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Abstract

We report on measurements of the anisotropic magnetoresistance (AMR) of doped EuTiOs. It is
shown that the primary contribution to the AMR is the crystalline component, which depends on
the relative orientation between the magnetic moments and the crystal axes. With increasing
magnetic field, a four-fold crystalline AMR undergoes a change in its alignment with respect to
the crystal axes. The results are discussed in the context the coupling between spin canting,
electronic structure, and transport. We discuss the potential role of Weyl points in the band
structure. At high fields, the AMR transitions to uniaxial symmetry, which is lower than that of

the lattice, along with a cross-over from positive to negative magnetoresistance.



Spin-orbit coupling plays a central role in the anisotropic magnetoresistance (AMR) and
anomalous Hall effect (AHE) [1] of itinerant ferromagnets and in materials with topologically
non-trivial electronic states. While an elegant theoretical framework exists for the intrinsic AHE
and its connection to the Berry curvature of the electronic bands [2-7], AMR remains
comparatively less well understood. Recently, both AMR and AHE have also attracted
significant attention in antiferromagnetic metals and semiconductors [8, 9]. For example,
significant AHEs in non-collinear antiferromagnets have been discovered [10-12]. Another
phenomenon of recent interest is the potential coupling between the orientation of the Néel
vector and the topology of the electronic states in antiferromagnets with symmetry-protected
Dirac and/or Weyl points in their band structure [13, 14]. Both AHE and AMR can serve as
signatures of such interactions [13-15].

Degenerately doped, antiferromagnetic EuTiOs is an interesting testbed for these ideas
for several reasons. Despite a small net magnetization, it exhibits an intrinsic AHE that changes
sign as a function of the carrier density [16-18]. This is indicative of the Fermi level being
located near a Weyl point or an avoided crossing, which are sources of Berry curvature [5, 7].
Recent density functional calculations (DFT) show the presence of Weyl points, which are near
the Fermi level for the doping concentration where the sign changes in the AHE are observed, in
case of ferromagnetic order [17]. At zero applied fields, the Eu moments order
antiferromagnetically (G-type) [19, 20] with a Néel temperature of ~6 K that is relatively
insensitive to the amount of doping [17]. A collinear spin arrangement cannot give rise to Weyl
points, because time reversal and inversion symmetry are both present. This can also be seen in
DFT calculations (see Supplementary Information [21]). Under applied magnetic fields,

however, the spins cant and produce a small net magnetization [17]. The Eu spin orientation can



then couple to the moments of carriers in the Ti 3d bands. DFT shows Weyl points in the
electronic structure for various canted spin configurations (see Supplementary Information [21]).
These Weyl points move as a function of spin canting angle [21]. Additionally, the Zeeman
splitting of the bands can be large in EuTiOs;. While not captured in zero-field DFT calculations
shown in the Supplementary Information, Zeeman fields have been suggested as a mechanism to
move existing Weyl points in the Brillouin zone [18] or even generate new ones [30]. While this
may be reflected in the AHE [17, 18], studies of the AMR effect can provide more direct
information about the Fermi surface symmetry [13] and changes under magnetic fields. In this
Letter, we report AMR measurements of doped EuTiOs;, which have not yet been investigated
previously. We show that the AMR is highly unusual as it shows multiple transitions with
increasing magnetic field strength.

A 100-nm-thick EuTiO; film was grown by molecular beam epitaxy (MBE) on (001)
(Lag3Srp7)(AlpesTag35)O3 (LSAT) single crystals and doped with Sm, which introduces carriers
into the Ti 3d bands. Details of the growth have been reported elsewhere [17, 31]. X-ray
diffraction reciprocal space maps confirmed that the EuTiOs film was coherently strained to the
LSAT substrate [21]. EuTiO; is tetragonal (space group [4/mcm) at low temperatures. The
compressive in-plane strain imposed by the LSAT substrate promotes a single-domain film with
the tetragonal c-axis oriented along the film normal. The mismatch strain on LSAT is too small
to break spatial inversion symmetry [32]. Neutron diffraction showed antiferromagnetic
ordering with a Néel temperature of 6.27+0.08 K [17]. At the Néel temperature, a resistance
anomaly can be observed, indicating coupling between the magnetic order and the transport
properties [17, 21]. The Néel temperature and the resistance anomaly are both suppressed by the

application of magnetic fields of a few T [21, 31, 33, 34]. Measurements of the spontaneous



Hall effects as a function of carrier density were reported elsewhere [17, 31, 35]. Here, a Hall
bar structure was fabricated using standard contact lithography techniques. The Hall carrier
density and mobility at 2 K were 2.2x10%°° cm™ and 211 em®V™'s™, respectively, and the film
showed metallic behavior [21]. For the AMR characterization, the longitudinal resistance (Ryx)
was measured at 2 K, while the applied magnetic field (B) was rotated in the plane of the film,
unless stated otherwise. The Hall bar and current (/) were oriented along either along the [100],
or [110]; in-plane directions, respectively (see Fig. 1). Here, the subscript refers to the fact that
we use the cubic, high-temperature unit cell for the indices. The tetragonal unit cell is rotated by
45° relative to the cubic cell [36]. All magnetotransport measurements were carried out using a
Quantum Design Physical Property Measurement System (PPMS).

Figure 2 shows the normalized longitudinal resistance, Ry (B)/Rxx(0), measured along
[100], as a function of B, as B is rotated from out-of-plane (90°) to the in-plane (0°, B || /). An
abrupt transition from positive to negative differential magnetoresistance is observed at a critical
field, B.. As B is rotated towards the in-plane configuration, B, decreases from 2.6 T (90°) to
1.2 T (0° B || I). Both forward and backward sweeps are shown and no hysteresis is observed.
As noted previously, this transition is absent at higher doping densities [17]. Films with carrier
densities > 4x10%° cm™ only show negative magnetoresistance and the sign of the spontaneous
Hall effects is reversed [17].

Figure 3 shows the AMR for B in-plane and /||[100].. Here, € is the angle between B and
I (see Fig. 1). Figures 3(a-b) show Ry for different values of B (0.25 T - 2 T) as a function of 6,

which was varied between 0° and 180°. Figure 4 shows the data for selected values of B in polar

graphs and in terms of the relative AMR, AMR(%) = sz—ﬂ X 100, and for a full rotation (6 =

min

0° - 360°), to better show the AMR symmetry. At low fields (B<0.3 T) Ry 1s almost



independent of § [Fig. 3(a)]. At intermediate fields (0.4 T <B < 0.75 T) the magnetoresistance
has approximately four-fold symmetry [Fig. 4(a)] and we denote it AMR(I). For AMR(]), the
maxima of Ry occur for B oriented along the magnetic easy axes, <100>¢ (or <110> in the
notation of the tetragonal unit cell) [36]. Near B = 0.8 T, Ry« again becomes independent of &
[see Fig. 3(a)]. Another four-fold symmetric AMR [AMR(II)] appears at slightly higher fields
(B=09 T-1T) [see Figs. 3(a) and 4(b)]. The maxima of Ry are narrower and occur for
B || <110>, i.e., AMR(II) is rotated by 45° relative to AMR(I). Both AMR(I) and AMR(II) are
high for an antiferromagnet at such low fields [37]. For example, AMR(I) reaches ~1.25% at 0.5
T. Figure 3(b) and Figs. 4 (c,d) show the AMR at high fields (1 T —2 T). Ry smoothly develops
from having maxima for B || <110>c at B=1T to a two-fold symmetric AMR [AMR(III)] with
Ry« maxima for B || [010]c and B || [010] as B is increased. At 2 T, the two-fold AMR(III) is
fully established. The appearance of AMR(III) coincides with the sign change of the differential
magnetoresistance at B > B, (see Fig. 2).

Figure 5 shows the AMR for B in-plane and /||[110]., with 6 again indicating the angle
between B and /. Shown are polar graphs for a full rotation of @ for B=05T, 1T, 1.3 T and
2 T. The AMR symmetries and sequences are similar to those for /||[100]., except that the data
in Fig. 5 are all rotated by 45° relative to those in Fig. 4.

We next discuss the results. AMR effects can contain both non-crystalline and crystalline

contributions [38]. The non-crystalline component has two-fold symmetry (AMR o< cos26y)

and depends only on the angle between the magnetization and the current (Qy), i.e., it is
independent of the angle between the current and the crystal axes [38]. In contrast, the
crystalline component depends on the angle between the Néel vector and a specific

crystallographic direction. Here, the AMR is clearly dominated by the crystalline AMR. This



can be seen from the polar graphs: changing the direction of the current by 45° (from [100], to
[110].) produces a corresponding rotation in the polar AMR plot (Figs. 4 and 5). This shows that
Ry« 1s determined by the angle between the crystal axes and the Néel vector, i.e., it is not the
conventional, scattering-related AMR of an antiferromagnet (see, e.g., ref. [37]). For EuTiOs, a
four-fold symmetric crystalline AMR is expected based on the in-plane symmetry of the
tetragonal, c-axis oriented film, constrained to a cubic substrate, explaining the four-fold
AMR(). The fact that AMR(I) appears around 0.3 T indicates that this field is sufficient to re-
orient the Néel vector. The low B value is consistent with the spin flop field reported for EuTiOs
single crystals [34, 39]. We note that AMR(]) is not perfectly four-fold, since the relative AMR
is slightly larger for B || /. This may indicate the presence of an additional two-fold component.
Like AMR(I), the four-fold AMR(II) and the two-fold (uniaxial) AMR(III) are crystalline
AMRs. A remarkable observation here is the uniaxial AMR(III), because it is lower in
symmetry than the tetragonal, c-axis oriented film, with in-plane lattice parameters that are
constrained to the cubic substrate.

Magnetic field-induced changes in the AMR symmetry are unusual. They have been
reported for SrIrO4 [40, 41], where magnetoelastic effects have been suggested as the origin
[40]. Here, the strain state of the film is dominated by in-plane compressive strain from the
substrate, which can determine magnetic anisotropies [42], but is not expected to change as a
function of the magnetic field. Magnetic field induced changes in the AMR have also been
observed in Dirac semimetals, such as ZrTes, and attributed topological phase transitions caused
by Weyl points that move under the magnetic field [43]. Weyl points also appear in the band
structure of EuTiOs [21]. Specifically, as discussed above, the applied magnetic field controls

both the spin canting as well as Zeeman splitting, and thus the presence and location of the Weyl



points. Furthermore, the transition from AMR(I) to AMR(II) appears in conjunction with the
unusual (non-monotonic) behavior of the spontaneous Hall effects reported in prior studies [17,
31]. It is therefore possible that changes in the electronic structure explain the observed
transition from AMR(I) to AMR(II).

The transition to AMR(III) is even more remarkable and unexpected. This two-fold
“crystalline” AMR likely cannot be explained with the effects of spin canting on the electronic
structure, which should retain the four-fold symmetry. The lower AMR symmetry indicates a
new phase that is induced as the antiferromagnetic order breaks down. The uniaxial AMR
symmetry is lower than the symmetry of the lattice and reminiscent of magnetic-field induced
nematicity found in other systems [44]. It is correlated with an abrupt transition of the
differential magnetoresistance from positive to negative, which is indicative of spin fluctuation
scattering. The fact that this is only observed within a certain doping range again points to the
importance of the underlying electronic structure [17]. We have previously noted that at the
same field, indications of a quantum critical point exist [17]. Future studies of the magnetic
structures of doped films as a function of magnetic field would be helpful in developing a

quantitative picture of this phase and the transitions in the AMR observed here.
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Figure Captions

Figure 1: Schematic showing the Hall bar structure used for the AMR measurements.

Figure 2: Ry, normalized to the resistance at zero applied field (Ry), as a function of magnetic
field B for 7 || [100]c, measured at 2 K. R,x was symmetrized to eliminate the transverse
resistance contribution. The labels indicate the out-of-plane angle between 7 and B.

Figure 3: AMR for for 7 || [100]c measured at 2 K. Shown is R,y for different in-plane applied
magnetic fields (see labels). The in-plane angle 8 (see Fig. 1) was varied between 0° and 180°.
Figure 4: AMR for for 7 || [100]c measured at 2 K. Shown is the relative AMR given in %
plotted using polar graphs under different applied fields (see labels). The in-plane angle 6 is
varied between 0° and 360°.

Figure 5: AMR for for / || [110]c measured at 2 K. Shown is the relative AMR given in %
plotted using polar graphs under different applied fields (see labels). The in-plane angle 6 is

varied between 0° and 360°.
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