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The silver ruthenium oxide AgRuO3 consists of honeycomb Ru5+
2 O2−

6 layers and can be considered an
analogue of SrRu2O6 with a different intercalation. We present measurements of magnetic susceptibility and
specific heat on AgRuO3 single crystals, which reveal a sharp antiferromagnetic transition at 342(3) K. The
electrical transport in single crystals of AgRuO3 is determined by a combination of activated conduction over
an intrinsic semiconducting gap of ≈100 meV and carriers trapped and thermally released from defects. From
powder neutron diffraction data a Néel-type antiferromagnetic structure with the Ru moments along the c axis
is derived. Raman spectroscopy on AgRuO3 single crystals and muon spin rotation spectroscopy on powder
samples indicate a further weak phase transition or a crossover in the temperature range 125–200 K. The
transition does not show up in the magnetic susceptibility, and its origin is argued to be related to defects
but cannot be fully clarified. The experimental findings are complemented by density-functional-theory-based
electronic structure calculations. It is found that the magnetism in AgRuO3 is similar to that in SrRu2O6, however,
with stronger intralayer and weaker interlayer magnetic exchange interactions.
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I. INTRODUCTION

Ruthenium and its compounds feature impressively diverse
chemical and physical phenomena. This is reflected, for in-
stance, in the oxidation states accessible within the wide span
from −2 to +8 and by particular electronic and magnetic
ground states formed in molecular compounds, as well as
in extended solids. This is especially relevant in condensed
matter research, where ruthenium oxides and chlorides con-
tinue to attract prominent attention. Accessibility of different
valence states of Ru results in a dramatic variability of phys-
ical properties even within the same structural motif. Indeed,
honeycomb Ru3+L3 layers (L = ligand atom) form one of
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the cleanest Kitaev systems known so far, with strong bond-
dependent anisotropic exchange [1–3], Ru4+L3 dimerizes at
low temperatures and forms a unique covalent bond liquid
above 270 ◦C [4]. The Ru5+L3 compound SrRu2O6 was
argued to feature unusual quasimolecular orbitals (QMOs),
which determine the suppression of the magnetic moment and
robust antiferromagnetic (AFM) coupling [5,6].

In different structural contexts, Ru4+ is noted for other
unique physical phenomena. For example, RuO2 dioxide was
recently shown to be an example of a novel magnetic state of
matter, an antiferromagnet without Kramers degeneracy, with
unique physical ramifications [7]. It also generates a series
of perovskite compounds ranging from SrRuO3, CaRuO3,
and BaRuO3, all bad metals, ferromagnetic or nearly ferro-
magnetic, with a strong effect of magnetic fluctuations on
transport [8–10], to Sr3Ru2O7, featuring one of the first ex-
perimentally observed magnetic quantum critical points, and
Sr2RuO4, an enigmatic material for many years (but not any
more) strongly believed to be a spin-triplet superconductor
[11,12].

The recently synthesized AgRuO3 [13] [space group
R3̄c, a = 5.2261(6) Å, c = 32.358(5) Å, Z = 12] featuring
Ru5+ 4d3 ions comes close to the concept of a two-
dimensional (2D) material [14], since it consists of stacked
honeycomb Ru2O6 polyoxoanions, where the empty octa-
hedral sites are capped on both sides with silver atoms.
Thus the resulting (Ag2Ru2O6)n slabs are charge neutral and
resemble giant molecules. Based on magnetic susceptibil-
ity measurements on a powder sample, and a preliminary
evaluation of time-of-flight (TOF) neutron diffraction data,
it was claimed that AgRuO3 showed strong magnetic ex-
change coupling. However, no long-range magnetic order
could be detected at that time [13], while, in seeming
contradiction with the experiment, first-principles calcula-
tions were predicting AgRuO3 to be magnetically very
similar to SrRu2O6 (supporting information for Ref. [12]).
The latter has been investigated intensively—experimentally
and theoretically—in the last years [5,15–24] and was
shown to have the transition to a Néel-AFM ground state
at TN ≈ 560 K. Recently, BaRu2O6 with the same crys-
tal and magnetic structure and TN = 525 K could also be
synthesized [25,26].

Here, we present detailed measurements of the magnetic
susceptibility, electrical resistivity, specific heat, and Raman
spectroscopy on AgRuO3 single crystals, as well as high-
resolution TOF neutron data and muon spin rotation (μSR)
data on polycrystalline material, all clearly demonstrating the
presence of long-range AFM order up to ≈342(3) K. This
relatively high Néel temperature of AgRuO3 is in agreement
with our first-principles analysis of the electronic structure. In
several respects, AgRuO3 parallels SrRu2O6; however, there
are conspicuous differences. Specifically, there is a change
in behavior, possibly a second phase transition, around 125–
200 K within the AFM phase. It does not show up in either
magnetic susceptibility or specific heat, but there are clear
changes in both μSR and Raman spectra in this temperature
range, and, in roughly the same range, the resistance shows
nontrivial and nonmonotonic temperature behavior which can
be explained by defect states.

In this paper we first present the extensive experimental
findings, then complement these results with the electronic

structure calculations, and finally sum up relevant implica-
tions. While the Néel transition at 342 K can be well described
in terms of quasi-2D magnetic interactions resulting from the
first-principles calculation and QMOs, the nature of the low-
temperature phase transition(s) or crossover may be related to
the defect states but remains not fully clarified.

II. EXPERIMENTAL AND CALCULATION DETAILS

For the measurements of various physical properties we
used either portions of, or selected sets of tiny single crystals
from the large polycrystalline sample of AgRuO3 that had
been synthesized as previously described [13].

Magnetization was measured on a set of ten selected single
crystals (total mass 622 μg) with a MPMS3 (SQUID-VSM,
Quantum Design) magnetometer. The crystals were glued
with a minute amount of GE varnish to a quartz sample holder
with the c axes oriented either parallel or perpendicular to the
applied field. Prior to each measurement cycle, the sample
was warmed to T = 400 K in zero field and then cooled to
2 K. Then the zero-field-cooled (ZFC) data were recorded in
warming and the field-cooled (FC) data in cooling in different
fixed magnetic fields, in a sequence of increasing target fields.

Electrical resistance was measured on several crystals by
the four-probe ac method [RES option, Physical Property
Measurement System 9 (PPMS9), Quantum Design]. Con-
tacts in the hexagonal a plane of the crystals (I ⊥ c) or at
the bases of short prismatic crystals (I ‖ c) were made with
Pt wires (25 μm) and silver paint. The geometry factors could
not be determined reliably (for resistivity data on a polycrys-
talline sample, see Fig. 2 of Ref. [13]).

Heat capacity up to 300 K was measured on a cold-pressed
pellet with the HC option of a PPMS9 (Quantum Design) in
magnetic fields up to μ0H = 9 T. Above 300 K the melting
of the thermal contact agent (high-vacuum grease Apiezon N)
led to unreliable results. Therefore additional heat capacity
data were obtained with a differential scanning calorime-
ter (DSC; PerkinElmer DSC8500) at heating rates of 5 and
20 K/min.

Neutron diffraction measurements were performed at the
ISIS pulsed neutron and muon facility of the Rutherford Ap-
pleton Laboratory (UK), on the high-resolution cold-neutron
diffractometer WISH located at the second target station [27].
Polycrystalline AgRuO3 (≈2 g) was loaded into a cylindri-
cal 6-mm-diameter vanadium can and measured on warming
using an Oxford Instruments cryostat and a closed-cycle
refrigerator (CCR) with a hot stage, respectively. Rietveld
refinement of the crystal structure was performed using the
FULLPROF program [28] against the data collected in detector
banks at average 2θ values of 58◦, 90◦, 122◦, and 154◦, each
covering 32◦ of the scattering plane.

Temperature-dependent Raman spectroscopy experiments
were carried out on crystals using a Linkam THMS350V in
the range of 77–385 K. The sample was cooled with a contin-
uous flow of liquid nitrogen. Raman spectra were recorded in
a LabRam spectrometer (Horiba) in backscattering geometry,
using a ×50 objective and laser excitation of 532 and 660 nm.

Zero-field (ZF) μ+SR (μSR) measurements of poly-
crystalline AgRuO3 were performed using the Multi Pur-
pose Surface-Muon Instrument (Dolly) and General Purpose
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FIG. 1. Magnetic susceptibility χ (T ) of AgRuO3 crystals mea-
sured in different fields parallel and perpendicular to the crystallo-
graphic c axes. For 1.0 and 3.5 T the lighter and darker color symbols
indicate measurements with the ZFC and FC protocol, respectively
(see text). The ZFC and FC data almost coincide, except for the
lowest temperatures. Large portions of the 3.5-T curves are obscured
by the 7.0-T curves.

Surface-Muon Instrument (GPS) muon spectrometers at the
Swiss Muon Source. For the measurements, 1.8 g of powder
AgRuO3 were pressed into a pellet and mounted on a silver
sample holder. The measurements were performed over the
temperature ranges 0.2 K < T < 65 K using an Oxford He-
liox and 65 K < T < 295 K in an Oxford Variox cryostat.

The crystal structure for the electronic structure cal-
culations was taken from Ref. [13]. The band structure
calculations were performed using WIEN2K [nonmagnetic
generalized gradient approximation (GGA)], including Wan-
nier function projections [29], and the Vienna ab initio
simulation package (VASP, all magnetic calculations) [30].
We utilized the projector augmented-wave (PAW) method
[31] with the Perdew-Burke-Ernzerhof (PBE) GGA functional
[32]. The energy cutoff chosen in VASP was Ecutoff ∼ 600 eV
and the 6 × 6 × 6 Monkhorst-Pack grid of k points was used
in the calculations.

III. RESULTS

A. Magnetism

The magnetic susceptibility of AgRuO3 up to 400 K is
shown in Fig. 1. Generally, the molar susceptibility is small.
Above T = 20 K it is only weakly dependent on the applied
field, and the ZFC and FC protocol data almost coincide.
For H ‖ c the susceptibility χ‖ displays a sharp kink at TN =
342 K, below which χ‖ strongly decreases. χ⊥(T ) shows a
weak temperature dependence and a very weak kink at the
same temperature (the slope is larger above TN). Interestingly,
the values of χ‖ and χ⊥ coincide at TN, but at T = 90 K
the anisotropy χ⊥/χ‖ ≈ 6. These findings suggest an AFM
order with the Ru moments aligned along the c axis. Up to
our maximum field of 7 T the magnetization data show no
indication for a spin-flop or other metamagnetic transition.

Well below the ordering temperature, χ (T ) for both
directions shows a weak upturn, which we attribute to Curie-

FIG. 2. Electrical resistance R(T ) of selected AgRuO3 crystals
for the current in the hexagonal a plane (I ⊥ c), or along the c
axis (I ‖ c). The inset shows the Arrhenius-type plot of the in-plane
resistance data. The thick and thin curves represent the data for two
typical samples.

paramagnetic impurities or charged defects in the sample. An
estimate can be made by fitting the 1.0-T data for H ‖ c from
10–100 K to the Curie law C/T + χ0. Here, C corresponds to
0.10 μB, equivalent to 0.3% of spin-1/2 magnetic species. It
should be mentioned that in measurements on loose powder
samples (cf. Fig. 3 in Ref. [13]), preferential alignment of the
crystallites along the easy axis can occur at high applied fields
(typically, μ0H � 1 T). In measurements on powders in low
applied fields, no phase transitions or indications for a weak
ferromagnetic component of the AFM order were detected.

B. Electrical transport

The temperature dependence of the electrical resistance
was measured on several single crystals. The characteristics of
the resistance curves measured with the current in the a plane
(I ⊥ c) are well reproduced on several crystals (Fig. 2, red
curves). With decreasing temperature the resistance generally
increases, and at TN ≈ 340 K a change to a steeper slope
(activated conduction; cf. inset of Fig. 2) can be observed.
A plateaulike behavior is seen between ≈190 and ≈130 K,
below which the resistance starts to rise again. Finally, the
in-plane resistance appears to reach another plateau below
T < 30 K. This characteristic behavior is in stark contrast
with the c-axis resistance (Fig. 2, blue curves), which is
roughly an order of magnitude higher and increases con-
tinuously with decreasing temperature, seemingly indicating
a different activated conduction behavior. At T ≈ 130 K a
changeover to a much stronger slope is observed. It has to be
mentioned that not all crystals showed such high resistance at
low T (compare the two blue curves in Fig. 2), which might
be due to poor mechanical quality of the specimens. For all
crystals a weak kink is visible in the a-plane resistance at the
Néel temperature.

It is clear from the Arrhenius-type plot (Fig. 2 inset)
that the charge transport in AgRuO3 is largely due to
activation processes. In order to get an idea of the involved
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FIG. 3. Effective transport excitation gap defined as Eg(T ) =
−kBT 2(d ln ρ/dT ) for the current in the a plane or along the c axis.
The solid curves represent spline-smoothed data.

energy barriers, we have calculated the function Eg(T ) =
−kBT 2(d ln ρ/dT ) (Fig. 3). For both directions the activa-
tion barrier shows a profound temperature dependence, by no
means attributable to a single gap. The high-T behavior is
consistent with an activation gap of the order of 0.07–0.09 eV
for both directions. The apparent gap drops nearly to zero
around T ∼ 150 K (170 K), for the c (a) directions, and
increases again upon cooling to ∼55 K (75 K) to values of
∼0.035(0.025) eV, respectively. Then it drops to zero again
as T → 0.

While the temperature dependence of the derivative-
deduced activation energy is qualitatively similar in both
directions, the details are very different. Since the actual gap
is a scalar quantity, the only way to reconcile this observa-
tion is to assume that there are several different reservoirs
of charge carriers, one of them corresponding to the actual
excitation gap, which should be larger than ∼0.1 eV, and the
other(s) representing various defect states inside the gap. In
the limit T → 0, the conduction in the a plane appears to be
governed by a merely constant conductivity σ0 (of unknown
origin and nature), while in the c direction the upper limit
for our resistance setup is reached at 11 or 19 K, respec-
tively, for the two data sets we show. In addition, there are
defect states that contain a small number of carriers, and start
to donate them at around 50 K but get depleted at higher
temperature. A closer inspection shows that one also needs to
introduce temperature-dependent scattering, presumably re-
lated to the same defect states and determined by a similar
activation energy. Note that the defect-derived carriers domi-
nate the low-T regime, while the high-temperature transport
is affected by the carriers thermally excited across the funda-
mental gap. With this in mind, we tried to fit the conductivity
σ = 1/ρ with

σ = nτ,

n = n1 exp(−Eg/T ) + n2

1 + exp(D/T )
,

1/τ = 1/τ0 + 1/τ1

1 + exp(D′/T )
. (1)
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FIG. 4. Fitting to Eq. (2) (curves) of the experimental conductiv-
ity data (circles). The left (red) scale corresponds to the a plane; the
right (blue) scale corresponds to the c-axis conductivity.

As shown in Fig. 4, this provides a perfect fit to the data,
although the parameters differ between the two directions.
While the fit is not very sensitive to the parameters D and
D′, and they can be forced to be the same, with only moderate
loss of the fit quality, the fundamental gap Eg is important
for getting the high-temperature resistance right. We can only
conclude that the transport in the c direction is contami-
nated by grain boundaries and other defects, or is plainly not
Boltzmannian. The exceptionally large transport anisotropy is
suggestive of that. The formula (simplified in the sense that all
defect states are lumped together into a single parameter) is

σ = σ0 + σ1 exp(−Eg/T ) + σ2/[1 + exp(D/T )]

1 + A/[1 + exp(D′/T )]
. (2)

The parameters derived from the a-plane transport are
σ0 = 5 × 10−4, σ1 = 9 × 103, σ2 = 0.2 �−1, Eg = 200 meV,
D = 20 meV, D′ = 115 meV, A = 1300. As mentioned, D′
can actually be set to be the same as D with only moderate
deterioration of the fit. For the c axis the values are σ0 =
9 × 10−8, σ1 = 2.1, σ2 = 0.08�−1, Eg = 110 meV, D =
30 meV, D′ = 30 meV, A = 20. These fit parameters show
strong interdependence and should not be taken as exact
values.

One take-home message is that a defect level located at
20–30 meV (corresponding, roughly, to T ∼ 200–300 K) is
capable of generating the anomaly in the temperature depen-
dence of transport, visually located at 150–170 K.

C. Specific heat

The specific heat is shown in Fig. 5(a) in a cp/T vs T
representation. In the covered temperature range, no peak
or anomalous broadened feature can be seen, suggesting the
absence of any phase transition. The data in the low tem-
perature range [Fig. 5(b)] are well described by cp(T ) =
γ ′T + βT 3 + δT 5, with the latter two terms representing
the phonon contribution. Fitting results in β = 0.913(3)
mJ mol−1 K−4, corresponding to the initial Debye temperature
of 220 K, and δ = −0.00060(1) mJ mol−1 K−6, the next term
in the harmonic lattice approximation constituting a small
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(a)

(b) (c)

FIG. 5. (a) Specific heat of AgRuO3. (b) Low-temperature data
in the cp/T vs T 2 representation. The curve is the fit as described
in the text. (c) High-temperature differential scanning calorimetry
(DSC) data; scan rate is 20 K/min.

correction. The linear coefficient γ ′ = 5.6(1) mJ mol−1 K−2

is quite large (there should be no conduction electron term).
Similar linear terms have been observed previously [33], and
they are probably due to a rather high concentration of point
defects. It appears that the majority of these defects do not
show up as an upturn of the magnetic susceptibility towards
low T (cf. Fig. 1); thus they should be nonmagnetic, e.g.,
oxygen or silver defects. The changes in cp(T ) with magnetic
fields up to 9 T are very weak; thus we suppose that magnetic
contributions are small in this temperature range far below TN.

The DSC specific heat data [Fig. 5(c)] around room tem-
perature are about 5% higher than the PPMS data and have
realistic values close to the Dulong-Petit limit (cp ≈ 3nR,
where n = 5 is the number of atoms and R is the gas constant).
They display a clear second-order-type anomaly with the mid-
point at TN ≈ 344 K, corroborating the long-range magnetic
order at that temperature. No heating rate dependence of
cp(T ) or latent heat is observed. We assign this transition to
the AFM long-range ordering of the Ru moments.

D. Neutron diffraction

To further confirm the presence of long-range magnetic
ordering, we performed neutron diffraction measurements
(1.5 K < T < 348 K). The data revealed that some of the
reflections demonstrate a strong temperature dependence be-
low TN ≈ 335 K [Fig. 6(c), inset], which is consistent with
the fact that the magnetic unit cell coincides with the cell
of the nuclear structure and the subsequent refinement of the

FIG. 6. (a) Schematic representation of the magnetic structure
of AgRuO3 with the R̄3′c′ magnetic space group. (b) Rietveld re-
finement of the neutron diffraction pattern collected at T = 1.5 K
(RBragg

nuclear = 2.66% and RBragg
magnetic = 3.2%). (c) Ru ordered moment vs

temperature. The inset shows two selected peaks for two different
temperatures.

diffraction patterns [see, e.g., Fig. 6(b)] was done assuming
zero magnetic propagation vector (k = 0).

The refinement was assisted by symmetry arguments based
on the representation theory [34,35], and the parametriza-
tion for the magnetic form factor of Ru5+ was taken from
Ref. [36]. We found that the simple magnetic structure with
antiparallel alignment of spins on the nearest-neighbor Ru
sites (Néel structure) provides a good refinement quality of
the neutron diffraction data [Fig. 6(b)] in the whole tem-
perature range below TN. Surprisingly, the fit quality was
found to be almost insensitive to the moment direction,
complicating the choice between the models with in-plane
and out-of-plane spin polarization. However, our density-
functional-theory (DFT) calculations that take into account
spin-orbit coupling (SOC; see Sec. III G for details) strongly
support the model with the out-of-plane spin orientation,
in agreement with the observed anisotropy of the magnetic
susceptibility. Note that this spin direction was also found ex-
perimentally in another trigonal ruthenate, SrRu2O6 [16,24].

The magnetic structure of AgRuO3 [Fig. 6(a)] implies
R̄3′c′ magnetic symmetry with the ordered moment size of
1.85(5) μB at T = 1.5 K. The moment varies smoothly with
temperature [Fig. 6(c)] indicating that the anomalous behav-
ior found between 170 and 225 K in the Raman and μSR
measurements is likely to be predominantly nonmagnetic in
origin.

E. Raman spectroscopy

Raman scattering has the ability to identify the role of
phonons in structural and magnetic transitions, the latter via
spin-phonon coupling. At ambient temperature, AgRuO3 has
a trigonal R3̄c structure with 25 Raman active modes of
A1g and Eg symmetries. Figure 7 shows the reduced Raman
susceptibility χ ′′(ω) = I (ω)/[n(ω) + 1], where I (ω) is the
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FIG. 7. Raman spectra of AgRuO3 at typical temperatures (black
curves). The solid red curve is a Lorentzian fit to the data; blue
solid curves are individual fits of the Raman modes. The downward-
pointing arrow in the top panel indicates the additional mode M4.
The weak intensities below 150 cm−1 are magnified by a factor of 3.

observed intensity and [n(ω) + 1] is the Bose-Einstein factor,
at a few typical temperatures. Lorentzian line shapes were
fitted to χ ′′(ω) to extract the phonon frequencies, full width at
half maximum (FWHM), and integrated intensities of the Ra-
man modes. Table S1 in the Supplemental Material [37] lists
the experimentally (at 300 K) observed and calculated fre-
quencies for the trigonal high-temperature AFM state, which
are shown with the corresponding error bars in Fig. 8(b) and
Fig. S1 of the Supplemental Material (for an explanation of
how the error bars were decided for the theoretical values,

FIG. 8. (a) Temperature evolution of the Raman spectra in the
range 170–215 cm−1. The solid red curve is a Lorentzian fit to
the data; blue solid curves are individual fits of the Raman modes.
(b) Raman shift and (c) FWHM of the modes M4 and M5 plotted as
a function of temperature. The red lines are fits to the anharmonic
model, and blue lines are linear fits to the data.

see the Supplemental Material [37]). The agreement is nearly
perfect. At 77 K, 12 first-order Raman modes (M1 to M12) are
observed in the spectral range 30–650 cm−1. Most noticeable
is the disappearance of mode M4 above 170 K, while all other
modes are present in our working temperature range.

To bring home this point clearly, Fig. 8(a) presents the
fitted Raman spectra for selected temperatures in the spec-
tral range 170–215 cm−1. The temperature evolution of the
frequencies and FWHM for modes M4 and M5 are shown in
Figs. 8(b) and 8(c), respectively. The FWHM of mode M4 is
anomalous; that is, it increases as the temperature is lowered.
The FWHM of mode M5 also shows a significant change at
170 K. The temperature dependence of the frequencies and
linewidths of the remaining phonons is given in the Sup-
plemental Material, Figs. S1 and Fig. S2 [37], respectively.
Phonon frequencies show the expected behavior of decreasing
frequency as T is increased due to quasiharmonic (i.e., ther-
mal expansion effect) and anharmonic effects [38]. The solid
red lines in Figs. 8(b) and 8(c) are fits to the simple cubic
anharmonic model where a phonon decays into two phonons
of equal frequency [38], given by ωcubic(T ) = ω(0) + C{1 +
2n[ω(0)/2]}, C being the self-energy parameter. Coming back
to mode M4, it is clearly visible for both polarizations at
T = 77 K (see Fig. S3 of the Supplemental Material [37]) but
disappears at around 170 K. Figure 9(a) shows the integrated
intensity of this mode as a function of T . Given the error
bars, this dependence is equally well consistent with a linear
behavior (shown), with an exponential decay in the entire tem-
perature range, or a square-root dependence corresponding
to a second-order phase transition at Tc = 170 K (both not
shown).

As shown in Fig. 9(b), the intensity of mode M9 nor-
malized with respect to mode M8 shows a distinct change
at 170 K. The intensity of M9 gradually decreases with T
and goes to zero near TN. All these observations of distinct
changes in temperature dependence of phonon modes M4,
M5, and M9 indicate subtle structural changes around T ≈
170 K. However, the absence of any distinct features at this
temperature in other probes suggests that these changes do
not constitute a true phase transition, but indicate a crossover
region stretching between 150 and 200 K. Note that this is
the same range where the in-gap defect states strongly affect
electrical transport, albeit a mechanism by which free carriers
donated by these states can affect the Raman scattering is not
clear.

We now come to the higher spectral range shown in
Fig. 10(a), where we observe a weak broad band at
1155 cm−1. To establish that this is a Raman mode and not
photoluminescence, we did experiments at 77 K with two
different incident photon excitations, 660 and 532 nm [shown
with the thick green curve in Fig. 10(a)]. This confirms that the
mode at ≈1155 cm−1 is a Raman mode. Figure 10(b) shows
the temperature dependence of the integrated intensity of this
broad band.

The T dependence of the frequency and the linewidth
are shown in the insets of Fig. 10(b). In several Heisen-
berg antiferromagnets, such as in YBa2Cu3O6 [39], Sr2IrO4,
Sr3Ir2O7 [40], and SrRu2O6 [21], two-magnon Raman modes
have been observed in the magnetically ordered state. If the
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FIG. 9. (a) Temperature evolution of the integrated intensity of
the M4 Raman mode. The red line is a linear fit resulting in an
intercept Tc = 193(5) K. (b) The ratio of integrated intensities of
mode M9 to mode M8 shows a change in slope around 170 K. The
blue solid lines are linear fits to the data below and above 170 K.

Heisenberg model is defined as

H =
∑

i 	= j

Ji jSiS j, (3)

then the frequency of two-magnon Raman scattering is ∼17J
[21]. Taking s = 1, we get an estimate of J ≈ 97 K, close to
our calculated value (see Sec. III G below).

However, we cannot completely rule out the possibility
of electronic Raman scattering associated with the electronic
transition between the QMOs of Ru5+, as in the case of
SrRu2O6 [6], although, in principle, one would expect such
transitions to manifest at higher energies.

F. Muon spin rotation spectroscopy

Figure 11(c) shows the time dependence of the muon spin
polarization in AgRuO3 measured in the Dolly spectrometer
at the base temperature of T = 0.2 K in zero field (ZF). The
modulated oscillations indicate the presence of an internal
magnetic field in the sample due to long-range magnetic order.

(a)

(b)

FIG. 10. (a) Top: The broad mode is observed with both 532-nm
(shown by solid thick green curve) and 600-nm lasers at 77 K (raw
data with the high-frequency noise filtered out). Bottom: Temper-
ature evolution of the broad mode measured with the 660-nm red
laser. The red curves are Lorentzian fits. (b) Temperature dependence
of the intensity (Int.) of the broad mode. The red solid line is a linear
fit to the data (guide to the eye). The frequency and the linewidth as
a function of temperature are shown in the insets.

The fast Fourier transformation (FFt) of the data (Fig. 12)
shows that, in general, there are two fractions of the muon
spin ensemble, which oscillate with different frequencies giv-
ing rise to two peaks, ≈17 and ≈23 MHz. The presence of
two frequencies can be attributed to two magnetically and/or
crystallographically inequivalent muon stopping sites in the
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FIG. 11. Zero-field μSR spectra measured on powder AgRuO3

at (a) T = 342.5, 345, 347.5, and 350 K using the GPS muon
spectrometer; (b) T = 250 and (c) T = 0.2 K using the Dolly spec-
trometer. The red curves represent the best results of the fit analysis
described in the text.

crystal structure. To extract the frequencies of the observed
oscillations, the ZF-μSR spectrum at T = 0.2 K was analyzed
with the software package MUSRFIT [41] using the fitting func-
tion

A(t ) =
2∑

i=1

Ai cos(2πνit ) exp(−λit ) + A3 exp(−λ3t ). (4)

Here, A1 and A2 are the amplitudes of the muon spin oscilla-
tions due to the component of the internal field which is per-
pendicular to the muon spin polarization; ν1 and ν2 are the fre-
quencies of these oscillations which are connected to the inter-
nal field via the relation νi = γμ|Bi|/2π , where γμ is the muon

FIG. 12. Fast Fourier transformation of the muon spin precession
signal measured in zero field at various temperatures using the Dolly
(black) and GPS (blue) spectrometers. The FFt of the best fit to
Eq. (4) is given by the red curves through the FFt data. The gray
area indicates the temperature regime 125 K � T � 200 K.

gyromagnetic ratio and |Bi| are the averaged internal fields
on the two stopping sites. The exponential terms describe the
damping of the oscillation with relaxation rates λ1 and λ2

and assume a Lorentzian field distribution. The amplitude A3

and the corresponding relaxation rate λ3 take into account a
contribution of nonoscillatory signal due to the interaction of
the muons with the internal fields that are parallel to the initial
muon spin polarization. The best fit was achieved for the
frequencies of ν1 = 17.074 ± 0.006 MHz and ν2 = 23.456 ±
0.003 MHz at T = 0.2 K, which correspond to local fields of
1.26 and 1.3 T, respectively. Furthermore, the harmonic form
of the oscillations indicates that the long-range magnetic order
in the ground state of AgRuO3 is commensurate.

Further ZF-μSR measurements were performed using
Dolly and GPS spectrometers to explore the temperature
dependence of the harmonic modes observed at base temper-
ature. Figure 12 shows the evolution of the FFt of ZF-μ+SR
spectra collected up to 295 K. The frequencies of the oscil-
lations in the ZF-μ+SR spectra correspond to the peaks in
the FFt. The solid red curves represent the FFt of the best fit
of the data achieved using Eq. (4). As Fig. 12 shows, there
are three different temperature regimes: (i) T < 125 K, (ii)
125 K � T � 200 K, and (iii) T > 200 K. Below ∼125 K,
there are two distinct and well-defined frequencies, the lower
one noticeably softening with temperature, from ≈17 MHz at
T = 0.2 K to ≈15 MHz at T = 100 K. The other one is basi-
cally T independent, at ν ≈ 23.5 MHz. Between T = 125 and
200 K the spectra are extremely broad with some traces of one
or possibly two frequencies within the range ν ≈ 16 MHz and
ν ≈ 25 MHz. Furthermore, the relative intensities and widths
(but not frequencies!) of the spectral features in this range are
very sample dependent (note that the samples used on the two
different instruments were from different batches), indicating
a possible role of impurities. A single sharp frequency, which
is sample independent, reappears at ≈17 MHz for T = 225 K
and is clearly visible at T = 295 K, at ≈15 MHz. The ex-
tracted frequencies are plotted as a function of temperature in
Fig. 13. The points between 125 and 200 K, where the FFt of
the signal is unclear, give our the best guesses of the possible
position of two peaks in FFt, while below 125 K, two clear
frequencies are observed.

Intriguingly, the enigmatic intermediate-temperature
regime spans the same region where the Raman spectra
undergo qualitative changes and the differential resistance is
positive. It is possible that all three phenomena have the same
origin. The resistance analysis and the temperature-selective
μSR spectra suggest that charge dynamics related to defect
traps may be relevant.

To explore the higher-temperature regime, where a single
frequency was observed, ZF-μSR spectra were collected on
the GPS spectrometer between 300 and 350 K with steps in
temperature of 5 and 2.5 K. These data were analyzed using
the function

A(t ) = Fm[A0 cos(2πν0t ) exp(−λ0t ) + A3 exp(−λ3t )]

+ (1 − Fm )GKT, (5)

where Fm is the fraction of the magnetically ordered state.
This function includes a Kubo-Toyabe term GKT that takes
into account the contribution of the nuclear spins in the
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FIG. 13. Temperature dependence of the muon spin preces-
sion frequencies extracted from the analysis of ZF-μSR spectra of
AgRuO3. Blue circles and black squares correspond to the frequen-
cies extracted from the muon data collected at the Dolly and GPS
spectrometers, respectively. The red curve gives the best fit achieved
using Eq. (6). The inset shows a comparison of the scaled ZF-μSR
frequencies (blue circles and black squares) with the Ru ordered
moment (red circles) from neutron diffraction data.

paramagnetic state of the electronic spin system, which was
neglected at lower T . The results reveal that T = 340 K is the
highest temperature where the oscillations exist in ZF-μ+SR
data of AgRuO3. Indeed, the μ+SR spectrum at T = 340 K
[blue squares in Fig. 11(a)] displays a weak oscillation with
frequency ν0 = 7.25 ± 0.75 MHz extracted from the fit [cor-
responding red curve in Fig. 11(a)]. The FFt and fit analysis of
the data at T = 342.5, 345, 347.5, and 350 K reveal no oscilla-
tions and are well reproduced by using only Kubo-Toyabe and
nonoscillating terms. The depolarization of the asymmetry
decreases progressively in the ZF-μ+SR data at T = 342.5,
345, and 347.5 K, suggesting a volume-wise destruction of the
magnetic state with increasing magnetic disorder. The muon
polarization is fully recovered at T = 350 K.

The temperature dependence of the extracted frequencies
(Fig. 13) can be compared with that of the Ru ordered moment
from neutron diffraction because the frequencies are propor-
tional to the local fields. The inset of Fig. 13 shows the scaled
frequencies plotted over the Ru ordered moment. The curves
were matched at T = 250 K since this temperature is far from
the critical region (vicinity of TN) where neutrons and muons
have different sensitivity due to the different time scales of the
techniques. The comparison reveals a generally good agree-
ment of the temperature dependencies. The deviation above
≈310 K can be attributed to the fact that the ordered moment
in a k = 0 magnetic structure may be underestimated in the
vicinity of TN, where the signal is weak.

To determine the Néel temperature TN more accurately, and
to address the issue of the critical dynamics, the temperature
dependence of ν0 was fitted by

ν(t ) ∝ [1 − (T/TN)]β, (6)

where β is the critical exponent and the range of fit was 325 K
< T < 337.5 K. The resulting value TN = 340.5 ± 0.5 K is

FIG. 14. Electrostatic potential in the antiferromagnetically or-
dered AgRuO3, showing two muon-attracting regions (yellow)
around the 6b and 6a sites. Each region yields six equivalent muon-
trapping sites, as described in the text. The Ru atoms (purple) and
some outlines of the R3̄c crystallographic unit cell are shown.

in excellent agreement with the Néel temperature revealed by
magnetic susceptibility and other methods. However, the crit-
ical exponent β = 0.27 ± 0.02 is considerably reduced from
the conventional powers β = 0.312 [42], β = 0.3485 [43],
and β = 0.36 [42] derived for the 3D Ising, 3D XY, and 3D
Heisenberg magnetic systems, respectively. Such a reduction,
of various strengths, can be attributed to the dominance of the
two-dimensional rather than three-dimensional correlations
and is often encountered in quasi-2D layered magnets (e.g.,
see Table A.1 in Ref. [44]). A possible explanation is the pres-
ence of long-range interactions which can affect and reduce
the observed critical exponent from the theoretical predictions
[45]. In particular, according to Ref. [45], β = 0.27 would
correspond to a 2D magnet with a long-range interaction
decaying as ∼1/r3.3. The presence of long-range interactions
is consistent with the quasimolecular picture suggested by
theory (see Sec. III G), since such orbitals typically generate
long-range magnetic interactions [46].

In order to elucidate the possible nature of the observed
features, we have calculated the electrostatic potential in the
R3̄c structure (Fig. 14). The energy landscape is quite uni-
form, with only two minima sufficiently deep to trap muons.
They are located at the 6b and 6a positions, with rhombo-
hedral coordinates (0,0,0) and (1/4, 1/4, 1/4) at the centers
of the Ru6 hexagons and in the middle between the ver-
tical Ru-Ru bonds, respectively. In the neutron-determined
magnetic R̄3′c′ structure, both sites have zero magnetic
dipole field by symmetry. In reality, of course, the muons
are shifted toward oxygens, and the calculation shows that
stopping sites are ≈1.2 Å removed from the oxygens. For
each of the two positions there are six equivalent stopping
sites, corresponding to the number of surrounding oxygens.
Specifically, full relaxation gives six sites around (0, 0, 0),
related by trigonal symmetry, namely, shifted from (0, 0, 0)
by (±0.101, 0.421, 1.10) Å, and the two others rotated by
±120◦, and six sites around (1/4, 1/4, 1/4), shifted by
(±0.908, 0.231, 0.505) Å, and the two trigonal rotations.

At high temperature the muons might be able to hop among
these six positions; if this hopping rate is of the same order
as the precession frequency, the μSR signal will be greatly
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broadened, and when the hopping rate becomes larger, the ob-
served frequency will be reduced to zero, since the local field
averaged over six stopping sites cancels by symmetry. Pos-
sibly, this explains our observations at 125–200 K. However,
the origin of the single mode observed at higher temperature
is unclear at the moment. Indeed, neutron scattering does not
reveal anything unusual in terms of the long-range magnetic
moment at these temperatures. Moreover, our calculations
suggest that the potential barrier between (1/4, 1/4, 1/4) and
(0,0,0) stopping sites is large enough to prevent muon hopping
between them at these temperatures. One possibility, sug-
gested by the transport measurements discussed above, is that
defect states may play a role. If, at some characteristic temper-
ature, defects of a particular kind (say, Ru vacancies) change
their charge state, they may provide new traps for muons, thus
generating a new mode. However, we do not have any direct
experimental or theoretical evidence for this scenario, except
that the temperature dependence of the resistivity suggests
that some localized free carriers are thermally excited in this
range and become itinerant. It is worth mentioning that similar
frequency splitting was previously observed in other quasi-2D
magnets Sr2CuO2Cl2 [47] and Ca0.86Sr0.14CuO2 [48] where
(also) no related phase transitions were detected using neutron
diffraction.

G. Electronic structure

We start with simple GGA calculations. Similar to
SrRu2O6, it is only possible to achieve convergence for a
Néel-AFM configuration (all nearest neighbors must be AFM
ordered) [17,18]. Other solutions such as ferromagnetic (FM),
zigzag AFM, or stripy AFM do not survive and collapse to the
nonmagnetic configuration. This demonstrates that AgRuO3

cannot be described by a conventional Heisenberg Hamilto-
nian, due to the itinerant nature of its electronic structure. The
magnetic moment on the Ru ion is 1.24 μB, roughly consistent
with experiment, and strongly reduced from the 3 μB expected
for an isolated pentavalent Ru ion. Similarly to SrRu2O6,
this reduction is not related to any covalency effects, but can
be traced down to the formation of quasimolecular orbitals
(QMOs) [17,18].

However, there is a difference between AgRuO3 and
SrRu2O6. First of all, in AgRuO3, in the nonmagnetic state,
the bands are derived from the E2g and E1u QMOs, rendering
it metallic (see left panel in Fig. 15), while the nonmagnetic
SrRu2O6 is a semiconductor with a band gap of 60 meV [17].
Accounting for the spin polarization (Néel-AFM state) opens
a gap of 80 meV in AgRuO3 (right panel in Fig. 15). This
roughly agrees with our estimates of the fundamental gap
Eg = 110–200 meV from the activated electrical resistance
(see Sec. III B).

The overall band structures in AgRuO3 and SrRu2O6 are
similar, which again indicates the presence of QMOs [5,18]
in AgRuO3. However, the unit cell in AgRuO3 is two times
larger (different stacking along c), and therefore the number
of the bands is twice that of SrRu2O6. The lowest two bands
are of B1u symmetry; then there are four E2g bands and then
six bands, two of which are of A1g and four of E1u symmetries.

The most important ingredient for the formation of QMOs
is the oxygen-assisted hopping between unlike t2g orbitals
of nearest Ru ions, t ′

1 (if these Ru ions are in the xy plane,

FIG. 15. Band structure as obtained in the GGA for the nonmag-
netic (NM; left) and Néel-AFM (right) configurations, calculated in
WIEN2K [29].

then these will be xz1 − pz − yz2 and yz1 − pz − xz2 hopping
paths, where 1 and 2 are ions indices) [49]. A Wannier func-
tion projection shows that t ′

1 = 0.28 eV. There is also direct
hopping between the same t2g orbitals of nearest-neighbor
Ru ions (for the same xy plaquette this will be hopping be-
tween xy orbitals), t1 = −0.27 eV, and t ′

1/|t1| ≈ 1. This is
different from SrRu2O6, where t ′

1 ≈ |2t1| is responsible for
the formation of the QMOs [23]. Thus the QMOs are weaker
in AgRuO3. Antiferromagnetism works against formation of
QMOs, and therefore already at this stage we expect that the
intraplane exchange interaction is stronger in AgRuO3.

We used the total energy GGA+SOC calculations (in
the Néel-AFM state) to estimate the single-ion anisotropy
(SIA), which turns out to be the easy axis with D = −12 K,
where D = δE/M2

z , Mz is the z projection of the spin mo-
ment, and δE is the energy difference between configurations
with all spins lying in and perpendicular to the Ru-Ru
plane. The corresponding total energy dependence on the
spin canting angle is shown in Fig. 16. We see that the SIA
constant, D, in AgRuO3 is slightly larger than in SrRu2O6

(D = −9 K) [18].

FIG. 16. Dependence of the magnetic moment on the spin cant-
ing angle φ. Spins of the two neighboring Ru ions are rotated in the
plane of the honeycomb lattice (the angle between the spins is 2φ).
φ = 0 corresponds to the Néel-AFM structure.
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The interlayer exchange interaction in AgRuO3 is more
tricky than in SrRu2O6 because of the different stacking.
Neighboring Ru layers are shifted with respect to each other
as shown in Fig. 6. As a result, there is only one shortest inter-
planar Ru-Ru bond (5.28 Å) for every Ru, either to a Ru atom
in the plane below or to the one in the plane above. However,
because of the Néel order in the planes, the net interaction
between the neighboring planes is always the same for all
planes and can be described by one net exchange constant.
We have calculated it to be J⊥ = 2 K, which is much smaller
than in SrRu2O6 (J⊥ = 10 K). The sign of the interaction is
positive, which automatically ensures the AFM stacking and
the R3̄′c′ structure.

The significantly weaker interplanar coupling does not
affect the magnetic properties much because it enters loga-
rithmically as a ratio to the very large intraplane exchange
coupling. Since there is a single stable magnetic configuration,
one cannot recalculate J from energies of different magnetic
solutions. Therefore we used the same strategy as was previ-
ously applied to SrRu2O6: We calculated in GGA+SOC the
energy dependence on the spin canting angle and fitted the
result to the functional presented in Ref. [18]. This yields J =
96 K for Hamiltonian (3) or 255 K, if one uses magnetization
instead of spins as was done in Ref. [18]. The corresponding
data are shown in Fig. 16 and demonstrate that the spins are
rather soft in AgRuO3. If one still neglects this effect, then
the spin-wave theory can be used to estimate the Néel temper-
ature according to Refs. [50,51]. With calculated intra- and
interplane exchange parameters we get TN = 304 K, which
is close to the experimental 342 K. Moreover, the calculated
value of the intraplane exchange constant is also consistent
with the Raman spectroscopy results.

IV. CONCLUSIONS

AgRuO3 is a trigonal semiconducting ruthenium oxide
with Ru5+ species in honeycomb Ru2O6 layers. It shows
a Néel-type antiferromagnetic order below 342(3) K (335–
344 K, depending on the experimental probe). The strongly
anisotropic magnetic susceptibility (Fig. 1) is in agreement
with the refinement of the AFM magnetic structure from
the powder neutron diffraction data, as well as with first-
principles calculation. The ordered Ru moments of 1.85(5) μB

lie parallel to the c axis (magnetic point group R̄3′c′; Fig. 6),
slightly larger than the calculated moments of 1.27 μB, indi-
cating a somewhat more correlated character of Ru d orbitals.
Specific heat data show a second-order transition at the Néel
temperature and no further transitions, in agreement with the
magnetic susceptibility measurements.

The Raman and zero-field muon spin rotation (μSR)
spectroscopy data indicate subtle changes occurring between
150 and 220 K. The apparent transport gap, calculated as
Eg(T ) = T 2d ln ρ(T )/dT , shows a negligible activation gap

up to ≈40 K, which then grows up to ≈70 K, reaching
≈25 meV, and then goes down, reaching ≈0 again at T ∼
160 K. After that, it grows rapidly, reaches ≈100 meV, and
then remains constant up to the Néel temperature. This sug-
gests that the intrinsic semiconducting gap is ≈100 meV,
while the conductivity at low T is dominated by a small
number of carriers trapped and then thermally released from
some defects.

At least one Raman mode, with frequency ≈192 cm−1,

appears to be strongly coupled with these defects, and this
coupling, as expected, is strongly temperature dependent.
While all modes, including this one, are reproduced by the
calculations, these calculations do not address the intensity
of the Raman-allowed modes; we speculate that in the ideal
crystal this mode is not visible without defect interference.

On a finer scale, one may discuss two potential energy
scales. Indeed, the changes in the Raman spectra occur at
T ≈ 170 K. This temperature is roughly in the middle of
the crossover region (125 K < T < 200 K) identified in the
ZF-μSR data, above which only a single oscillation mode is
observed. Also, at about the same temperature the activation
gap from electrical conductivity saturates. It is tempting to
conclude that there are two energy scales, possibly associated
with the two trapping sites, one of the order of 150–170 K and
the other of the order of 200–225 K.

Interestingly, these defect states do not contribute to bulk
properties such as the magnetic susceptibility and specific
heat. The linear term in the low-T specific heat [γ ′ = 5.6(1)
mJ mol−1 K−2] is sizable but not uncommonly large for a
polycrystalline sample of an insulating oxide. This corrobo-
rates our picture that defects, while not changing the basic
electronic structure of the compound, are responsible for the
observed spectroscopic effects.
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