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The magnetic nature of a quasi-one-dimensional compound, BaVSes, has been investigated with positive
muon spin rotation and relaxation («"SR) measurements at ambient and high pressures. At ambient pressure,
the ™SR spectrum recorded under zero external magnetic field exhibited a clear oscillation below the Curie
temperature (7¢ ~ 41K) due to the formation of quasistatic ferromagnetic order. The oscillation consisted of
two different muon spin precession signals, indicating the presence of two magnetically different muon sites
in the lattice. However, the two precession frequencies, which correspond to the internal magnetic fields at the
two muon sites, could not be adequately explained with relatively simple ferromagnetic structures using the
muon sites predicted by density functional theory calculations. The detailed analysis of the internal magnetic
field suggested that the V moments align ferromagnetically along the ¢ axis but slightly canted toward the a axis
by 28° that is coupled antiferromagnetically. The ordered V moment (My) is estimated as (0.59, 0, 1.11) ug.
As pressure increased from ambient pressure, 7c was found to decrease slightly up to about 1.5 GPa, at which
point T started to increase rapidly with the further increase of the pressure. Based on a strong ferromagnetic
interaction along the ¢ axis, the high-pressure ;SR result revealed that there are two magnetic interactions in
the ab plane; one is an antiferromagnetic interaction that is enhanced with pressure, mainly at pressures below
1.5 GPa, while the other is a ferromagnetic interaction that becomes predominant at pressures above 1.5 GPa.
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I. INTRODUCTION

In the quasi-one-dimensional (QI1D) triangular com-
pounds, in which the 1D ferromagnetic (FM) interaction along
the ¢ axis is stronger than the two-dimensional (2D) FM
and/or antiferromagnetic (AF) interactions in the ab plane,
the magnetic ground state is naturally determined by the com-
petition between the 2D-FM and 2D-AF interactions. When
the 1D FM chains form a 2D triangular lattice (2DTL) with
S = %, geometrical frustration provides further complexity in
determining the magnetic ground state [1]. Since the delicate
balance of the multiple 2D interactions in such a Q1D-2DTL
system is expected to be affected by tuning the interchain
distances with pressure, the magnetic phases could also
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drastically depend on pressure. To study the magnetic nature
of the Q1D-2DTL system, a positive muon spin rotation and
relaxation (u™SR) experiment was initiated, since SR is
one of the most powerful tools for studying internal magnetic
fields in solids at both ambient and high pressures due to
its unique spatial and time resolutions [2,3]. In fact, the re-
cent ambient and high-pressure ™SR work on a Q1D-2DTL
compound, BaVS; [4], which is known to exhibit a metal-
insulator transition at Ty = 70 K driven by the formation of
a commensurate charge density wave (CDW) Peierls ground
state [5—10], has clarified that BaVS3 enters a linear incom-
mensurate spin density wave ordered state below the Néel
temperature (7y)31K at ambient pressure [4,11]. Further-
more, Ty is almost constant as the pressure (p) increases from
ambient pressure to 1.4 GPa, then Ty decreases rapidly for
p > 1.4 GPa, and finally disappears at p ~ 1.8 GPa [4], above
which a metallic phase is stabilized, Hence, combining the
pressure dependence of Tyy [12-15], Ty is found to coincide
with Ty at p > 1.4 GPa [4].

Despite a glamorous electronic and magnetic phase dia-
gram in BaVSj, there are a limited number of experiments
on the isostructural compound BaVSe; [17-22]. BaVSe;

Published by the American Physical Society


https://orcid.org/0000-0002-0916-5333
https://orcid.org/0000-0002-3086-9642
https://orcid.org/0000-0001-9918-1347
https://orcid.org/0000-0002-4768-5524
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.103.104418&domain=pdf&date_stamp=2021-03-12
https://doi.org/10.1103/PhysRevB.103.104418
https://creativecommons.org/licenses/by/4.0/

JUN SUGIYAMA et al.

PHYSICAL REVIEW B 103, 104418 (2021)

FIG. 1. Crystal structure of orthorhombic BaVSe; with space
group Cmc2, drawn with VESTA [16]. Lattice parameters are a =
6.992(2)A, b = 12.113(3)A, and ¢ = 5.859(1)A [17]. Large green
spheres represent Ba, orange medium spheres represent V, and light
green medium-small spheres represent Se. Due to the displacement
of V ions along the b axis, the one-dimensional (1D) V chain along
the ¢ axis is no longer linear but zigzag in the orthorhombic phase.
The three muon sites predicted by density functional theory (DFT)
calculations are drawn with small yellow, blue, and pink spheres
at 1 (0, 0.35, 0.25), u2 (0, 0.44, 0.225), and u3 (0.33, 0.33, 0),
respectively.

undergoes a structural phase transition from a high-
temperature hexagonal phase with space group P63/mmc to a
low-temperature orthorhombic phase with space group Cmc2,
at T, = 310K [17,18] (Fig. 1). BaVSes exhibits a paramag-
netic metallic behavior at high temperatures and enters an
FM metallic phase below the Curie temperature (7¢) at 43 K
[18,19]. Magnetization and torque measurements on a single
crystal sample revealed that the easy magnetization axis in the
FM phase is parallel to the chain direction, i.e., the ¢ axis
[20], as expected. Recent electrical resistivity (p) measure-
ments performed under pressure on a single crystal suggested
that T¢ slightly but monotonically increases with pressure
up to 2.8 GPa, based on the change in slope of the p(T)
curve (dp/dT) at T¢ [21]: that is, Te ~ 45K at p = 2.8 GPa.
This would imply that the balance of the two interactions in
BaVSe; is already shifted to the FM side even at ambient
pressure.

To confirm the FM spin structure and the pressure de-
pendence of ¢, one needs to study the magnetic nature of
BaVSe; with a direct microscopic magnetic measurement
technique under ambient and high pressures, such as neutron
diffraction, vanadium nuclear magnetic resonance (V-NMR),
and/or u*SR. Following upon the high-pressure u+SR work
on BaVS; [4], we report here the pressure dependence of the
FM phase boundary in BaVSe; determined with «*SR and
demonstrate the presence of a competition between the AF
and FM interactions in BaVSe;s.

II. EXPERIMENTAL

A powder sample of BaVSes; was prepared by a conven-
tional solid state reaction technique reported in Ref. [19]. A
mixture of BaSe, VSe,, and Se with a molar ratio of 1:1:0.1
was heated in an evacuated quartz tube at 1223 K for 100 h.
The sample was characterized by powder x-ray diffraction
analysis and magnetization measurements with a supercon-
ducting quantum interference device magnetometer (MPMS,
Quantum Design), as seen in Fig. 2.
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FIG. 2. (a) The temperature dependencies of magnetic suscepti-
bility (x = M/H) and inverse susceptibility (1/x = H/M) recorded
under the magnetic field H = 1kOe and (b) the relationship be-
tween magnetization (M) and magnetic field (H) recorded at
2 K for BaVSe;. In (a), blue solid lines represent the best fit
using a Curie-Weiss law, x = xo + C/(T — ®), in the tempera-
ture range between 50 and 340 K. Such a fit provides that C =
0.2346(14) emuK/mol-Co and ® = 44.2(3)K, leading to per =
1.369(4) ug/V. These values are comparable to the values in Refs.
[19-21].

The 1SR spectra of BaVSe; were recorded using both
the General Purpose Spectrometer (GPS) at the surface muon
beamline piM3 and the General Purpose Decay-Channel
Spectrometer (GPD) at the decay beamline nE1 of the Lab-
oratory for Muon Spin Spectroscopy (LMU) of the Paul
Scherrer Institute (PSI) in Switzerland. On GPS, approxi-
mately 200 mg of powder sample was placed in an envelope
with 1 x 1cm? area, made of Al-coated Mylar tape with
0.05 mm thickness to minimize the signal from the envelope.
The envelope was attached to a fork-type low-background
sample holder and inserted in a liquid-He flow-type cryostat
for measurements in the temperature range between 1.6 and
70 K.

On GPD, three pelletized discs of the powder sample
with 6 mm diameter and 15 mm total height (5 mm each)
were stacked in a piston-cylinder-type pressure cell made of
MP35N alloy. To apply hydrostatic pressure to the sample,
Daphne oil was used as a pressure transmitting medium.
The actual pressure at low temperatures was estimated by
measuring the superconducting transition temperature of an
indium wire placed at the bottom of the sample space, by
alternating current susceptibility. The accuracy of the pressure
determined by such a measurement is estimated as +0.01 GPa
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[23]. A Janis “He flow cryostat was used to reach temperatures
as low as 2 K.

The ™SR time spectra were recorded at temperatures
between 1.6 and 70 K under zero field (ZF) and externally
applied magnetic field, namely, weak transverse field (WTF)
and longitudinal field (LF). Here, TF [LF] means the field
applied perpendicular [parallel] to the initial u* spin polariza-
tion, and “weak” means that the field is very small (50 Oe, this
time) compared with the internal FM field. The experimental
techniques are described in more detail elsewhere [2,3,24,25].
The obtained u*SR data were analyzed with the MUSRFIT
software suite [26].

The muon sites and local spin density at each muon site
in the BaVSe; lattice were predicted by density functional
theory (DFT) calculations using a full-potential linearized
augmented plane-wave method within generalized gradient
approximations as implemented in WIEN2k program package
[27]. In the calculations, the lattice parameters and atomic
positions of BaVSes; were taken from Ref. [22]. The magnetic
moments were aligned parallel to the ¢ axis through spin-orbit
coupling. The muffin tin potential radii (Ryr) for Ba, V, and
Se were taken to be 1.32, 1.20, and 1.06 10%, respectively.
The energy cutoff was chosen to be Ryr X Knax = 7.0, and
11 x 11 x 11 k-points meshes were used in the Brillouin
zone. Here, K.« 1s the maximum modulus for the reciprocal
vectors. Such predictions reveal that there are three possible
muon sites in the lattice: (0, 0.35, 0.25), (0, 0.44, 0.225), and
(0.33, 0.33, 0) (see Fig. 1), defined according to the local
Coulomb potential minima.

III. RESULTS
A. wTF-u*SR at ambient pressure

To confirm the sample quality and determine 7 and the
transition width (87¢), the u*SR spectrum was measured in
a WTF. Figure 3(a) shows wTF-u "SR spectra recorded below
and above T¢. The muon spin precesses around wTF with a
full asymmetry in a paramagnetic phase, whereas with a zero
asymmetry in a magnetically ordered phase when the internal
magnetic field is very large compared with wTF. The wTF
asymmetry (Atg) is therefore roughly proportional to the vol-
ume fraction of the paramagnetic phases in the sample. In fact,
the wTF-u ™SR spectrum exhibits a clear oscillation without
relaxation at 60.5 K. Such amplitude, i.e., Atp decreases with
decreasing temperature from 43.4 K and becomes invisible at
39.3 K. Considering the presence of the precession signal due
to the FM internal magnetic field in the early time domain
below T¢ (see Sec. III B), the wTF-4 ™SR spectrum was fitted
in a time domain between 0.3 and 10 us by a combination of
an exponentially relaxing cosine oscillation due to wTF and
an exponentially relaxing nonoscillatory signal formed by the
FM tail component;

Ao Pre(t) = Atr cos(27 fret + ¢rr) exp(—Atr!)
+ Auwil eXp(—Ail), ()
where frr is the muon spin precession frequency due to wTF
and is given by frr = y,/2m x 50 0e = 13.554kHz/Oe x

500e ~ 0.68 MHz. The A, component corresponds to the
signal from the magnetic ordered phase, in which the internal

AoPrr(t)
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FIG. 3. (a) Weak transverse field (WTF)-u*SR spectra for
BaVSe; recorded at selected temperatures and (b) the temperature
dependencies of the asymmetry (Arr) and exponential relaxation rate
(Arrp) originated from the precession signal by wTF. The magnitude
of wTF was 50 Oe. In (a), solid lines represent the best fits with
Eq. (2), and the data are shown in the time domain between 0.3
and 10 pus. In (b), a solid line represents the best fit with a Sigmoid
function, and error bars are smaller than the data point symbols.

FM field is parallel to the initial muon spin polarization. Thus,
the Ay, component appears only below T¢.

Figure 3(b) shows the temperature dependencies of
the normalized WTF asymmetries (Atr/Ap), where Ay =
A1r(60K) = 0.2455, and the exponential relaxation rate (A1g)
for the Arp signal. As temperature decreases from 60 K, the
A1r(T)/Ap curve exhibits a steplike decrease at around 40 K,
while both Axr and A,y appear below 30 K. From the middle
point of the steplike change in the Atg(T)/A¢ curve, Te and
8T¢ are determined as 40.82(12) K and 0.69(14) K, respec-
tively, using a Sigmoid function. The Arg(T) curve shows
a clear maximum at around 7¢, as a critical behavior of the
magnetic transition. These results indicate that the sample is
a single phase, i.e., no detectable impurity phase within the
w TSR sensitivity, and the whole sample enters an FM phase
below T¢.

B. ZF-u*SR at ambient pressure

Figure 4 shows the ZF-u*SR time spectrum for BaVSe;
recorded at the lowest temperature measured (1.6 K). Since
the spectrum exhibits a clear oscillation with almost full am-
plitude (~0.25), the whole volume of the sample is found
to enter a FM ordered state. Furthermore, a complex time
structure of the ZF spectrum indicates the presence of multiple
components with different oscillatory frequencies. In fact, the
Fourier transform of the time spectrum indicates the presence
of two different frequency components [Fig. 4(b)], suggesting
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spectrum was fitted by a combination of two exponentially
relaxing cosine functions, an exponentially relaxing nonoscil-
latory signal for a % tail signal in a powder sample [2,3], and
a Gaussian Kubo-Toyabe signal for the sample in a paramag-
netic state:

Ao Pzr(t) = Apwi c0S(27 frmit) exp(—Apmit)
+ Apmz €0S(27 frmat) exp(—Apmat)
+ Auwil eXp(—Aill)
+ AkrGXT, (2)

where A is the initial asymmetry, Apmi, Apm2, Atil, and Agr
are the asymmetries associated with the four signals, fry; and
Sfemp are the muon Larmor frequencies corresponding to the
quasistatic internal FM fields, Apmi, Apm2, and Ay, are their
exponential relaxation rates. Here, GX' is a static Gaussian
Kubo-Toyabe function and given by [28]

KT 1,2 2.2 1 A2,2
G, t,A)=3+5(1—-A% )exp(—zA t ) 3)
where A is related to the width of the magnetic field distribu-
tion at the muon site in the paramagnetic state. To use the same
fit function for the ZF-u* SR spectra in the whole temperature
range, we have set fpv) = fpme = Ofor T > T, and Agr = 0

TEMPERATURE (K)

FIG. 5. The temperature dependencies of the zero field (ZF)-
1t SR parameters in BaVSe; at ambient pressure. (a) The two muon
spin precession frequencies (fpv; and fem2), (b) the ratio between
Sfrevr and fevo (femi/ frm2)s (€) the asymmetries (Apmis Apm2, Auils
and Akr), (d) the exponential relaxation rates of Agy signals (Apm;
and Agyp), and (e) the exponential relaxation rate of the tail signal
(M) and the field distribution width (A). The data were obtained by
fitting the ZF-u*SR spectrum with Egs. (2) and (3). Vertical broken
lines show the Curie temperature determined by weak transverse
field (WTF) measurements (see Fig. 3); that is, Tc = 40.74(8)K . In
(a) and (b), error bars are smaller than the data point symbols. In (d),
A(ZFLF) represents A obtained by fitting the ZF- and longitudinal
field (LF)-u* SR spectra simultaneously using a common A.

for T < T¢. Furthermore, below Tr, the asymmetries in the
FM phase were fixed as follows: (Apmi + Apmz2) = %AO and
Al = %AO, where Ag = 0.2455 was estimated from the wTF-
1SR measurements at 60 K, which is well above T¢.

Figure 5 shows the temperature dependencies of the ™SR
parameters in Eqs. (2) and (3). Each of the two preces-
sion frequencies (fgv; and fryvp) decreases with increasing
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temperature and disappears at 7¢. Below T, but above 39 K,
the FM2 signal merges with the FM1 signal. The precession
frequency-vs-temperature curve usually corresponds to the
temperature dependence of the order parameter of a magnetic
transition. In fact, since the ratio between the two oscillation
frequencies (fgmi/frm2 ~ 1.352 at 1.6 K) is almost tempera-
ture independent up to below the vicinity of 7¢, it is reasonable
to assert that both fryv; and fryvp come from the internal mag-
netic field originated from the same FM phase in BaVSes but
from two unique magnetically different muon sites. Overall,
the obtained result clearly indicates that the two oscillatory
signals are not caused by the presence of multiple different
magnetic phases in the sample, but are caused by the pres-
ence of multiple different muon sites in the BaVSes lattice.
Such an assertion is also supported by the wTF measurements
presented above. In FM materials, the internal magnetic field
at the muon site (H ,) is not solely composed of dipolar fields
(H gip) formed by FM ordered moments. This will be discussed
in Sec. IVA.

As temperature increases from 2 K, Apv; [Apvz] slightly
increases [decreases] up to about 10 K, then decreases [in-
creases] up to about 30 K, and shows a complex temperature
dependence around T¢. Although Ay is fixed at %Ao =
0.08183 up to about 40 K, Ay decreases with further in-
creasing temperature above 7¢, and disappears around 50 K.
Instead, Akt increases with temperature above 7¢ and levels
off to a maximum value at 7 > 50 K, meaning that the whole
volume of the BaVSe; sample is in a paramagnetic state.

Both Apyv and Apyp are roughly temperature independent
at T < 35 K. As temperature increases from 35 K, Apy in-
creases with temperature toward T¢ and reaches a maximum
slightly above T¢. On the contrary, Apyp gradually decreases
with increasing temperature from 35 K, and disappears around
T, since the FM2 signal merges into the FM1 signal.

For the tail signal, which corresponds to the parallel com-
ponent of the internal magnetic fields with respect to the initial
muon spin polarization, Ay is very small compared with
Apm at temperatures below 40 K and is almost temperature
independent. However, Ay; increases with temperature close
to T¢ and reaches a maximum at around 43 K, like Agp.

Since A is caused by nuclear magnetic moments of Ba,
V, and Se, A is naturally negligible below T compared with
a large FM field in the lattice. The value of A is around
0.1 us~", which corresponds to about 1.2 Oe, and slightly
decreases with temperature, as expected. Using the observed
A (A°), the possible muon sites are further discussed in
Sec. IV A.

C. n*SR at high pressures

For the ut SR measurements at high pressures, the BaVSes
discs with 6 mm diameter were set inside a pressure cell
with an external diameter of about 26 mm. Hence, about 65%
of the implanted muons stop in the pressure cell, and the
rest (about 35%) stop in the sample. Since the pressure cell
is paramagnetic even at the lowest temperature achievable
on GPD, the muons stopped in the pressure cell provide an
oscillatory signal due to wTF regardless of temperature. As a
result, the normalized asymmetry [Atp(7T )/Ao] is unity at tem-
peratures above T¢, while Atp(T)/Ag ~ 0.65 at temperatures

Ate/Ag

Atr/Ag

TEMPERATURE(K)

T T T T T T T T
1 BavSes
without P cell
0.1 MPa

[ T.=40.82(12)K

0.5

Ate/Ag

30 35 40 45 50
TEMPERATURE (K)

FIG. 6. The temperature dependence of the normalized Arp
(Atr/Ao) recorded at several pressures obtained on GPD; (a) between
0.1 MPa and 1.56 GPa and (b) 0.1 MPa and between 1.83 and
2.35 GPa, and (c) 0.1 MPa, i.e., ambient pressure without pressure
cell obtained on GPS [the same as Fig. 3(b)] for comparison. Solid
lines represent the best fit with a Sigmoid function.

below T¢. Although the change in Arr(7T)/Ap at Te (~0.35) is
smaller than that without pressure cell (~1), the wTF-u "SR
measurements with temperature clearly provide 7¢ even in the
pressure cell.

Figure 6 shows the temperature dependence of Atp(T)/Ag
for several pressures together with the result obtained without
the pressure cell in the same temperature range, for com-
parison. The wTF-u ™SR spectrum in the pressure cell was
also fitted by Eq. (2). At each pressure, the Atp(T)/Ag curve
exhibits a steplike change at around 41 K, as in the case
without the pressure cell [Fig. 6(c)]. From the middle point of
the steplike change in the Ate(T)/Ag curve, Tg is estimated as
41.2(2) K at 0.1 MPa, which is roughly equivalent to the value
estimated from the wTF data obtained without the pressure
cell within the estimation accuracy [40.82(12) K]. As pressure
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FIG. 7. The pressure dependence of (a) ¢ and (b) the two muon
spin precession frequencies at 5.5 K for BaVSe;. The former data
were obtained by fitting the Ag(7')/Ao curve with a Sigmoid func-
tion (see Fig. 6), and the latter data were obtained by fitting the zero
field (ZF)-u ™SR spectrum with Eq. (2).

(p) increases from 0.1 MPa to 1.56 GPa, T slightly shifts
toward lower temperatures. Then T¢ increases with further in-
creasing p up to the highest pressure for this setup (2.35 GPa).

Using these Arp(T)/Ag curves, the estimated T¢ is plot-
ted as a function of p in Fig. 7(a). Here, T slightly
decreases with pressure up to 1.56 GPa [T = Te(p) —
Tc(0.1MPa) ~ —0.4K at p = 1.56 GPa], then T starts to
increase more rapidly with further increasing p (67¢ ~ 1.1K
at p = 2.35 GPa). This behavior suggests the presence of two
different interactions in BaVSes; one suppresses the forma-
tion of FM order, while the other enhances the formation of
FM order. This is further discussed in Sec. I'V.

Here, ZF-u* SR spectra for BaVSe; were recorded at 5.5 K
at high pressures too. Such spectra were also fitted with
Eq. (2), with a nonzero Akt signal even below T¢. This is
because the Axr signal in this case corresponds to the sig-
nal from the muons stopped in the pressure cell and not the
paramagnetic fraction of the sample. Figure 7(b) shows the p
dependence of the two muon precession frequencies fry; and
Sfreme at 5.5 K. Despite the complex p dependence of 7¢, both
Jfemi and fryvp increase with p, suggesting the increase in the
internal magnetic field at the muon sites. More precisely, frmi
increases with p monotonically up to around 2 GPa and then

looks to level off to a constant value at around 17 MHz. On the
contrary, fevpo slowly increases with p up to around 1.5 GPa
and then increases more rapidly with p up to 2.35 GPa. Con-
sidering the fact that Apy; > Apme below 10 K [see Fig. 5(b)],
the femi(p) curve is more reliable than the frvp(p) curve.
Hence, the internal magnetic fields at the muon sites are found
to increase monotonically with p.

IV. DISCUSSION

A. Internal magnetic field at ambient pressure

Before discussing the FM spin structure of BaVSes, the
possible muon sites based on the ™SR result in the param-
agnetic state is considered using the observed A (A°®). Since
the value of A at 0 K (A¥) is predicted with the dipole field
calculations (nuclear dipoles), the inequality A% < A js
valid in the presence of any dynamics at nonzero tempera-
tures. In fact, back to the related compound BaVSj, A°bs —
0.725 Oe at 43 K, while Ac = (0.940 Oe for the first site at

%, %, ?T) and 2.319 Oe for the second site at (%, %, %). Since
the asymmetry of the signal from the first site is comparable
with that from the second site [4], A°™ is found to be about a
half of the prediction (0.725 : 222319 — 0 44 : 1)

For BaVSes, A =0.1us™!, which corresponds to 1.2
Oe, at 50 K [see Fig. 5(d)]. Hence, the scenario that the
implanted muons locate only w1 (A% =0.8770e) and
u2 (A% =0.977 Oe) is highly unlikely given the A =
1.2 Oe. If we assume a similar reduction of A°* to that in
BaVSs, i.e., A% at 0 K is assumed to be about 2.4 Oe for
BaVSe;, a certain portion of the implanted muons should
locate 3 (A = 2.65Oe). This restricts the determination
of the FM spin structure using the SR results.

For nonmagnetized FM materials in applied ZF, the inter-
nal magnetic field at a muon site (H ,,) is represented by [3,29—
32]

HFM ZH}L
= Hgp, +H + Hyg, 4

where H 4i; is the dipolar field, H;, is the Lorentz field, Hys is
the hyperfine field. Furthermore, H; and Hy; are connected to
the saturated magnetization (M) and the local spin density at
the muon sites (pspin) as follows:

He — 1 V(m-r>
dip = 47 g 3/

4
H; = — xM;,
3
8w H g,
Hpy = — x pspin(rp,) X (5)

3 | Haip |

To estimate H gip, we use the results of magnetization mea-
surements for the magnitude and direction of the V moments.
That is, the magnitude of the ordered V moment (My) is
0.34 up along the c¢ axis [19], which is equivalent to M at
2 K. Here, H g;, at the muon site is then easily calculated with
DIPELEC [33] using the crystal structural data.

Assuming a FM ordering along the ¢ axis ([0,0,FM]) with
My = My, = 0.34 ug, the predicted Hgip, Hy, and Hyr are
summarized in Table I. It is very clear that the predicted

104418-6



PRESSURE DEPENDENCE OF FERROMAGNETIC PHASE ... PHYSICAL REVIEW B 103, 104418 (2021)

TABLE 1. The predicted dipole field (Hg;p), Lorentz field (Hy), hyperfine field (Hy:), total internal magnetic field (H,), corresponding
muon spin precession frequency (f,,), and field distribution width of a nuclear magnetic field (A) at the three muon sites. The three muon
sites predicted by DFT calculations are as follows: 1 (0, 0.65, 0.75), 12 (0, 0.56, 0.725), and 3 (0.33, 0.67, 0). H 4;;, and A were estimated
by dipole field calculations with DIPELEC, H, was calculated using Eq. (5) with M = (0, 0, 0.34 up), i.e., H. ; = (47 /3)(Nad /Wy )(0.34 p),
where Ny[= 6.022 x 10% (mol~")] is the Avogadro’s number, d[= 5.55 (g/cm?)] is the specific density, Wy, [= 425.2 (g/mol)] is the molar
weight, and 1 up = 9.271 x 1072 erg/Oe. pspin at each muon site was also predicted by DFT calculations as —8.23212 x 107 up /A3 for 1,
1.07134 x 1073 /A3 for 2, and —6.82441 x 1075 g /A3 for 13, when My, = 0.34 ju. Each component of Hy,; was calculated using the

relationship Hy; = ST” o(r.) ‘Z:E‘
Magnetic structure Hg, H, H.; H, i Acaled
X, 02 ut site (Oe) (Oe) (Oe) (Oe) (MHz) (Oe)
[0,0,FM ul 0, —14.6, —101.2) (0,0, 103.8) 0,0.9, 6.3) 16.1 02 0.877
u2 (0,5.8, —98.5) (0, 0, 103.8) 0,4.9, -83.1) 78.8 1.1 0.977
u3 (—17.0, —23.4, —290.3) (0, 0, 103.8) (0.3,0.4,5.3) 183.7 2.5 2.65
[0,AEFM] ul (0, —119.3, —176.0) (0,0, 103.8) (0,3.6,5.3) 133.8 18 0.877
u2 0, —=51.7, —193.5) (0,0, 103.8) (0, —21.5, —80.4) 185.5 2.5 0.977
u3 (642.7,519.5, —527.1) (0, 0, 103.8) (=3.5,-2.8,2.9) 923.4 12.5 2.65
[AF.0,FM] ul (305.6, —16.0, —1114) (0,0, 103.8) (—6.0,023,2.2) 300.0 41 0.877
u2 (437.1, 6.3, —108.5) (0, 0, 103.8) (80.8, 1.2, —20.1) 518.5 7.0 0.977
u3l (=51.0,487.1, —337.7) (0, 0, 103.8) 0.5, —-4.3,3.0) 537.6 7.3 2.65
132 (—14.0,537.7, =301.0) (0,0, 103.8) (0.1, —4.6, 2.6) 567.7 77 2.65
[AF, AFFM] nl 414.7, —109.8, —161.9) (0, 0, 103.8) (—5.8,1.5,2.3) 426.7 5.8 0.877
u2 (593.2, —47.6, —178.1) (0, 0, 103.8) (79.5, —6.4, —23.9) 682.0 9.2 0.977
w3l (546.6, 1172.3, =509.0) (0, 0, 103.8) (2.1, —4.5, 1.9) 1350.3 183 2.65
u32 (—634.5,217.1, —459.7) (0, 0, 103.8) 4.1,—-1.4,3.0) 754.1 10.2 2.65

“The observed f,s are fpv = 13.21(4) MHz and frv; = 9.94(6) MHz at 1.6 K.

"The observed A (A°™)is 1.2 Oe at 50 K.

internal magnetic field (H,) at each muon site is too small
to explain the experimental result. If we further assume My =
My, = 0.6(2) up based on the magnetization measurements
for a single crystal sample [20], the predicted H,, (f,,) are still
too small to explain the experimental result [see Fig. 8(a)]. In
fact, the predicted f),; and f),» are about 6% and 16% of the
measured fevp at 1.6 K even if My, = 1 up, although f),3 is
about 60% of fryp; at 1.6 K.

Therefore, we have attempted to introduce an AF compo-
nent in the ab plane so as to avoid geometrical frustration.
Here, the ordered V moment (Mvy) is represented by
(Mvyy, Myy, My;). Back to Fig. 1, [0,AFFM] means that
V moments align parallel along the b axis but antiparal-
lel between the neighboring V ions along the ¢ axis, while
[AF,0,FM] means that V moments align parallel along the a
axis but antiparallel between the neighboring V ions along
the b axis. For both [0,AF,FM] and [AF,0,FM], V moments
align parallel along the ¢ axis. Here, [AF,AF,FM] is a com-
bination of [0,AF,FM] and [AF,0,FM]. The direction and
magnitude of My are [011] and [011] for [0,AF,FM], [101]
and [101] for [AF,0,FM], and [111] and [111] for [AF,AF,FM]
with My, = 0.34 ug. More correctly, (My,, My,, My;) =
(0,0.70,0.34) ug for [011], and (0.41,0.70, 0.34) ug for
[111], because a = 6.992(2)A, b= 12.113(3)A, and ¢ =
5.859(1)108 [17]. The canting angle of the ordered V moments
for [0,AF,FM] is 64° along the b axis («), for [AF,0,FM] is
50° along the a axis (8), and for [AF, AF,FM] is 67° along the
[110] direction. Furthermore, for [AF,0,FM] and [AF,AF,FM],
the w3 site is no longer magnetically equivalent, but splits
into two magnetically different sites (31 and ©32). That

is, among the eight equivalent w3 sites per unit cell in a
paramagnetic state, four sites become the w31 site, and the
rest become the 132 site below T¢.

Figures 8(b)-8(d) show the relationship between My,
and the predicted internal magnetic field (H, and f,) for
[0,AFFM], [AF,0,FM], and [AFAFFM]. The [0,AF,FM]
model is clearly excluded because both f,,; and f,,, are too
small to explain fgyp in the whole My, range between 0 and
1.1 up. Considering the fact that Apy; > Aap [see Fig. 5(b)],
the [AF,AF,FM] model is also excluded. This is because the
population of the muons at the 31 site is the same to that at
the 32 site, resulting in Apv; = Aap2- When the muons at
the 2 site also contribute to the lower f), signal, i.e., the femo
signal, Apm1 < A, being inconsistent with the experimental
result.

To reproduce the ratio between fryv; and frmo, Fig. 9(a)

shows the relationship between f,3 and f,,», i.e., % and
the canting angle toward the a axis (8) for [AF,0,FM]. As

My, increases from 0.34 to 1.13 up, the intersection between
the %(ﬁ) curve and the observed femi1/femp(=1.352)

shifts toward a higher B side. Moreover, when f,3/f.2 =
1.352, the predicted f,, increases monotonically with My, as
seen in Fig. 9(c). To explain the observed frm (= 9.75 MHz)
and femi/feme(=1.352), we obtain that 8 = 28° and My, =
1.11 ug (My, = 0.59 up), which is comparable with the mag-
netization measurement results for a single-crystal sample
[My, = 0.6(2) ug] [20] and the previous DFT calculation re-
sults (My, = 0.82 up) [21]. The total ordered moment is thus

obtained as My = /Mg, + Mg, = 1.26 ug.
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FIG. 8. The relationship between the magnitude of the ordered V
moment along the ¢ axis (My;) and the predicted internal magnetic
field (H, and f,) at the three muon sites for the ferromagnetic
(FM) order (a) along the ¢ axis ([0,0,FM]), (b) along the ¢ axis but
antiferromagnetic (AF) along the b axis ([0,AF,FM]), (c) along the ¢
axis but AF along the a axis ([AF,0,FM]), and (d) along the c axis but
AF along the a and b axes ([AFEAEFM]). fpv1 and fevo correspond
to the measured values obtained at 1.6 K. Here, we assumed that
Mg, = My;. Two vertical broken lines show the previously reported
My, (= 0.32 up and 0.6 up) by magnetization measurements [19,20].

On the contrary, for the [0,AFFM] model, the in-
tersection between the ;"3 (o) curve and the observed
Semi/ fema(=1.352) exists only when My, < 0.19 ug [see
Fig. 9(b)]. As aresult, the predicted f),, ranges below 1 MHz,
which is too small to explain the observed frvp (=9.75 MHz).
Therefore, the FM spin structure is uniquely determined from
the present u SR result. To further confirm the present pro-
posed FM spin structure, it is highly preferable to measure
neutron diffraction due to its unique power for determining
periodic magnetic structures.
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FIG. 9. The relationship between f,,3/ f,.» and the canting angle
for (a) the [AF,0,FM] model and (b) the [0,AF,FM] model. In (a),
the ordered V moment along the ¢ axis (My;) is changed from 0.34
to 1.13 wg, fuz/fue = f’dzlfﬂ, and the canting angle toward the
a axis (B). In (b), My, is changed from 0.05 to 0.34 g and the
canting angle toward the b axis (). (c) fu2 as a function of My,,
when f,3/f» = 1.352. For [0,AF,FM], only My, < 0.19 ugp satisfies

Suz/ fuz = 1.352.

B. Internal magnetic field at high pressures

Comparing with the previous wtSR work on an incom-
mensurate AF (IC-AF) BaVS; (Fig. 10) [4], the distribution
of the internal magnetic field in BaVSej is like that in BaVS3,
except for the broad maximum around 20 MHz in BaVS;
due to a wide field distribution caused by the IC-AF order
[2-4,34]. This also supports that the FM spin structure of
BaVSe; is not a simple [0,0,FM] but a canted [AF,0,FM].
Note that, in BaVS3, the exchange interaction along the chain
direction, i.e., the ¢ axis, (J§) is known to be FM and very
strong compared with the AF interchain (in plane) exchange
interactions (J%) [35]. Nevertheless, relatively weak J2 plays
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FIG. 10. The Fourier transform power frequency spectrum of the
zero field (ZF)-u ™SR spectrum for (a) BaVSes; and (b) BaVS; [4].
The ZF-u SR spectra for BaVSes (BaVS;) was recorded at 1.6 K
(2.0 K) without the pressure cell. (a) The same as Fig. 4(b). Arrows
represent the frequencies to fit the ZF-u*SR spectrum (see text
and Ref. [4]). In (b), the broad maximum around 20 MHz comes
from a wide field distribution in BaVS; caused by incommensurate
antiferromagnetic (IC-AF) order.

a significant role in forming the IC-AF ground state. For other
Q1D compounds with FM-J¢,, the magnetic ground states
depend on J%, such as a modulated AF ordered state for
BaCoOs3 [36] and a helical AF ordered state for CsCuCls [37].

Before discussing the complex pressure dependence of
Tc found with high-pressure u*SR [Fig. 7(a)], a first ques-
tion to answer is why BaVSe; enters an FM phase at
low temperatures, while BaVS; enters an AF phase. The
structural phase transition at 7y = 310K from a hexagonal
phase to a noncentrosymmetric orthorhombic phase with
Cmc2, space group could allow a Dzyaloshinski-Moriya
(DM) interaction [38—40] between the 1D chains in the or-
thorhombic phase of BaVSes; due to the distortion of both
the 1D chain and 2DTL, as in the case for CsCuCl; [41].
The presence of the DM interaction is also reported for
NaV,0s5 [42,43] and Sr, V309 [44,45]. This could lead to
the formation of weak ferromagnetism below 7. The M-H
curve shown in Fig. 2(b) is also consistent with a weak
ferromagnetism.

Note that BaVS3 also enters the orthorhombic phase with
either Cmcm [9] or Cmc2; [46] space group below T; =
250 K. The former is centrosymmetric, while the latter lacks
centrosymmetry as well as Cmc2, for BaVSe;. Furthermore,
BaVS; exhibits a metal-to-insulator transition at Ty = 70K
accompanying a doubling of the unit cell along the ¢ axis
[5-7,47]. Such a transition is induced by Peierls instability

of V** ions, which leads to the formation of CDW order
[9,10,47]. As a result, the DM interaction is thought to be
suppressed in BaVS3, and the IC-AF ordered state is stabilized
as a magnetic ground state [4,11].

Back to BaVSes, the p dependence of T¢ clearly indicates
the presence of two different exchange interactions in the
ab plane; i.e., one decreases T¢ with p, whereas the other
increases T¢ with p. The former interaction is predominant
up to around 1.5 GPa, while the latter overcomes the former
at p > 1.5 GPa. The former interaction naturally corresponds
to J% and the latter corresponds to the DM interaction. Since
the interchain distance on the 2DTL decreases with increasing
D, ngh would be also enhanced with p. However, as p further
increases above 1.5 GPa, the noncentrosymmetric distortion
is likely to be enhanced with p, leading to the increase in
the DM interaction. On the contrary, Jg is also expected
to be enhanced with p through the decrease in the distance
between the neighboring V ions in the chain, while such an
enhancement is most unlikely essential for forming long-rang
magnetic order via the interchain interactions. To further elu-
cidate the role of each interaction, we will need to study the
crystal structure and magnetic anisotropy under p using a
single-crystal sample.

V. SUMMARY

We have investigated the microscopic magnetic nature of
BaVSes; at ambient and high pressures with «*SR using a
powder sample. The u*SR measurements in a ZF at ambient
pressure clarified the appearance of a clear oscillatory signal
below T¢ ~ 41 K, which evidenced the formation of static FM
order. Analyzing the internal magnetic field, it was suggested
that the FM spin structure is not a simple one with an easy
magnetization axis along the ¢ axis. The detailed analysis of
the internal magnetic field suggested that the V. moments align
FM along the ¢ axis but slightly canted toward the a axis by
28° that is coupled AF, namely, the ordered V moment (Mvy)
is (0.59, 0, 1.11) pup.

The pu*SR measurements in a wTF at high pressures
showed that T¢ slightly decreases with pressure (p) up to
1.5 GPa, then T increases rapidly with p for p > 1.5 GPa.
This suggested the presence of the two magnetic interactions
in the ab plane: one is an AF interaction, and the other is an
FM interaction. The former is enhanced with p up to 1.5 GPa,
although the latter is predominant at p > 1.5 GPa.
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