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Magnetic ground state of the frustrated honeycomb lattice antiferromagnet Bi;Mn,;0,,(NO3)
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Bi;Mn401,(NO3), in which the Mn** ions carry S = 3/2, is the first honeycomb lattice system that shows
no long-range magnetic ordering. We investigated the magnetic ground state of this compound by measuring
magnetic susceptibility and SR with a pure powder sample synthesized under an improved reaction condition.
It was found that the system underwent a spin glass transition at 6 K in a zero magnetic field. A comparison of
the temperature dependence of the magnetic susceptibility with the results of a Monte Carlo simulation suggests
the importance of intra-bilayer coupling and further neighbor interactions beyond those of second neighbors.
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I. INTRODUCTION

Triangular and kagome antiferromagnets attract much
attention because of the presence of geometrical magnetic
frustration.' Like a kagome lattice, the honeycomb lattice
is a derivative of the triangular lattice and is obtained by
periodically removing 1/3 of the spins from a triangular lattice.
Since an ideal antiferromagnetic (AF) honeycomb system with
only the AF nearest-neighbor interaction (J;) is free from
frustration, the ground state is long-range ordering. However,
the system becomes frustrated if the next-nearest interaction
(J») is also AF, as shown in Fig. 1(a). According to theoretical
calculations, a honeycomb antiferromagnet does not show
long-range ordering when J,/J; > 1/6 (for classical spin)®
or > 0.15 (for S = 3/2).”

BizMn40,(NO3) consists of S = 3/2 antiferromagnetic
honeycomb lattices.® Edge-sharing MnQOg octahedra form
undistorted honeycomb lattices that are separated by Bi** and
NO? layers. The threefold symmetry of the NO?~ layers acts
as a template to form regular honeycomb layers, as shown in
Fig. 1(b). It should be pointed out that NO*~ layers are inserted
periodically, leading to alternating short (4.78 A) and long
(8.38 A) honeycomb interlayer distances. This compound can
therefore be regarded as a bilayer system. No long-range AF
ordering was found at temperatures as low as 0.4 K, despite a
relatively large Weiss constant of — 257 K.8 Accordingly, it is
suggested that BizMn4O,,(NO3) is a geometrically frustrated
system. Since J; mediated by Mn-O-Mn bonds at an angle
of approximately 100° is rather weak, J, mediated by the
Mn-O-O-Mn bond can be competitive. The possible geo-
metrical frustration in Bi;Mn401,(NOj3) promoted theoretical
investigations,”!! but no estimation of antiferromagnetic in-
teractions on the basis of an analysis of magnetic susceptibility
has been made because of the presence of magnetic impurity,
MnO,, which influenced the susceptibility data. Magnetization
and neutron powder diffraction studies revealed the presence
of a peculiar magnetic-field—induced long-range ordering at
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around 6 T and 10 K in this system.'>!> However, the ground
state in zero magnetic field is unclear.

In this report, we investigated the magnetic ground state
of Bi3zMnyO,(NO3) by measuring direct current (DC) and
alternating current (AC) susceptibility, specific heat, and
uSR' with a pure powder sample synthesized under an
improved reaction condition. It was revealed that the system
underwent a spin glass transition at 6 K in a zero magnetic
field. The magnitude of J; and the ratio of J, to J; were
estimated by comparing the experimental susceptibility and a
Monte Carlo simulation.

II. EXPERIMENT

The sample powder was prepared by mixing
Mn(NO3),-6H,O and NaBiOs; (Wako) in a molar ratio
of 8.99 to 1.00 by hydrothermal reaction between 513 and
553 K for 3 to 7 days in a 70-mL Teflon-lined autoclave.
A possible reaction process is 3NaBiOs + 4Mn(NO3), +
2H,O0 — BizMn4O13(NO;3) + 3NaNO3; + 4HNO, +
1.50,. Only BizMn4O;,(NO3) crystallized, and NaNO; and
HNOj remained in the solution. A synchrotron X-ray powder
diffraction (SXRD) measurement was performed by using
the beamline BL0O2B2 at the SPring-8 facility. The data were
collected at a constant wavelength (A = 0.778 A) at room
temperature.

The DC magnetic susceptibility was measured with a
SQUID magnetometer (Quantum Design MPMS XL) during
heating after zero-field cooling (ZFC) and during cooling
between 2 and 400 K in a magnetic field of 0.1 T. The
specific heat of a solidified pellet was measured at temperatures
between 2 and 300 K by a relaxation method using a Quantum
Design Physical Property Measurement System (PPMS). Both
the in-phase () and out-of-phase (x’") components of the AC
susceptibility were measured with a SQUID magnetometer
(Quantum Design MPMS XL) on heating in an AC field of
4.0 Oe from 1 to 50 K. The data were integrated over 2.17 h
at each temperature.
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FIG. 1. The Mn-O network in a honeycomb layer (a) and the
crystal structure of Bi;Mn,O,,(NO;) (b). Solid, dotted, and double
lines show the position of the nearest (J;), the next-nearest neighbor
(J2), and the opposite site (J3) interactions. The face-to-face (J.) and
the diagonal (J.”) intra-bilayer interactions are also indicated.

The 1SR measurements were performed at the D1 area of
J-PARC MUSE in Japan and at M20 at TRIUMF in Canada.
The ut-et decay asymmetry was measured in longitudinal
fields up to 0.01 T by cooling down to 2 K.

A Monte Carlo (MC) simulation was performed for a
classical spin Heisenberg model on a double-layer honeycomb
lattice. We used the exchange MC technique,'’ taking the
temperature grid logarithmically for fast convergence at low
temperatures. Periodic boundary conditions were employed.
We performed 5 x 10° MC samplings typically for mea-
surement after 2 x 10* MC steps for thermalization. In the
following, we show the data for a system size with 2304 spins
(24 x 24 unit cells, 2 layers), for which we confirmed that
the system size dependence was negligible in the relevant
temperature range.

III. RESULTS AND DISCUSSION

A. Sample preparation

The sample preparation condition was examined as follows.
From experience, we found Curie-like behavior in magnetic
susceptibility at low temperatures, which could be attributed
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FIG. 2. SXRD pattern of BizMn,0,(NO3) and the Rietveld re-
finement profile. The observed (dot), calculated (line), and difference
(bottom line) patterns are shown. Bragg reflections are indicated by
tick marks. Inset shows comparison of the SXRD patterns of the
previous and present samples.

to structural defects were pronounced when the sample was
prepared at a low temperature. On the other hand, the
amount of by-product MnQO, increased when the reaction
temperature was too high. MnO, was produced by the thermal
decomposition of Mn(NO3),-6H,O when the amount of water
was too small. Consequently, precipitation of MnO, was
depressed during the reaction by reducing the concentration
of the reagents in the reaction solution. The reaction condition
was therefore optimized by changing the ratio of reagents to
distilled water and by tuning the reaction temperature. The
best sample we have ever obtained was synthesized by the
hydrothermal reaction of Mn(NOj3),-6H,0 (9.2 g), NaBiO3
(1.0 g), and distilled water (24 mL) at 543 K for 7 days.

Figure 2 shows an SXRD pattern of the sample obtained
under the improved reaction conditions. A Rietveld analysis
gave satisfactory small reliability factors of Rwp = 3.33%
and goodness of fit = 1.1425, confirming that the crystal
structure of the obtained Bi;Mn4O(,(NO3) was the same as
in the previous report. As shown in the inset in Fig. 2, the
peak derived from the MnO, observed for the previous sample
was below the background level of 1/300 of the main peak
of BisMnyO,(NO3) for the present sample. This therefore
proves that BisMn,O;,(NO3) without magnetic impurity was
obtained.

B. Magnetic susceptibility and specific heat

The temperature dependence of the DC magnetic suscep-
tibility shown in Fig. 3(a) has a broad maximum centered at
around 70 K. This broad maximum is a characteristic feature
of a low-dimensional antiferromagnet and is consistent with
a two-dimensional crystal structure. This feature was well
reproduced in the Monte Carlo calculation discussed later.
As temperature further decreased, a deviation in the ZFC and
field-cooling (FC) data below 9 K and a maximum in the ZFC
data at 7 K were observed, suggesting a magnetic transition.
There was no corresponding anomaly in the temperature
dependence of the specific heat divided by temperature (Cp/T')
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FIG. 3. (a) Temperature dependence of the magnetic suscepti-
bility of BizMn40O;,(NOs3) in zero field cooling and field cooling
conditions. (b) Total specific heat divided by temperature of a
solidified Bi;MnyO;,(NO3) pellet. Insets show magnification of the
data between 2 K and 12 K.

as shown in Fig. 3(b). Thus, this suggests that the ground state
of BisMn4O,(NO3) is not long-range ordering but a spin glass.

For the previous sample, a Curie-like increase in suscepti-
bility was observed below 20 K, which could be attributed to
the presence of an undetected impurity phase or to free spins
due to structural defects. The present sample scarcely showed
such an upturn, suggesting that the number of crystal defects
decreased because of the synthesis at a higher temperature.
The small peak in the specific heat data at 95 K, owing to
the AF ordering of MnO, found for the previous sample, was
also absent for the present sample. This confirms the absence
of MnQO, impurity, which previously prohibited a detailed
analysis of the susceptibility data.

Figure 4 shows the temperature dependence of x’ and x”’ of
the AC susceptibility at 1 Hz. Here, x’ shows a cusp at 8 K, in
accordance with the DC susceptibility. A maximum in x” was
also observed at the same temperature, strongly suggesting
the spin glass nature. Unfortunately, we could not confirm
the frequency dependence of the cusp temperature commonly
observed for a spin glass system because the higher-frequency
signals were too weak. The absolute value of the magnetic
susceptibility at the freezing temperature was close to the
sensitivity limit because of the large Weiss temperature and
the decrease below the maximum temperature. However,
the frequency dependence of the freezing temperature was
observed in the neutron diffraction.'> The broad elastic
peak attributed to the short-range ordering increased almost
monotonically below the freezing temperature (77) measured
with the neutron energy scale. Tt strongly depended on the
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FIG. 4. Temperature dependence of the in-phase () and the out-
of-phase (x’’) components of the AC susceptibility at 1 Hz.

energy resolution of the neutrons and became higher due
to the broader energy resolution because signals with faster
fluctuations were integrated. This temperature and frequency
dependence of the fluctuations is the characteristic feature of
a spin glass system.

C. SR measurement

To further investigate the magnetic ground state and
determine the freezing temperature, we performed uSR
experiments. Figure 5 shows @SR time spectra measured at
J-PARC in longitudinal fields up to 0.01 T at 120 K. Muon
spin exhibited a slow and Gaussian-like relaxation due to >Mn
nuclear moments. All data can be reproduced well by using
the dynamic Kubo-Toyabe function at a fluctuating rate of
0.45(3) us~'. Seemingly, the observed dynamics were due to
the thermal diffusion of muons.'®!7 The obtained dipolar field
B = A/y, = 2.18(6) Gauss, where A is the dipolar width and
¥, 1s the muon gyromagnetic ratio, was in good agreement
when a muon was surrounded by six »Mn ions at a distance
of 2.37 A, strongly suggesting that the muon-stopping site was
the center of the Mn hexagon. Positive muons tend to stop at
a site showing a local minimum of the electric field potential
near negatively charged oxygen ions. However, the observed
dipolar field cannot be explained by assuming a muon site is
adjacent to one of the MnOg octahedra. Furthermore, it is noted
that the proposed muon stopping site had high crystallographic
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FIG. 5. (Color online) SR time spectra at 120 K in longitudinal
magnetic fields up to 0.01 T. The solid curves represent the result of
a fitting analysis by using the dynamic Kubo-Toyabe function.
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FIG. 6. (Color online) SR time spectra in a longitudinal field of
0.01 T at various temperatures between 2 to 50 K.

symmetry against both manganese and oxygen ions, having an
equal distance between every surrounding oxygen ion.

Figure 6 shows the SR time spectra obtained at TRIUMF
in a longitudinal field of 0.01 T at varying temperatures down
to 2 K. No significant difference was observed above 50 K, as
seen in Fig. 6. However, fast muon spin relaxation without a
precession component in the early time region (r < 0.1 us),
which is followed by a slow-relaxing tail (r > 1 us), was
observed below 6 K. As seen in Fig. 5, the nuclear magnetic
field was entirely decoupled under a field of 0.01 T. Therefore,
the observed muon spin relaxation was attributed to electronic
spin, suggesting the presence of a random and static internal
field, which is characteristic of spin glass. The slow-relaxing
part was analyzed by fitting to a single stretched exponential
relaxation function AgG,(t) = Ag exp(—[kt]ﬁ). The estimated
initial asymmetry Ay, the relaxation rate A, and the power 8
are plotted in Fig. 7 as functions of temperature. The sudden
decrease of Ay below 6 K indicates the appearance of an
internal magnetic field. Moreover, A shows a sharp peak at
6 K, indicating that the spin correlation had a singularity at
this temperature. These results clearly indicate that the system
underwent a magnetic transition at 6 K. This temperature was
a bit lower than the cusp temperature of the AC susceptibility,
probably because the cusp temperature of the scattered AC
susceptibility data was overestimated.

D. Monte Carlo calculation of the magnetic susceptibility

The absence of long-range ordering was therefore con-
firmed, and the spin glass nature of the ground state was
strongly suggested experimentally. Next, we compared the ex-
perimental magnetic susceptibility data with the Monte Carlo
results in order to estimate the antiferromagnetic interactions.
Before the comparison, the experimental data were processed
as follows. The data above 300 K were fitted to the Curie-Weiss
law x = xo + C/(T — 0), where C = NAgZMZBS(S + 1), with
S = 3/2 and the g value was fixed to 2.00, as determined by
an electron spin resonance (ESR) measurement.'® The fitting
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FIG. 7. Temperature dependence of the initial asymmetry (Ap),
relaxation rate (A), and the power (f) in a longitudinal field of
0.01T.

gave the Weiss constant § = — 222 K and the temperature
independent term xo = —2.25 x 107* emu/mol Mn. The
obtained xo was subtracted from the experimental data for
comparison with the calculations.

First, we tried a single-layer model by ignoring the
intra-bilayer coupling J.. Figure 8(a) shows the calculated
data for various J,/J; by taking J; = 30.7 K plotted with
the experimental data. The MC data showed that as J,/J;
decreased, the peak value of x was almost unchanged, while
the peak temperature increased. The comparison with the
experimental data, however, was not satisfactory, even at
J>/J1 = 0.12. Therefore, in the absence of J., Jo/J; was
expected to be smaller than the critical value of 0.15, below
which the ground state exhibits a long-range order.

Next, we introduced J;, since the crystal had a bilayer
structure and the neutron diffraction suggested the presence
of J..'> The calculated data showed that as J./J; increased
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FIG. 8. (Color online) Comparison of the calculated and the ex-
perimental susceptibility of Bi;Mn,0,,(NOs3). (a) J»/J; dependence
with J; =30.7 K and J./J; = 0.0 and (b) the results assuming
various combinations of J,/Jy, J./Ji, and J;. (c) Magnified view
of (b).

for a fixed J,/J;, the peak temperature of x increased, and
the peak value decreased. We compared the results with
the experimental data for the values of J,/J; ranging from
0.10 to 0.18 by choosing an appropriate value of J./J; for
each J,/J, to fit the data above the peak. As shown in
Fig. 8(b), J. improved the fitting; the calculation reproduced
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the experimental data in a temperature range wider than that
in Fig. 8(a). The small discrepancy at low temperatures was
presumably due to the system size effect. Despite the overall
agreement, unfortunately, we could not determine a unique
set of J,/J; and J./J; from the comparison: A reasonable
agreement was obtained by increasing both J./J; and J,»/J;
in the range of parameters plotted in Fig. 8(b). However,
J. comparable to or larger than J;, suggested by the first-
principles calculation,'! led to a substantial deviation from
the experimental data. As shown in Fig. 8(c), the deviation
temperature indicated by the arrow increased as J;/J; became
closer to 1.

It should be noted that the J,/J; ratio did not exceed
0.15, even when J./J; = 0.5 was considered, i.e., the value
suggested by neutron scattering.!”> Moreover, J. is expected
to increase the critical J,/J; ratio because it stabilizes the
long-range magnetic ordering. Hence, although the purely
two-dimensional model does not show a true long-range order
at finite temperatures, the results presented here strongly
suggest that frustration solely by J, is insufficient to explain
the absence of long-range order in this honeycomb system.
To account for the disordered ground state, the introduction
of other interactions might be necessary. The candidates
are a ferromagnetic third-nearest-neighbor interaction to the
opposite side of a hexagon mediated by the Mn-O-O-Mn bond
Js, as suggested by unrestricted Hartree-Fock calculations,'”
and a diagonal intra-bilayer interaction J.' respectively shown
in Figs. 1(a) and 1(b).

IV. SUMMARY

We investigated the magnetic ground state of frustrated
S = 3/2 honeycomb lattice antiferromagnet Bi;Mn4O1,(NO3)
and the magnitudes of the antiferromagnetic interactions. No
long-range magnetic ordering was found by susceptibility,
specific heat, and SR measurements. Instead, spin glass—like
freezing below 6 K was observed. A comparison with the
results of a Monte Carlo simulation revealed the importance
of intra-bilayer coupling and further neighbor interactions
beyond those of second neighbors for explaining the absence
of long-range magnetic ordering.
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