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The conduction electrons in a metal experience
competing interactions with each other and the
atomic nuclei. This competition can lead to many
types of magnetic order in metals'. For example,
in chromium? the electrons order to form a spin-
density-wave (SDW) antiferromagnetic state. A
magnetic field may be used to perturb or tune
materials with delicately balanced electronic in-
teractions. Here we show that the application of a
magnetic field can induce SDW magnetic order in
a quasi-2D metamagnetic metal, where none ex-
ists in the absence of the field. We use magnetic
neutron scattering to show that the application of
a large (B ~ 8 T) magnetic field to the perovskite
metal SrsRuy0; (refs. 3-7) can be used to tune
the material through two magnetically-ordered
SDW states. The ordered states exist over rel-
atively small ranges in field (< 0.4 T) suggest-
ing that their origin is due to a new mechanism
related to the electronic fine structure near the
Fermi energy, possibly combined with the stabi-
lizing effect of magnetic fluctuations®®. The mag-
netic field direction is shown to control the SDW
domain populations which naturally explains the
strong resistivity anisotropy or “electronic ne-
matic” behaviour observed®® in this material.

The application of a magnetic field can profoundly ef-
fect the electrons in a solid causing new ground states to
form, such as the fractional quantum Hall state. Mag-
netic ground states can also be induced. For exam-
ple, the Bechgaard salts, such as (TMTSF),PFg, are
quasi-one-dimensional (1D) metals which show a cascade
of magnetic-field-induced SDW transitions'®!2. Incom-
mensurate magnetic order is induced inside the super-
conducting phase of the heavy fermion superconductor
CeColng (ref. 13) and also in certain insulating quantum
magnets with anisotropic exchange interactions'4. In this
paper, we report the first observation of field induced
magnetic order in SrgRusO7. Interestingly, SrgRusO7
shares a common feature with Bechgaard salts'? in that
it has regions® of increased resistance (‘plateaus’ in the
Bechgaard case) which are induced by the field.

Sr3RusO7 is an itinerant metamagnet'®'6 that is, a
metal which undergoes a sudden change from a low- to
high- magnetisation state as a function of magnetic field.
It has a layered perovskite structure (Fig. ??a) with con-

duction taking place in the RuO; bilayers. Thus, in con-
trast to the Bechgaard salts mentioned above, it has a
quasi-2D electronic structure. For B || ¢ [where a, b and
c are the crystallographic axes of Fig. 7?(a)] and temper-
atures below 7'~ 1 K, SrgRuyO7 shows a rapid increase
of magnetisation” (See Supplementary Fig. 2c) from 0.2
to 0.35 up Ru~! over a field range of about 1 T near
the metamagnetic field, B, = 7.95 T. The metamagnetic
behaviour is believed to be caused'® '® by proximity to
ferromagnetism and the band structure having a local
minimum in the density of states at the Fermi energy
(er) and/or a maximum near ep. Such features may re-
sult from a van-Hove singularity near ep, as observed!'®
by angle-resolved photo-emission spectroscopy.

A unique feature of SrgRuyO7 is the observation of an
unusual phase (denoted as “A”, see Fig. ??a) near B,
for B || ¢ and for T < 1 K. The A-phase is a region of
higher resistivity (see Fig. ??b) whose boundaries can be
identified from anomalies in a.c. susceptibility, resistiv-
ity, NMR and magnetostriction®2%2!. Tilting the field
B away from c to give a component along a or b in-
duces a large anisotropy (“electron nematic” behaviour)
in the in-plane resistivity both in the A-phase® and the
adjacent region?? in the B — T plane. For example, a B
component along a causes b to become the easy direc-
tion for current flow (see Fig. ??a-c). Related nematic
behaviour has been observed in the iron-based supercon-
ductors (FeSCs), where it can be revealed by the appli-
cation of uniaxial stress?3.

Motivated by previous reports?*?® of strong low-

energy spin fluctuations, we searched for static SDW
order with higher energy resolution and lower temper-
atures. In SDW antiferromagnets the ordered moment
is modulated in space with a wavevector qspw. This
results in satellite peaks at reciprocal space positions
Q = T + qspw, where 7T is a reciprocal lattice point
(including 7 = 0) of the crystal structure. Fig. ??c
shows Bragg scans along Q = (h,0,0) for a magnetic
field B.=7.95 T and a series of temperatures in the
range 0.05 < T < 1.2 K which traverse the A-phase (see
Fig. ??a). Below T =~ 1.0 K a magnetic Bragg peak de-
velops at q&pw = (0.23340.002,0,0). Scans along other
directions parallel to b* and c* (see Supplementary Fig.
4) show that the peak is sharp in all three directions
indicating 3D magnetic ordering with in-plane correla-
tion lengths greater than 350 A. Energy-dependent scans



through the ordering position (see Supplementary Fig. 3)
show that the peak is resolution limited in energy. This
implies that the inverse lifetime of any magnetic fluctua-
tions is less than 771 =4 peVa40 mK~1 GHz. From the
intensity of the Bragg peak we estimate the magnitude of
the ordered moment (for 7'= 50 mK and B = 7.95 T) to
be (mg) = 0.10 £0.02 pup Ru~! assuming the structure
in Fig. ??a. Fig. ?7?b shows the intensity of the qngW
Bragg peak measured as a function of magnetic field. We
find that the onset of the Bragg peak coincides with the
boundaries of the A-phase indicating that it is associated
with SDW order.

The susceptibility and resistivity (see Fig. ?7?b) of
Sr3RusO7 show anomalous behaviour for fields above
the A-phase boundary®%22. We therefore also searched
for SDW order in this region. For fields greater than
the upper boundary of the A-phase, we observe (see
Fig. 7?d) an incommensurate peak at a different wavevec-
tor g5hw = (0.218 +0.002,0,0) to that observed in the
A-phase. We denote this second SDW-ordered region the
“B-phase”.

The temperature and field dependencies of the qéDW
and q& Bragg peak intensities are shown in Fig. ?7b,c.
For the q‘S‘lDW Bragg peak, we find that the fields and
temperatures at which the magnetic order disappears
coincide closely with the boundaries of the A-phase de-
termined from a.c. susceptibility and resistivity®. The
boundaries of the B-phase for B || ¢ are less well char-
acterised. Borzi et al.® observe a high field tail to the
resistivity anomaly for 8.1 < B < 8.5 T and T' = 50 mK,
which defines the width of the B-phase in field. For
a small tilt of the magnetic field away from the c-axis,
Bruin et al.?? identify a region of anisotropic resistance
which persists up to 0.4 K and appears to correspond to
the B-phase.

The SDW modulation of the ordered moment [m(r)]
results in satellite peaks. For the bet lattice of Sr3RusO7,
we expect SDW peaks around the 7 =(0,0,0), (1,0,1),
(0,1,1) and (1,1,0) reciprocal lattice points (Fig. ??b).
We observe satellite peaks along (h,0,1), but not along
(0,k,1). The simplest structure consistent with this ob-
servation is the linear transverse SDW shown in Fig. ??a.
Other structures such as a cycloid® with m(r) in the ab
plane or a modulation of the moment m(r) parallel to
¢ would give satellite peaks along (0,%,1) with similar
intensity to those along (h,0,1).

One of the most fascinating properties of the A-phase
is its electron nematic behaviour®. For magnetic fields
parallel to the c-axis, the A-phase is associated with a
dramatic increase in the resistivity p which is isotropic
with respect to the direction of charge transport within
the RuOs planes (see Fig. ??b). By tilting the magnetic
field away from the c-axis we can introduce an in-plane
(IP) component of magnetic field Bp along the a-axis.
Under these conditions, charge transport in the A-phase
becomes strongly anisotropic. For current parallel to the
in-plane field and the a-axis, the resistance anomaly in
pa(B) associated with the A-phase remains (Fig. ??b),

while for currents perpendicular to Bip, the anomaly in
po(B) is completely suppressed (Fig. ?7c¢).

We investigated the effect of similar tilted fields on the
SDW order of the A-phase. For fields parallel to the c-
axis (see Fig. ??7d) we observe two domains of the trans-
verse SDW, one with a propagation vector q parallel to
a* giving peaks at (£0.233, 0, 0) and the other with q par-
allel to b* giving peaks at (0,£0.233,0). When the field
is tilted to give a component parallel to a, the domain
propagating along b is completely suppressed (Fig. 77e).
Thus, the applied magnetic field allows fine control of do-
main populations and the presence of the SDW domain
modulated along a (Fig. ?7e) is associated with the re-
sistance anomaly in p, (Fig. ??c).

The existence of a SDW provides a natural explana-
tion for the resistivity anomalies observed in SrgRusO7.
SDW order in metals may increase the resistivity by gap-
ping out the Fermi surface or by introducing additional
scattering mechanisms due to the excitations associated
with the magnetic order?. For example, the Bechgaard
salts'? show plateaus of increased resistance as a function
of field where SDW order occurs and the FeSC parent
compound BaFesAs, shows a peak?® at its Neel tem-
perature. For SrgRuzO7, the field-dependent resistivity
shown in Fig. ??b closely tracks the sum of the two mag-
netic order parameters (as measured by the SDW Bragg
peak intensities) for the A and B phases (Fig. ??b). The
gapping of the Fermi surface will be closely related to the
SDW order parameter, hence we believe the removal of
electronic states from near the Fermi surface is the most
likely cause of the resistivity anomalies.

The formation of SDWs in metals (e.g. Cr) is usu-
ally described in terms of a Stoner theory including
a wavevector-dependent-susceptibility xo(q) and an ex-
change interaction parameter I (ref. 1 and 2). SDW order
occurs when the generalised Stoner criterion xo(q)l > 1
is satisfied. The ordering wavevector qspw is determined
from the peak in yo(q) and ultimately by Fermi surface
nesting. In the vicinity of a metamagnetic transition, the
Fermi surface changes rapidly with field as the Fermi en-
ergy of one of the spin species passes through a peak in
the density of states. Such a rapid change may lead to a
SDW phase that is only favoured over a narrow range in
field?S. In SrzRusO7, two slightly different SDW states
can be favoured. We note that the o; and 73 sheets'®
provide approximately the right nesting vectors to match
dipw and afpy (vefs 19, 24, and 27). It has recently
been proposed®® - based on a microscopic Stoner the-
ory and a Landau-Ginzburg expansion - that transverse
spin modulated states can be further stabilized by soft
transverse magnetic fluctuations'®16.

The linear transverse nature of the SDW is not obvi-
ously predicted by the Landau-Ginzburg theory®?. How-
ever, linearly polarised SDWs such as the one observed
here (also in metals such as Cr, ref. 2) may be favoured
by additional contributions?®2? to the free energy. In the
absence of strong anisotropy, antiferromagnets usually
favour mq 1 B and hence favour the structure for the



A-phase shown in Fig. ??a. This structure would natu-
rally host single-q domains. These would be enhanced or
suppressed by tilting the field away from c, leading to the
population imbalance shown in Fig. ??7e. The imbalance
naturally explains the observed “nematic” (anisotropic)
transport properties of the SDW-A phase.

It is interesting to compare Sr3RusO7 with iron-based
superconductors. For current directions in the Fe-As
planes, these materials (e.g. Ba(Fe;_,Co,)2As,) show an
anisotropic resistivity (nematic behaviour) which is asso-
ciated with antiferromagnetism (AF) or its formation?3.
In contrast with Sr3RusO7, the resistivity in the direc-
tion parallel to the propagation vector of the AF or-
der is smallest?®. The implication here is that there is
more than one route to electronic nematic behaviour.
The antiferromagnetism and resulting nematic behaviour
can be controlled very effectively by the use of uniaxial
pressure or lattice strain?® in the FeSCs. The applica-
tion of an in-plane magnetic field® to Ba(Fe;_,Co,)2Asy
causes a partial detwinning of the crystal and induces a
strain field which can couple to the nematic susceptibility
yielding anisotropic transport properties. This contrasts
with SrgRusO7, where an in-plane magnetic field induces
anisotropy through the electronic effect described in this
paper.

As mentioned above there are other examples
of magnetic-field-induced incommensurately modulated
states. The quasi-1D organic metallic Bechgaard
salts show a cascade of magnetic-field-induced SDW
transitions'?. This is caused by the effect on the spin
susceptibility'! of the orbital motion of electrons in open
orbits and leads to a series of phases spaced evenly
in 1/B. We believe that the quasi-2D nature of the
band structure in SrgRu,O7 results in a different mecha-
nism. Another case is the heavy fermion superconductor
CeColng (ref. 13). Here a “Q-phase” with spatially mod-
ulated superconducting and magnetic order parameters
is created abutting B.. This spin modulation is associ-
ated with the superconductivity. Finally, the application
of a magnetic field to certain insulating quantum magnets
with anisotopic magnetic interactions, such as TICuCls,
can cause a Bose-Einstein condensation of magnons and
antiferromagnetic order!'4.

We observe SDW order in Sr3RusO7 and show that the
order parameter correlates strongly with the electronic
nematic properties of the compound. This suggests that
the SDW is at the root of the electronic nematic be-
haviour for this system. Srz3RusO7 initially attracted
attention because it displayed signatures®! of quantum
criticality near B.. The observation of SDW order pro-
vides a natural order parameter to associate with the this
quantum criticality and a basis for understanding the as-
sociated physical properties. One can ask whether other
examples of field-induced SDWs can be found in quasi-
2D metals and what conditions are required for their ex-
istence. The relevant special properties of Sr3sRusO7 may
include its nested Fermi surface, the existence of a van
Hove singularity near the Fermi energy and concomitant

metamagnetic transition, and its strongly enhanced mag-
netic susceptibility.

METHODS

Single crystals of Sr3RusO7 were grown using an image
furnace method. Resistivity and magnetisation measure-
ments (See Supplementary Fig. 1) were used to confirm
sample quality was comparable to that of samples used
in other studies® . The residual resistivity extrapolated
to zero temperature of all samples was found to be less
than 1 pQcm. SQUID magnetometry, measured down
to 2 K, found no evidence for the presence of ferromag-
netic minority phases. In order to verify the presence
of the anomalous phase (referred to as SDW-A in main
text) in our samples we made low temperature measure-
ments of the AC susceptibility xac. By measuring xac
as a function of temperature and field, we were able to
reproduce the phase diagram shown in Fig. ?7(a) (See
Supplementary Fig. 2).

We used the LET spectrometer and WISH diffrac-
tometer at the ISIS spallation source in the UK to
make our neutron scattering measurements. LET uses a
monochromatic direct-geometry time-of-flight technique
with position-sensitive detectors and the data in Fig. 3
were collected with an incident energy FE; = 0.75 meV.
WISH is a white beam instrument on a solid methane
moderator and the Bragg peaks measured in Figs. 1, 2
and 4 correspond to an incident energy of 3.5 meV. The
samples were mounted in high-field magnet systems with
He-3/He-4 dilution inserts. We used an aligned array of
crystals with total mass 6.6 g for the LET experiment and
a single crystal of mass 0.8 g for the WISH experiment.
The data were collected with B vertical, k; horizontal
and c* vertical or tilted as described in the text. Our
LET data have been placed on an absolute scale by com-
paring the count rate from the sample with that from a
plate of vanadium.

Neutron data is transformed from time-of-flight and
angle to reciprocal space and energy. We have labelled
reciprocal space as Q = ha* + kb* + fc*, where |a*| =
27 /a etc., based on the simple tetragonal unit cell with
a = 3.89 and ¢ = 20.7 A. The error bars in the dis-
played raw data are determined from the total counts
using Poisson statistics. We estimate the size of the or-
dered moment from the scattered neutron intensity?,

d?o kr 1 /oyreN? 9

008~ 1z (7)) IFQF Gyt (o)
where M* is the moment perpendicular to the scattering
vector Q = k; —ky, C(q,w) is the power spectrum of the
magnetic correlations (including any ordered moment)
and |F(Q)|* is the magnetic form factor. Throughout
the text we have expressed the local moment as M(r) =
M+m(r), where M is the ferromagnetic moment induced
by the field and m(r) is the spatially varying moment due



to the SDW. To obtain the integrated intensity of SDW-
A Bragg peak, we integrated over the ranges Ah = 0.01,
Ak =0.02, Al = 0.2 and AE = 0.015 meV. We assumed
the magnetic structure in Fig. 4(a) and that each SDW
domain occupied 50% of the sample. We integrated a
single peak and multiplied this moment by 4 to obtain
the value for the full Brillouin zone (i.e. per 2 Ru atoms).
The value quoted in the main text is per Ru.
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FIG. 1. Spin-density-wave order in Sr3Ru>0O~ observed by neutron diffraction. a, Tetragonal unit cell>? of SrsRuzO~
showing the direction of applied field. We label reciprocal space, (h, k, £) in units of (27 /a, 27 /b, 27w /c), based on this cell with
a=b=389 and ¢ = 20.7 A. b-d, Magnetic Bragg scattering data collected on the WISH spectrometer at various magnetic
fields. SDW Bragg peaks are seen at B=7.95 T (A-phase, ¢) and 8.15 T (B-phase, d) with onset temperatures of 1+ 0.05 and
0.5 £ 0.05 K respectively. The SDW wavevector qspw changes discontinuously between the two phases. No SDW peaks are
seen at B=7.5 or 8.6 T (b). Error bars are determined from the number of neutrons counted via Poisson statistics.
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FIG. 2. Magnetic phase diagram of Sr3Ru;O7. a, Phase diagram of SrzgRuzO7 determined from the present neutron
scattering data combined with magnetic and transport measurements®®. Dotted line represents the peak in x separating low-
moment (LM) and high-moment (HM) phases. Solid lines defining the A-phase boundaries are determined from maxima in y,
dp/dB, and d?p/dT? (refs 5 and 6) and reproduced (see Supplementary Fig. 2) on the present samples (filled diamonds and
squares). SDW-A and SDW-B are spin-density-wave phases with different wavevectors. Open circles and squares respectively
show the phase boundaries determined from the 7" and B dependence of Bragg peak intensities. The high temperature boundary
of SDW-B (solid line) is assumed to vary linearly with B. b,c, Magnetic field and temperature dependencies of the qéDW and
qZpw Bragg peak intensities. The inset to b shows the field-dependent resistivity pa(B) for a field parallel to ¢ (Ref. 6.) The
field varies by approximately 0.04 T over the sample, which may explain the apparent phase co-existence in b.
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FIG. 3. The effect of tilting the magnetic field away from the c-axis on the SDW order and magnetoresistance.
a-c, Anisotropic resistivity induced by tilted fields after Borzi et al.’. For a magnetic field parallel to the crystalline c-axis,
pa and pp are almost identical. An in-plane component of the field along the a-axis is created by tilting the magnetic field
away from the c-axis and causes a dramatic reduction in p,. At 6 = 13°, the SDW-B phase is suppressed. d,e, Elastic (Bragg)
scattering for 7' = 50 mK. Data are integrated over —0.1 <! < 0.1 r.l.u. and —15 < E < 15 peV. For fields parallel to the c-axis
(d), four Bragg satellites are seen corresponding to two SDW domains with wavevectors parallel to a* and b*. Tilting the field
to give a component along the a-axis suppresses the SDW domain propagating along b*. The large increase in resistivity (b,c)
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is caused by a SDW with a propagation vector parallel to the current flow.
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FIG. 4. The structure of the SDW. a Proposed structure of a single domain of the SDW A-phase (B || ¢) in SrsRu2O7, a
transverse spin density wave with gspw = (d,0,0). Arrows represent moments on the Ru sites of Fig. ??a. b, The SDW domain
in a gives rise to satellite peaks (closed circles) at Q = T 4+ qspw. Crosses denote the positions of the parent reciprocal lattice
positions (7). Open circles are peaks associated with the domain with gspw = (0, d,0). The areas of the circles represent the
intensities of the satellite Bragg peaks for the structure in a. ¢, Elastic data collected using LET along cut (i) in b showing
a SDW Bragg peak. d, Data collected along cut (ii) in b show SDW peak with zero or small intensity consistent with the
structure in a. The intensity is proportional to the square of the component of mq perpendicular to Q. The difference in
the intensities of the two cuts arises from the direction of m(r) in a and not from the different populations of the two SDW
domains. Error bars are determined from the number of neutrons counted via Poisson statistics.



