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Abstract

Iridates represent a unique material system that possesses both strong spin-orbit coupling (SOC)

and electron correlation. The interplay between SOC and correlation could facilitate the emergence

of novel electronic and magnetic states. In this work, we report on a systematic study of magnetism

in double perovskite iridate La2ZnIrO6 and its hole-doped compounds (La1−xSrx)2ZnIrO6 via dc

magnetization measurement, heat capacity characterization, electron spin resonance spectroscopy

and simple modeling. The undoped La2ZnIrO6 undergoes two magnetic transitions at T1 ∼ 7.3

K and T2 ∼ 8.5 K, respectively. While magnetic hysteresis loops with large remnant moments

were observed below these two transition temperatures, the corresponding magnetic states were

demonstrated to be canted antiferromagnetism (AFM) by the linear increase of magnetization at

high field along with the observation of antiferromagnetic resonance. The nature of the canted

AFM states with large canting angles can be understood by a simple model that includes both the

Heisenberg exchange interaction and the Dzyaloshinskii-Moriya interaction. With the introduction

of Ir5+ by Sr2+ doping, the canted AFM phases are suppressed, accompanied by an enhancement

of electrical conductivity.

PACS numbers: 75.60.-d, 75.30.Kz, 75.40.-s, 76.30.-v
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I. INTRODUCTION

Iridates represent a unique material system that possesses strong spin-orbit coupling

(SOC) with an energy scale comparable to electron correlations (U)1–6. The interplay

and competition between SOC and correlations facilitate the emergence of novel quan-

tum states such as the Jeff=1/2 Mott state1,7–9, quantum spin liquid10,11, topological Mott

insulators2,3,12, and Weyl semimetals4,13. The strength of SOC and correlation relative to

electron hopping (t) is strongly dependent on the crystal structure. A representative system

of enhanced correlation is the so-called double perovskite iridates with a chemical formula

of A2BIrO6, where A = rare earth or alkaline earth element and B =3d transition metal

element such as Zn. The electronically active Ir4+ ions are well separated from each other,

giving rise to highly localized electronic states6.

While there have been considerable work in exploring and understanding novel mag-

netic properties of other iridates (e.g. pyrochlores14–20, honeycomb lattice5,21–24, and

perovskites25–28), the highly-localized double-perovskite A2BIrO6 are much less intensively

studied29–38 and their magnetic properties remains to be fully understood. Using the

prototypical La2ZnIrO6 as an example, magnetic susceptibility measurement indicates a

paramagnetic (PM) to ferromagnetic (FM) -like transition around 7.5 K29,31, however, re-

cent density functional theory (DFT) calculations suggest that the low temperature ground

state should be canted antiferromagnetism (AFM) instead of ferromagnetic order39. Neu-

tron scattering measurement indeed shows signature of canted AFM, although the obtained

information is limited by the low scattering intensity due to the large neutron absorption

cross section of Ir39. Temperature dependence of inverse susceptibility in the PM state devi-

ates from the linear Curie-Weiss law, yielding different signs of Weiss constant Θ depending

on the temperature range that was chosen for fitting29,31,39. The understanding of these

unusual magnetic properties is expected to provide significant insight into the interplay and

competition between various interactions6.

In this paper, we report on a systematic study of magnetism in La2ZnIrO6 and its

hole-doped compounds (La1−xSrx)2ZnIrO6 via dc magnetization measurement, heat capac-

ity characterization, electron spin resonance (ESR) spectroscopy and theoretical modeling.

The undoped La2ZnIrO6 undergoes two magnetic transitions at T1 ∼ 7.3 K and T2 ∼ 8.5 K,

respectively. The magnetic phases below these two transition temperatures are both canted
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AFM with possibly different canting angles, as evidenced by the magnetic hysteresis loops

and antiferromagnetic resonance. The nature of the canted AFM states and the temperature

dependence of inverse susceptibility in the PM state can be understood by a simple model

that includes both the Heisenberg exchange interaction and the Dzyaloshinskii-Moriya in-

teraction. With the introduction of Ir5+ by Sr2+ doping, both canted AFM phases are

suppressed, accompanied by an enhancement of electrical conductivity.

II. EXPERIMENTAL METHODS

The (La1−xSrx)2ZnIrO6 (x = 0, 0.1 and 0.2) samples were prepared by conventional

solid state reaction. Mixtures of high purity La2O3 (99.999%, dry), SrCO3 (99.994%),

ZnO (99.999%) and IrO2 (99.99%) in stoichiometric ratios were heated in air at temper-

atures between 900 ◦C and 1050 ◦C for about 5 days with several intermediate grindings.

The structure was characterized by X-ray powder diffraction (XRD) using a PANalytical

EMPYREAN diffractometer (Cu Kα radiation). Rietveld refinements were performed for

the XRD data using the GSAS software package40,41 (see Fig. S1 in the Supplemental

Material42). The magnetization measurements were performed in a Quantum Design Mag-

netic Property Measurement System. The heat capacity measurements were carried out in

a Quantum Design Physical Property Measurement System. The ESR spectra were taken in

an X-band BRUKER EMX plus 10/12 spectrometer (microwave frequency ν = 9.40 GHz).

The resistivity was measured using a Linear Research LR-700 AC Resistance Bridge.

III. RESULTS AND DISCUSSION

A. Undoped La2ZnIrO6

The undoped La2ZnIrO6 undergoes two magnetic transitions at low temperatures. Figure

1(a) shows the magnetization as a function of temperature taken at H = 1 kOe after the

sample was cooled down in zero field (i.e. zero field cooling: ZFC) and in a field of 1 kOe (i.e.

field cooling: FC). The magnetization increases gradually with the decrease of temperature

down to about 10 K, below which it increases sharply and a ferromagnetic-like hysteresis

between ZFC and FC is observed. The FC dM/dT versus T curve [inset of Fig. 1(a)] shows

a major dip at T1 ∼ 7.3 K and a minor one at T2 ∼ 8.5 K, suggesting two magnetic phase
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transitions. These two transitions become clearer in the magnetization data taken at lower

magnetic fields [Fig. 1(b)]. The lower transition temperature of 7.3 K is close to the value

determined by the Arrott analysis39. The ZFC M-T curves exhibit two peaks which should

be attributed to the freezing of magnetic domains at low temperatures, as evidenced by the

increase of peak temperatures with the decrease of applied magnetic field [dashed lines in

Fig. 1(b)].

The existence of two magnetic transitions is further confirmed by temperature (T ) de-

pendent heat capacity (Cp) measurement. As shown in Fig. 2(a) and its inset, the heat

capacity shows two peaks around T1 and T2. By subtracting the contribution from lattice

that is represented by the heat capacity of the non-magnetic La2ZnTiO6, we obtained the

magnetic specific heat ∆Cp and the magnetic entropy S =
∫

∆Cp/TdT . As seen in Fig.

2(b), the entropy is released after magnetic transitions by ∼ 5.92 J/mol K, which is close to

R ln 2 = 5.76 J/mol K expected for the ordering of Jeff=1/2 moments43. We note that the

magnetic specific heat is positive well above T2, as also observed in previous study39. This

positive magnetic specific heat may arise from a short-range ordered magnetic state that

will be discussed below.

Magnetization versus magnetic field (M-H) measurement was performed at several tem-

peratures to understand the magnetic phases in different temperature regimes. When the

temperature is below T2 ∼ 8.5 K, small magnetic hysteresis loops were observed at low

fields, accompanied by a linear-like increase of magnetization at high fields [Fig. 3(b)].

The magnetic hysteresis loops indicate the existence of net/spontaneous magnetization. In

combination with the high-field linear M-H , it suggests a canted AFM phase in both the

low-temperature (T < 7.3 K) and intermediate-temperature (7.3 K < T < 8.5 K) regimes,

as evidenced later by ESR measurement. As shown in Fig. 3(b), the remnant magneti-

zation and coercivity at ∼ 2 K (the low-temperature phase) are higher than at ∼ 7.5 K

(the intermediate-temperature phase), indicating that the former may have a larger canting

angle than the latter (as will be discussed quantitatively below). Moreover, the M-H at

∼ 2 K has clear substructures, in which the magnetization decreases abruptly as the field

is reduced below 0 Oe, followed by a visible shoulder. The precise origin of this feature

is not clear, but the M-H curve seems to consist of two loops with different magnetic co-

ercivities. Therefore, it may be due to strong magnetic anisotropy at this temperature,

e.g. the small crystals whose c-axis is oriented along the magnetic field direction may have
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a coercivity that is strongly distinct from the crystals whose ab plane is parallel to the

field. In contrast to the magnetic hysteresis loops observed at lower temperatures, the M-H

curves at 10 and 15 K, namely above T2, exactly pass through the original point. Despite

the absence of hysteresis loop, these two curves are not linear. We used the field depen-

dent magnetization equation M = NgJµBBJ (gJµBH/kBT ), where the Brillouin function

BJ(x) =
2J+1
2J

coth( (2J+1)x
2J

)− 1
2J

coth( x
2J
)44, to fit these M-H data in Fig. 3(c) and obtained

the following parameters: J = 6.03 and 2.00 for 10 K and 15 K, respectively; the number

of moments N = 0.033 NIr and 0.119 NIr for 10 K and 15 K, respectively. Here NIr is the

number of iridium ions, g is the Landé g-factor, and J the total angular momentum quan-

tum number, µB the Bohr magneton, H the applied magnetic field, and kB the Boltzmann

constant. The large J and small N suggest that the system is unlikely to be in a conven-

tional paramagnetic state. A possible scenario is that a short-range canted AFM ordering

is established in this temperature region, and the formed ‘magnetic clusters’ as super-spins

have larger moments (or J) than single Ir4+ ions (Jeff=1/2). This short-range ordering is

consistent with the observation of positive magnetic heat capacity in Fig. 2(b).

ESR measurements were carried out to further understand the nature of the magnetic

phases below T2. Figure 4(a) shows the ESR spectra (i.e., first derivative of absorption with

respect to field) taken at variable temperatures from 2 K to 300 K. All the spectra below

T2 show clearly three resonance peaks at H1 ∼ 0 Oe, H2 ∼ 3315 Oe, and H3 ∼ 4278 Oe,

respectively. The intensity of the zero-field resonance increases dramatically with increase of

temperature to 16 K, and then decreases upon further warming to 20 K. No clear resonance

at H2 or H3 was observed between 10 and 20 K, which may be due to the large background

signal from the resonance at zero field. Above 20 K, the resonances at H1 ∼ 0 Oe and H3

∼ 4278 Oe both disappear, leaving only the resonance at H2 ∼ 3315 Oe which persists up

to 300 K. The single resonance at H2 should be attributed to the standard paramagnetic

resonance in which spin of unpaired electron in a paramagnet is excited when the microwave

energy and Zeeman energy equal. The Landé g-factor of the unpaired electron can then

be calculated based on the equation hν = gµBHr, where h is the Planck constant, ν the

microwave frequency and Hr the resonant field. The calculated g value of ∼ 2.025 is slightly

higher than that for a free electron (ge = 2.002).

The resonances at H1 (<H2) and H3 (>H2) are attributed to antiferromagnetic reso-

nance (AFMR) that occurs in the ordered state of antiferromagnetic materials45–52. In brief,
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sublattice moments in an AFM state precess in the presence of both the effective internal

magnetic field and the applied magnetic field. A resonant absorption occurs when the fre-

quency of the applied excitation source equals the frequency of precession. The resonant

frequency or field depends on the direction of the applied magnetic field with respect to the

magnetic principle axes of the sample. In a polycrystalline sample where all orientations are

possible, both the perpendicular mode (i.e., magnetic easy axis is perpendicular to external

field H0) and the parallel mode (i.e., easy axis is parallel to H0) can be observed in the

spectra. We note that the zero-field resonance frequency in our sample is about 20 times

lower than that in Sr2IrO4
26, which should be attributed to the much weaker exchange in-

teractions in the double-perovskite lattice. Indeed the Ir4+ are well separated in La2ZnIrO6

and the magnetic ordering temperatures are ∼ 20 times lower than that in Sr2IrO4
25. The

observation of AFMR strongly suggests that La2ZnIrO6 has an AFM structure. Given the

large FM component observed in the M-H measurement, the magnetic state below T2 ∼

8.5 K should be attributed to a canted AFM. The origin of the dramatic enhancement of

zero-field resonance (i.e., increased amplitude and width) between 10 K and 20 K is unclear.

However, it seems to correlate qualitatively with the magnetization and heat capacity data

which suggest a possible short-range magnetic ordering in this temperature regime. We note

that short range AFM ordering was found to persist well above Néel temperatures in the

prototypical AFM systems such as MnO and NiO53,54. This was attributed to the frustration

of spins in the face-centered-cubic (FCC) lattice54. The Ir4+ ions form a quasi-FCC lattice in

La2ZnIrO6, therefore some frustration may also exist, as observed in some other 5d double

perovskite compounds55,56. It is possible that the zero-field resonance frequency matches

with the microwave frequency in the short-range ordered state and it deviates slightly when

the temperature is decreased50,57, leading to a suppression of signal. Frequency dependent

AFMR measurements will be carried out in the near future to verify this scenario.

We now estimate the canting angle of the Ir4+ moment in the canted AFM states. The

Jeff=1/2 Ir4+ has a magnetic moment of 1 µB in the ionic limit1, but the local moment at

each Ir site in iridates is usually less than 1 µB due to its hybridization with the neighboring

oxygen orbits1,39,58. Recent density functional theory calculations suggest that the local mo-

ment of Ir4+ in double perovskite La2ZnIrO6 is ∼ 0.55 µB for an on-site Coulomb repulsion

U ∼ 1 eV39. Using this value and the remanent magnetization in the M-H data at 2 K

and 7.5 K, we estimated the canting angle for the low temperature phase (T < 7.3 K) and
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the intermediate temperature phase (7.3 K ≤ T < 8.5 K) to be 36◦ and 11◦, respectively.

Such large canting angles can be understood by a simple model that includes the Heisenberg

exchange interaction and the Dzyaloshinskii-Moriya (DM) interaction. While the Heisen-

berg interaction tends to align the neighboring moments collinearly, the DM interaction,

which appears as a cross product of a pair of spins, prefers the neighboring moments to be

perpendicular8,59,60. Since recent DFT calculations39 have suggested that the moments are

nearly in the xy plane of the crystal, we assume an anisotropic DM interaction and write

down the interaction Hamiltonian as

H =
∑

<i.j>

[

−I ~Si · ~Sj +D(Si,xSj,y − Si,ySj,x)
]

, (1)

in which I < 0 represents the isotropic Heisenberg antiferromagnetic coupling and D the DM

interaction between Ir4+ moments in different xy planes. We note that the DM interaction

can indeed exist between these moments, given the lack of inversion symmetry at their

middle point. The ground state energy can then be determined as −D sin 2θ − |I| cos 2θ

and minimizing the energy gives rise to a canting angle θ ∼ 1
2
tan−1 D

|I|
58,61. The large

canting angle is hence attributed to the strong DM interaction with respect to isotropic

AFM coupling.

We now estimate |I| and D by fitting the non-linear temperature dependent inverse-

susceptibility data using a modified Curie-Weiss law. In the mean-field level of equation (1),

the magnetization in a paramagnetic state with a magnetic field along x-direction can be

calculated using the following equations,

M1x =
C

T
(H − λIM2x − λDM2y) , (2)

M1y = −
C

T
(λIM2y − λDM2x) , (3)

M2x =
C

T
(H − λIM1x + λDM1y) , (4)

M2y = −
C

T
(λIM1y + λDM1x) . (5)

Here M1x (or M2x) and M1y (or M2y) are the magnetization by sublattice 1 (or 2) in x and

y directions, respectively; C = Nµ2
eff/6kB is the Curie constant for a single sublattice and

µeff is the effective moment; λI and λD are the constants relating magnetization to the local

exchange field in the mean field approximation for the Heisenberg and DM interactions,

respectively. The total magnetization in the direction of magnetic field is Mx = M1x +M2x
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and the magnetic susceptibility χx = dMx/dH as a function of temperature is

1

χx

=
1

2C
[(T +ΘI)−

Θ2
D

T −ΘI

] , (6)

in which the two temperature scales ΘI = λIC and ΘD = λDC. The first term on the

right side of equation (6) corresponds to the ordinary Curie-Weiss law in antiferromagnetic

materials, while the second term arising from the DM interaction is responsible for the

deviation from the linear temperature dependence of 1/χ (see Fig. S2 in the Supplemental

Material42). Besides, the magnetic susceptibility for z direction obeys the standard Curie-

Weiss law. In order to account for magnetic susceptibility of the powder, we set χ =

1
3
χz +

2
3
χx to include contributions from all directions. The modified model is used to fit

the inverse susceptibility in the temperature range of 50 K to 300 K (i.e., completely in

PM state). The fitted curve and the experimental data in Fig. 5 agree reasonably well,

given that our simple model includes interactions only between sublattices. The obtained

parameters are: µeff = 1.66 µB, ΘI = 35 K, and ΘD = 23 K, leading to a high ratio D/|I|

∼ 0.66. If we assume that the interactions D and |I| are nearly temperature independent,

then the canting angle can be estimated as: θ ≈ 1
2
tan−1 D

|I|
= 16.7◦, which is on the same

order of magnitude as the values obtained from the analysis of M-H data.

The high D/|I| ratio can be attributed to the large spatial separation (∼ 5.6 Å) between

Ir4+ ions in the double perovskite structure. In brief, the Heisenberg AFM exchange in-

teraction |I| ∼ t2

U
can be significantly suppressed by the reduction of electron hopping t

between the well separated Ir4+ ions. The low t is evidenced by the highly insulating behav-

ior of La2ZnIrO6 whose electrical resistivity (see Fig. S3 in the Supplemental Material42)

is higher than most of the iridiates14,15,19,21,25,30,62–72. The weak isotropic AFM interaction

hence results in a strong ferromagnetic component (∼ 0.33 µB/Ir which is the largest among

other iridates that have Ir4+ as the only magnetic ion). We note that such a ‘ferromagnetic’

insulator with a large net moment is rare in conventional ferromagnetic oxides in which con-

duction electrons are the key to mediate FM exchange interactions (e.g. double-exchange

interaction). One of the exceptions for 5d transition metal oxides is the double pervoskite

Ba2NaOsO6 which was demonstrated to be a ferromagnetic Mott insulator with an ordered

moment of ∼ 0.2 µB per formula unit73, possibly arising from the quadrupolar mechanism74.

The La2ZnIrO6 represents another 5d metal oxide system of highly insulating and strong

‘ferromagnetic’ properties both arising from the large spatial separation between magnetic
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ions.

B. (La1−xSrx)2ZnIrO6 (x = 0.1 and x = 0.2) doped samples

We have further performed magnetization measurements on the 10% and 20% Sr2+ doped

La2ZnIrO6 samples to study the influence of Ir5+ on magnetic properties. As shown in

Figs. 6(a) and 6(b), both doped samples show clearly two magnetic transitions in the M-T

curves. The magnetic transition temperatures determined by differential method [inset of

Figs. 6(a) and 6(b)] are plotted against doping concentration in Fig. 6(c). Both T1 and T2

decreases with doping, indicating the weakening of magnetic interactions. The two magnetic

transitions in the x = 0.1 sample are further confirmed by the temperature dependent heat

capacity data shown in Fig. 7(a). For the x = 0.2 sample, the heat capacity is significantly

reduced and it exhibits a broad band below 10 K, preventing an accurate determination of

transition temperatures. Figure 7(b) shows the magnetic entropy for all three samples (x =

0, 0.1 and 0.2). Clearly the magnetic entropy decreases with Sr2+ doping, further confirming

the weakening of magnetic interactions. The introduction of Ir5+ also enhances electrical

conductivity although it does not change the insulating nature of the system (see Fig. S3

in the Supplemental Material42).

Doping of one Sr2+ ion changes one Ir4+ to Ir5+ with 5d4 configuration which is expected

to be in a non-magnetic singlet spin state in the strong SOC limit. However, recent studies

on double perovskite Sr2YIrO6 demonstrate a well-formed magnetic moment of Ir5+. This

is attributed to the strong non-cubic crystal fields that are comparable to or dominant

over local exchange interactions and SOC33. It is not clear whether the same picture also

applies in our system. If the SOC is dominant in Sr2+ doped La2ZnIrO6 and the Ir5+ is in

a singlet Jeff=0 state, then the spatial separation between magnetic ions is increased due to

the reduced density of magnetic Ir4+. The nearest-neighboring exchange strength is hence

suppressed, resulting in a decrease of ordering temperatures [Fig. 6(c)]. On the other hand, if

the non-cubic crystal field dominates, then the Ir5+ is magnetic and the exchange interaction

between Ir4+ and Ir5+ are expected to be different from the original Ir4+-Ir4+ interaction.

We noticed that although the magnetic susceptibility data of x = 0 and 0.1 samples can

be fitted well using our modified Curie-Weiss law, the x = 0.2 deviates significantly (Fig.

5 and Fig. S4 in the Supplemental Material42). It is well-known that ferrimagnet which
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has sublattices of different moments shows non-linear temperature dependence of inverse

susceptibility. So the significantly non-linear 1/χ-T in x = 0.2 may be related to different

moments between Ir4+ and Ir5+, in addition to the DM interaction discussed above.

IV. CONCLUSIONS

In summary, we have performed a systematic study of magnetic properties of La2ZnIrO6

and its hole-doped compounds (La1−xSrx)2ZnIrO6 via dc magnetization measurement, heat

capacity characterization, ESR spectroscopy and simple modeling. We observed two mag-

netic transitions in the undoped La2ZnIrO6, and the corresponding magnetic phases below

these transition temperatures are demonstrated to be canted AFM with different canting

angles. The nature of the canted AFM and the high temperature magnetic susceptibility

data can be understood by the Heisenberg exchange model plus the DM interaction. With

the introduction of Ir5+ by Sr doping, the canted-AFM orderings are suppressed down to

lower temperatures, accompanied by an enhancement of electrical conductivity. La2ZnIrO6

has higher electrical resistivity and stronger ferromagnetic component than most of the other

iridates, and is one of the few 5d transition metal oxides that are ‘ferromagnetic’ insulators.
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FIG. 1. Temperature dependence of ZFC (solid) and FC (open) magnetizations taken on the

undoped La2ZnIrO6 at (a) 1 kOe and (b) lower fields (100, 50 and 20 Oe). The dashed lines in (b)

indicate the increase of peak temperatures with the decrease of magnetic field. The insets show the

derivative of magnetization with respect to temperature. The dashed arrows indicate transition

temperatures T1 and T2.
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FIG. 2. (a) Temperature dependence of specific heat Cp of La2ZnIrO6 and La2ZnTiO6. The

latter was scaled at 70 K to represent the lattice specific heat of the former. The inset shows the

specific heat of La2ZnIrO6 at low temperatures and the dashed arrows indicate the two magnetic

transition temperatures T1 and T2. (b) The magnetic specific heat ∆Cp and the magnetic entropy

S of La2ZnIrO6 as a function of temperature. Interpolation was applied when subtracting two

specific heat data due to their different temperature steps.
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FIG. 3. (a) M -H data of La2ZnIrO6 taken at several temperatures in a field range of -70 kOe to

70 kOe. (b) M -H curves in a field range of -10 kOe to 10 kOe showing hysteresis loops at 2 K

and 7.5 K, and absence of loop at 10 K. (c) Fitting of the M -H data at 10 and 15 K using the

Brillouin function. The dots are experimental data and the solid curves are fitting data.
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(b) A comparison of magnetic entropy S for all three samples.
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