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Magnetic phase of the perovskite CaCrQ; studied with u*SR
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We investigated the magnetic phase of the perovskite CaCrO; by using the muon-spin relaxation technique
accompanied by susceptibility measurements. A thermal hysteresis loop is identified with a width of about 1 K
at the transition temperature. Within the time scale of the muon lifetime, a static antiferromagnetic order is
revealed with distinct multiple internal fields which are experienced in the muon interstitial sites below the
phase-transition temperature, 7y=90 K. Above Ty, lattice deformations are indicated by transverse-field
muon-spin rotation and relaxation suggesting a magnetoelastic mechanism.
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I. INTRODUCTION

The coexistence of metallic conductivity and antiferro-
magnetism is uncommon and has therefore inspired
theoretical' and experimental®?® interests, particularly for
transition-metal oxides (MO,), due to a strong hybridization
of d orbital of the metal ion (M) and 2p orbital of the oxygen
(O). The magnetic properties in these systems are governed
mainly by a superexchange interaction via an oxygen be-
tween the nearest-neighboring (NN) M ions, and additionally
by a competition between the NN interaction and the next-
nearest-neighbor interaction. This competition has been re-
ported to cause the magnetic order and affect the structural
and electronic properties. In most experimental systems,*>
these interactions are characterized by low dimensionality
thereby granting the exotic coexistence of the antiferromag-
netic (AFM) order and metallic conductivity. The three-
dimensional perovskite CaCrO; represent an exception.

Although CaCrO; was reported to show semiconducting®
or insulating? properties with AFM order below 90 K
(=Ty), recent measurements on single crystals, grown in
high-pressure synthesis, indicated metallic conductivity for
CaCrO; even below Ty.” This was also supported by infrared
reflectivity measurements on a polycrystalline sample.? Fur-
thermore, based on powder neutron-diffraction analysis, the
AFM spin structure was proposed as a C-type AFM in which
Cr spins order antiferromagnetically in the ab plane but fer-
romagnetically along the ¢ axis.> A high-temperature Curie-
Weiss fit of the susceptibility-versus-7 curve in the T range
between 400 and 600 K indicated the effective magnetic mo-
ment (i) of Cr to be 3.6up and the Weiss T (0,) is about
920 K.78 Since the Cr ions are in a 4+ state with S=1, the
obtained p.g is rather high compared with the localized-spin-
only value (2.85u3). Moreover, it was found that the CaCrO;
system has a magnetoelastic distortion driven by the Cr
moments,> resulting in a small change in the orthorhombic
lattice parameters at Ty. Despite the several macroscopic
measurements mentioned above, the microscopic magnetic
nature of CaCrOj; has not been investigated so far because of
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the difficulty of sample preparation and eventually the ab-
sence of NMR-active elements in CaCrO;, as the natural
abundance for the NMR-active **Ca is 0.14% and that for
3Cr is 9.5%.

In contrast to NMR, the muon-spin rotation and relaxation
(u*SR) technique is applicable to all magnetic materials,’!”
even if they lack elements with nuclear magnetic moments.
We have, therefore, carried out an experimental study on the
perovskite CaCrO; (see Fig. 1) by means of "SR due to its
remarkable ability in detecting local magnetic order, whether
it is short or long ranged. Combining bulk dc susceptibility
and w"SR measurements, we characterize the magnetic prop-

CaCrO, - Pbnm(62)

a0~ 5.29 A
by ~ 5.33 A
Cao ~ 743 A

FIG. 1. (Color online) The GdFeOs-type crystal structure (space
group Pbnm, No. 62) of CaCrOj; that evolves from the ideal perov-
skite structure by a rotation (®=~8.2°) and tilt (® =~ 10.5°) of the
CrOg4 octahedra (Ref. 3). Thin purple (light gray) lines enclose the
unit cell.
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erties of CaCrO3. Our major finding is a Cy-type AFM phase,
determined from the multiple frequencies revealed in zero-
field (ZF) u*SR. Such frequencies are the attributes of the
several w* interstitial sites in the AFM phase. Second, the
transverse-field (TF) w*SR signals also suggest a deforma-
tion of the lattice, thereby corroborating that CaCrO; expe-
riences a magnetoelastic distortion.

II. EXPERIMENT

Polycrystalline CaCrO5; was prepared by a solid-state re-
action of CaO and CrO, under 4 GPa at 1000 °C for 30 min
in the Institute of Solid State Physics of University of Tokyo.
dc-y measurement (shown later) and powder diffraction were
performed and agreed with previously published data. In the
#"SR experiment, the powder sample was placed in a small
envelope made of very thin Al-coated Mylar tape and at-
tached to a low-background sample holder. In order to make
certain that the muon stopped primarily inside the sample,
we ensured that the side facing the muon beamline was only
covered by a single layer of the mylar tape. Subsequently,
ZF, TF, and longitudinal-field (LF) u*SR spectra were col-
lected for 1.8=T7T=150 K, at the M20 and M15 surface
muon channel at TRIUME, Vancouver, Canada. The experi-
mental setup and techniques are described in detail
elsewhere.!!

III. RESULTS

The bulk magnetization and susceptibility of CaCrOs is
shown in Fig. 2 as a function of 7 and H. The temperature
dependence of the bulk dc susceptibility, y, was measured
using a commercial superconducting quantum interference
device magnetometer (Magnetic Property Measurement
System—Quantum Design). The magnetic transition is seen
clearly at Ty~90 K, however the x(7) curve shows the ap-
pearance of small spontaneous magnetization below T, that
is not of a typical AFM transition. The same x(7) behavior is
seen at all fields measured (1=H=50 kOe, not shown),
therefore this can be ruled out as field induced. Figure 2(a)
displays the characteristic x(7) curves obtained on cooling
and heating with an applied field of 50 kOe. In Fig. 2(c), we
plot the magnetization, M, versus the field, H, taken at sev-
eral temperatures, the magnetic hysteresis loop seen below
Ty, at 80 and 5 K, indicates the presence of a weak ferro-
magnetic contribution, which is attributed from the canted
spins along the ¢ direction. To corroborate this magnetic
transition, we performed weak transverse-field measure-
ments.

A weak transverse-field (WTF) measurements, where the
field applied is perpendicular to the muon-spin direction and
is weak compared to any spontaneous internal fields in the
ordered phase, is a sensitive probe to local magnetic order. In
Fig. 2(b), we plot the T dependence of the normalized wTF
asymmetry (NAqp) taken at 30 Oe on heating. Note that the
NA~qg is proportional to the volume fraction of the paramag-
netic phase. The magnetic phase transition, as indicated by
the wTF measurements, also identifies the transition at Ty
=90 K. To further explore the magnetic phase, we per-
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FIG. 2. (Color online) (a) The x(T) curve at the vicinity of
magnetic transition measured on cooling and on heating with H
=50 kOe in field cooled (FC) mode. (b) The normalized wTF
Asymmetry with applied field H=30 Oe. (c) The magnetization
(M) versus H at 90 (black line), 80 (blue), and 5 K (red).

formed ZF p*SR, which is a site-sensitive probe in which
the muon asymmetry is only affected by the internal mag-
netic fields.

ZF p*SR measurements were taken in the same configu-
ration as described in Sec. II. The inset of Fig. 3(a) shows the
raw data taken at 7=40 K where the main figure displays
the Fourier transform of the raw ZF spectrum. At all tem-
peratures below Ty, the ZF spectrum exhibits multiple fre-
quencies, which consists of mainly four frequencies. There-
fore, the spectra were fitted with a sum of four oscillating
signals where the asymmetry is divided into a 2/3 oscillatory
and 1/3 “tail” exponentially relaxing components, namely,

4
AOPZF(I) = E Aosc,i COS(wil)eXP(— )\osc,it)

i=1
+ At €Xp(= Ngir it) »

where A .=2Aq/3 and A ;=Ay/3 are the asymmetries,
Nose=1/T, and A ;=1/T) are the relaxation rates, and w; are
the muon Larmor frequencies of the four signals. The quality
of the fit is demonstrated in the inset of Fig. 3(a) by the solid
line.

Figure 3(b) summarizes the T dependence of the muon
precession frequencies [f;=w;/(27)]. The low frequencies,
i=1,2,3, are nearly independent of temperature up to 90 K
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FIG. 3. (Color online) (a) The Fourier transform of the zero-
field spectra at T=40 K. Inset shows the raw ZF asymmetry spec-
trum. (b) The temperature dependence of the muon precession fre-
quencies at the AFM phase.

whereas f, decreases smoothly above 30 K. The amplitude
(not shown) of f, also decreases dramatically above 50 K.
We, therefore, suggest that CaCrO; displays a single AFM
phase. Electrostatic potential calculations confirm that there
are four possible different muon sites near O~2 ions in the
lattice. Assuming the proposed Cy-AFM spin structure,*!2
we use dipolar field calculation to describe these internal
magnetic fields. Since the amplitude of f, is small and diffi-
cult to accurately estimate throughout the whole temperature
range (amplitude diminishes above 50 K and there is consid-
erable variation in the range 2=T7T=50 K), we disregard f,
in the calculation and aim at characterizing the other three
frequencies only. The calculated internal fields (H,,;, where
i=1,2,3,4) are proportional to the ordered moment g, and
obey fi=Hi,,;X13.554 (kHz/Oe). We find Hy,/pc:
=2.5(2) kOe/ g, 3.16(7) kOe/ g, and 8.7(2) kOe/uy for
i=1-3, respectively. We find that the ratio between the fields
Hip 1/ Hin 3=0.28(9) and H;,/ Hyy 3=0.36(7). The observed
f1/13=0.367(1) and f,/f3=0.495(2), thus the overall calcu-
lated result is within ~25% error. Furthermore, the absolute
values of f; allows us to estimate that the ordered moment
ue(1.8 K)=1.38(22) wp. This value agrees well with the es-
timated w,q=1.2up from recent neutron scattering. The
same calculation for a Cy-AFM structure yields that
Hin 1/ Hin 3=0.29Q3) g, Hipo/ Hin 3=0.88(7)up,  and
tc(1.8K)=1.2(4) up. Although the Cy-AFM H;y, ratios seem
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FIG. 4. (Color online) The TF relaxation rate, Rp versus the
magnetization, M. Inset, the muon decay asymmetry in transverse
field of 2 kOe, rotated in a reference frame of 26.5 MHz.

to agree well between the calculation and the experiment,
Mcr 1s slightly higher than the proposed Cy type but within
the error. Nevertheless, it is difficult to determine which
AFM structure is more reasonable for the ground state of
CaCrOj; based only on the present u*SR results. The com-
parison between w4 estimated by neutron and that by u*SR
is most likely to support a Cy-AFM structure, as proposed by
neutron measurements.

In order to study the magnetoelastic coupling, TF u*SR
measurements were taken at fields ranging from 2 to 50 kOe
at the transition temperature. The inset of Fig. 4 plots the
muon decay asymmetry in a transverse field of 2 kOe rotated
at a reference frame'® of 26.5 MHz. Since a high magnetic
field is available only along the axial direction, TF measure-
ments were performed in a spin-rotated mode, where the
muon spin is rotated 90° thereby perpendicular to the field
direction. The LF measurements were performed in a
nonspin-rotated mode, therefore the spin and the field were
parallel. No temperature dependence was found on the muon
relaxation in the LF measurements, and was at least an order
of magnitude smaller than the TF relaxation. It should be
noted that TF measurements probe both the static and dy-
namic field fluctuations and the LF measurements probes the
dynamic fluctuations only. Hence, it was found that the dy-
namic fluctuations are weak compared to the static fluctua-
tions, therefore negligible.

The TF muon-spin polarization is best described by

AgPrp=Aj exp(= Rypt)cos(wt + ¢), (1)

where Ryp=(T3)"" is the TF relaxation rate and w=y,Hr.
The quality of the fit is described by the solid line in the plot.
Figure 4 depicts Ryg vs the bulk magnetization. Ryp increases
slowly with increasing magnetization, M. At M
~0.06 emu/mol, Ry increases more rapidly with M. In or-
der to explain this occurrence, one should observe the muon
behavior under external fields.

The field at the muon site is given by B=(1+Ax)Hrp,
where A is the coupling between the muon and the neigh-
boring electron. We assume that the coupling depends on the
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muon-electron distance and is isotropic, therefore we write A

as sum of a mean A and a fluctuating 54 components. Thus
one finds for a Gaurssian distribution of couplings, p(A)
=1/y2mo exp[—-(A/\20)?], the spectrum width obeys,'*

RTF = ’yf’“M 0. (2)

If A and o are temperature independent, Ry is expected to
be linearly proportional to M. Figure 4 indicates that Ry is
not proportional or does not depend linearly on M. This sug-
gests a modification in the hyperfine coupling, A, which is
expected when lattice distortions take place.'* In fact, by
calculating the temperature dependence (for 90=T
=130 K, not shown) of o, using Eq. (2), we can calculate
Ao/, where Ao and & are the standard deviation and aver-
age of o, respectively. The ratio Ag/& gives a measure of
the relative change in the variation in the muon-electron dis-
tance due to temperature changes. We find that Ao/ a is
~208%, for comparison, compounds which do not distort
have a much smaller Ao/a, for example, the pyrochlore
Tb,Ti,O; has Acg/ & of 15%."> A possible reason for such a
distortion is a response of the lattice to the magnetic interac-
tions through a magnetoelastic coupling.'® Such coupling re-
lieves the frustrated Cr interactions by causing lattice defor-
mations. This is consistent with the scenario suggested by
neutron-scattering studies.’

IV. SUMMARY

By means of u*SR and susceptibility, we clarified the
nature of the magnetic phase of the perovskite CaCrO; be-
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low Ty. Susceptibility measurements demonstrate a presence
of a weak ferromagnetic contribution in the magnetic hyster-
esis loops. However, u*SR demonstrates the formation of
static AFM order below T). Based on electrostatic and dipole
field calculations, the Cy—AFM structure, which was pro-
posed by neutron measurements, is found to be the most
reasonable in explaining the internal magnetic fields detected
by zero-field "SR measurements.

Transverse-field #*SR measurements in the paramagnetic
phase provided the temperature dependence of the spin-spin
relaxation rate (Tgl). The lack of a linear relationship be-
tween Tgl and magnetization above the vicinity of Ty sug-
gests the presence of magnetoelastic coupling, which induces
the abrupt change in the lattice parameters at 7y, and reduce
the frustrated interactions.

Although the overall u*SR results confirm the past neu-
tron results, it should be noted that the time window and
spatial resolution of u*SR are different from those of neutron
scattering. Therefore, combining the past neutron results, the
magnetic and structural nature of CaCrO; have been fully
elucidated by this work.
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