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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 metals1 . For example,
in chromium2 the electrons order to form a spindensity-wave (SDW) antiferromagnetic state. A
magnetic field may be used to perturb or tune
materials with delicately balanced electronic interactions. Here we show that the application of
a magnetic field can induce SDW magnetic order in a metal, where none exists in the absence
of the field. We use magnetic neutron scattering
to show that the application of a large (≈ 8 T)
magnetic field to the metamagnetic perovskite
metal Sr3 Ru2 O7 (refs 3–7) can be used to tune the
material through two magnetically-ordered SDW
states. The ordered states exist over relatively
small ranges in field (. 0.4 T) suggesting that
their origin is due to a new mechanism related
to the electronic fine structure near the Fermi energy, possibly combined with the stabilising effect
of magnetic fluctuations8,9 . The magnetic field
direction is shown to control the SDW domain
populations which naturally explains the strong
resistivity anisotropy or “electronic nematic” behaviour observed5,6 in this material.
An itinerant metamagnet10,11 is a metal which undergoes a sudden change from a low- to high- magnetisation
state as a function of magnetic field. We investigated the
layered perovskite Sr3 Ru2 O7 (Fig. 1a). In this material,
conduction takes place in the RuO2 bilayers. Under a
magnetic field applied parallel to the c-axis and temperatures below T ≈ 1 K, Sr3 Ru2 O7 shows a rapid increase
of magnetisation7 (See Supplementary Fig. 2c) from 0.2
to 0.35 µB Ru−1 over a field range of about 1 T near
the metamagnetic field, Bc ≈ 7.95 T. The metamagnetic
behaviour is believed to be caused10–13 by proximity to
ferromagnetism and the band structure having a local
minimum in the density of states at the Fermi energy
(εF ) and/or a maximum near εF . Such features may result from a van-Hove singularity near εF , as observed14
by angle-resolved photo-emission spectroscopy.
A unique feature of Sr3 Ru2 O7 is the observation of an
unusual phase (denoted as “A”, see Fig. 2a) near Bc for
B k c and for T . 1 K. The A-phase is a region of higher
resistivity (see Fig. 3b) whose boundaries can be iden-

tified from anomalies in a.c. susceptibility5 , resistivity5 ,
NMR (ref. 15) and magnetostriction16. Tilting the field
B away from c to give a component along a or b induces
a large anisotropy (“electron nematic” behaviour) in the
in-plane resistivity both in the A-phase6 and the adjacent
region17 in the B − T plane. For example, a B component along a causes b to become the easy direction for
current flow (see Fig. 3a-c).
Motivated by previous reports18,19 of strong lowenergy spin fluctuations, we searched for static SDW
order with higher energy resolution and lower temperatures. In SDW antiferromagnets the ordered moment
is modulated in space with a wavevector qSDW . This
results in satellite peaks at reciprocal space positions
Q = τ + qSDW , where τ is a reciprocal lattice point (including τ = 0) of the crystal structure. Fig. 1c shows
Bragg scans along Q = (h, 0, 0) for a magnetic field
Bc =7.95 T and a series of temperatures in the range
0.05 < T < 1.2 K which traverse the A-phase (see
Fig. 2a). Below T ≈ 1.0 K a magnetic Bragg peak develops at qA
SDW = (0.233 ± 0.002, 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 correlation lengths greater than 350 Å. 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 fluctuations is less than τ −1 =4 µeV≈40 mK≈1 GHz. From the
intensity of the Bragg peak we estimate the magnitude
of the ordered moment (for T = 50 mK and B = 7.95 T)
to be hmq i = 0.10 ± 0.02 µB Ru−1 assuming the structure in Fig. 4a. Fig. 2b shows the intensity of the qA
SDW
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. 3b) of
Sr3 Ru2 O7 show anomalous behaviour for fields above
the A-phase boundary5,6,17 . 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. 1d) an incommensurate peak at a different wavevector qB
SDW = (0.218 ± 0.002, 0, 0) to that observed in the
A-phase. We denote this second SDW-ordered region the
“B-phase”.
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The temperature and field dependencies of the qA
SDW
and qB
SDW Bragg peak intensities are shown in Fig. 2b,c.
For the qA
SDW Bragg peak, we find that the fields and
temperatures at which the magnetic order disappears
coincide closely with the boundaries of the A-phase determined from a.c. susceptibility and resistivity5 . The
boundaries of the B-phase for B k c are less well characterised. Borzi et al.6 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.17 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 bct lattice of Sr3 Ru2 O7 ,
we expect SDW peaks around the τ =(0,0,0), (1,0,1),
(0,1,1) and (1,1,0) reciprocal lattice points (Fig. 4b).
We observe satellite peaks along (h, 0, 1), but not along
(0, k, 1). The simplest structure consistent with this observation is the linear transverse SDW shown in Fig. 4a.
Other structures such as a cycloid8,9 with m(r) in the
ab plane or a modulation of the moment m(r) parallel
to c would give satellite peaks along (0, k, 1) with similar
intensity to those along (h, 0, 1).
One of the most fascinating properties of the A-phase
is its electron nematic behaviour6 . For magnetic fields
parallel to the c-axis, the A-phase is associated with a
dramatic increase in the resistivity ρ which is isotropic
with respect to the direction of charge transport within
the RuO2 planes (see Fig. 3b). By tilting the magnetic
field away from the c-axis we can introduce an in-plane
(IP) component of magnetic field BIP 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
ρa (B) associated with the A-phase remains (Fig. 3b),
while for currents perpendicular to BIP , the anomaly in
ρb (B) is completely suppressed (Fig. 3c).
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. 3d) we observe two domains of the transverse SDW, one with a propagation vector q parallel to
a⋆ giving peaks at (±0.233, 0, 0) and the other with q parallel 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. 3e).
Thus, the applied magnetic field allows fine control of
domain populations and the presence of the SDW domain modulated along a (Fig. 3e) is associated with the
resistance anomaly in ρa (Fig. 3c).
The existence of a SDW provides a natural explanation
for the resistivity anomalies observed in Sr3 Ru2 O7 . SDW
order in metals may increase the resistivity by gapping
out the Fermi surface or by introducing additional scattering mechanisms due to the excitations associated with
the magnetic order2 . For Sr3 Ru2 O7 , the field-dependent
resistivity shown in Fig. 3b closely tracks the sum of the

two magnetic order parameters (as measured by the SDW
Bragg peak intensities) for the A and B phases (Fig. 2b).
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.
There are other examples of inhomogeneous magnetically modulated states induced by a magnetic field. For
example, the application of a magnetic field to certain
insulating quantum magnets such as TlCuCl3 causes a
Bose-Einstein condensation of magnons and antiferromagnetic order20 . In the heavy fermion superconductor CeCoIn5 (ref. 21), a “Q-phase” with spatially modulated superconducting and magnetic order parameters
is created abutting Bc2 . Since Sr3 Ru2 O7 is neither a superconducting metal nor an insulator, the field-induced
order must have a different mechanism to these two cases.
The formation of SDWs in metals (e.g. Cr) is usually described in terms of a Stoner theory including
a wavevector-dependent-susceptibility χ0 (q) and an exchange interaction parameter I (ref. 1 and 2). SDW order
occurs when the generalised Stoner criterion χ0 (q)I ≥ 1
is satisfied. The ordering wavevector qSDW is determined
from the peak in χ0 (q) and ultimately by Fermi surface
nesting. In the vicinity of a metamagnetic transition, the
Fermi surface changes rapidly with field as the Fermi energy 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
field22 . In Sr3 Ru2 O7 , two slightly different SDW states
can be favoured. We note that the α1 and γ3 sheets14
provide approximately the right nesting vectors to match
B
qA
SDW and qSDW (refs 14, 18, and 23). It has recently
been proposed8,9 - based on a microscopic Stoner theory and a Landau-Ginzburg expansion - that transverse
spin modulated states can be further stabilized by soft
transverse magnetic fluctuations10,11 .
The linear transverse nature of the SDW is not obviously predicted by the Landau-Ginzburg theory8,9 . However, linearly polarised SDWs such as the one observed
here (also in metals such as Cr, ref. 2) may be favoured
by additional contributions24,25 to the free energy. In
the absence of strong anisotropy, antiferromagnets usually favour mq ⊥ B and hence favour the structure for
the A-phase shown in Fig. 4a. This structure would naturally host single-q domains which would be enhanced or
suppressed by tilting the field away from c, leading to the
population imbalance shown in Fig. 3e. The imbalance
naturally explains the observed “nematic” (anisotropic)
transport properties of the SDW-A phase.
One can ask whether other examples of field-induced
SDWs can be found in metals and what conditions are required for their existence. The relevant special properties
of Sr3 Ru2 O7 may include its two-dimensional electronic
structure, nested Fermi surface, the existence of a van
Hove singularity near the Fermi energy and concomitant
metamagnetic transition, and its strongly enhanced magnetic susceptibility.
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FIG. 1. Spin-density-wave order in Sr3 Ru2 O7 observed by neutron diffraction. a, Tetragonal unit cell26 of Sr3 Ru2 O7
showing the direction of applied field. We label reciprocal space, (h, k, ℓ) in units of (2π/a, 2π/b, 2π/c), based on this cell
with a = 3.89 and c = 20.7 Å.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, c) and 8.15 T (B-phase, d) with onset temperatures of 1 ± 0.05 and
0.5 ± 0.05 K respectively. The SDW wavevector qSDW changes discontinuously between the two phases. No SDW peaks are
seen at B=7.5 or 8.6 T (b).
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