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Non-Fermi surface nesting driven commensurate magnetic ordering in Fe-doped Sr,RuQO,
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Sr,RuOy4, an unconventional superconductor, is known to possess an incommensurate spin-density wave
instability driven by Fermi surface nesting. Here we report a static spin-density wave ordering with a
commensurate propagation vector q, = (0.250.250) in Fe-doped Sr,RuQ,, despite the magnetic fluctuations
persisting at the incommensurate wave vectors ;. = (0.3 0.3 L) as in the parent compound. The latter feature is
corroborated by the first-principles calculations, which show that Fe substitution barely changes the nesting vector
of the Fermi surface. These results suggest that in addition to the known incommensurate magnetic instability,
Sr,Ru0Qy is also in proximity to a commensurate magnetic tendency that can be stabilized via Fe doping.
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Understanding the unconventional superconductivity in
high-T. cuprates, heavy fermions as well as the more recently
discovered iron pnictides and chalcogenides, has been attract-
ing tremendous efforts in the past three decades [1-4]. The
Ruddlesden-Popper type single-layer ruthenate SrpRuQy, an
unconventional superconductor [5] with the superconductivity
proposed to be chiral p-wave that is different from the
s-wave superconductivity in conventional superconductors
or the d-wave spin-singlet one in high-7; cuprates [6], has
led to intense theoretical and experimental investigations.
Although a variety of experiments have substantiated the
unconventional character of the superconducting state and
examined the symmetry of the order parameter as well as
the structure of the superconducting gap [7-9], the pairing
mechanism and the nature of the superconductivity in Sr,RuQOy4
are still open questions. For instance, the absence of topo-
logical protected edge current [10] is not in line with the
time-reversal symmetry-breaking p-wave superconductivity
[11,12]; recently it is argued that the superconducting Cooper
pairs in Sr,RuQO4 cannot be described in terms of pure singlets
or triplets, but are spin-orbit entangled states due to spin-orbit
coupling [13,14].

Furthermore, as in other unconventional superconductors,
the correlation between superconductivity and magnetism in
Sr,RuQy is of particular interest. That is, the superconductivity
is close to magnetic instabilities, and spin fluctuations may
be responsible for the superconducting pairing mechanism
[15]. While the normal state of Sr,RuQO4 shows Fermi liquid
behavior below T = 25K [16], the system exhibits strong
magnetic instabilities with ferromagnetic and antiferromag-
netic fluctuations coexisting and competing [17,18]: The
Fermi surface nesting of the quasi-one-dimensional «/f
bands (Rud,,,d,;) leads to antiferromagnetic fluctuations,
while the close proximity of the Fermi level of the quasi-
two-dimensional y band (Rud,,) to a Van Hove singularity
gives rise to ferromagnetic fluctuations [19,20]. Ferromagnetic
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correlations have been corroborated by nuclear magnetic
resonance (NMR) measurements [21], and are suggested to be
responsible for the p-wave superconductivity [22]. However,
neutron scattering experiments found prominent incommen-
surate antiferromagnetic fluctuations at q;c = (0.30.3 L) (in
units of the reciprocal lattice vectors 2t /a = 27 /b and 27 /¢),
arising from Fermi surface nesting of the «/8 bands [17].
Such incommensurate antiferromagnetic fluctuations along
with strong anisotropy are proposed to account for the un-
conventional superconductivity in Sr,RuQO4 [23]. Additionally,
recent theoretical and experimental studies have also suggested
that the superconductivity in Sr,RuO4 may be generated by the
Cooper pairs on the «/ 8 bands but not on the y band [24,25].

A fundamental challenge to the understanding of unconven-
tional superconductivity is how the tendency towards magnetic
ordering is suppressed while strong magnetic fluctuations are
maintained that may lead to superconductivity. Intriguingly,
for Sr,RuOQy, at the bare density functional level the incom-
mensurate magnetic instability at q;. is sufficiently strong so
that ordering would be expected [26]. This ordering is pre-
sumably suppressed by spin fluctuations, possibly associated
with competing orders [18], which is a characteristic common
to unconventional superconductors. A powerful means of
exploring competing magnetic tendencies in SrpRuOy4 is
chemical doping. For instance, moderate substitutions of Ca
for Sr sites, and Ti or Mn for Ru sites, have been shown
to give rise to static spin-density wave ordering with the same
propagation vector as the Fermi surface nesting vector [27-29].
In contrast, carrier doping via La substitution for Sr sites
enhances ferromagnetic fluctuations by elevating the Fermi
surface closer to the Van Hove singularity of the y band [30].
These studies attest that the magnetic ground state of Sr,RuQ4
is in the vicinity of the antiferromagnetic and ferromagnetic
ordering.

In this paper, we report a commensurate, quasi-two-
dimensional spin-density wave ordering in Sr,RuQ, induced
by Fe substitution for Ru. This magnetic ordered state is
characterized by a wave vector q. = (0.250.250), in contrast
to the incommensurate ones in Ti- and Mn-doped compounds
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FIG. 1. (a) Temperature dependence of out-of-plane dc susceptibility y. of Sr,Ru;_,Fe,O4 (x = 0.05). ZFC denotes zero-field-cooled data
and FC represents field-cooled data with 1 T measurement field. Inset shows the isothermal magnetization as a function of field measured at 2
and 20 K after ZFC. (b) Temperature dependence of ac susceptibility measured with z = 10 Oe. (c) Temperature dependence of specific heat
measured at zero field. Inset shows the expanded view of the lower temperature region with the data measured at 9 T included for comparison.
The solid red line is the linear fit for 16 K < T < 30 K. (d) In-plane and out-of-plane resistivity as a function of temperature.

[28,29]. Intriguingly, we find that the incommensurate mag-
netic excitations at qi;c = (0.30.30) associated with Fermi
surface nesting in pristine Sr,RuQO, persist in the Fe-doped
compounds. This suggests that the induced static ordered
state is not driven by Fermi surface nesting, which has been
corroborated by our ab initio electronic structure calculations.
These results imply that, in addition to the known incom-
mensurate magnetic instability, Sr,RuQy is also in proximity
to a commensurate magnetic tendency which may facilitate
the suppression of static magnetic order and give rise to
unconventional superconductivity.

The main panel of Fig. 1(a) shows dc magnetic suscep-
tibility x. of Sr,Ru;_,Fe,O4 (x =0.05) as a function of
temperature measured with H =1 T applied along the ¢
axis. There are three remarkable features. (i) Compared to
the weak temperature dependence of magnetic susceptibility
associated with the Pauli paramagnetism observed in the parent
compound [16], the Fe-doped compound exhibits enhanced
Curie-Weiss susceptibility, which implies the existence of
localized moment induced by Fe doping. The Curie-Weiss fit
of the susceptibility at elevated temperatures gives the effective
magnetic moment wer ~ 1.8 ug/Ru. (ii) A paramagnetic-
antiferromagnetic phase transition is observed at Ty ~ 64K,
as evidenced by the appearance of a peak in the magnetic
susceptibility data. (iii)) Upon further cooling, a bifurcation
between zero-field-cooled (ZFC) and field-cooled (FC) data
emerges below T, ~ 16 K, characteristic of a spin-glass-like
state. The inset of Fig. 1(a) shows isothermal magnetization

measurements performed at 7 = 2K and 20 K. Hystere-
sis is observed at 2 K which is consistent with the fact
that ferromagnetic correlations develop in the spin-glass-like
state. The spin-glass-like state below T, is also supported
by the frequency dependence of ac magnetic susceptibility
measurements plotted in Fig. 1(b), where one can see that
the peak around 16 K weakly shifts to higher temperature
with the increase of the measurement frequency. Note that
such a bifurcation between FC and ZFC and the hysteretic
behavior in magnetization are absent for the in-plane mag-
netic susceptibility measurements where the antiferromagnetic
phase transition is also observed, as shown in Fig. S1 in the
Supplemental Material [31], indicating that the spin-glass-like
state presumably arises from the development of short-range
ferromagnetic correlations between RuO, layers. Furthermore,
the magnetic moments induced by Fe doping exhibit magnetic
anisotropy with the ordered moment along the ¢ axis. Similar
features have been observed in the Ti- and Mn-doped Sr,RuQOy4
[29,43].

Figure 1(c) presents the temperature dependence of specific
heat measured at zero field. An anomaly is observed around
Tx, corresponding to the onset of antiferromagnetic ordering.
The small change in specific heat at 7y might be due to
the small magnetic moment size associated with this spin-
ordered state. It is worth noting that a specific heat anomaly
is not convincingly observable in the Ti- and Mn-doped
compounds, even though a static magnetic order develops at
low temperatures in both systems [29,44]. The inset of Fig. 1(c)
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FIG. 2. (a) Neutron diffraction measurement across q. = (0.250.250) along [1 1 0] direction at T = 4, 50, and 100 K measured on
SroRu,_ Fe, Oy (x = 0.05). (b) Neutron diffraction measurement across q. = (0.250.25 0) along [0 0 1] direction at selected temperatures. (c)
The intensity of magnetic Bragg peak q. = (0.25 0.25 0) as a function of temperature. Note that for (b) the sample measured is smaller than that
for (a,c). (d) Contour map of elastic magnetic scattering intensity of Sr,Ru;_,Fe, O, (x = 0.03) at T = 1.6 K after subtracting the background
measured at 80 K. Spurious peaks are denoted by red circles. The residue intensity near the nuclear peaks (&1 41 0) is presumably due to the

thermal shift in the lattice parameters.

shows the plot of C,/T vs T? and the extracted Sommerfeld
coefficient is in the range of 27—35 mJ mol~! K~2, depending
on the temperature fitting regime, and is slightly smaller than
the one obtained for the parent compound [16], presumably
due to the reduced carrier density upon the formation of
the spin-density wave order (more discussions later) [29,44].
Interestingly, as seen in the inset, the specific heat at lower
temperature is enhanced and can be suppressed upon applying
a 9-T magnetic field, which is most probably ascribable to
the magnetic contribution associated with the spin-glass-like
state. Temperature dependence of out-of-plane and in-plane
resistivity, p. and p,p, are shown in Fig. 1(d). Both p. and
Pap exhibit anomalies at Ty and close to T,. Particularly,
the increase in p,, below Ty implies partial gap opening of
the Fermi surface arising from the onset of antiferromagnetic
order.

In order to determine the magnetic structure in Sr,RuQO4
induced by Fe doping, we performed neutron diffraction
measurements. Figure 2(a) shows the scans along the [1 1 0]
direction over q. = (0.250.250) at T =4, 50, and 100 K
measured on Srp(RugosFeps)O4. A Gaussian-shaped Bragg
peak is clearly observed at 4 and 50 K but vanishes at 100 K,
indicating the magnetic origin of this peak. In addition, the full
width at half maximum (FWHM) is found to be determined
by the instrumental resolution, which implies the formation
of a long-range commensurate magnetic order in the basal

plane. On the contrary, the scans around q;c = (0.30.30)
and (0.3 0.3 1) do not give discernible magnetic diffraction
intensity. Figure 2(b) shows the scans along the [0 0 1]
direction across the magnetic Bragg peak q. = (0.250.250)
measured at various temperatures. Distinct from the scans
along the [1 1 0] direction shown in Fig. 2(a), these curves
can be well fitted using a Lorentzian function implying a
correlation length of ~20A along the c axis at T =4K.
This suggests that the magnetic ordering induced by the Fe
substitution in Sr,RuQy is nearly two-dimensional, with very
short-range magnetic correlation between the RuO, layers.
Additionally, the strongest magnetic Bragg peak observed
at qc = (0.250.25 L) with L = 0 instead of L = 1 indicates
the absence of the phase shift between neighboring RuO,
layers [27]. These results are in sharp contrast to the earlier
studies on Ti- and Mn-doped Sr,RuQy4, where short-range
incommensurate spin-density wave orderings with the prop-
agation vector ;. = (0.30.31) associated with the Fermi
surface nesting are reported [28,29], suggesting a different
mechanism for the emergence of the commensurate magnetic
ordering in Fe-doped Sr,RuQj,. The temperature dependence
of the magnetic scattering peak intensity at q., which is
proportional to the square of the staggered magnetization of the
antiferromagnetic order, is shown in Fig. 2(c). A well-defined
phase transition is readily seen at Ty ~ 64 K, consistent with
the magnetic susceptibility and specific heat measurements
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FIG. 3. (a,b) Schematic diagrams of the spin-density wave ordering of Sr,Ru;_,Fe, O, (x = 0.05). (c) X-ray absorption spectra of
Sr2(Rug 97Fe03)O4 near the Fe L edge in comparison with FeO and Fe,O; indicating the 3+ valence state of Fe dopants. (d) Lower
panel: contour map of inelastic neutron scattering intensity as a function of E and K, H integrated from 0.2 to 0.4. Upper panel: the cut along
[0 1 0] with the energy transfer E integrated from 3 to 6 meV (black) and from —0.5 to 0.5 meV (red), respectively. H is integrated from 0.2
to 0.4. Note that the intensities of these two curves are scaled. Data were measured on Sr,Ru;_,Fe, O4 (x = 0.03).

shown in Fig. 1. It is worth noting that for the 3% Fe-doped
compound the magnetic scattering signals are also observed at
q. and other equivalent positions, but not at q;., as presented
in the contour map in Fig. 2(d). The observation of magnetic
reflections associated with the magnetic propagation vectors
qc = (0.250.250) and (0.25 —0.25 0) implies the existence of
magnetic twin domains due to the tetragonal symmetry of the
crystal structure. The intensity of the corresponding magnetic
reflections is comparable, indicating that the population of
these two magnetic twin domains (Fig. S2) is nearly equal [31].

Possible models of the magnetic structure have been ex-
plored by representation analysis using the program BASIREPS
in the FULLPROF Suite [45], and by the magnetic symmetry ap-
proach using the tools available at the Bilbao Crystallographic
Server [46]. The maximal magnetic space groups compatible
with the parent space group /4/mmm and the wave vector
qc = (0.250.250) require magnetic moments oriented either
along the c axis or lying in the ab plane. We found that our data
are best described by the spin-density wave models in which
the moments are parallel to the ¢ axis, in agreement with
the magnetic susceptibility measurement discussed above.
Since the moment distribution can be described as a cosine
modulation u; = Scos(qR; + ¢), there are two possible spin
configurations that depend on the choice of the initial phase ¢:
i) S (+,0, —,0) when ¢ = 0 (magnetic group C.mcm), or
(ii) 1/4/28 (+, +, — ,—) when ¢ = 2n + 1) /4, in which n
is an integer (magnetic group C.mca). The S represents the

amplitude of the magnetic moment which has been estimated
from diffraction data to be about ~0.4 ug. The schematics of
these two magnetic structure models are illustrated in Figs. 3(a)
and 3(b), respectively. Note that these two models give rise to
identical neutron diffraction patterns and are different only in
the local moment size by a factor of /2.

The fact that the commensurate magnetic order with a
propagation vector of q. = (0.250.250) emerges in the Fe-
doped Sr,RuOy is very intriguing, considering that both the
strong magnetic fluctuations in the pristine compound and
the static incommensurate magnetic order in the Ti- and
Mn-doped compounds occur at the same wave vector of (0.3
0.3 L), which is ascribed to the Fermi surface nesting of
the quasi-one-dimensional «/f8 bands [17,28,29]. This raises
an important question: Does the commensurate magnetic
ordering originate from the change of nesting vector of the
Fermi surface upon Fe substitution? To address this question,
we performed density functional theory (DFT) calculations for
the pristine and Fe-doped Sr,RuQy4 [31]. The Fermi surfaces
and other properties of bulk Sr,RuQO, were similar to prior
reports [22]. All calculations with Fe spin polarized were
performed. The density of states (DOS) and projections of a
3 x 3 x 1 supercell, which contains one Fe atom replacing
a Ru on SrpRuOy, is shown in Fig. 4 along with a band
structure plot for the folded zone. The majority spin of Fe
d orbitals is fully occupied, as shown in Fig. 4(a), suggesting
that Fe enters as high spin configuration Fe3* which is in
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FIG. 4. Electronic structure for a 3 x 3 x 1 supercell of Sr,RuQ, containing one Fe substitution. (a) Density of states and projections,
showing majority spin as positive and minority spin as negative, implying that the Fe majority d bands are filled corresponding to Fe**. (b) Fat
band plot of the band structure showing Ru character for the unsubstituted supercell (heavier symbols mean higher Ru character), in comparison
with the Fe substituted cell, emphasized by heavier symbols. (c) Ru character from Ru neighboring Fe and (d) Ru not neighboring Fe.

agreement with the XAS measurements presented in Fig. 3(c).
The calculated multiplet splitting of the Fe 3s core level in our
DFT calculation is 4.45 eV, consistent with this high-spin state.
Thus, the introduction of Fe results in an electron deficiency of
1 e/Fe for the host lattice. It is important to note that the Fermi
surfaces are large and, by Luttinger’s theorem, changes of
0.03 ¢—0.05 e per cell mean changes in Fermi surface volume
of 0.015-0.025 of the Brillouin zone volume, consistent with
the small shifts (~0.1eV near Ef) along with distortions that
we find in the band structure for 11% Fe [Figs. 4(b)-4(d)].
These small changes resulting from 3% and 5% Fe doping
then cannot explain the large shift in the magnetic ordering
vector we find, and thus a simple itinerant electron explanation
in terms of band filling is not operative. However, in addition
to the Fe moments, we find a strong backpolarization of the
Ru neighboring Fe amounting to more than 1 xp/Ru neighbor
(1.08 up as obtained by integration of the spin density over
a sphere of radius 2 Bohr around the Ru). We infer that this
strong local magnetic coupling of Fe and Ru frustrates the
incommensurate nesting and leads to the commensurate order
observed in our experiments.

The robustness of the nesting vector of the o/ bands on
the Fermi surface with respect to Fe doping is corroborated
experimentally by the magnetic excitation spectra measured
using the time-of-flight inelastic neutron scattering technique.
The lower panel of Fig. 3(d) shows the contour map of the
scattering intensity of SroRu;_,Fe, O4 (x = 0.03) as a function
of E (i.e., energy transfer) and K. Surprisingly, the dominant
magnetic excitations above E = 3 meV are well centered at
incommensurate positions of ¢;c = (0.30.30) and (0.3 0.7 0)
[black curve in the upper panel of Fig. 3(d)], which is
different from the wave vectors of the elastic magnetic
reflections (red curve) centered at commensurate positions
qc = (0.250.250) and (0.25 0.75 0) [also shown in Fig. 2(d)].
In addition, the magnetic fluctuations barely show any energy
dependence, similar to that observed in both the pristine
and the Ti-doped compounds [17,47]. While the magnetic
excitation related to this ordered state warrants further in-

vestigation, the coexistence of the commensurate magnetic
order at . = (0.250.250) and the dynamic spin fluctuation
at ¢;c = (0.30.30) in the Fe-doped compound implies that the
magnetic order is not driven by the Fermi surface nesting
as observed in the Ti- and Mn-doped ones [28,29]. Thus
Fe doping reveals a previously unanticipated commensurate
magnetic instability in Sr,RuQO4 at q. = (0.250.250), which
competes with the known incommensurate tendency. These
results suggest that the tendency towards magnetic ordering
in Sry,RuQy is suppressed by quantum fluctuations associated
with competing magnetic instabilities, while strong spin fluctu-
ations are maintained and may give rise to the unconventional
superconducting state.

In summary, we have unraveled a commensurate spin-
density wave order with a propagation wave vector ¢, =
(0.250.250) in Sr,RuO4 upon Fe doping into Ru sites while
the incommensurate magnetic fluctuations at q;c = (0.30.3 L)
observed in the pristine compound persist. This suggests that
this commensurate ordered state does not arise from Fermi
surface nesting, in contrast to the previous studies on Ti-,
Mn-, and Ca-doped compounds [27-29]. Furthermore, this
study indicates that the unconventional superconducting state
in Sr,RuQy is not only adjacent to the known incommensurate
magnetic order but also to a commensurate one.

Work at Michigan State University was supported by the
National Science Foundation under Award No. DMR-1608752
and the start-up funds from Michigan State University. Work
at Tulane University was supported by the U.S. Department
of Energy (DOE) under EPSCOR Grant No. DE-SC0012432
with additional support from the Louisiana Board of Regents
(support for crystal growth). Work at ORNL’s SNS and HFIR
was supported by the Scientific User Facilities Division, Office
of Basic Energy Sciences, DOE. This research used resources
of the Advanced Photon Source, a U.S. Department of Energy
Office of Science User Facility operated for the DOE Office of
Science by Argonne National Laboratory under Contract No.
DE-AC02-06CH11357.

054413-5



M. ZHU et al.

[1] For a review, see P. A. Lee, N. Nagaosa, and X.-G. Wen, Rev.
Mod. Phys. 78, 17 (20006).

[2] For a review, see P. Dai, Rev. Mod. Phys. 87, 855 (2015).

[3] D. C. Johnston, Adv. Phys. 59, 803 (2010).

[4] For areview, see C. Pfleiderer, Rev. Mod. Phys. 81, 1551 (2009).
[5] Y. Maeno, H. Hashimoto, K. Yoshida, S. Nishizaki, T. Fujita,
J. G. Bednorz, and F. Lichtenberg, Nature 372, 532 (1994).

[6] T. M. Rice and M. Sigrist, J. Phys.: Condens. Matter 7, L643

(1995).
[7] A.P. Mackenzie and Y. Maeno, Rev. Mod. Phys. 75, 657 (2003).
[8] Y. Maeno, S. Kittaka, T. Nomura, S. Yonezawa, and K. Ishida,
J. Phys. Soc. Jpn. 81, 011009 (2012).
[9] Y. Liu and Z. Q. Mao, Physica C 514, 339 (2015).

[10] J. R. Kirtley, C. Kallin, C. W. Hicks, E. A. Kim, Y. Liu, K. A.
Moler, Y. Maeno, and K. D. Nelson, Phys. Rev. B 76, 014526
(2007).

[11] G.M. Luke, Y. Fudamoto, K. M. Kojima, M. I. Larkin, J. Merrin,
B. Nachumi, Y. J. Uemura, Y. Maeno, Z. Q. Mao, Y. Mori, H.
Nakamura, and M. Sigrist, Nature 394, 558 (1998).

[12] J. Xia, Y. Maeno, P. T. Beyersdorf, M. M. Fejer, and A.
Kapitulnik, Phys. Rev. Lett. 97, 167002 (2006).

[13] M. W. Haverkort, L. S. Elfimov, L. H. Tjeng, G. A. Sawatzky,
and A. Damascelli, Phys. Rev. Lett. 101, 026406 (2008).

[14] C. N. Veenstra, Z.-H. Zhu, M. Raichle, B. M. Ludbrook, A.
Nicolaou, B. Slomski, G. Landolt, S. Kittaka, Y. Maeno, J. H.
Dil, I. S. Elfimov, M. W. Haverkort, and A. Damascelli, Phys.
Rev. Lett. 112, 127002 (2014).

[15] D. J. Scalapino, Rev. Mod. Phys. 84, 1383 (2012).

[16] Y. Maeno, K. Yoshida, H. Hashimoto, S. Nishizaki, S.-i. Ikeda,
M. Nohara, T. Fujita, A. P. Mackenzie, N. E. Hussey, J. G.
Bednorz, and F. Lichtenberg, J. Phys. Soc. Jpn. 66, 1405 (1997).

[17] Y. Sidis, M. Braden, P. Bourges, B. Hennion, S. NishiZaki, Y.
Maeno, and Y. Mori, Phys. Rev. Lett. 83, 3320 (1999).

[18] I I. Mazin and D. J. Singh, Phys. Rev. Lett. 82, 4324 (1999).

[19] D. J. Singh, Phys. Rev. B 52, 1358 (1995).

[20] A. P. Mackenzie, S. R. Julian, A. J. Diver, G. J. McMullan,
M. P. Ray, G. G. Lonzarich, Y. Maeno, S. Nishizaki, and
T. Fujita, Phys. Rev. Lett. 76, 3786 (1996).

[21] T. Imai, A. W. Hunt, K. R. Thurber, and F. C. Chou, Phys. Rev.
Lett. 81, 3006 (1998).

[22] L. I. Mazin and D. J. Singh, Phys. Rev. Lett. 79, 733 (1997).

[23] T. Kuwabara and M. Ogata, Phys. Rev. Lett. 85, 4586 (2000).

[24] S. Raghu, A. Kapitulnik, and S. A. Kivelson, Phys. Rev. Lett.
105, 136401 (2010).

[25] 1. A. Firmo, S. Lederer, C. Lupien, A. P. Mackenzie, J. C. Davis,
and S. A. Kivelson, Phys. Rev. B 88, 134521 (2013).

PHYSICAL REVIEW B 95, 054413 (2017)

[26] S. V. Halilov, D. J. Singh, J. Minar, A. Y. Perlov, and H. Ebert,
Phys. Rev. B 71, 100503 (2005).

[27] S. Kunkemoller, A. A. Nugroho, Y. Sidis, and M. Braden, Phys.
Rev. B 89, 045119 (2014).

[28] M. Braden, O. Friedt, Y. Sidis, P. Bourges, M. Minakata, and Y.
Maeno, Phys. Rev. Lett. 88, 197002 (2002).

[29] J. E. Ortmann, J. Y. Liu, J. Hu, M. Zhu, J. Peng, M. Matsuda, X.
Ke, and Z. Q. Mao, Sci. Rep. 3, 2950 (2013).

[30] K. M. Shen, N. Kikugawa, C. Bergemann, L. Balicas, F.
Baumberger, W. Meevasana, N. J. C. Ingle, Y. Maeno, Z. X.
Shen, and A. P. Mackenzie, Phys. Rev. Lett. 99, 187001 (2007).

[31] See Supplemental Material http://link.aps.org/supplemental/
10.1103/PhysRevB.95.054413, which includes Refs. [32-42],
for the information on the materials and methods, in-plane
magnetic susceptibility data, the schematic diagrams of the
magnetic twin domains, discussions on the crystal symmetry,
and evidence of good sample quality.

[32] G. Ehlers, A. Podlesnyak, J. L. Niedziela, E. B. Iverson, and
P. E. Sokol, Rev. Sci. Instrum. 82, 085108 (2011).

[33] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,
3865 (1996).

[34] G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).

[35] G. Kresse and J. Furthmuller, Phys. Rev. B 54, 11169 (1996).

[36] K. Schwarz, P. Blaha, and G. Madsen, Comput. Phys. Commun.
147, 71 (2002).

[37] O. Friedt, M. Braden, G. André, P. Adelmann, S. Nakatsuji, and
Y. Maeno, Phys. Rev. B 63, 174432 (2001).

[38] R. D. Shannon, Acta Crystallographica. A 32, 751 (1976).

[39] Z. Q. Mao, Y. Maeno, and H. Fukazawa, Mater. Res. Bull. 35,
1813 (2000).

[40] S. Nishizaki, Y. Maeno, and T. Fujita, J. Phys. Soc. Jpn. 65, 1876
(1996).

[41] C. Yin, G. Li, W. A. Kockelmann, J. Lin, and J. P. Attfield, Phys.
Rev. B 80, 094420 (2009).

[42] T. He and R. J. Cava, J. Phys.: Condens. Matter 13, 8347
(2001).

[43] M. Minakata and Y. Maeno, Phys. Rev. B 63, 180504(R)
(2001).

[44] K. Pucher, J. Hemberger, F. Mayr, V. Fritsch, A. Loidl, E.-W.
Scheidt, S. Klimm, R. Horny, S. Horn, S. G. Ebbinghaus, A.
Reller, and R. J. Cava, Phys. Rev. B 65, 104523 (2002).

[45] J. Rodriguez-Carvajal, Physica B 192, 55 (1993).

[46] J. M. Perez-Mato, S. V. Gallego, E. S. Tasci, L. Elcoro, G. de la
Flor, and M. 1. Aroyo, Annu. Rev. Mater. Res. 45, 217 (2015).

[47] K. Iida, J. Lee, M. Stone, M. Kofu, Y. Yoshida, and Seunghun
Lee, J. Phys. Soc. Jpn. 81, 124710 (2012).

054413-6


https://doi.org/10.1103/RevModPhys.78.17
https://doi.org/10.1103/RevModPhys.78.17
https://doi.org/10.1103/RevModPhys.78.17
https://doi.org/10.1103/RevModPhys.78.17
https://doi.org/10.1103/RevModPhys.87.855
https://doi.org/10.1103/RevModPhys.87.855
https://doi.org/10.1103/RevModPhys.87.855
https://doi.org/10.1103/RevModPhys.87.855
https://doi.org/10.1080/00018732.2010.513480
https://doi.org/10.1080/00018732.2010.513480
https://doi.org/10.1080/00018732.2010.513480
https://doi.org/10.1080/00018732.2010.513480
https://doi.org/10.1103/RevModPhys.81.1551
https://doi.org/10.1103/RevModPhys.81.1551
https://doi.org/10.1103/RevModPhys.81.1551
https://doi.org/10.1103/RevModPhys.81.1551
https://doi.org/10.1038/372532a0
https://doi.org/10.1038/372532a0
https://doi.org/10.1038/372532a0
https://doi.org/10.1038/372532a0
https://doi.org/10.1088/0953-8984/7/47/002
https://doi.org/10.1088/0953-8984/7/47/002
https://doi.org/10.1088/0953-8984/7/47/002
https://doi.org/10.1088/0953-8984/7/47/002
https://doi.org/10.1103/RevModPhys.75.657
https://doi.org/10.1103/RevModPhys.75.657
https://doi.org/10.1103/RevModPhys.75.657
https://doi.org/10.1103/RevModPhys.75.657
https://doi.org/10.1143/JPSJ.81.011009
https://doi.org/10.1143/JPSJ.81.011009
https://doi.org/10.1143/JPSJ.81.011009
https://doi.org/10.1143/JPSJ.81.011009
https://doi.org/10.1016/j.physc.2015.02.039
https://doi.org/10.1016/j.physc.2015.02.039
https://doi.org/10.1016/j.physc.2015.02.039
https://doi.org/10.1016/j.physc.2015.02.039
https://doi.org/10.1103/PhysRevB.76.014526
https://doi.org/10.1103/PhysRevB.76.014526
https://doi.org/10.1103/PhysRevB.76.014526
https://doi.org/10.1103/PhysRevB.76.014526
https://doi.org/10.1038/29038
https://doi.org/10.1038/29038
https://doi.org/10.1038/29038
https://doi.org/10.1038/29038
https://doi.org/10.1103/PhysRevLett.97.167002
https://doi.org/10.1103/PhysRevLett.97.167002
https://doi.org/10.1103/PhysRevLett.97.167002
https://doi.org/10.1103/PhysRevLett.97.167002
https://doi.org/10.1103/PhysRevLett.101.026406
https://doi.org/10.1103/PhysRevLett.101.026406
https://doi.org/10.1103/PhysRevLett.101.026406
https://doi.org/10.1103/PhysRevLett.101.026406
https://doi.org/10.1103/PhysRevLett.112.127002
https://doi.org/10.1103/PhysRevLett.112.127002
https://doi.org/10.1103/PhysRevLett.112.127002
https://doi.org/10.1103/PhysRevLett.112.127002
https://doi.org/10.1103/RevModPhys.84.1383
https://doi.org/10.1103/RevModPhys.84.1383
https://doi.org/10.1103/RevModPhys.84.1383
https://doi.org/10.1103/RevModPhys.84.1383
https://doi.org/10.1143/JPSJ.66.1405
https://doi.org/10.1143/JPSJ.66.1405
https://doi.org/10.1143/JPSJ.66.1405
https://doi.org/10.1143/JPSJ.66.1405
https://doi.org/10.1103/PhysRevLett.83.3320
https://doi.org/10.1103/PhysRevLett.83.3320
https://doi.org/10.1103/PhysRevLett.83.3320
https://doi.org/10.1103/PhysRevLett.83.3320
https://doi.org/10.1103/PhysRevLett.82.4324
https://doi.org/10.1103/PhysRevLett.82.4324
https://doi.org/10.1103/PhysRevLett.82.4324
https://doi.org/10.1103/PhysRevLett.82.4324
https://doi.org/10.1103/PhysRevB.52.1358
https://doi.org/10.1103/PhysRevB.52.1358
https://doi.org/10.1103/PhysRevB.52.1358
https://doi.org/10.1103/PhysRevB.52.1358
https://doi.org/10.1103/PhysRevLett.76.3786
https://doi.org/10.1103/PhysRevLett.76.3786
https://doi.org/10.1103/PhysRevLett.76.3786
https://doi.org/10.1103/PhysRevLett.76.3786
https://doi.org/10.1103/PhysRevLett.81.3006
https://doi.org/10.1103/PhysRevLett.81.3006
https://doi.org/10.1103/PhysRevLett.81.3006
https://doi.org/10.1103/PhysRevLett.81.3006
https://doi.org/10.1103/PhysRevLett.79.733
https://doi.org/10.1103/PhysRevLett.79.733
https://doi.org/10.1103/PhysRevLett.79.733
https://doi.org/10.1103/PhysRevLett.79.733
https://doi.org/10.1103/PhysRevLett.85.4586
https://doi.org/10.1103/PhysRevLett.85.4586
https://doi.org/10.1103/PhysRevLett.85.4586
https://doi.org/10.1103/PhysRevLett.85.4586
https://doi.org/10.1103/PhysRevLett.105.136401
https://doi.org/10.1103/PhysRevLett.105.136401
https://doi.org/10.1103/PhysRevLett.105.136401
https://doi.org/10.1103/PhysRevLett.105.136401
https://doi.org/10.1103/PhysRevB.88.134521
https://doi.org/10.1103/PhysRevB.88.134521
https://doi.org/10.1103/PhysRevB.88.134521
https://doi.org/10.1103/PhysRevB.88.134521
https://doi.org/10.1103/PhysRevB.71.100503
https://doi.org/10.1103/PhysRevB.71.100503
https://doi.org/10.1103/PhysRevB.71.100503
https://doi.org/10.1103/PhysRevB.71.100503
https://doi.org/10.1103/PhysRevB.89.045119
https://doi.org/10.1103/PhysRevB.89.045119
https://doi.org/10.1103/PhysRevB.89.045119
https://doi.org/10.1103/PhysRevB.89.045119
https://doi.org/10.1103/PhysRevLett.88.197002
https://doi.org/10.1103/PhysRevLett.88.197002
https://doi.org/10.1103/PhysRevLett.88.197002
https://doi.org/10.1103/PhysRevLett.88.197002
https://doi.org/10.1038/srep02950
https://doi.org/10.1038/srep02950
https://doi.org/10.1038/srep02950
https://doi.org/10.1038/srep02950
https://doi.org/10.1103/PhysRevLett.99.187001
https://doi.org/10.1103/PhysRevLett.99.187001
https://doi.org/10.1103/PhysRevLett.99.187001
https://doi.org/10.1103/PhysRevLett.99.187001
http://link.aps.org/supplemental/10.1103/PhysRevB.95.054413
https://doi.org/10.1063/1.3626935
https://doi.org/10.1063/1.3626935
https://doi.org/10.1063/1.3626935
https://doi.org/10.1063/1.3626935
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1016/S0010-4655(02)00206-0
https://doi.org/10.1016/S0010-4655(02)00206-0
https://doi.org/10.1016/S0010-4655(02)00206-0
https://doi.org/10.1016/S0010-4655(02)00206-0
https://doi.org/10.1103/PhysRevB.63.174432
https://doi.org/10.1103/PhysRevB.63.174432
https://doi.org/10.1103/PhysRevB.63.174432
https://doi.org/10.1103/PhysRevB.63.174432
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1016/S0025-5408(00)00378-0
https://doi.org/10.1016/S0025-5408(00)00378-0
https://doi.org/10.1016/S0025-5408(00)00378-0
https://doi.org/10.1016/S0025-5408(00)00378-0
https://doi.org/10.1143/JPSJ.65.1876
https://doi.org/10.1143/JPSJ.65.1876
https://doi.org/10.1143/JPSJ.65.1876
https://doi.org/10.1143/JPSJ.65.1876
https://doi.org/10.1103/PhysRevB.80.094420
https://doi.org/10.1103/PhysRevB.80.094420
https://doi.org/10.1103/PhysRevB.80.094420
https://doi.org/10.1103/PhysRevB.80.094420
https://doi.org/10.1088/0953-8984/13/36/309
https://doi.org/10.1088/0953-8984/13/36/309
https://doi.org/10.1088/0953-8984/13/36/309
https://doi.org/10.1088/0953-8984/13/36/309
https://doi.org/10.1103/PhysRevB.63.180504
https://doi.org/10.1103/PhysRevB.63.180504
https://doi.org/10.1103/PhysRevB.63.180504
https://doi.org/10.1103/PhysRevB.63.180504
https://doi.org/10.1103/PhysRevB.63.180504
https://doi.org/10.1103/PhysRevB.65.104523
https://doi.org/10.1103/PhysRevB.65.104523
https://doi.org/10.1103/PhysRevB.65.104523
https://doi.org/10.1103/PhysRevB.65.104523
https://doi.org/10.1016/0921-4526(93)90108-I
https://doi.org/10.1016/0921-4526(93)90108-I
https://doi.org/10.1016/0921-4526(93)90108-I
https://doi.org/10.1016/0921-4526(93)90108-I
https://doi.org/10.1146/annurev-matsci-070214-021008
https://doi.org/10.1146/annurev-matsci-070214-021008
https://doi.org/10.1146/annurev-matsci-070214-021008
https://doi.org/10.1146/annurev-matsci-070214-021008
https://doi.org/10.1143/JPSJ.81.124710
https://doi.org/10.1143/JPSJ.81.124710
https://doi.org/10.1143/JPSJ.81.124710
https://doi.org/10.1143/JPSJ.81.124710



