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Hidden magnetic order in Sr,VOy, clarified with £#*SR
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In order to elucidate the magnetic ground state of Sr, VO,, we have measured muon spin rotation and relaxation
(" SR) spectra of a powder sample in the temperature range between 1.8 and 140 K. As a result, we have clarified
that the transition at 105 K is not magnetic but structural and/or electric in origin and found the appearance of
static antiferromagnetic (AF) order below 8 K. Moreover, the distribution of the internal AF field was found to
be very broad, even at the lowest temperature measured. These results are consistent with the formation of an
orbital-stripe order with collinear AF order for the magnetic ground state of Sr, VOy.
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Tetragonal Sr,VO4 with a K, NiF,-type structure has been
considered as an analog of a parent compound of the first
superconducting cuprate, i.e., La,CuQy, since the electron
configuration of the V** jon is 7}, with S=1/2 in a
tetragonal crystal field of a VOg octahedron [1-7]. Although
susceptibility (x;,) measurements clearly show a magnetic
anomaly at 105 K (=T¢) [6], a past neutron diffraction study
reported the absence of magnetic peaks even at 5 K [2]. Since
x-ray diffraction studies revealed a sudden enhancement of the
c/a ratio below T [6], it was proposed that an orbital-ordering
transition occurs at 7. In fact, first principles calculations
predicted an antiferromagnetic (AF) and orbital-ordered state
with a nontrivial and large unit cell structure in the ground state,
because of the coexistence and competition of ferromagnetic
and AF exchange interactions [8,9].

Recently, a more exciting possibility was proposed, namely,
that a hidden magnetic order is induced by spin-orbit coupling
for a t21g electron system [10]. Such work also predicted an
unconventional magnetic octupolar ordering at low 7 for
Sr,VO,. Furthermore, alternating spin-orbital order in the ab
plane was proposed by considering the effects of spin-orbit
coupling, crystal field, and superexchange on the energy levels
of the V** ions [11].

Despite the above attractive predictions, there are few
reports on Sr, VOy utilizing microscopic magnetic techniques
[12]. Macroscopic magnetic measurements such as xn, and
neutron scattering usually give us significant insight into the
ground state of magnetically ordered solids. However, such
techniques are sometimes not suitable, particularly for the
materials exhibiting order with a broad field distribution,
i.e., when short-range order, random, or nearly random order
appears in a material, due to the absence of periodic structure
and/or the presence of rapid fluctuations. In contrast, the muon
spin rotation and relaxation (1 SR) technique is very sensitive
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to local magnetic environments with a different time window
compared to neutron scattering; thus wtSR has provided
crucial information on the magnetic ground state of materials
[13,14]. We have therefore performed a £ SR experiment on
Sr, VO, and found the appearance of magnetic order not below
T, but below 8 K.

A powder sample of Sr, VO, was prepared from a precur-
sor orthorhombic B-Sr,VOy4 [15], which was made from a
stoichiometric mixture of SrO, V,03, and V,0s5 by a solid
state reaction at 1400 °C in an Ar gas flow for 12 h. SrO was
obtained by thermal decomposition of SrCO3 at 1100 °C for
12 h under vacuum, and V,03; was prepared from V,05 by
reduction in an H, gas flow at 600 °C for 4 h, and then at
800 °C for 2 h. The obtained precursor was sealed in an Au
capsule and then heated at 1300 °C under 4 GPa.

Powder x-ray diffraction (XRD) analyses revealed that
the obtained sample was almost single phase of a K;NiF,-
type structure with 74/mmm space group [2]. Sr3V,03 was
present in the sample at a level below 2%. This suggests
that the average valence of the V ion in the whole sample
is above 44, implying the absence of oxygen deficiencies
in Sr,VO4. xm (=M/H, where M is magnetization) was
measured below 400 K under a H < 10 kOe field with
a superconducting quantum interference device (SQUID)
magnetometer. (See Fig. 1.) A Curie-Weiss fit in the T range
between 110 and 320 K provided the T-independent term
[xo = 0.00007(2) emu/mol], Weiss T [Ocw = —28(4) K],
and effective magnetic moment [y = 1.36(2)ug]. These
values are consistent with the literature [1-5]. The u*SR
time spectra were measured at TRIUMF in Canada in the
T range between 1.8 and 140 K. The experimental techniques
are described in more detail elsewhere [13].

Figures 2(a) and 2(b) show the zero field (ZF) and
longitudinal field (LF) w*™SR spectra at 1.8 K. Here LF
means the field is parallel to the initial muon spin polarization
(Sy). The ZF spectrum exhibits rapid damping with a first
minimum at ¢ ~ 0.25 us, indicating the presence of a broad
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FIG. 1. (Color online) T dependence of (a) susceptibility
(Xm = M/H) and (b) 1/ xy for Sr;VO,. The x,, data were obtained
in field cooling (FC) mode with H = 10 kOe. In (b), the red
solid line represents a Curie-Weiss fit in the 7 range between 110
and 320 K.

distribution of internal fields (Hj,). Since the LF clearly
decouples the damping, the ZF and LF spectra are likely to
be fitted by a dynamic Gaussian Kubo-Toyabe function (Ggr)
due to random Hj,’s at the muon sites [16]. However, two
additional exponentially relaxing signals are required in order
to reproduce the spectra, that is,

Ag P(t) = AxrGir(A Ve t, Hig) + Ape ™ + Age™,
()

where Ay is the initial asymmetry, P(¢) is the muon spin
depolarization function, Agt, Af, and Ag are the asymmetries
associated with the three signals, Ggr(A,0,7,0)=1/3 +
2/3(1 — A%t%) exp(—A?t2/2), A is the field distribution width
at the muon site, vgye 1S the fluctuation rate of the local
fields responsible for Gk, and A and Ag are the exponential
relaxation rates.

A global fit for the spectra at 1.8 K [see Fig. 2(a)], in which
we used common parameters in Eq. (1) for the ZF and two-LF
spectra, yielded Agr = 0.096(3) with A = 7.8(2) us~! and
Viuer = 0.41(2) us™!, Ap = 0.081(7) with Ap = 20(2) us~!,
and Ag = 0.036(5) with As = 3.2(5) us~!. This implies the
presence of three different muon sites in the lattice, whereas
there is only one muon site in the isostructural compound
La,CuOyq [17]. Also, since vgyey K A, Hiy at the site responsi-
ble for the Agr signal is almost static, while those for the other
two sites are dynamic even at 1.8 K. This is an inconsistent
situation, even though the three sites are crystallographically
equivalent, but magnetically nonequivalent.

In order to obtain acceptable results for a single muon site,
the ZF spectra were finally fitted by a combination of an
exponentially relaxing cosine oscillation for the quasistatic
internal field and an exponentially relaxing nonoscillatory
signal for the “1/3 tail” signal caused by fluctuations in the
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FIG. 2. (Color online) The ZF and LF SR spectrum in Sr, VO,
obtained at 1.8 K (a) in an early time domain and (b) in the whole
time domain measured; (c) the variation of the ZF u*SR spectrum
with 7. Solid green lines in (a) and (b) represent the fit result using
Eq. (1) and its analog for LF, while solid black and red lines in (b)
and (c) represent that using Eq. (2). In (b), the ™SR spectra and fit
result using Eq. (1) are shifted by 0.1 for clarity of display. Since the
fit was performed to minimize 2, reduced x? (=x2/N) for the data
at 1.8 K is shown for comparison, where N is degree of freedom.

field component parallel to S:u:
Ag Pzr(t) = Anpe " cos (whpt) + Awire ™, (2)

where far (=wp/2m) is the muon Larmor frequency cor-
responding to the AF quasistatic Hiy, Aar and A,y are the
asymmetries of the two signals, and Aar and XAy are their
exponential relaxation rates. Moreover, Ay = 0.226 (=Aar +
Auil), which is the full asymmetry, is fixed in the whole T
range below 25 K, based on weak transverse field (WTF)
data at 80 K. Here we should note again that both equations
represent the same physical description, i.e., the presence of
quasistatic Hi, with broad distributions.

Figure 3 shows the T dependences of the SR parameters
together with y,, measured at H = 10 and 100 Oe. We also plot
the WTF asymmetry (Atg), which monitors the nonmagnetic
volume fraction in the sample, as described later. As T
increases from the lowest 7 measured (1.8 K), Af is almost
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FIG. 3. (Color online) 7" dependences of (a) the asymmetries
(Aar and Arg), (b) the muon spin precession frequency for the Axg
signal (far), (c) the exponential relaxation rates Aag, Awi, and Atg,
(d) the ratio between Ay and Aap as well as far and Aap, respectively,
and (e) xn, (=M /H) for Sr,VO,. The x,, data were obtained in a zero
field cooling (ZFC) mode with H = 10 and 100 Oe. The WTF data
is the same to that in Fig. 4.

T independent (Aap ~ 0.18) until 8 K, and then suddenly
drops to ~0.02 and becomes 7T independent again until 25 K.
Meanwhile, as T decreases from 25 K, Arg is roughly T
independent above 9 K, and then rapidly decreases down to
~0 below 9 K. The Aap(T') and Arp(T) curves suggest that
Tn = 9.2 K, at which Aar/Ap = Atp/Ag ~ 0.5.

On the contrary, as T increases from 1.8 K, far decreases
with increasing slope dfar/dT and disappears at ~8 K.
Although Ty = 9.2 K by the asymmetry data, the oscillatory
signal, which indicates the formation of static long-range
magnetic order, disappears above 8 K due to the large
relaxation of a signal below the vicinity of Ty.

The two relaxation rates (Aag and Ayy) exhibit a T
dependence similar to that for far below Ty. In fact, the ratio
Muail/Aar 18 also T independent below Ty, confirming the same
origin for the two signals. Although Ay is only ~22% of
Ay, such T dependence of A is reasonable for the “1/3 tail”
signal. The smaller Ay, is probably due to the coexistence of a
spin-glass-like phase, which provides no “1/3 tail” signal. By
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FIG. 4. (Color online) T dependences of (a) the two asymme-
tries, Atg and Ay, their exponential relaxation rates (b) Aar and
(¢) Am, and (d) xm (=M/H) for Sr,VO,. The data in (a)—(c) were
obtained by fitting WTF p "SR spectra using Eq. (3). In (a)—(c), the
ZF SR parameters, Aar, Agwil, Awil, and Aag, are also plotted for
comparison.

contrast, the ratio fag/Aar, which corresponds to the inverse
of the field distribution normalized to H;,, decreases with T
and approaches zero at Ty, as expected. We wish to emphasize
that, since Azp/war ~ 1 even at 1.8 K, the magnetic order
in Sr,VOy is different from a usual long-range AF order, for
which Aar/war < 1.

Such a broad field distribution is more likely to support
orbital-stripe order and collinear AF spin order [8,9] rather
than alternating spin-orbital order [11]. This is because, even
for the single muon site in the lattice, dipole field calculations
showed that there are several H;,’s in the former case, while
only one well defined Hj,, would be expected in the latter case.

Finally, the y,(T) curve obtained with H = 10 Oe indi-
cates a clear increase below Ty, in addition to the remarkable
anomaly around 105 K. The present work clearly demonstrates
that the bulk magnetic transition does not occur at 105 K but
at 9.2 K for Sr,VOy.

In order to study the change in local magnetic environments
at T. = 105 K, Fig. 4 shows the T dependences of the fitted
1SR parameters obtained from WTF measurements with
Htg = 30 Oe, togetller WiEh the ZF utSR parameters. Here,
WTF means that Hrg L S, and |Hrr| < [Hiy|. The WTF
spectra were fitted by

Ag Pre(t) = Arp cos(wrpt + @)e T 4+ Aye ™™ (3)

where Ap and Ay are the asymmetries for the oscillatory
signal due to applied WTF and the nonoscillatory relaxing
signal caused by localized magnetic moments.
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From the A1p(T) curve in Fig. 4(a), the whole volume of
the sample is found to be paramagnetic above 40 K, as shown
in Fig. 3(a). Although the Atr(T) curve, which corresponds to
the spin-spin relaxation rate, seems to show a small maximum
around 100 K, this feature is obviously not magnetic but
rather structural and/or electric in origin. The anomaly in
the xm(T) curve at Tt is thus likely to show the formation
of a spin-singlet-like state, as for other vanadium oxides, e.g.,
V407 (Refs. [18,19]) and K, VgO16 [20-22]. A slight structural
change in Sr, VO4 (Ref. [6]) would result in a V dimerization
creating the spin singlets that manifest themselves as a drastic
decrease in y, at Tt.

Concerning the T range below 50 K, as T decreases from
50K, Ay first appears below 40 K and increases monotonically
with decreasing T, while At starts to decrease below 40 K.
This indicates the evolution of localized magnetic moments
with decreasing 7 and might imply the formation of short-
range order in the 7 range between 40 K and Ty, similarly to
other low-dimensional systems, such as [Ca;C0O3]y 62[C0O;]
(Ref. [23]) and Ca3Co,Og [24]. This behavior is most unlikely
to be caused by inhomogeneity but highly likely an intrinsic
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feature of Sr, VOy. Therefore, it is highly desirable to perform
careful inelastic neutron scattering studies in this 7 range.
Finally, at Ty, Atp drops to zero due to the formation of
magnetic order, as seen in the ZF measurements [Fig. 3(b)].

In summary, we have investigated the magnetic nature of
Sr,VO, with ©*SR and found the formation of static long-
range AF order below 8 K, although the field distribution
is very broad even at 1.8 K. By contrast, the transition at
T. = 105 K was found to be not magnetic. This naturally
leads to a question on the recent theoretical work, in which
the spin-orbit coupling plays a significant role in the magnetic
ground state of Sr,VOy. This is because Ty < T¢, at which
orbital ordering is proposed to occur [6,10,11].
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