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We report on spin Hall magnetoresistance (SMR) and spin Seebeck effect (SSE) in a single crystal of the
rare-earth antiferromagnet DyFeO; with a thin Pt film contact. The angular shape and symmetry of the SMR
at elevated temperatures reflect the antiferromagnetic order of the Fe>* moments as governed by the Zeeman
energy, the magnetocrystalline anisotropy, and the Dzyaloshinskii-Moriya interaction. We interpret the observed
linear dependence of the signal on the magnetic field strength as evidence for field-induced order of the Dy**
moments up to room temperature. At and below the Morin temperature of 50 K, the SMR monitors the spin-
reorientation phase transition of Fe*" spins. Below 23 K, additional features emerge that persist below 4 K, the
ordering temperature of the Dy>" magnetic sublattice. We conclude that the combination of SMR and SSE is a
simple and efficient tool to study spin reorientation phase transitions and sublattice magnetizations.
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I. INTRODUCTION

Antiferromagnets (AFMs) form an abundant class of mate-
rials that offer many advantages over ferromagnets (FMs) for
applications in high-density magnetic logics and data storage
devices. AFMs support high-frequency dynamics in the THz
regime that allows faster writing of magnetic bits compared
to FMs. The absence of magnetic stray fields minimizes on-
chip cross talk and allows downsizing devices that are robust
against magnetic perturbations [1]. On the other hand, most
magnetic detection methods observe only the FM order. Re-
cent developments in the detection [2] and manipulation [3-5]
of the AFM order reveal its many opportunities.

The AFM DyFeO; (DFO) belongs to a family of rare-earth
transition metal oxides called orthoferrites that display many
unusual phenomena such as weak ferromagnetism (WFM),
spin-reorientation transitions, strong magnetostriction, and
multiferroicity including a large linear magnetoelectric effect
[6]. Their magnetic properties are governed by the spin and
orbital momenta of 4 f rare-earth ions coupled to the magnetic
moment of 3d transition metal ions.

The magnetization of dielectrics can be detected electri-
cally by the spin Hall magnetoresistance (SMR) in heavy
metal contacts with a large spin Hall angle such as Pt [7]. This
phenomenon is sensitive to FM but also AFM spin order [2,8—
10]. With a Pt contact, information about AFMs can also be
retrieved by the spin Seebeck effect (SSE) under a temperature
gradient [11-13].
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Here, we track the field dependence of the coupled Dy**
and Fe** magnetic order as a function of temperature by both
SMR and SSE. A sufficiently strong magnetic field in the ab
plane of DFO forces the Néel vector to follow a complex path
out of the ab plane. A theoretical spin model explains the
observations in terms of Fe* spin rotations that are governed
by the competition between the magnetic anisotropy, Zeeman
energy, and Dzyaloshinskii-Moriya interaction (DMI). The
Dy** moments are disordered at room temperature but nev-
ertheless affect the magnitude of the SMR. At the so-called
Morin phase transition at ~50 K the Fe>* spins rotate by 90°,
causing a steplike anomaly in the SMR. At even lower temper-
atures, we observe two separate features tentatively assigned
to the reorientation of Fe** spins in an applied magnetic field
and another related to the ordering of Dy>* orbital moments.
Both Fe** and Dy** moments appear to contribute to the SSE;
a magnetic field orders the Dy** moments and suppresses
the Fe3* contribution. The complex SMR and SSE is evi-
dence of a coupling between the Fe** and Dy** magnetic
subsystems.

The paper is organized as follows. In Sec. II we review
the magnetic and multiferroic properties of DFO. The theory
of the magnetic probing methods are discussed in Sec. III:
in Sec. III A the SMR and Sec. III B the SSE. In Sec. IV A,
the fabrication, characterization, and measurement techniques
are explained. Further, a model including the DMI, Zeeman
energy, and magnetic anisotropy is employed in Sec. IV B.
The SMR results at elevated temperatures including the model
fits, as well as SMR and SSE results at low temperatures, are
described and discussed in Sec. V.
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FIG. 1. (a) DFO crystal unit cell. The blue, red, and white
spheres represent Dy>", Fe**, and O?~ ions, respectively. (b) Optical
image of the Pt Hall bar on top of the bulk DFO crystal. The lines
indicate the voltage probes, and the AC source. The IP magnetic field
H is aligned in the xy plane, the reference frame of the Hall bar, with
angle o defined with respect to the x direction, the main longitudinal
bar of the device. The crystallographic directions a and b of device
1 are aligned along the coordinate axes x and y, respectively. In
contrast, the directions a and b of device 2 are rotated by 45° within
the xy plane.

II. MAGNETIC AND MULTIFERROIC PROPERTIES
OF DFO

DFO is a perovskite with an orthorhombic (D}S-Pbnm)
crystallographic structure. It consists of alternating Fe** and
Dy>*ab planes, in which the Fe ions are located inside O~
octahedrons [Fig. 1(a)]. The large Dy** magnetic moments
(J = 15/2) order at a low temperature, TI\]I) ¥ = 4 K. The high
Néel temperature T¢ = 645 K indicates strong inter- and
intraplane AFM Heisenberg superexchange between the Fe’*
magnetic moments (S = 5/2). The AFM order of the Fe mo-
ments is of the G-type and the Néel vector G describes all four
Fe magnetic sublattices. G aligns (anti)parallel to the crystal-
lographic a axis (I'y symmetry [14]). The broken inversion
symmetry enables a DMI [15,16] that in the ['y phase causes
a WFM mypy [ ¢ by the small (~0.5°) canting of the Fe spins
[14], which is fairly constant with applied magnetic field.

A first-order Morin transition from the WFEM I'y phase to
the purely AFM I'; phase occurs when lowering the tem-
perature below 50 K. At this transition, the direction of the
magnetic easy axis abruptly changes from the a to the b direc-
tion. A magnetic field higher than a critical magnetic field H,
along the c axis reorients the Néel vector back to the a axis and
recovers the I'y phase. Below T2, the Dy** moments form a
noncollinear Ising-like AFM order with Ising axes rotated by
+33° from the b axis [17] that corresponds to a G/ A} state in
Bertaut’s notation [18]. The simultaneous presence of ordered
Fe and Dy magnetic moments breaks inversion symmetry and,
under an applied magnetic field, induces an electric polariza-
tion [19] by exchange striction that couples the Fe and Dy
magnetic sublattices [6,20]. Higher magnetic fields destroy
the AFM order of the Dy>* moments and thereby the electric
polarization [21].

Spins in this material can be controlled by light through
the inverse Faraday effect [3], as well as by temperature and
magnetic field. Reorientation of the Fe moments has been

studied by magnetometry [22], Faraday rotation [23], Mss-
bauer spectroscopy [24], and neutron scattering measurements
[21]. The Morin transition at 50 K causes large changes in the
specific heat [25] and entropy [26].

III. PROBING METHODS

A. Spin Hall magnetoresistance

The SMR is caused by the spin-charge conversion in a thin
heavy metal layer in contact with a magnet [27]. The spin
Hall effect induces a spin current transverse to an applied
charge current and thereby an electron spin accumulation at
surfaces and interfaces. Upon reflection at the interface to a
magnetic insulator, electrons experience an exchange interac-
tion that depends on the angle between their spin polarization
and that of the interface magnetic moments, while the latter
can be controlled by an applied magnetic field. The reflected
spin current is transformed back into an observable charge
current by the inverse spin Hall effect. The interface exchange
interaction is parameterized by the complex spin mixing con-
ductance. The result is a modulation of the charge transport
that depends on the orientation of the applied current and the
interface magnetic order. In a Hall bar geometry, this affects
the longitudinal resistance and causes a planar Hall effect,
i.e., a Hall voltage even when the magnetic field lies in the
transport plane.

SMR is a powerful tool to investigate the magnetic order-
ing at the interface of collinear [7,27-29] and noncollinear
ferrimagnets [30,31] as well as spin spirals [32,33]. Recently,
a “negative” SMR has been discovered for AFMs [2,8-10],
i.e., an SMR with a 90° phase shift of the angular dependence
as compared to FMs, which shows that the AFM Néel vector
G tends to align itself normal to the applied magnetic field.
The observable in AFMs is therefore the Néel vector rather
than the net magnetization [2].

The longitudinal and transverse electrical resistivities py,
and pr of Pt on an AFM read [2]

pL=p+ Apo+ Api(1 = G)) (1)

or = Ap1G Gy + Apam; + AppanH, 2

with G; and H; with i € {x, y, z} as the Cartesian components
of the (unit) Néel and the applied magnetic field vectors,
respectively. m; is the out-of-plane (OOP) component of the
unit vector in the direction of the WFM magnetization. A py
is an angle-independent interface correction to the bulk re-
sistivity p. ApgaH, is the ordinary Hall resistivity of Pt in
the presence of an OOP component of the magnetic field.
Api(Apy) is proportional to the real (imaginary) part of the
interface spin-mixing conductance. Ap, is a resistance in-
duced by the effective WFM field, believed to be small in most
circumstances.

The interface Dy*>" moments can contribute to the SMR
when ordered. Below T1\11) Y, the Dy** moments are AFM
aligned with Néel vector GY. Above Ty and in sufficiently
large applied magnetic fields, the Dy>* moments contribute
to the SMR in Egs. (1) and (2) after replacing the Néel vector
GPY by the (nearly perpendicular) magnetization m>. Dis-
regarding magnetic anisotropy and DMI for the moment, the
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spin mixing conductance term Ap; m?ym];y phase shifts the
SMR by 90° relative to the pure AFM contribution. The term
A pym, changes sign with m, and its contribution ~H, cannot
be distinguished from the ordinary Hall effect A py,H; in Pt.
We remove a linear magnetic field dependence from the OOP
SMR measurements. Residual nonlinear effects from A pym,
may persist but should be small in the I'y phase. A finite
Apym, has been reported in conducting AFMs [34], but we
do not observe a significant contribution down to 60 K.

B. Spin Seebeck effect

A heat current in a FM excites a spin current that in insula-
tors is carried mainly by magnons, the quanta of the spin wave
excitations of the magnetic order. We can generate a tempera-
ture bias simply by the Joule heating of a charge current in a
metal contact. A magnon flow j,, can also be generated by a
gradient of a magnon accumulation or chemical potential w,,
[35]. Therefore

Jm = —0w(Vim + SsVT) 3

with o, as the magnon spin conductivity and Ss the spin
Seebeck coefficient. Thermal magnons can typically diffuse
over several um [36-38], which implies that the SSE mainly
probes bulk rather than interface magnetic properties. The
magnons in simple AFMs typically come in degenerate pairs
with opposite polarization that split under an applied magnetic
field [11,39]. The associated imbalance of the magnon popu-
lations cause a nonzero spin Seebeck effect [13]. Paramagnets
display a field-induced SSE effect [38] for the same reason,
so aligned Dy*" moments can contribute to an SSE in DFO.
A magnon accumulation at the interface to Pt injects a spin
current j, that can be observed as an inverse spin Hall effect
voltage Visyg = pOsu(js X 0), where 6sy is the spin Hall
angle and o is the spin polarization. The SMR and SSE can
be measured simultaneously by a lock-in technique [40].

IV. METHODS
A. Fabrication, characterization, and measurements

We confirmed the crystallographic direction of our single
crystal by x-ray diffraction before sawing it into slices along
the ab plane and polishing them. Two devices were fabricated
on different slices of the materials using a three step electron
beam lithography process; markers were created to align the
devices along two different crystallographic directions. The
main bar of device 1 (longitudinal direction) is aligned along
the a axis of DFO with the transverse direction along the b
axis as illustrated in Fig. 1(b). In contrast, device 2 is in-plane
(IP) rotated by 45° [see again Fig. 1(b)]. The crystallographic
¢ direction is always aligned OOP. The IP magnetic field
direction « is defined with respect to the longitudinal direction
of the Hall bars. After fabrication of an 8 nm thick Pt Hall bar,
50 nm Ti/Au contact pads were deposited.

The angular dependence of the magnetoresistance below
50 K is complex and hysteretic. Phase changes are associated
by internal strains that can cause cracks in the bulk crys-
tal. We therefore carried out magnetic field sweeps at low
temperatures very slowly, with a waiting time of 60 seconds
between each field step. The response was measured with a

1 mA (100 nA) AC current through the Pt Hall bar in device
1 (device 2) with a frequency of 7.777 Hz. The first and
second harmonic transverse and longitudinal lock-in voltages
as measured with a superconducting magnet in a cryostat
with variable temperature insert are the SMR and SSE effects,
respectively.

Below the transition temperature, the Morin transition is
induced by a magnetic field along the c axis that rotates the
Néel vector from a to b. For device 1, this does not change the
transverse resistance since GE°GF® = 0 when the Néel vector
is in either the x or y direction. On the other hand, device
2 is optimized for the observation of the Morin transition,
because, as discussed below, the transverse resistance should
be maximally positive when G|/b and maximally negative
when G| a.

B. Modelling the SMR of Pt|DFO

The orientation of the Néel vector G of the Fe sublattice
at temperatures well above Tl\? Y is governed by several com-
peting interactions: (a) the magnetic anisotropy, which above
the Morin transition favors GJ|a, (b) the Zeeman energy that
favors G L H since the transverse magnetic susceptibility of
an AFM is higher than the longitudinal one, and (c) the cou-
pling of the WFM moment mwpy||a to the applied magnetic
field. This competition can be described phenomenologically
by the free energy density

K, K.

f= 7Glz7 + G% + XL (G- H)2 — H2] —mweMGcHa, (4)

2 2

with the first two terms describing the second-order magnetic
anisotropy with magnetic easy, intermediate, and hard axes
along the a, b, and c crystallographic directions, respectively
(K. > K, > K, =0), x_ is the transverse magnetic suscep-
tibility, H, is the magnetic field along the crystallographic
a axis and mwgy is the weak ferromagnetic moment along
the a axis, induced by G||c. |G| = 1, because the longitudinal
susceptibility of the Fe spins is very small for 7 < Tyf¢. The
magnetic field H is chosen parallel to the ab plane, but G can
have an OOP component G, # 0 since the third term in Eq. (4)
couples G, linearly to H,. For the SMR at 250 K, we may
disregard higher-order magnetic anisotropies that become im-
portant near the Morin transition.

At weak magnetic fields, the magnetic anisotropy pins the
Néel vector to the a axis. When the Zeeman energy becomes
comparable with the anisotropy energy, the rotation of the
magnetic field vector in the ab plane gives rise to a concomi-
tant rotation of G. In the absence of magnetic anisotropy, the
canting of the magnetic moments leads to G L H for any
magnetic field orientation due to the Zeeman energy rendering
a sinusoidal SMR, but magnetic anisotropy can distort the
angular dependence. This behavior is further complicated by
the WEM: For strong magnetic fields along the a axis, the
Néel vector tilts away from the ab plane towards the c¢ axis,
since the ¢ component of G induces a WFM moment parallel
to the applied magnetic field [24,41]. By contrast, G, does not
give rise to a weak FM moment, so the Néel vector returns into
the ab plane when we rotate the magnetic field away from the
a axis. The equilibrium Néel vector minimizes the free energy
Eq. (4) under the constraint |G| = 1 as a function of strength
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FIG. 2. Néel vector, G = (G,, G, G.) with |G| = 1, calculated
as a function of the magnetic field in the ab plane. The angle o €
[—90°,90°] as defined in Fig. 1(b) is coded by the colored bar. G(«)
minimizes the free energy Eq. (4) for K, = 0.15 K per Fe ion and
H = 6 T (other parameters are given in the text). (b) The transverse
SMR (arbitrary units) due to the magnetic Fe sublattice for H = 6 T,
i.e., the G(«) from panel (a) (thick red line) and for H = 2 T (thin
blue line).

and orientation of the magnetic field with in-plane (IP) angle
o [see Fig. 1(b)].

We adopt weak magnetization parameters mwpy =
0.133 up per Fe** ion induced either by G|c along the a
axis [42] or by Glja along the ¢ axis [43]. The transverse
magnetic susceptibility can be estimated using the Heisenberg
model with an Fe-Fe exchange constant J; = 4.23 meV for
Y;Fes01, [44], which leads to x, = ,u,zg/(3J1), which does
not depend strongly on the rare-earth ion. K, governs the crit-
ical field when applied along the a axis with puoHy =9.3 T
at T =270 K [24] that fully rotates G from the a to the
c direction. K, can then be estimated using K. = mwpmHer
+ x1H2 . K, is the only free temperature-dependent parame-
ter that we fit to the field-dependent SMR. All other constants
are taken to be independent of temperature. A typical calcu-
lated dependence of G(«) and the corresponding contribution
of the Fe spins to the SMR is shown in Fig. 2 (see below for a
more detailed discussion).

Ordered rare-earth ions can also contribute to the SMR
and SSE. The spectrum of the lowest-energy °Hjs /2 multiplet
of the Dy** ion (4f° electronic configuration) consists of a
Kramers doublet separated by A =52 cm™! (75 K) from
the first excited state [45]. At low temperatures, kg7 < A,
the Dy moments behave as Ising spins tilted by an angle
+¢py away from the a axis in the ab plane (¢py = 57°).
At high temperatures, kg7 > A, they can be described as
anisotropic Heisenberg spins with paramagnetic susceptibil-
ities, X‘]‘) Y(xDY) for a magnetic field parallel (perpendicular)

to the local spin-quantization axis ( X‘]‘) V> Xfy ) [46].

For kgT > A, the SMR resulting from the contributions of
the four Dy sublattices (four Dy sites in the crystallographic
unit cell of DFO) is

RMR o —A[H?sin(2a) — 2H g, G, sin«]
—2BHg,G,sina, (®)]

where the first term originates from the interaction of Dy spins
with the applied magnetic field and the other two terms result
from the exchange field induced by Fe spins on Dy sites (for a
more detailed discussion of the effective magnetic field acting
on Dy spins and the expressions for A and B in terms of the

=z
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=
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s
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FIG. 3. Calculated angular dependence of the transverse
(@) SMR (p$MR) and (b) local SSE (p$5E) as contributed by
paramagnetic Dy** moments polarized by an applied field H = 6 T.
The curve at 10 K (blue line) is calculated numerically using Eq. (5).
The 250 K curve (amplified by a factor 100, red line) is obtained
analytically from Eq. (6). Both SMR and SSE grow with decreasing
temperature and associated increasing Dy>* magnetization.

magnetic susceptibilities of the Dy ions see Appendix B). It
can be inferred form Fig. 2(a) that G, is approximately propor-
tional to cos . Therefore, all terms in Eq. (5) give the sin(2«)
dependence of the transverse SMR at high temperatures [thick
red line in Fig. 3(a)]. Equation (5) should be added to the SMR
caused by the iron sublattice with an unknown weight that
is governed by the mixing conductance of the Dy sublattice.
We may conclude, however, that an additional sin(2¢) should
not strongly change the shape of the SMR in Fig. 2(b).

At low temperatures,, 7 < A/kg, the Dy moments behave
as Ising spins. A rotation of the magnetic field in the ab plane
modulates the projection of the effective magnetic field on the
local spin-quantization axes of the four Dy sublattices, which
affects the angular dependence of the SMR. Since the param-
agnetic model Eq. (5) cannot be used anymore, we compute
the Dy contribution to the SMR ~m,m, numerically for the
rare-earth Hamiltonian

; K . .
Hpy = gius( -Hpy) = S -2)%, i=1,2,3,4, (6)

with J as the Dy total angular momentum, g; = 4/3 the Landé
factor, K = A/7 the anisotropy parameter, which is known
to reasonably describe the low-energy excited states of Dy
ions, and Z; the local easy axes rotated by +57°, for the
Dy sublattices 1 and 3, and —57°, for the sublattices 2 and
4, away from the a axis. The magnetic field Hp, acting on
Dy spins is the sum of the applied field and the exchange
field from Fe spins: He, = 1G.4 & g,G.b, where the +/—
is for the sublattices 1,3 and 2.4, respectively. We neglect the
¢ component of the exchange field, since the Dy magnetic
moment along the ¢ is small and does not affect the SMR.
Using the Hamiltonian Eq. (6), we calculate the average a
and b components of the magnetic moments of the four Dy
sublattices at a temperature 7 and the resulting contributions
to SMR. The angular dependence of the SMR due to Dy spins
is plotted in Fig. 3(a).

The calculations recover the sin(2«) angular dependence
of the SMR from Eq. (5) at high temperatures. At 10 K (blue
line) the SMR curve becomes strongly deformed: The angular
dependence of the SMR shows peaks and dips at the effective
field directions orthogonal to the quantization axis Z; of the
i-th rare-earth sublattice.
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For long magnon relaxation time, the SSE generated a spin
current that is assumed to be proportional to the bulk magne-
tization and can therefore provide additional information. We
focus here on the low temperature regime because we did not
observe an SSE at elevated temperature, which is an indication
that the Dy magnetization plays an important role.

A net magnetization of rare-earth moments affects the SSE
signals in gadolinium iron [47] and gadolinium gallium [38]
garnets. We assume that the SSE is dominated by a spin
current from the bulk that is proportional to the total mag-
netization ml?y of the four Dy sublattices that we calculated
for the Hamiltonian Eq. (6) at 10 K as a function of the
angle o of the applied magnetic field, as shown in Fig. 3(b).
The model predicts peaks at magnetic field directions aligned
with the Ising-spin axes of the Dy moments, i.e., in between
those canted by £33°, which enhances the magnetization. The
contribution from the Fe sublattice to the SSE is expected to
depend as cos « on the external magnetic field direction [48].
The ratio of the Fe and Dy contributions to SSE is unknown.

V. RESULTS

The SMR was measured by rotating an IP magnetic field
of various strengths. Temperature drift and noise swamped
the small signal in the longitudinal resistance as discussed in
Appendix A. Figure 4(a) shows the measured resistance of
device 1 at 250 K in the transverse (planar Hall) configuration
using the left contacts in Fig. 1(b). The results for the right
Hall contacts (not shown) are very similar.

The (negative) sign of the SMR agrees with our Fe sublat-
tice model, suggesting that it is caused by the AFM ordered
Fe spins with Néel vector G normal to the applied magnetic
field. However, G cannot be strictly normal to the magnetic
field, because the SMR is not proportional to sin (2«), as
observed for example in NiO [2]. The strongly nonsinusoidal
angular dependence of the SMR is evidence for a nontrivial
path traced by the Néel vector in an applied magnetic field as
predicted by the model Eq. (4).

Figure 2(a) shows the dependence of the three components
G., Gy, and G, of the Néel vector on the IP orientation
angle o of the magnetic field for uoH = 6 T. The value of
o € [—90°, 90°] is indicated by the color code side bar. When
a =0 (Hja), the magnetic field causes a tilt of G away
from the easy a axis towards the hard ¢ axis since the Néel
vector parallel to the ¢ axis induces a magnetization along
the a axis. The excursion of G from the ab plane effectively
reduces the role of the IP magnetic anisotropy, which leads to
a large rotation of the Néel vector in the ab plane for small
« (at nearly constant G.). As explained above, this rotation is
driven by the Zeeman energy of the AFM ordered Fe spins
[the third term in Eq. (4)], which favors G L H and competes
with the magnetic anisotropy that favors G||a [the first term in
Eq. (4)]. This behavior is similar to the spin-flop transition for
a magnetic field applied along the magnetic easy axis, except
that G does not become fully orthogonal to the magnetic field.
As the magnetic field vector rotates away from the a axis, G,
and |G,| decrease, and at « = +90°, G is parallel to the a axis.

The sensitivity of G to small o gives rise to an abrupt
change of the transverse SMR that is proportional to G,Gp
close to o = 0 [thick red line in Fig. 2(b)]. The calculated and

«6T 4T 43T v2T +1T <05T »025T 01T
(b) 40
20
= 0
-20
40
20
D
0
U790 45 0 45 90
o
C
= &8 4 *** By
0.8] 1 4
0.6 z’* = %2 } 7*7-1
s 30 |
0'4'f D\: 100 200 300)
02] = n.:_4- Temp (K) 1
ol <2
<

012345678 50 100 150 200 250 300
poH (T) Temperature (K)
FIG. 4. (a) Transverse SMR (symbols) measured as a function
of IP magnetic field angle « and strength (indicated at the top).
The measurements are done on device 1 with a current of 1 mA at
250 K and the error bar A« indicates a systematic error due to a
possible misalignment of the magnetic field direction as compared
to the crystallographic axes. The lines are fits obtained by adjusting
K, in the free energy model Eq. (4). (b) The IP (¢) and OOP (6)
canting angles of the Néel vector with respect to b as a function
of the IP magnetic field direction from the fits. (c) The maximal
signal change ARy during a magnetic field rotation depends linearly
on the magnetic field strength, while the model shows a nonlinear
maximal SMR response (blue, right axes) due to a gradial transition
of G, to G, in H||a and the complex behavior of G in the rotating
magnetic field. (d) ARy shows a power-law temperature dependence,
ARr /Ry ox T7. Inset: the same data and fits in a log-log plot show-
ing that the exponents at the high and low temperature region are
different. R, is the sheet resistance obtained from the base resistance
of the corresponding longitudinal measurements adjusted by the ge-
ometrical factor length/width of the Hall bar. These measurements
are carried out at 4 T.

observed SMR scans agree well for T = 250 K and puoH =
6 T. Surprisingly, the shape of the experimental curves is
practically the same at all magnetic field strengths, i.e., the
SMR jumps at « = 0 even at weak fields, while the calculation
approaches the geometrical sin(2«) dependence [thin blue
line in Fig. 2(b) calculated for uoH = 2 T]. The fits of the
observed SMR for all magnetic fields require a strongly field-
dependent IP anisotropy parameter K that is very small in
the zero field limit: K, = (6 & 8) x 107° + (3.20 £ 0.02) x
1073(H/T) 2 K [see Fig. 4(a)]. At present we cannot explain
this behavior. The Dy*" moments should not play an impor-
tant role in this regime unless a Pt induced anisotropy at the
DFOQO/Pt interface modifies their magnetism (see below).

The exchange coupling between the rare-earth and
transition-metal magnetic subsystems is reflected by the sec-
ond term in Eq. (5) of the Dy** contribution to the SMR that
is proportional to G, i.e., the AFM order of the Fe spins.
Since G, is a smooth function at o = 0, it cannot be held
responsible for the large zero-field magnetoresistance. The
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FIG. 5. The relative changes in the transverse resistances Ry /Ry of (a) devices 1 and (b),(c) device 2. A linear contribution from the
ordinary Hall effect has been subtracted from the OOP data. Offsets of the order of 10~ are removed and the curves are shifted with respect
to each other for clarity. The magnetic field directions are (a),(b) along z for the OOP and (c) along y for the IP configurations. (a) The data
for device 1 are expected to not change during the Morin transition. The observed SMR is symmetric with respect to current and magnetic
field reversal and sensitive to Dy>" ordering. (b),(c) Device 2 reveals the Morin transition by a positive step for weak magnetic fields. Below
23 K, hysteretic resistance features emerge when sweeping the fields back and forth that vanish at higher magnetic fields and temperatures.
The arrows indicate the magnetic field sweep directions, while the symbols highlight the critical magnetic fields as summarized in Fig. 6.

angular SMR appears to be dominated by the Néel vector G
of the Fe moments, in contrast to SmFeQO3 in which the Sm
ions determine not only the amplitude but also the sign of the
SMR [49].

We note that the complex behavior of the vector G in the
applied magnetic field results in a nonlinear field dependence
of SMR shown in Fig. 4(c) (blue circles), which is inconsistent
with the perfectly linear field-dependence found at 250 K and
300 K. This suggests that even well above the reorientation
transition and Dy ordering temperatures Fe spins are not
solely responsible for the SMR effect in DyFeOs. The 10 K
data is deferred to Appendix A.

Further evidence for rare earth contributions at higher tem-
peratures is the Curie-like power-law temperature dependence
of the SMR [see Fig. 4(d)], SMR ~ T7, with y = —1.24 £
0.04 at low temperatures which agrees with the critical ex-
ponent of the susceptibility for a 3D Ising model [50] and
y = —1.67 £ 0.02 at high temperatures [5S1]. For comparison,
the SMR follows (Ty — T)* with positive y and the SMR
signal grows quadratically with the AFM order parameter [2].
At temperatures well below the Néel transition 7T¢ = 645
K, the Fe based magnetic order is nearly temperature in-
dependent [52]. The strong magnetic field and temperature
dependence therefore suggest important contributions from
polarized Dy*" moments even at room temperature.

The puzzling strong magnetic field dependence of K, from
the data fit might indicate a different coupling between the
rare earth and transition metal magnetic subsystems at the
interface and in the bulk. It can be justified by the following
symmetry argument. The generators of the Pbnm space group
of the DFO crystal are three (glide) mirror planes: 7, 7y,
and m,, i.e., a mirror reflection combined with a shift along a
direction parallel to the mirror plane. m, is broken at the inter-
face normal to the ¢ axis. In the absence of m,, the rare earth
order parameters A;, and G), transform to Gy, that describes the

AFM order of Fe spins, which allows for a linear coupling
between the rare earth and Fe spins at the interface. Since Gy,
strongly depends on « at « = 0, the same may hold for the
rare earth moments at the interface. The SMR is very surface
sensitive and could be strongly affected by this coupling.

Next, we turn to the SMR at temperatures below the Morin
transition at magnetic fields around the re-entrant field, H.,.
Figure 5(a) shows the transverse SMR of device 1 in an OOP
magnetic field, while the data for longitudinal resistance are
deferred to Appendix A, Fig. 8(a). We subtracted a linear field
dependent contribution from the OOP data that is caused by
the ordinary Hall effect in Pt.

The zero-field resistance of device 1 should not change
under the Morin transition when the Néel vector direction
switches from a to b nor should it be affected by weak mag-
netic fields Hl|¢ (uoH, < 0.1 T near 50 K [21]) that return
the system to Gjla. Indeed, we do not see any weak-field
anomaly of the SMR near 50 K in Fig. 5(a). However, be-
low 23 K, a negative SMR proportional to the applied field
appears. The linear field dependence ends abruptly with a
positive steplike discontinuity [see Fig. 5(a)]. No resistance
offset has been observed between the zero-field I'y and the
high-field 'y phases. After substraction of the strictly linear
ordinary Hall effect contribution, the SMR feature is an even
function of H,. The magnetic phase transition at 23 K appears
to be unrelated to the Morin transition.

The Morin transition is clearly observed in the OOP and
IP SMR of device 2, in which the crystallographic axes are
azimuthally rotated by 45° relative to the Hall bar as shown
in Fig. 1(b). Here, an SMR signal is expected for both mag-
netic phases and the 90° rotation of the Néel vector from a
to b should change its sign from positive for the AFM I';
phase (G || b) to negative for the WFM Iy phase (G | a)
for |H.| > H;. The I'y phase can also be suppressed by an
IPfield H | § = b — & that rotates the Néel vector towards b
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FIG. 6. Critical magnetic fields H,, of the observed transitions
in the transverse resistance as a function of temperature. Symbols
correspond to Fig. 5, where they denote the step functions that
trace the Morin transition in device 2. A indicates IP and ¢ OOP
magnetic field directions. The latter symbol describes the peaks at
lower temperatures as well. The OOP H,, of the low magnetic field
features are shown for device 1 (¥) and device 2 (l). The features
for the IP magnetic field directions are less pronounced and not
shown. The lines show a fit by the equation H, « (T — T')", which
is used to extract the ordering temperatures of 50 K (23 K) and y of
0.40 (0.9) for the A (V) data. Further data is from Refs. [21,24],
obtained by Mdssbauer spectrometry (M), neutron scattering (<),
and magnetometry (A).

to lower the Zeeman energy. The drop in the Hall resistance
observed in device 2 below 48 K for the OOP [Fig. 5(b)] and
IP [Fig. 5(c)] field directions can therefore be ascribed to the
Morin transition with a temperature-dependent H,,. The SMR
steps are negative as expected.

At even lower temperatures the model appears to break
down since we observe hysteretic behavior in the field depen-
dence of the SMR signal at low magnetic fields for both the
OOP and IP directions. These features come up below 23 K,
so appear to have the same origin as the anomalies in device 1.
For the OOP direction, the low-field anomalies in device 2 are
peaks while they are steplike in device 1. Wang et al. [21] did
not observe a hysteresis in the Fe>* magnetic sublattice and
suggested that observed hysteretic behavior [6,53] is evidence
for long-range to short-range Dy>* magnetic order. The SMR
might witness an ordering of Dy** moments at the interface at
a higher temperature than in the bulk that cannot be detected
by other measurements.

Another unexpected feature is a linear negative magnetore-
sistance at |H,| > H,, for the IP configuration [see Fig. 5(c)]
that might be caused by a canting of G towards ¢ by H, >
1.6 T [24]. A misalignment of the crystallographic axes could
also affect the SMR more significantly for high magnetic
fields. However, neither of these mechanisms explain the IP
magnetic field dependence and the peaks and low magnetic
field features in the OOP measurements of both devices below
23 K [Figs. 5(a) and 5(b)]. Since their signs and shapes vary,
we can exclude a paramagnetic OOP canting of the Dy>*
orbital moments. The Dy>* orbital moments are locked to the
Ising axis in the ab plane and the magnetization is one order
of magnitude larger in this plane than along the ¢ direction [6].

10i- AT >"»"t .»»" >> -
.J ..'l. ’;’» »}»{»5:‘:&?:»* ;»»’

Yy v
v"vw,wv,' v
v vy Wy v
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-135 -9'0 45 0 45 90 135
a

FIG. 7. The SSE, i.e., the detected voltage in the transverse Hall
probe divided by the squared current of device 1 at 10 K as a function
of the magnetic field strength and direction . At weak fields, the
SSE shows a cosa dependence as expected for the Fe*™ magnetic
sublattice. This amplitude initially increases with the magnetic field
strength but decreases again and flattens for H > 0.5 T.

This might explain the IP SMR features in terms of an IP field
and temperature dependent order of the Dy>* moments.

The 90° spin reorientation at the Morin transition maxi-
mizes the Fe’* contribution to the SMR. The increase of the
IP signal amplitude by one order of magnitude upon lowering
the temperature, see Fig. 5(c), is therefore unexpected. The
signals become as large as 1%, similar to the SMR signals of
Pt on Y3FesOq, [7,27-29] but smaller than that of a-Fe,O;
[54]. Ordered Dy>* magnetic moments appear to be respon-
sible for the anomalous signals below 23 K. They interact
with the Fe sublattice by the exchange interaction, as observed
before in the multiferroic phase at temperatures exceeding
TA],) ¥ under a 0.5 T magnetic field [21]. A contribution of Dy>*
moments to the magnetization has also been observed in terms
of an upturn of the magnetization and hyperfine field below
23 K [55].

The SMR steps in device 1 around TA],) ¥ = 4 K at which the
Dy moments order spontaneously are similar to those at higher
temperature, which supports the hypothesis that the latter are
also related to Dy3+ order. Device 2 shows an increased H,
matching those in device 1 at these temperatures. Both devices
show no nonlinear antisymmetric field dependence, indicating
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that the Dy>" ordering above 4 K is field induced. Li et al.
[53] observed jumps in the thermal conductivity around 4 T
and attributed these to a spin reorientation of the Fe sublattice.
However, no further transitions are observed up to 6 T as is
shown in Appendix A, so we cannot confirm such an Fe**
transition.

The magnetic field and temperature of the occurrences of
SMR steps at spin transitions and of SMR anomalies are
collected in Fig. 6, including the peaks in the OOP measure-
ments of device 2, using the same markers as in Fig. 5. The
data on the Morin transition agrees with previous observations
[21,24]. The Morin point for both IP an OOP configurations is
around 50 K, whereas the transitions ascribed to an ordering
of the Dy** moments occur around 23 K. Upon lowering the
temperature, the transitions associated to the Dy3+ and Fe3t
moments approach each other and merge below T, which is
another indication of a strong intersublattice exchange inter-
action.

Figure 7 summarizes the observed IP SSE data of device
1 at 10 K. The angular dependence of the resistance at small
fields shows the cos @ dependence, indicating that the magnon
spin current j, injected into Pt is constant with angle. The
amplitude initially increases linearly with field but decreases
again for H > 0.5 T. The SSE signal of a uniaxial AFM has
cos @ dependence for an IP rotating magnetic field [48]. The
SSE is small at angles for which our model for the Dy**
contribution in Fig. 3(b) predicts a peak. However, we do not
observe the expected Dy**-induced SSE contribution due to
the Dy>* magnetization shown in Fig. 3. On the contrary, an
increase in Dy>" magnetization appears to suppress the SSE
signal. These results suggest that the angular dependence of
the SSE is governed not so much by the ordering of the Dy
spins but by their effect on the frequencies of the antiferro-
magnons in the Fe magnetic subsystem. The ordering of Dy
spins leads to a hardening of the AFM resonance modes [56].
The applied magnetic field suppresses the Dy spin ordering
and results in a substantial decrease of the spin gap [56],

device 1 OOP

device 2 OOP

which affects the thermal magnon flux and, hence, the SSE.
At room temperature, the SSE signal does not rise above the
noise level of 0.18 V A~2.

VI. CONCLUSION

We studied the rare earth ferrite DFO by measuring the
transverse electric resistance in Pt film contacts as a function
of temperature and applied magnetic field strength and
direction. Results are interpreted in terms of SMR and SSE
for magnetic configurations that minimize a magnetic free
energy model with magnetic anisotropies, Zeeman energy,
and DMI. The Néel vector appears to slowly rotate OOP and
displays jumps under IP rotating magnetic fields. Magnetic
field-strength dependences indicate that Fe’™ spins are
responsible for the symmetry of the SMR but that the Dy>*
orbital moments affect the amplitude. The first order Morin
transition occurs at 50 K and phase transitions are observed at
lower temperatures. Additional sharp features emerge below
23 K at critical fields below that of the Morin transition.
These observed features cannot be understood by the Fe’*
Néel vector driven SMR. Rather, they suggest a magnetic
field-induced ordering of Dy’ established by the competition
between applied magnetic and exchange fields with Fe’*.
This hypothesis is supported by the similar SMR features at
the spontaneous Dy** moment ordering temperature TA],) v

A Dy** order above T]\],D ¥ also appears to suppress the SSE
contributions from the Fe sublattice. Concluding, we report
simultaneous manipulation and monitoring of the ordering of
both transition metal and rare earth magnetic sublattices and
their interactions as a function of temperature and magnetic
field in the complex magnetic material DFO.
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APPENDIX A: LONGITUDINAL AND 2 K SMR

The modulation of the longitudinal Pt resistance as a func-
tion of magnetic field are shown in Fig. 8 for comparison with
the transverse SMR. The longitudinal signals are affected by a
background contact resistance that is sensitive to temperature
changes. The SMR signals are therefore more distorted by
a small temperature drift than the transverse measurements.
Moreover, the background resistance suffers from increased
noise.

The OOP resistance changes of device 1 are one order
of magnitude larger than those of device 2 and dominated
by hysteretic effects. The signal amplitudes of OOP and IP
configurations for device 2 are similar. The measurement time
of one data point below 0.2 T is smaller than at larger fields,
influencing the shape of the graphs. Device 2 shows hysteretic
features at low magnetic fields and below 23 K for both IP and
OOP magnetic fields that are similar to the transverse SMR
features discussed in the main text.

Results of a field sweep up to 6 T at 2 K are shown in
Fig. 9(a). The resulting continuous curve does not show tran-

sitions on top of those discussed in the text, without evidence
for a phase transition at 4 T and 2 K [53,57]. As a function of
the rotation angle « at 10 K, the SMR in Fig. 9(b) shows non-
trivial behavior. The data are of magnetic field strengths that
are smaller than required for the phase transition. The signal
strength is larger than at room temperature indicating the in-
fluence of Dy magnetic moments. Nonetheless, the signals do
not resemble that of the Dy component as shown in Fig. 3(a).

APPENDIX B: EXCHANGE INTERACTION

The Pbnm crystal symmetry allows an exchange coupling
between the Dy** moments and G-type AFM ordered Fe
spins. The coupling of the four (individual) Dy spins in the
unit cell with the Fe spins is described as

Epyre = —81Ge(mf{ +m5 + m§ + m)

— 82Gc(m{ — m5 +m§ — m})
— 83G,(mS + mS + m§ + m§)
— g4Gb(mf —m5 + m§ — mi), (B1)

where the indices 1,2,3,4 label the rare-earth ions in the unit
cell. The exchange field from Fe ions is estimated to be ~2 T
at low temperatures [45].

For kgT > A, the magnetization of the Dy sublattice
my = X‘]‘) YHy and m, = xH, for field components paral-
lel and perpendicular to the local anisotropy axis and H =
VH[ + HT. We assume that the transverse SMR caused by
the paramagnetic Dy** moments polarized by the applied
field is proportional to m,m, [9,32,58,59]. Adding the con-
tributions of the four Dy sites in the crystallographic unit cell
of DFO and the exchange field from the Fe spins acting on the
Dy spins as described in the main text, we obtain Eq. (5) with

A=10 + 10 = 0 = x[7)? cos(4¢py)]/2 and B =

sin(goy)[(™) = (7 = O = %) cos(2py)]. The
coupling constants g3 and g4 do not appear in the expression
for SMR since the latter does not depend on the ¢ component
of Dy spins. Moreover, the ¢ component is very small at
low temperatures, since the easy axes of Dy ions lie in the
ab plane. Both g; and g, lead to (nearly) the same angular
dependence of SMR.
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