 K
in the dependence of its amplitude on temperature Apw,(7T)
[Fig. 7(c)]. At higher frequencies Anwa(T') is also peaked at
T~ though covering a broader temperature range as compared
with the 9.8 GHz data [Fig. 7(c)].

The zero-field absorption is known to be related to interac-
tion of microwaves with magnetic domains in a ferromagnet
with random directions of the magnetization of local domains
at small fields, often referred to as multidomain ferromagnetic
resonance [29]. It always starts at zero field, independent
of frequency v, and may have a complicated dependence of
intensity on v (see, e.g. Refs. [30]). Although La,ZnlrOg is
an antiferromagnet, an occurrence of weak ferromagnetic mo-
ments may presumably cause the formation of ferromagnetic-
like domains in the sample, thus explaining this peculiar
observation. The shoulder in the peak, which is also present in
the ac-susceptibility curve (cf. Figs. 7 and 4), might be related
to some reorganization of the domain structure. Interestingly,
at higher frequencies the zero-field absorption sets in already
above Ty, suggesting that, on the short picosecond timescale,
such domains could be preformed even before the static
magnetic order has been fully developed.

We note that these two types of signals (Figs. 6 and 7) were
previously reported in Ref. [13]. However, since the mea-
surements were performed there only at a single frequency
of 9.4 GHz and no frequency dependence was studied, the
zero-field signal and the signal at a field corresponding to
g ~ 2 were, in contradiction to the above analysis, incorrectly
assigned to a ferromagnetic resonance and to an AFM reso-
nance, respectively.

2. La,ColrOg

The ESR response of a polycrystalline sample of
La;ColrOg is characterized by a single line which shape in
as-measured spectra appears as a mixture of the Lorentzian
absorption an dispersion due to the complex impedance of the
broadband waveguide of the ESR setup [Fig. 8(e)]. However,
since the ESR setup is controlled by the vector network
analyzer which measures both the amplitude and the phase
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FIG. 8. Temperature dependence of the (a) intensity, (b)
linewidth, and (c) resonance field of the ESR signal of La,ColrOg
at v = 95 GHz, and (d) of the excitation gap A evaluated according
to Eq. (1). Typical spectra at this frequency are shown in panel (e).
Small asymmetry of the ESR line appears due to an admixture of the
dispersion signal caused by the complex impedance of the broadband
waveguides in the high-field ESR setup and can be corrected by the
network analyzer’s software.

shift of the detected signal, the true Lorentzian lineshape can
be recovered by the analyzer’s software. The parameters of
the signal, the integrated intensity 7, the linewidth § H and the
resonance field H,.s are plotted as a function of temperature
for a selected frequency v = 95 GHz in Figs. 8(a)-8(c). In
addition to the T-dependent measurements, the ESR signal
has been measured at selected fixed temperatures at different
excitation frequencies v. The so-obtained data were fit with
Eq. (1). The g factor reveals a continuous decrease from g ~
2.02atT =143Ktog =~ 1.96 at T = 2 K. The excitation gap
A obtained from the same fit is plotted as a function of T in
Fig. 8(d).

Similar to the case of La,CulrOg [17], the Lorentzian-
shaped signal occurring at a field corresponding to the g
factor close to two suggests that the signal originates from
the joint precession of the exchange-coupled subsystems of
Co and Ir spins in the short-range-correlated regime above
the ordering temperature 7y, which varies between 92 and
98 K depending on the applied field (Fig. 5). Although the
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FIG. 9. Experimental '*La NMR field swept spectrum of
La,ColrO¢ at T = 270K. The red solid line is the result of the
modeling according to Eq. (2) (see text).

g tensor of Co®" in a distorted ligand coordination could
be strongly anisotropic with g, > g« ~ gy ~ 2, often most
of the spectral weight of the powder-averaged ESR signal is
located close to g ~ 2. The closeness of the g tensor of Ir*+
to the value of two (Sec. III B 1) enables thus the formation
of the collective resonance mode above Ty analogous to that
in La;CulrOg [17]. Upon lowering the temperature below Ty
this signal gradually transforms into the ferromagnetic-like
mode of the precessing uncompensated moments of the AFM
sublattices characterized by opening of a small excitation gap
of the order A ~ 4 GHz at low temperatures [Fig. 8(d)]. This
signal is unlikely to be related to the “true” AFM magnon
mode of the precessing sublattice magnetization since, similar
to LayZnlrOg, it is expected to have a substantially larger gap
of the order of some meV [12].

A smooth evolution of the dependencies 1(T), §H(T), and
H,s(T) below Ty indicate that the formation of the robustly
coupled Co- and Ir-based spin sublattices is not completed at
Tn. These dependencies saturate at a much lower tempera-
ture of ~30K which can be considered as a characteristic
temperature at which the Ir spin subsystem eventually gets
firmly “locked” to a stronger magnetic subsystem of Co
spins, qualitatively similar to the dynamics of Ir and Cu spins
observed by ESR in La,CulrOg [17].

C. La NMR of La,ZnIrOg4 and La,ColrOg

For NMR measurements we used '*°La as a sensitive probe
of the electron spin system. Each La nucleus is located almost
in the center of the Co/Zn-Ir cube (Fig. 1) and is surrounded by
four Ir magnetic moments and, in the case of La,ColrOg, also
by four Co moments, which makes this nucleus sensitive to the
uncompensated local fields. '*°La has a nuclear spin I = 7/2
and therefore possesses an electric quadrupole moment which
interacts with the electric field gradient (EFG) from surround-
ing charges thus giving rise to quadrupole satellites in the
spectrum. A typical high-temperature spectrum is shown in
Fig. 9. It consists of a narrow central line and broad shoulders

due to the quadrupole satellites. The general Hamiltonian
describing the NMR spectra reads [31]

H= _ynhizHO + iAaaS

qQ0 T
— 1= 32— [P+ L2+ 1| 2
41(21_1)[ o +2(++ %) 2

Here, y, is the gyromagnetic ratio of the nucleus, 7 is the
reduced Planck constant, e is the elementary charge, and Q is
the quadrupole moment of the nucleus. The first term in the
Hamiltonian describes the Zeeman interaction of the nuclear
spin / with the external magnetic field Hy. The second term
represents the hyperfine interaction of the electron spin S with
the nuclear system and is determined by the hyperfine tensor
Agq. The last term stands for the quadrupolar interaction of
the nuclear spin with the electric field gradient tensor V.

Here, g and 5 are the so-called electric field gradient and the

asymmetry parameters, defined as eq = V., and n = %

At high temperature, where a contribution of the hypefﬁne
interaction is small due to fast thermal spin fluctuations, the
spectrum can be reasonably well modeled by a sum of the
first and the last terms of Eq. (2) and the hyperfine interaction
is taken implicitly into account via the linewidth parameter.
The powder averaging was used in the modeling and the result
of calculation is shown in Fig. 9 by the red solid line. From
the modeling of the experimental spectrum of La;ColrOg

the quadrupolar frequency vy = %?_Ql) = 3.8 MHz and the
EFG tensor asymmetry parameter n = 0.4 were determined.
These values for the La;ZnlrOg compound amount to vy =
3.7Hz and n = 0.38. The NMR spectrum features quadrupole
satellites and is quite broad already at room temperature,
giving evidence for a noncubic symmetry of the local charge
surrounding. A quite large value of the asymmetry parameter
n is likely to be related to the displacement of oxygens due to
the rotation of the metal ion-oxygen octahedra as well as due
to a significant spatial extension of the Ir 5d orbitals.

1. Temperature dependence of '*La NMR linewidth

The temperature dependencies of the '**La NMR spectra
for both La,ColrOg and La;ZnlrOg are presented in Figs. 10
and 11, respectively. With decreasing temperature they contin-
uously change for both materials. The width of the spectrum
on the half-height is shown for La,;ColrOg in Fig. 12. By low-
ering the temperature from 300 K down to 120 K the linewidth
follows the bulk magnetization measured at a field of 7 T
(blue line in Fig. 12). This means that the broadening is of a
magnetic nature and is dominated by interactions of the '*La
nuclear spins with the Co?* and Ir** electron subsystems. At
T < 120K the spectrum acquires a dome shape and strongly
broadens. Finally, at the ordering temperature 7y = 98 K at
7 T (Fig. 5) the spectrum broadens even more and acquires an
extended, almost flat central part.

Such substantial broadening can be ascribed to the devel-
opment of a specific distribution of internal fields By, in the
magnetically ordered phase. The low-temperature part of the
T dependence (Fig. 12) can be described in the mean-field
approximation as Bj,. « [1 — (T/ Tn)*1P, where o ~ 2, B~
0.5, and Ty = 98K (Fig. 12).
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FIG. 10. Temperature evolution of the '*La NMR spectrum of
La,ColrOg.

The "*°La NMR linewidth in La,ZnlIrOg follows the bulk
magnetization M (T) almost in the whole temperature range
down to 30 K (Fig. 13). Below this temperature it increases
even stronger than M and reaches a plateau at 7 ~ 9 K.

Note that, for both materials, the spectra begin to rapidly
broaden and change the shape at temperatures significantly
higher than the respective magnetic ordering temperatures,
where an additional spectral transformation takes place.

2. Temperature dependence of **La NMR line position

The temperature dependencies of the '*La NMR line
shift K(T) are shown in Figs. 14 and 15 for La;ColrO¢
and La,ZnlrOg, respectively. They were obtained from the
position of the center of gravity of the NMR spectra depicted
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FIG. 11. Temperature evolution of the '¥La NMR spectrum of
LaZZnIrO6.
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FIG. 12. Temperature dependence of the '*La NMR linewidth
for La,ColrOg. The red dashed line denotes the mean-field approx-
imation (see the text for details) with the temperature-independent
offset of 0.2 T. The magnetization curve measured at a field of 7 T is
shown by the blue solid line.

by arrows in Figs. 10 and 11. At high temperatures, its position
coincides with the result of the modeling with Eq. (2).

In general, the NMR line shift can be written as K =
K(T)+ Ko, where the second term Ky, is due to an
orbital contribution, which is 7 independent. Additionally,
the central transition is affected by the second order electric
quadrupole interaction. In general, it depends on temperature
but here this contribution is assumed to be constant because no
significant changes in the lattice parameters are found [18] and
thus a temperature variation of vy due to the electron-phonon
coupling should be much smaller than the observed magnetic
shift. Also, a possible 7' dependence due to the lattice effects
might be compensated by an opposite 7 dependence of the
local charge distribution. The quadrupolar part of the shift is
subtracted from the data shown. The temperature dependent

0.6

2.0 L§ 9K
o 39La NMR in 105
La,ZnlrOq4

Linewidth (T)

L2 [}

4 0.0
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FIG. 13. Temperature dependence of the '*’La NMR linewidth
for La,ZnlrOg. The blue solid line is the magnetization curve mea-
sured at a field of 7 T.
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FIG. 14. (main panel) Temperature dependence of the '¥La
NMR line shift K for La,ColrOg. Dotted line is the guide for the
eye. Inset shows K vs x plot for La,ColrQOg. Red solid line is the
linear fit (see text).

line shift is proportional to the local static magnetic suscep-
tibility, and in the paramagnetic state it is determined by
the static uniform susceptibility of the electron spins, which
are coupled to the resonating nuclei according to K(7') =
Ansx (T). Here Ay is the hyperfine coupling constant. From
the linear approximation of the high-temperature part of the
K vs x dependence presented in the insets to Figs. 14 and 15,
the averaged hyperfine coupling constants were determined:
Apr = 3.8 £ 0.2kOe/pu g for LayColrOg and Ay = —12.1 £
0.2kOe/up for LaZnlrOg. Note that, for La,ColrQOg, the
linear regime of K vs bulk x ceases below 120 K, and
below the ordering temperature Ty = 98 K at 7 T the NMR

0.12 F ]
* L |
0.10 | 003 30K |
I .
: 0.02} 1
0.08: ¥La NMR in .
X 280 K La,ZnIrOq
0.01} 1
x 0.06 | / .
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FIG. 15. (main panel) Temperature dependence of the '¥La
NMR line shift K in La,ZnlIrOg. Dotted line is the guide for the eye.
Inset shows K vs x plot for La,ZnlIrOg¢. Red solid line is the linear
fit (see text).

spectrum changes its shape and does not shift anymore. A
similar evolution of the spectrum takes place in La;ZnlrOg,
although on a different, lower temperature scale. Due to the
positive hyperfine coupling for the La, ColrOg compound with
magnetic Co®>" (S = 3/2) ions the line shifts towards lower
fields, whereas for the La;ZnlrO¢ compound with nonmag-
netic Zn (S = 0) ions the line shifts to higher magnetic fields
due to the negative hyperfine coupling. Note that, in the case
of La,CulrOg, with magnetic Cu (S = 1/2) ions, the line shift
has the same sign as in La,ColrOg although its magnitude is
smaller [17]. The reason for the different signs is that the '3°La
nuclear spins in La;ZnlrOg couple only to the Ir 5d moments,
whereas the nuclear spins in La;CulrOg and La,ColrOg also
couple to the magnetic 3d electron subsystems of the Cu and
Co. Then, the coupling to the Ir 5d moments must be negative,
and the coupling to the 3d moments must be positive, and
larger than the negative coupling to the Ir 5d moments. There
are only two possibilities for a negative hyperfine coupling.
The first one is the dipolar hyperfine field of an unpaired
electron without spin density at a nuclear site, and the second
one is a hyperfine coupling via core polarization. For the dipo-
lar case, we calculated the dipolar hyperfine field of the Cu
and Co 3d moments and that of the Ir 5d moments at the 1**La
nuclear site:

Haip = —Vattol - Haip
_@ 23(1'1'1')(8]"l’j)—Sj(l‘j'l'j)

= YnV
4 - r’
J J
3x] 5"12 3%, 35,2
Ty I, "
_ _ Mo V. ZIT 3}’]‘3./‘ 3y; i i |g,
- nre 5 5 5
4r . T r 5 !
J 3z)x; 3ziyi 33
T
= — E I" A} 4ipS;. 3)
J

Here, r; is the radius vector from the position of the nucleus
I to the site of the unpaired electron S;, and the variables x;,
¥, and z; are the vector components of r;. The corresponding
matrix elements of the dipolar hyperfine tensors Aj; g, from
nearest Co, Cu, and Ir ions are listed in Table I. Apparently, the
dipolar hyperfine coupling is an order of magnitude smaller
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than the experimentally determined values of Ayt (see above),
and there are positive and negative values of the diagonal
elements for La,ZnlrOg as well as for La,ColrOg. Therefore,
we believe that for the negative coupling to the Ir 5d moments,
only the core polarization can be at play. Since the La ions are
a priori not carrying the spin density, there must be a transfer
of spin density from the Ir ions. Indeed, it has been theoreti-
cally suggested that the 4d orbitals of the nonmagnetic rare-
earth cation play an important role for mediating the exchange
interaction between the magnetic 5d° ions in the double
perovskites [10]. These unpaired d electrons in the La orbitals
then polarize full s shell electrons, where due to the Pauli
exclusion principle the antiparallel polarization is preferred,
leading to a negative hyperfine coupling. Also, the positive
coupling to the Cu or Co 3d electrons cannot be dipolar, but
must be a transferred hyperfine coupling. Since it is positive,
it cannot be due to core polarization. Rather, there might be
small admixtures of Cu or Co 3d electron and unpaired La
s electron wave functions, which have a finite probability
density at the 139La nucleus, and thus mediating the Cu or
Co 3d electron spin density to the '*La nucleus.

3. ¥WLa spin-lattice relaxation rate

To probe the dynamic properties of the electron spin
system we have used nuclear relaxation measurements. The
nuclear spin-lattice relaxation rate 7,"' was measured at the
maximum of the '*La NMR line intensity by the stimulated
echo sequence. Since the quadrupole splitting of the spectrum
is comparable with the widths of the inhomogeneously broad-
ened lines not only the central transition but also the satellite
transitions contribute to the detected signal. In this situation
the use of the formula

M(t) = Mye= /T )

has enabled us to fit well the nuclear magnetization curves
M (t) over the entire experimental temperature range and to
obtain the T dependencies of Tfl in a single unified approach.
Here M, is the equilibrium nuclear magnetization, b is the
stretching parameter, and 77 is the spin-lattice relaxation time.
A typical example of the NMR echo intensity decay and
the corresponding fit are shown in Fig. 16. The stretching
parameter b is close to unity in the paramagnetic regime at
high temperatures and reduces to smaller values in the spin-
correlated regime, indicating a distribution of relaxation rates
at lower temperatures.

In general, in magnetic materials the NMR Tl_I relaxation
rate reads

1 kgT » x"(q, or)
= qum(qn PR )
Here the sum is over the wave vectors q within the first Bril-
louin zone, A(q) is a form factor depending on the q vector,
kp is the Boltzmann constant, wy, is the Larmor frequency, and
x” is the imaginary part of the dynamic susceptibility. In the
paramagnetic regime, Eq. (5) simplifies to
1

— Ty, 6
T10<x (6)

T T b T T
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FIG. 16. Time evolution of the spin echo intensity of the '¥La
nuclei measured at the maximum of the NMR line intensity. Solid
line is the fit according to Eq. (4).

where x is the uniform static electron spin susceptibility.
Filtering effects, such as that the hyperfine coupling is peaked
(or zero) for certain q vectors, are expected to be small for
the studied materials since the La sites are coupled to several
transition metal sites implying a weak dependence of A on q.

In Fig. 17(a) the T dependence of the spin-lattice relax-
ation rate Tfl (T) for La,ZnlrOg is presented. At high temper-
atures it is almost constant and after a slight increase around
T ~ 30K, T]_I(T) rapidly decreases by further lowering the
temperature. A sharp peak in Tfl (T)isobservedat T ~ 11K,
with experimental resolution of better than 1 K, which corre-
sponds to the magnetic phase transition in La,ZnIrOg.

In contrast to La,ZnlrOg, the peak at the ordering temper-
ature in the 7' dependence of the Tfl(T) for La,;ColrOg is
much broader [Fig. 18(a)]: the relaxation rate continuously
increases from room temperature down to 7y = 98 K where it
reaches a maximum followed by a rapid slowing down at T <
Tx. The nuclear spin-lattice relaxation rate 7' in an antifer-
romagnetically ordered state is mainly driven by scattering of
nuclear spins off magnons, that usually leads to a power-law
temperature dependence [32]. When the temperature energy
scale kgT is larger than the magnon gap, Tfl follows a T3
or T3 dependence for the two- and three-magnon Raman
processes, respectively. As can be seen in Fig. 18(a), the '*La
nuclear relaxation rate in La,ColrOg at T < Ty can be at best
described as Tfl o T3, suggesting that it is dominated by the
two magnon Raman process, which is, indeed, expected for
canted antiferromagnets [32].

The relaxation rate Tfl in La,ColrOg, as well as in
La,CulrOg [17], is much smaller than that in La,ZnIrOg.
At first glance this is surprising, since according to Eq. (5),
7" oc AZ,, and thus in the case of the first two compounds
the fluctuating hyperfine fields from both 3d and 5d elec-
tron spins should contribute to the nuclear-spin relaxation as
Tl_l x (AﬁquO scu T Aﬁpylr), making it faster than in the third
compound. However, one has to keep in mind that the relax-
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FIG. 17. (a) Temperature dependence of the '*’La 7' relaxation
rate for La,ZnlIrOg. Dotted line is a guide for the eye. (b) 7' depen-
dence of the dynamic susceptibility (7;T)~' for La,ZnIrQOg. Dotted
line is a guide for the eye. Red solid curve corresponding to the right
axis is the bulk static susceptibility x measured at a field 7 T.

ation process may become more effective if the frequency of
electron spin fluctuations gets closer to the Larmor frequency
o, of the nuclei under investigation. Hence, the observed hier-
archy of the relaxation rates lezln > Tféu > Tlféo suggests an
increase of the frequency scale of the dynamics of the electron
spin system in La, BIrOg on the way from the nonmagnetic 3d
subsystem in the case of B = Zn (3d 10§ = 0), to the “mod-
erately” magnetic B = Cu (3d°, S = 1/2), and to the strongly
magnetic B = Co (3d’, S = 3/2) 3d subsystems. This effect
is likely to be related to the strong exchange coupling of
the 3d spins and 5d jer = 1/2 pseudospins in La,CulrOg
and La,ColrOg, as seen in the ESR experiments, which may
reduce the low-frequency contribution to the electron spin
fluctuation spectrum.

IV. DISCUSSION

In La,ZnlrO¢ the ESR signal becomes first visible at
T < 30K. Interestingly, the broad maximum of the dynamic
electron spin susceptibility measured by the NMR spin-lattice
relaxation x” o< (7;7)~! is also located at this temperature
and x” begins to deviate from the static susceptibility towards
the smaller values [Fig. 17(b)]. The latter is unusual since
typically the local dynamic spin susceptibility probed by
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T T T T T T T T T T T
< 12k 4
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FIG. 18. (a) Temperature dependence of the *’La T1_1 relaxation
rate for La,ColrOg. Black dotted line is to guide the eye. Red solid
line is a fit according to the two-magnon Raman process (see the
text). (b) T dependence of the dynamic susceptibility (7;7)~". Black
dotted line is to guide the eye. Red solid curve corresponding to
the right axis is the bulk static susceptibility y measured at a field
of 7T.

NMR is enhanced due to the slowing down of the electron
spin fluctuations. The observed behavior can be explained by a
partial compensation of the local field of surrounding electron
spins at the given '*’La site due to strong AFM correlations.
Besides, in the same temperature range the NMR line acquires
a rectangular-like shape typical for AFM-ordered compounds
(Fig. 11). All these observations point to a gradual estab-
lishment of the short-range AFM order in this temperature
regime. At Ty amounting to ~11K at 7 T the long-range
canted AFM order sets in. This is manifested in a sharp peak
of the relaxation rate 7~'(7) [Fig. 17(a)], a substantial line
shift, a change of the lineshape (Fig. 11), and opening of the
gap for the ESR excitation (Fig. 6).

In La;ColrOg, the ESR mode emerges at 7 < 140K
(Fig. 8). Although, there is no broad maximum of (7;7)!
as it was the case for La,ZnlrOg, the nuclear spin-lattice
relaxation begins to grow significantly already at T ~
200K, providing evidence of strong electron-spin correla-
tions [Fig. 18(a)]. Similar to La;ZnIrOg, the dynamic spin
susceptibility x” oc (T;T)~! deviates towards smaller values
as compared with the static one [Fig. 18(b)]. This deviation
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takes place at ~120 K where also the NMR lineshape strongly
changes (Fig. 10). This temperature is comparable with the
temperature where the ESR mode appears. The phase tran-
sition to a canted AFM-ordered state takes place at Ty =
98K at 7 T. It is accompanied by a sharp peak of the NMR
relaxation rate Tl_l (T), a rectangular-like shape of the NMR
line, and opening of the gap for the ESR mode.

The double perovskite structure is composed of two in-
terpenetrating simple perovskite sublattices. In the case of
La;ZnlrOg, only one of them is magnetic. As discussed
above, this subsystem is characterized by a pronounced
short-range-ordered regime above Ty. In contrast, La,; ColrOg
consists of two magnetic subsystems. The Co subsystem
with the large spin S = 3/2 is dominating over the weaker
magnetic subsystem of Ir pseudospins jer = 1/2. However,
the magnetic behavior of the La,ColrO¢ compound above
Tx appears unexpectedly similar to La,ZnIrOg: with the
substantially higher ordering temperature 7y it demonstrates
an extended temperature regime of strong AFM correlations
characterized by a continuous slowing down of electron spin
dynamics. The situation changes radically, if the two subsys-
tems of the double perovskite are equivalent in terms of the
spin value as it is the case in La,CulrOg with Cu*t (S =
1/2) and It (Jefr = 1/2). As our NMR data in Ref. [17]
show, there is no such extended regime of strong correlations
above Ty in this compound. Such correlations are visible there
only on the very short picosecond timescale, as revealed by
ESR [17].

The short-range ordered regime extended well above the
ordering temperature 7y, observed in our experiments, in-
dicates frustration of magnetic interactions in La;ColrOg
and La,ZnIrOg which tend to suppress the long-range order.
It is known that the double perovskite lattice is inherently
geometrically frustrated as it is composed of two intersect-
ing fcc sublattices. The strong spin-orbit coupling yields a
strongly anisotropic distribution of the spin density of the
Ir ion which further enhances frustration [7]. In addition,
the frustration is also likely to be related to the occurrence
of the multiple exchange paths characteristic of the double
perovskites which could be particularly boosted in the case
of the spatially extended 5d orbitals (see, e.g., Refs. [8—10]).
Finally, the 1, orbitals of the Co®* ions carrying an orbital
moment are involved in the exchange paths which brings an
additional complexity in the system. On the other hand, in
La,CulrOq the Cu®* ions with the active e, orbitals carry
no orbital momentum and have spin S = 1/2. It appears that
the magnetic lattice in La,CulrOg composed of two “equally
magnetic” subsystems is much less frustrated, possibly mostly
due to the reduction of the geometrical frustration.

In both “two-component” systems, La,ColrOg¢ and
La,CulrOg, at T < Ty there is a gradual development of the
coupling between the magnetic 3d and 5d subsystems. This
is, reflected in a gradual evolution of the ESR response and
in a continuous slowing down of the spin dynamics below
Tn probed by the NMR relaxation. It seems that at 7y only
the Co-spin sublattice in La,ColrOg orders, whereas the Ir-
pseudospin sublattice is in the short-range correlated regime.
The gradual evolution of the ESR signal below Ty provides
evidence that, indeed, the magnetic system of exchange-
coupled Co- and Ir-sublattices remains ““soft” down to temper-

atures of the order ~30 K where presumably the Ir-pseudospin
sublattice orders long range. This scenario is supported by
the evolution of the NMR spectrum whose shape acquires
a typical AFM-like rectangular form (smoothed due to the
quadrupolar splitting) only below 50 K (Fig. 12). We admit
that the ordering of the Ir-spin sublattice in La;ColrOg still
remains an open issue since, unfortunately, neutron diffraction
experiments performed in Ref. [18] could determine the spin-
ordered structure of the Co-subsystem only and could not
provide any information regarding the spin order of the Ir-
subsystem. The situation is somewhat different in La, CulrOg
composed of two magnetic sublattices of a similar strength
which may reduce geometrical frustration. Feasibly for this
reason the cross coupling between the two subsystems de-
velops in a significantly smaller temperature range and both
Cu and Ir sublattices are involved in the ordering process at
74 K [17]. The remaining frustration due to the orbital degrees
of freedom of Ir ions maintains the residual spin dynamics
down to 54 K. In contrast, in the “one-component” La,ZnIrOg
the magnetic frustration is released below Ty. Therefore, the
electron spin fluctuations in the ordered state decrease very
sharply as evidenced by the NMR relaxation (Fig. 17).

V. CONCLUSIONS

In summary, we have studied with ESR and *La NMR
spectroscopic techniques the static and dynamic magnetic
properties of the two Ir-based double perovskites La;ColrOg
and La,ZnIrOg. Both methods reveal pronounced quasistatic
electron spin correlations at temperatures far above the mag-
netic phase transition at 7y ~ 98 and 11 K, respectively,
signifying substantial frustration of exchange interactions. In
La,ZnlrOg, comprising only one magnetic sublattice, the spin
fluctuations freeze very rapidly below Ty, whereas in the
“two-component” Co-Ir double perovskite magnetic lattice
in La;ColrOg, the spin dynamics decays continuously down
to low temperatures. In particular, the NMR relaxation re-
veals substantial spin excitations over an extended temper-
ature range below Ty, while in the La,ZnlrOg compound
the magnon gap of the order of kgTyn obviously suppresses
the magnon dynamics. Moreover, the analysis of the negative
hyperfine coupling of the '*La nuclei to the Ir 5d moments
indicates that the La 4d orbitals are involved in the exchange
interaction between the Ir 5d moments, whereas the positive
coupling of the '*La nuclei to the 3d Cu or Co orbital is
simply a transferred one which does not involve the La 4d
orbitals. The obtained results point at the important role of the
multiple, competing exchange pathways involving spatially
extended, strongly anisotropic 5d magnetic orbitals in the
Ir-based double perovskites and call for further development
of theoretical concepts behind the nontrivial magnetism of this
type of strongly spin-orbit coupled materials.
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