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Magnetism of the A-site ordered perovskites CaCu3Cr4O12 and LaCu3Cr4O12
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The microscopic magnetic nature of the A-site ordered chromium perovskites CaCu3Cr4O12 and LaCu3Cr4O12

and their solid-solution system, Ca1−xLaxCu3Cr4O12, with x = 0.2, 0.4, and 0.8, has been studied with muon
spin rotation and relaxation (μ+SR) measurements down to 2 K using a powder sample. For CaCu3Cr4O12,
μ+SR revealed the formation of static antiferromagnetic (AF) order below 122 K (=TN), although magnetization
measurements showed a very small change at TN. Analyses of the internal magnetic field Hint at the muon sites,
predicted with first-principles calculations, suggested G-type AF order as a ground state. For LaCu3Cr4O12 with
TN = 225 K, μ+SR also supported the presence of a G-type AF ordered state, which was recently proposed based
on neutron diffraction measurements. However, the ordered Cr moments were found to change the direction at
around 10 K. For Ca1−xLaxCu3Cr4O12, both TN and Hint at 2 K increase monotonically with x.

DOI: 10.1103/PhysRevB.97.024416

I. INTRODUCTION

In searches for a novel eccentric phase, e.g., a quantum
critical phase (QCP), near the boundary between an anti-
ferromagnetic (AF) ground state and a Kondo-like state, a
huge number of solid-solution systems have been investigated
as a function of spin density in the lattice, particularly for
f -electron systems [1]. However, it is challenging to find such
phases in d-electron oxide systems because of an overlap of
the d orbitals with the p orbital of oxygen.

Recently, a solid-solution system between two A-site or-
dered chromium oxide perovskites, ACu3Cr4O12, with A =
Ca and La, has been proposed as a possible candidate in
the search for a QCP. This is because CaCu3Cr4O12 was
reported to be a Pauli paramagnetic metal [2], and a related
compound, CaCu3Ru4O12, exhibits heavy-fermion behavior
based on magnetic susceptibility χ and heat capacity Cp

measurements [3], whereas LaCu3Cr4O12 was found to be an
AF metal by recent resistivity and muon spin rotation (μ+SR)
measurements [4].

Note that in the AA′
3Cr4O12 (=A1/4A

′
3/4CrO3) lattice, due

to the tilting of CrO6 octahedra, the coordination number
of A′ is reduced from 12 to 4, leading to a square-planar
coordination. As a result, we have a AA′

3Cr4O12 structure (see
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Fig. 1) in which the coordination numbers are 12, 4, and 6 for
A, A′, and B, respectively [5,6]. Such a perovskite is called
an A-site ordered chromium perovskite. Here, either Cu2+ or
Mn3+ ions prefer to occupy the A′ site because of a Jahn-Teller
effect. In fact, the first AA′

3B4O12 compounds were found in
2002: ACu3Ti4O12 and ACu3Ru4O12 [3,5,7].

Particularly for ACu3Cr4O12, with A = Ca and La, Cr ions
are in a 4+ state with S = 1(t2

2g) for CaCu3Cr4O12 versus
a mixed-valence state (3.75+) between S = 1(t2

2g) and S =
3/2(t3

2g) for LaCu3Cr4O12. This means that the orbital degree
of freedom is partially suppressed in LaCu3Cr4O12.

Historically, the first ACu3Cr4O12 compound synthesized
was CaCu3Cr4O12, using a high-pressure technique at 1100 ◦C
under 60 kbar (=6 GPa) in 2003 [2]. Despite its metallic
conductivity, the magnetic ground state of CaCu3Cr4O12 has
been predicted to be a ferrimagnet with ordered Cr and Cu
moments by first-principles calculations [8,9]. In addition,
magnetization measurements revealed the presence of a small
magnetic anomaly at around 150 K. However, due to the
presence of a CuCr2O4 impurity phase with Tferri = 150 K,
the magnetic ground state of CaCu3Cr4O12 is still not clear.

Compounds with trivalent ions at the A site have been
also synthesized by a high-pressure technique. The first such
compound, LaCu3Cr4O12, was found in 2012 by Isobe and
Sakurai [10] and independently in 2014 by Zhang and cowork-
ers [11]. Magnetization measurements revealed the presence
of a sharp magnetic transition at 225 K (Fig. 2), implying the
appearance of a spin-singlet-like state. Nevertheless, μ+SR
measurements demonstrated the presence of static magnetic
order in LaCu3Cr4O12 [4]. This clearly indicates the impor-
tance of μ+SR for studying magnetic ground states of complex
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FIG. 1. The crystal structure of (a) a regular perovskite,
A1/4A

′
3/4CrO3, and (b) an A-site ordered perovskite, AA′

3Cr4O12.

oxides, as already shown for other chromium compounds
[12–19].

Returning to a solid-solution system between CaCu3Cr4O12

and LaCu3Cr4O12, very recently, Ca1−xLaxCu3Cr4O12 was
successfully synthesized using a high-pressure technique in
the whole x range between 0 and 1 (see Fig. 2). Nevertheless,
the QCP phase has not been found in this system. This raises a
question about the magnetic ground state of CaCu3Cr4O12.
We have therefore investigated the magnetic properties of
CaCu3Cr4O12 and Ca1−xLaxCu3Cr4O12 with μ+SR because
μ+SR provides microscopic magnetic information about a
sample due to its unique localization and high time resolution
[20,21]. Furthermore, even for a sample consisting of multiple
magnetic phases, μ+SR can often extract the volume fraction
of each magnetic phase. Here, we report an AF ground state for
CaCu3Cr4O12 and show that the Ca1−xLaxCu3Cr4O12 system
is unfortunately not a playground for studying QCP.

II. EXPERIMENT

Polycrystalline samples of CaCu3Cr4O12, LaCu3Cr4O12,
and Ca1−xLaxCu3Cr4O12 were synthesized from stoichiomet-
ric mixtures of CaO, La2O3, CuO, Cr2O3, and CrO2 at 1200 ◦C
under a pressure of 7.7 GPa for 1–2 h. The details of the
synthesis have been described elsewhere [10]. Powder x-ray
diffraction (XRD) analyses showed that the samples were
almost single phase with a small (less than 2 wt %) CrO2

impurity.
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FIG. 2. Temperature dependence of the magnetic susceptibility
(χ = M/H ) of Ca1−xLaxCu3Cr4O12 measured at H = 50 kOe.
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FIG. 3. (a) The ZF-μ+SR time spectrum for CaCu3Cr4O12 at
1.8 K, displayed with 1.1-ns time bins in the early time domain
(t < 0.15 μs), (b) the same spectrum displayed with 20-ns time bins
for T < 1.5 μs, and (c) the temperature variation of the frequency
spectrum. Solid lines in (a) and (b) represent the fit using Eq. (1). In
(c), the Fourier transform was performed in the time range from 0 to
0.35 μs.

The μ+SR spectra were measured on the M20 surface
muon beam line using the LAMPF spectrometer at TRI-
UMF in Canada. Each approximately 200-mg powder sample
was placed in a 1 × 1 cm2 square envelope made from
0.05-mm-thick aluminized Mylar tape in order to minimize
the signal from the envelope. The envelope was attached to
a low-background sample holder in a liquid-He flow-type
cryostat for measurements in the T range between 2 and
250 K. The experimental techniques are described in more
detail elsewhere [20,21].

III. RESULTS

A. CaCu3Cr4O12

Figures 3(a) and 3(b) show the μ+SR time spectrum
obtained in zero magnetic field (ZF) at the lowest temperature
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FIG. 4. The temperature dependences of (a) the muon Larmor
frequencies (fAF1 and fAF2 ), (b) the asymmetries (AAF1 , AAF2 , Atail,
and ATF), and (c) the relaxation rates (λAF1 , λAF2 , and λtail) for
CaCu3Cr4O12. The data were obtained by fitting the ZF spectrum
with Eq. (1). In (a), the solid line on the fAF1 (T ) curve is a power-law
fit at temperatures between 50 and 122 K. In (b), ATF is the weak
transverse field (TF) asymmetry, which is roughly proportional to
the volume fraction of paramagnetic phases in a sample. Here, TF
means the magnetic field is perpendicular to the initial muon spin
polarization, and “weak” means that the TF (50 Oe) is very small
compared with the internal AF field.

measured (1.8 K). At early times (t < 0.15 μs), the spectrum
exhibits a clear muon spin oscillation, indicating the formation
of quasistatic magnetic order in CaCu3Cr4O12. Moreover,
the same spectrum plotted for t < 1.5 μs shows a strongly
damped oscillation with a first minimum at around t = 0.2 μs.
This suggests the presence of two magnetically different muon
sites in the lattice. Note that the precession signal in Fig. 3(a)
is averaged out in Fig. 3(b) due to its more coarsely packed
bins (20 ns).

In fact, there are two distinct peaks in the Fourier transform
frequency spectrum at 1.8 K: a major component at around

0.2

0.1

0

A
0P

(t
)

1050
TIME (μs)

LF 10 Oe
LF 5 Oe
ZF

CaCu3Cr4O12

T=130 K

FIG. 5. The ZF- and LF-μ+SR spectra for CaCu3Cr4O12 at 130 K.
Solid lines represent the fit using a dynamic Gaussian Kubo-Toyabe
function.

47 MHz and a minor component at around 2 MHz [see Fig. 3(c)
and Sec. V]. Furthermore, as the temperature increases, the
frequency of the major peak decreases, and the oscillatory
signal finally disappears at around 125 K, while that of the
minor peak looks roughly temperature independent but also
becomes undetectable above 125 K.

Therefore, the ZF-μ+SR time spectrum was fitted by a
combination of two exponentially relaxing cosine oscillations
for the quasistatic AF internal fields and an exponentially
relaxing nonoscillatory signal for the “1/3 tail” signal caused
by fluctuations in the field component initially parallel to the
initial muon spin polarization Pμ(0):

A0 PZF(t) =
n∑

i=1

AAFi
e−λAFi

t cos
(
ωAFi

t + φAFi

) + Ataile
−λtailt .

(1)

Here, A0 is the initial asymmetry, n = 2 is the number of
oscillatory signals, PZF(t) is the muon spin depolarization
function in ZF, AAFi

and Atail are the asymmetries associated
with the three signals, fAFi

(≡ ωAFi
/2π ) are the muon Larmor

frequencies corresponding to the quasistatic internal AF fields,
λAFi

and λtail are their exponential relaxation rates, and φAFi

are the initial phases. Note that the initial phase of the minor
component was fixed as zero; that is, φAF2 = 0 due to the
difficulty to estimate φAF2 from the spectrum having only one
minimum [see Fig. 3(b)].

Figure 4 shows the temperature dependences of the μ+SR
parameters obtained by fitting the ZF-μ+SR spectrum with
Eq. (1). The fAF1 (T ) curve shows a typical order-parameter-
like temperature dependence. A power-law fit, f/f0 = [(TN −
T )/TN]β , to fAF1 (T ) in the temperature range between 50 and
122 K provides f0 = 53.0 ± 0.7 MHz, TN = 122.32 ± 0.07 K,
and β = 0.338 ± 0.009. This implies a three-dimensional
nature of the AF order in CaCu3Cr4O12, although we need
more accurate data below the vicinity of TN.

On the other hand, fAF2 is almost temperature independent
up to TN. However, since the AAF2 signal also disappears at TN,
that signal must come not from a magnetic impurity phase but
from a second muon site in the lattice, at which the internal
magnetic field Hint is very small compared with Hint at the site
for the AAF1 signal.
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frequencies (fAF1 and fAF2 ), (b) the asymmetries (AAF1 , AAF2 , Atail,
and their sum Atotal), (c) the exponential relaxation rates of the
precession signals (λAF1 and λAF2 ), and (d) the exponential relaxation
rate of the “tail” signal (λtail) for LaCu3Cr4O12. The data were obtained
by fitting the ZF-μ+SR spectrum to Eq. (1).

The value of φAF1 is 10◦ ± 3◦ at 1.8 K, suggesting a com-
mensurate AF order magnetic ground state for CaCu3Cr4O12.
In addition, although φAF1 changes with temperature, |φAF1 | �
20◦ below TN (not shown).

The three asymmetries (AAF1 , AAF2 , and Atail) and their
relaxation rates (λAF1 , λAF2 , and λtail) are roughly temperature
independent except in the vicinity of TN, as expected. At TN,
the Atail(T ) curve shows an abrupt change because of the
sudden increase in the paramagnetic phase with increasing
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FIG. 7. The ZF-μ+SR spectra for Ca1−xLaxCu3Cr4O12, with x =
0, 0.2, 0.4, 0.8, and 1, obtained at 2 K. Each spectrum is shifted upward
by 0.2 for clarity of display. Solid lines represent the fit result using
Eq. (1).

temperature. In Fig. 4(b), the temperature dependence of the
weak transverse field (WTF) asymmetry ATF [where “trans-
verse” means the applied field is perpendicular to Pμ(0) and
“weak” means that said field is very small compared with Hint

caused by AF order] is also plotted for comparison. Here, the
WTF-μ+SR spectra were fitted by

A0 PTF(t) = ATFe
−λTF t cos(ωTFt + φ) + AMe−λMt , (2)

where ATF and AM are, respectively,0 the asymmetry of the
precession signal due to the applied WTF and that of the
nonoscillatory relaxing signal caused by localized magnetic
moments. Since ATF is proportional to the volume fraction
of paramagnetic phases in a sample, a steplike change at TN

indicates a sharp AF transition at TN in the whole sample.
Above TN, the ZF-μ+SR spectrum exhibits a slow relax-

ation by random fields due to nuclear magnetic moments.
Figure 5 shows ZF and two longitudinal field (LF) μ+SR
spectra measured at 130 K. [Here, LF means the field parallel
to Pμ(0), which suppresses relaxation caused by nuclear mag-
netism.] Fitting the ZF and LF spectra with a dynamic Gaussian
Kubo-Toyabe function [22,23], we obtain the field distribu-
tion width (� = 0.143 ± 0.002 μs−1 ⇒ 〈B2

dip〉1/2 = 1.68 ±
0.02 Oe) and field fluctuation rate (ν = 0.011 ± 0.008 μs−1).
This means that the nuclear magnetic fields are almost static at
130 K, while both Cr and Cu moments are thermally fluctuating
too rapidly for their fields to be effective in the μ+SR time
window.

B. LaCu3Cr4O12

For LaCu3Cr4O12, a clear muon spin oscillation signal was
also observed below TN = 225 K. A preliminary result was
reported in Ref. [4]; those ZF-μ+SR data, together with new
data below 30 K, were fitted using Eq. (1). As the temperature
increases from 2 K, the number of the oscillatory signals
n changes from 1 to 2 at ∼10 K and then decreases to 1
again as T → TN from below. In addition, since a recent
neutron scattering measurement [24] shows a commensurate
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AF order at 5 and 200 K, φAFi
was fixed to zero in the whole

temperature range measured. Furthermore, we used a global
fit with common values of AAFi

and Atail between 10 and
219 K, giving AAF1 = 0.0440 ± 0.0013, AAF2 = 0.1069 ±
0.0063, and Atail = 0.0673 ± 0.00010.

Figure 6 shows the temperature dependences of the μ+SR
parameters for LaCu3Cr4O12. Of the two frequencies, the
fAF1 (T ) curve exhibits an order-parameter-like temperature
dependence. The very abrupt change of fAF1 at TN implies

TABLE I. Calculated structural parameters of CaCu3Cr4O12 and
LaCu3Cr4O12. Both compounds have cubic symmetry with space
group Im3̄ (No. 204). The lattice constant of the former is a =
7.306 Å, whereas the latter has a = 7.382 Å.

Site x y z

Ca 2a 0 0 0
Cu 6b 0 1/2 1/2
Cr 8c 1/4 1/4 1/4
O 24g 0 0.3023 0.1819
μ+ 24g 0 0.7355 0.4526

La 2a 0 0 0
Cu 6b 0 1/2 1/2
Cr 8c 1/4 1/4 1/4
O 24g 0 0.3022 0.1819
μ+ 12e 0.2439 0 1/2

that the AF transition is not continuous but discontinuous. In
fact, since a thermal hysteresis is clearly observed in the χ (T )
curves measured on cooling and on heating, the AF transition
is assumed to be accompanied by a discontinuous structural
phase transition.

It should be noted that below 10 K the AAF2 signal disap-
pears and the total symmetry (Atotal ≡ AAF1 + AAF2 + Atail)
becomes rather small compared with that above 10 K. Since
LaCu3Cr4O12 is metallic down to 2 K, the formation of
muonium states is unlikely to explain such a decrease in Atotal.
From the fAF1 (T ) and fAF2 (T ) curves, the AAF2 signal looks to
be merged into the AAF1 signal below 10 K. However, in order
to explain the sudden decrease in Atotal, we need to assume that
fAF1 = fAF2 but λAF2 → ∞ below 10 K. Such an assumption
naturally leads to a very inhomogeneous internal magnetic field
in the lattice. Therefore, it is reasonable to assume that the AAF2

signal disappears below 10 K.
On the other hand, at temperatures between 10 and 219 K,

AAF2 ∼ 2.5AAF1 , although the AAF2 signal is heavily damped
in the whole temperature range below TN. This implies that the
muons responsible for the AAF2 signal see an internal magnetic
field with a broad field distribution. The muon sites and the
internal magnetic field at each site will be discussed in Sec. IV.

C. Ca1−xLaxCu3Cr4O12

Figure 7 shows the ZF-μ+SR spectra at 2 K for
Ca1−xLaxCu3Cr4O12 samples with x = 0, 0.2, 0.4, 0.8, and
1. A muon spin oscillation signal is clearly observed for
each spectrum, although said signals are more rapidly damped
for the solid-solution samples (0 < x < 1) than in the pure
samples (x = 0 and x = 1). This means that, although each
sample with 0 < x < 1 is in a static AF ordered phase at 2 K,
the internal AF field is less homogeneous than those in the pure
samples.

In addition to the ZF-μ+SR data, WTF measurements
demonstrate the presence of a sharp magnetic transition in the
temperature range between 225 and 130 K for each sample
[see Fig. 8(a)]. Assuming that TN is the temperature at which
ATF(TN)/A0 = 0.5, TN is found to increase monotonically with
La content x, and the TN determined by WTF μ+SR is almost
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FIG. 9. Contour plots of the electrostatic potential in the (001)
plane for CaCu3Cr4O12. The contour spacing is 0.2 eV, and the lines
are omitted where the potential exceeds 5 eV.

equivalent to that determined by magnetization measurements
at H = 50 kOe [Fig. 8(b)].

Based on fits of the ZF-μ+SR spectra for the samples with
x = 0.2, 0.4, and 0.8 using Eq. (1) with n = 1, fAF at 2 K also
increases monotonically with x. However, the λAF(x) curve
shows a broad maximum at x ∼ 0.5, indicating an increase
in the randomness of the internal AF field with x up to 0.5.
Here, the results for the pure samples correspond to the AF1

signal, i.e., fAF1 and λAF1 . This also suggests that the muon sites
are not drastically changing with x. Returning to the original
motivation for searching for an eccentric phase, it is clear that
such a phase does not exist in the solid-solution system between
CaCu3Cr4O12 and LaCu3Cr4O12.

FIG. 10. Contour plots of the electrostatic potential in the (001)
plane for LaCu3Cr4O12. The contour spacing is 0.2 eV, and the lines
are omitted where the potential exceeds 5 eV.
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FIG. 11. The distribution of the internal magnetic field Hint at
the muon sites, i.e., the number density DN of Hint , for (a) C-type,
(b) A-type, and (c) G-type AF ordered states and (d) the Fourier
amplitude spectrum at 2 K in CaCu3Cr4O12. In (a)–(c), the ordered
Cr moments MCr are assumed to be parallel or antiparallel to the c

axis. For the C-type AF ordered state, MCr aligns AF in the ab plane
but ferromagnetically (FM) along the c axis. For A-type AF, MCr

aligns FM in the ab plane but AF along the c axis. For G-type AF,
MCr aligns AF in the ab plane and along the c axis. Note that there
are 24 crystallographically equivalent muon sites in the lattice (see
Table I), which provide 24Hinti , with i = 1–24. In (a), we obtained
Hint = 10.6 MHz/μB for eight sites, 12.9 MHz/μB for eight sites, and
44.5 MHz/μB for eight sites. Thus, DN of each Hint is 1/3 (=8/24).

IV. DISCUSSION

A. Muon sites

In order to speculate about the AF spin structure in
CaCu3Cr4O12 and LaCu3Cr4O12, the muon sites in the lattice
were predicted by first-principles calculations [25] based on
density-functional theory (DFT) [26,27] with the generalized
gradient approximation (GGA) [28,29]. The results obtained
for the two compounds are summarized in Table I and Figs. 9
and 10. It is found that the μ+s is located in the vicinity
of the O2− ions in the CuO4 square plane, leading to 24
(12) crystallographically equivalent sites in the CaCu3Cr4O12

(LaCu3Cr4O12) lattice.
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AAF2/AAF1 for CaCu3Cr4O12 calculated from the data shown in Fig. 4.
Solid lines show the prediction for the G-type AF ordered state.

B. AF structure for CaCu3Cr4O12

Here, we assumed that only Cr moments are responsible
for AF order and the Cu moments are random even at
2 K, as proposed for LaCu3Cr4O12 [24] and as reported for
CaCu3Ru4O12 [30]. Using the muon sites listed in Table I, the
distribution of the internal magnetic field Hint at the muon sites
was estimated by dipole field calculations with DIPELEC [31]
for the three AF ordered states, i.e., C-type, A-type, and G-type
AF ordered states [see Figs. 11(a)–11(c)]. Although there are
24 crystallographically equivalent sites in the lattice, two or
three magnetically different sites are found to be present in the
AF ordered states.

Making a comparison with the ZF-μ+SR frequency spec-
trum obtained at 2 K [Fig. 11(d)], G-type AF order is the most
acceptable ground state for CaCu3Cr4O12. In fact, except in
the vicinity of TN, the measured fAF2/fAF1 is very close to
the predicted frequency ratio, 0.036 [Fig. 12(a)]. Furthermore,
the fact that AAF2/AAF1 = 0.44 ± 0.04 for the data below
100 K [Fig. 12(b)] is very consistent with the G-type AF
ordered state; namely, the predicted amplitude ratio between
the two frequencies is 0.5. Therefore, not only the measured
fAFi

but also the measured AAFi
support G-type AF order in

CaCu3Cr4O12.
The ordered magnetic moment of Cr ions MCr is estimated

to be 1.33μB ± 0.07μB, which is about 67% of the spin-only
magnetic moment for Cr4+ ions with S = 1 (t2

2g). This is
also reasonable for the metallic nature of CaCu3Cr4O12 even
below TN.

C. G-type AF structure for LaCu3Cr4O12

For LaCu3Cr4O12, a neutron diffraction pattern was mea-
sured at 5, 200, 250, and 300 K [24]. Analysis of the magnetic
peaks suggested the formation of a G-type AF order at 5 K with
the AF ordered moment of Cr Mneutron

Cr = 1.60μB ± 0.01μB

but no moments at Cu ions. Using the proposed AF model
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FIG. 13. The distribution of the internal magnetic field Hint at the
muon sites, i.e., the number density DN of Hint , for G-type AF order
with (a) MCr ‖ (001), (b) MCr ‖ (011), and (c) MCr ‖ (111) and the
Fourier amplitude spectrum (d) at 2 K and (e) at 50 K in LaCu3Cr4O12.
Note that there are 12 crystallographically equivalent muon sites in
the lattice (see Table I). Blue solid lines in (a)–(c) represent

∑12
i=1 DNi

,
while those in (d) and (e) represent the integrated Fourier amplitude∫

Fampdf .

together with the muon site predicted by DFT calculations,
Fig. 13 shows the distribution of Hint with MCr ‖ (001), (011),
and (111). Comparison with the ZF-μ+SR frequency spectrum
at 2 K [Fig. 13(d)] confirms that the G-type AF order with
MCr ‖ (001) is the ground state. The fact that DN = 1/3 for the
signal with fAF = 0 is consistent with the missing asymmetry
below 10 K [Fig. 6(b)].

On the other hand, a second oscillatory (AF2) signal appears
at temperatures above 10 K with AAF2/AAF1 = 2.4 ± 0.2.
Moreover, fAF2/fAF1 = 0.81 ± 0.02 in the temperature range
between 25 and 219 K. For the G-type AF order with MCr ‖
(011), six different sites with different values of Hint are
predicted to appear with the same probability, i.e., 1/6. The
ratios of DN and fAF/MCr between the signals with the
four lower frequencies and the higher two are 2 and 0.69,
respectively. This suggests that MCr is canted above 10 K but
aligns along the principal axis below 10 K.

In the previous μ+SR study on LaCu3Cr4O12 [4], we
proposed the formation of an incommensurate (IC) AF phase
below TN and the presence of a transition into a commensurate
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FIG. 14. The temperature variation of the Fourier transform fre-
quency spectrum from the ZF-μ+SR time spectrum for CaCu3Cr4O12.
The Fourier transform was performed in the time range from 0 to 5 μs.

(C) AF phase below 25 K based on the wide distribution
in Hint. However, considering the absence of IC magnetic
Bragg peaks in the recent neutron result [24], a C-AF spin
structure mentioned above, i.e., the canted G-type AF, is more
reasonable for the magnetic structure of the phase below TN.

Since fAF1 = 75.4 MHz at 2 K and 75.0 MHz at 50 K
[Fig. 6(a)], MCr is estimated to be 2.1 μB at both 2 and 50 K,
which is about 93% of the spin-only magnetic moment for
Cr3.75+ ions. This would not be consistent with the metallic
nature of LaCu3Cr4O12 even below TN. In fact, it should be
noted that MCr is 31% higher than Mneutron

Cr , although M
μSR
Cr

is comparable to Mneutron
Cr for materials with static AF order

[14,32,33]. This leads to questions on the proposed AF spin
structure, the magnitude and direction of Mneutron

Cr , the absence
of MCu, and/or the muon site(s). In order to further clarify the
AF spin structure, we need to measure and analyze several
neutron diffraction patterns below TN.

V. SUMMARY

We have measured μ+SR spectra for powder samples of
CaCu3Cr4O12, LaCu3Cr4O12, and their solid-solution system,
mainly in zero external field (ZF). CaCu3Cr4O12 was found
to enter into a G-type AF ordered state below 122 K (=TN),
despite only a slight change in magnetization measurements.

Assuming that the Cu moments are not ordered down to the
lowest temperature measured, the ordered magnetic moment
of Cr ions MCr was found to be parallel to the principal axis,
and the magnitude was estimated as 1.33μB ± 0.07μB at 2 K.

For LaCu3Cr4O12 with TN = 225 K, the μ+SR result
supported the formation of a G-type AF ordered state with
MCr ‖ (001) at 2 K, as suggested by neutron diffraction
measurements. However, MCr was most likely to change its
direction to (011) at temperatures above 10 K. The magnitude
of MCr was estimated to be 2.1μB at both 2 and 50 K.

For the solid-solution system, Ca1−xLaxCu3Cr4O12, TN and
the internal magnetic field at 2 K increase monotonically with
increasing x, as expected from the results for CaCu3Cr4O12 and
LaCu3Cr4O12. In other words, the possibility of the existence
of an eccentric phase in Ca1−xLaxCu3Cr4O12 was clearly ex-
cluded because the two end compounds are antiferromagnetic
metals.
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APPENDIX

In order to further confirm the presence of the low-frequency
component in the ZF-μ+SR time spectrum for CaCu3Cr4O12

below TN, Fig. 14 shows the Fourier transform frequency
spectrum below 10 MHz, for which the Fourier transform was
performed in the time range between 0 and 5 μs. Despite the
different frequency range for the Fourier transform between
Figs. 14 and 3(c), the result is very similar to that shown
in Fig. 3(c). This clearly demonstrates the presence of the
AAF2 signal with fAF2 ∼ 2 MHz below TN. A similar damped
oscillation with fAF ∼ 1.5 MHz was also found in Sr2VO4
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