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Complex magnetic phases of Ca,;_.Na,V,0, clarified by muon-spin spectroscopy
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The microscopic magnetic nature of Ca;_,Na,V,0, with 0=x=1 has been investigated by a positive
muon-spin spectroscopy (#"SR) using powder samples for temperatures down to 1.8 K. Static antiferromag-
netic (AF) order is observed for the metallic compounds with x=9.3/12 as well as for NaV,0, and insulating
CaV,0,. A variety of phases was also found to appear as a function of x and/or temperature. Combining with
the pressure dependence of static AF order, the precise analysis of the zero-field u*SR spectrum suggests the
rearrangement of spin order on the V,0, chain with temperature for the metallic compounds.
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I. INTRODUCTION

The title compounds are members of the broad class of
quasi-one-dimensional (quasi-1D) spin systems for which
there are extensive experimental and theoretical interests.!=
This is due to the variety of fascinating phenomena encoun-
tered in quasi-1D materials, such as unconventional mag-
netic ground states,*® quantum magnetism,”® as well as
pressure induced perhaps eccentric superconductivity.” The
physics behind these phenomena is governed by the strong
spin-spin coupling along one direction, ostensibly parallel to
the 1D direction, together with a much weaker coupling
along the other directions. The (Ca,Na)V,0, compounds are
particularly interesting as examples of relatively simple S
=1 Haldane systems,'"'? with the characteristic feature of
having (1D) “zig-zag” (zz) chains in the structure.

Both CaV,0, and NaV,0, belong to a CaFe,O,-type
orthorhombic structure with a space group Pnma, in which
V,0, double chains, i.e., zig-zag chains formed by a network
of edge-sharing VOg octahedra align along the b axis so as to
make an irregular hexagonal 1D channel. CaV,0, is synthe-
sized by a conventional solid-state reaction technique.'?
Since the V ions are in a +3 state with S=1 (tgg), the ground
state of CaV,0, was thought to be a gapless chiral-ordered
state, which is predicted for the S=1 zig-zag spin system.!?
However, recent NMR results confirmed the existence of
long-range antiferromagnetic (AF) order below Ty=78 K.'4
This is consistent with past neutron measurements, in which
two different AF substructures coexist in the a X 2b X 2¢ AF
supercell, and each superstructure is collinear which is
roughly parallel to the b axis.!?

On the other hand, NaV,0, is a material recently pre-
pared by a high-pressure technique.'® Intriguingly, because
of a mixed-valence state of the V ions (+3.5), NaV,0, ex-
hibits metallic conductivity down to 40 mK, while suscepti-
bility () measurements indicate an AF transition with Ty
=140 K. Magnetic anisotropy measurements using single-
crystal samples suggested that the interchain interaction is
AF, while the intrachain interaction is ferromagnetic (FM),
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as in the case of quasi-1D cobalt oxides.!” The AF structure
of NaV,0, has—to the authors’ knowledge—never been in-
vestigated with NMR, neutron, or positive muon-spin spec-
troscopy (u*SR) measurements. As a result, the mechanism
of the metallic AF order is still unknown.

Subsequently, Ca,_,Na,V,0, was prepared in the whole x
range under a 6 GPa high-pressure apparatus.'® Based on
resistivity (p), x, and heat-capacity (C,) measurements, a
macroscopic phase diagram of Ca;_Na,V,0, was deter-
mined as follows: the compounds with x=5/12 are insulat-
ing below 350 K, while those with 5/12<x=0.78
(~9.3/12) exhibit a transition from a high-7 metallic phase
to a low-T insulator phase at Ty, (=320 K for x=6/12 and
110 K for x=0.78). The compounds with x>0.78, on the
other hand, are metallic down to the lowest 7 measured.
Although the x(T) curve exhibits a typical anomaly at Ty
=78 K for CaV,0y,, such anomaly is likely to disappear for
the phase with 0<x=0.78. The x(7) curve also shows a
broad maximum at 300 K (=T, for x=0. T, increases
slowly with x and reaches its highest value (320 K) at x
=1/3 then rapidly decreases down to 120 K with further
increasing x up to 0.78. Thus, T},,, corresponds to T, in the
x range between 4/12 and 0.78. For Caj,,Nag75V,04, Ty is
clearly observed again at ~100 K in the y(7) curve. Then,
Ty increases linearly with x and reaches 140 K for NaV,0,.
In addition, precise x(7) measurements showed the existence
of three different AF phases in the x range above 0.78.

Since the microscopic nature is sometimes different from
the macroscopic one, in this paper, we report our u*SR re-
sults on polycrystalline samples of Ca;_,Na,V,0, with x=0,
1/12, 2/12, 4/12, 6/12, 8/12, 9.3/12, 10/12, 11/12, and 1;
including pressure effects using a special sample cell to ap-
ply hydrostatic pressure on the samples. We demonstrate the
existence of a variety of phases as a function of x in
Ca;_,Na,V,0,. In particular, the pressure dependence of
static AF order in the metallic samples suggests the essential
role of the competition between intrachain and interchain
interactions on the appearance of the three AF phases.

©2008 The American Physical Society
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II. EXPERIMENT

Polycrystalline samples of Ca;_Na,V,0, were prepared
by a solid-state reaction technique under a pressure of 6 GPa
using CaV,0,, Na,V,0, and V,05 powders as starting ma-
terials. A mixture of the three powders was packed in an Au
capsule then heated at 1300 °C for 1 h and finally quenched
to ambient 7. A powder x-ray diffraction (XRD) analysis
showed that all the samples were almost single phase with an
orthorhombic system of space group Pnma at ambient 7.
dc-y measurements showed that all our samples have almost
the same T dependence as that in the previous report.'® The
preparation and characterization of the samples have been
reported in greater detail elsewhere.'® The u*SR experiments
were performed on both the M20 surface muon beam line
and the M9B decay muon beam line at TRIUMF using an
experimental setup and techniques described elsewhere.!”
For the high-pressure u*SR measurements, a piston cylindri-
cal cell made of MP35 alloy was used to apply pressure up to
1.7 GPa. Three disks of the sample were stacked in the
sample space (6 mm diameter and 10 mm length) of the cell.
Daphne oil was used as the medium to apply hydrostatic
pressure to the sample.

III. RESULTS

Figure 1 shows T dependence of the normalized weak
transverse-field (WTF) asymmetry (N, ), which is roughly
proportional to the volume fraction of paramagnetic phases
in the sample, for Ca;_,Na, V,0, in the whole x range. A
sharp AF transition is observed for x=0, 6/12, 8/12, 10/12,
11/12, and 1 as the Ny_(T) curve exhibits a step-like change
from 1 to 0 at a certain T(=Ty) with decreasing 7. In con-
trast, the samples with 0 <x<<4/12 are likely to be a mixture
of CaV,0, and the x ~6/12 phase, although they were iden-
tified structurally as a single phase by an XRD analysis at
ambient T.'® This would imply the microscopic phase sepa-
ration at low T for these samples. Also, the x=9.3/12 sample
is clearly found to be a mixture of the two phases; that is, the
x=8/12 phase and the phase with 7y~96 K, which should
correspond to the compound with the lowest x in the metallic
AF region. Combining with the result of zero-field (ZF)
#"SR measurements described later, a magnetic phase dia-
gram is determined as seen in Fig. 1(c), which is very differ-
ent from that reported by macroscopic measurements.'® In
particular, the AF phase with wide field distribution, i.e., a
spin-glass-like phase, was found below Ty~ 10 K in the x
range between 6/12 and 9.3/12. Furthermore, since Ny for
all the samples reaches its maximum value (=1) above the
vicinity of Ty, Ty in the x(T) curve at high T is not mag-
netic in origin.

Figures 2(a) and 2(b) show the ZF spectrum for NaV,0,
and CaV,0, at the lowest 7 measured and below the vicinity
of Ty. Interestingly, the ZF spectrum for NaV,0, at 131 K
exhibits a simple oscillation, while the one at 1.8 K includes
multioscillating signals. For CaV,0,, however, the ZF spec-
trum consists of mainly two oscillating signals at both 7s.
The unique 7 dependence of the ZF spectrum is easily un-
derstandable in Figs. 2(c) and 2(d), which displays the Fou-
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FIG. 1. (Color) T dependence of the normalized wTF asymme-
try Ny, for Ca;_Na,V,0, with (a) x=0-8/12, (b) x=8/12~1, and
(c) a tentative phase diagram determined by both wTF and ZF
u*SR. PM means paramagnetic phase; AF, AF1, AF2, and AF3
means static antiferromagnetic ordered phases, and SR means short-
range AF ordered phase. A red broken line in (c) represents the T at
which Ny =0.5.

rier transform of the ZF spectrum as a function of 7. For
NaV,0,, the ZF spectrum consists of mainly four signals
below 120 K and one signal above 125 K. But, for CaV,0,,
the ZF spectrum consists of two signals with significant am-
plitudes and an additional two signals with smaller amplitude
in the entire T range below Ty. The ZF-u*SR spectra below
Ty were therefore fitted with a sum of four oscillating signals
and one slow exponentially relaxing signal due to the “1/3
tail” caused by the field component parallel to the initial
muon-spin polarization,
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FIG. 2. (Color online) (a) [(b)] Variation in ZF-u*SR time spec-
trum by 7 and (c) [(d)] T dependence of the Fourier transform of the
ZF-p*SR time spectrum for NaV,0, [CaV,0,]. Top two spectra in
(a) and (b) are offset by 0.15 for clarity of display. f; in (c) and (d)
indicates the frequency of the four oscillating signals.
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where ¢ is the initial phase of the precession, A; are the
asymmetries, \; (i=1-4) are exponential relaxation rates,
and w,,; are the muon Larmor frequencies of the four signals.
The number of oscillating components was found to be de-
pendent on 7 and x.

Figure 3 shows the 7 dependence of the muon-precession
frequencies (f;=w,,;/2m) for x=1, 11/12, 10/12, and 0. For
NaV,0,, as T increases from 1.8 K, the four f;’s decrease
slowly up to ~50 K then decrease more rapidly with further
increasing 7 and then finally merge into one signal at 120 K.
This latter signal drops rapidly with increasing its slope and
finally reaches 0 at 140 K (=T,). This suggests the existence
of another AF transition at ~120 K (=Ty3). In addition,
since ¢p=—11=3° at 1.8 K, the period of AF order is likely
to be commensurate with the lattice.’” For the x=11/12
sample, as 7T increases from 1.8 K, the number of f; de-
creases from four to two at 88 K (=Ty;) and then to one at
100 K (=Ty,) and finally the oscillating signal disappears
above 130 K (=Ty,). In contrast, for the x=10/12 sample,
only one f is observed down to 1.8 K (Tyy;=110 K), whereas
four (two major and two minor) f;’s are observed for CaV,0,
with Ty=78 K.

Finally, wTF-u*SR measurements under a pressure (P) of
1.7 GPa showed a decrease in Ty; by ~10 K for NaV,0,
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FIG. 3. (Color online) T dependence of the muon-precession
frequencies (f;) for (a) NaV,04 (b) CayoNajy1,V,0,, ()
Cay5Na;12V,0y, and (d) CaV,0,. There are two AF phases for
NaV,0,4; namely, AFl at T)3<T=Ty; and AF3 at T=Tys3,
whereas Caj/oNajy/,V,0,4 has three AF Phases; AF1 at Ty, <T
=Ty, AF2 at Ty3<T=Ty,, and AF3 at T=T);. These AF phases
are shown in Fig. 1(c).

and by ~8 K for the x=10/12 sample (see Fig. 4). In con-
trast, the applied P is found to stabilize the AF3 phase: the
ZF spectrum at 3 K under 1.7 GPa consists of the four os-
cillating signals, i.e., indicating the appearance of the AF3
phase in Ca,;,Na;(,1,V,04, whereas the AF1 phase is stable
at ambient P down to 1.8 K. The AF3 phase region (Tys) is
also enhanced by P for NaV,0,.

IV. DISCUSSION

Electrostatic potential calculations suggest that there are
two possible muon sites (I and IIT) near the O~ ions in the
crystallographic lattice of both CaV,0, and NaV,0, at am-
bient T (see Fig. 5). Assuming the proposed AF spin struc-
ture for CaV,0,,'*152?! i.e., AF order along the two 1D legs
in the zz chain, and AF order between the zz chains [Figs.
5(b) and (br)], dipole field calculations indicate the existence
of two distinct internal magnetic fields (Hj,, and Hj,)
with the same amplitude. We find that H,/uy
=2.87(9) kOe/ug,  Hiys/ py=1.75(15) kOe/ g, and
Hin/ Hinu=1.6(2), where H,, is proportional to the ordered
moment (uy) and Hi, X 13.554(kHz/Oe)=f. Ignoring the
two minor components (f, and f3), since the observed
f1/f4=2.09(1) [see Fig. 3(d)], the calculated result is consis-
tent with the experimental one to within 20% error. Further-
more, the absolute values of f; and f, enable us to estimate
that uy(1.8 K)=1.19(14)up, which is in good agreement
with the proposed value from the neutron measurement
[1.06(6) pg].">!

In order to explain the unique H;, for NaV,0, in the AF1
phase (i.e., between Ty; and Ty3) together with the metallic
behavior down to the lowest 7" measured, we propose that the
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FIG. 4. (Color online) 7 dependence of N, at 0.1 MPa
(=1 bar) and 1.7 GPa for (a) NaV,0, and (b) Cay,;5Na;1,V,204
and (c) the variation in ZF-u*SR time spectrum for
Cay;pNajy1, V-0, by pressure. The spectrum without the P cell is
also plotted for comparison in (c).

V spins are ordered ferromagnetically along the zz chain but
antiferromagnetically between the adjacent zz chains [see
Figs. 5(c) and (cr)], if we assume the commensurate AF
order. Dipole field calculations using this model reproduce a
unique Hj, with 2.40(2) kOe/ug. Note that in contrast to
the AF1 phase, we propose that in the AF3 phase one FM
ordered 1D leg couples with the other leg antiferromagneti-
cally in the zz chain and each zz chain also couples antifer-
romagnetically [see Figs. 5(d) and (d)]. The FM coupling
along the leg should be stronger than the AF coupling be-
tween the two legs,'¢ resulting in metallic behavior even in
the AF3 phase. Dipole field calculations yield four different
H;,;’s with the same amplitude, i.e., 3.02, 2.79, 2.41, and
2.15 kOe/up for i=1-4, respectively. The ratio between
them (Hiy;/ Hiya) is smaller than the experimental result, i.e.,
fil f4=2.59, 2.20, and 1.28 for i=1-3. This discrepancy is
probably due to a small deviation of the spin arrangement
between the zz chains from the proposed one [Fig. 5(dr)].
The magnitude of uy is estimated as 0.82(14)uy at 1.8 K.
In principle, the drastic change in T3 could also be due to
a structural change in NaV,0,, although there is no evidence
of  structural phase transitions—including  charge
ordering—in the p(T) and C,(T) curves at Ty;. This implies
that such a structural change is a small spatial displacement
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FIG. 5. (Color) (a) Possible muon sites in the Ca;_Na,V,0,
lattice, (b) and (br) proposed spin structure for CaV,0,, (c) and
(cr) for AF1 phase of NaV,0y,, and (d) and (ds) for AF3 phase of
NaV,0,. According to electrostatic potential calculations, sites I
and III are most stable among the four sites. In (br), each spin is
parallel or antiparallel to the ¢ axis, while each spin is canted by
7.5° and 30° from the c¢ axis in (cr) and (dr), respectively.

of O~ ions at Tys, leading to the change in the u* sites and
the number of f,.?> However, such displacements are ex-
pected to be suppressed by P, in contrast to the present re-
sult. Therefore, rearrangement of spin order at 7ys is likely
to be the more reasonable mechanism for the appearance of
the AF3 phase.

In summary, our systematic study on Ca;_\Na,V,0,
yields insights into the 1D zig-zag chain compound; namely,
a microscopic magnetic phase diagram was determined by
#*SR which is quite different from that proposed by macro-
scopic measurements particularly in the x range below 0.78
(~9.3/12). These studies emphasize the importance of mi-
croscopic experimental studies for the full understanding of
magnetic systems. As an example of the clarity of the results,
the existence of the three AF phases were thus confirmed for
Cal_xNaxV204 with x=0.78.
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