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Anomalous Hall effect at the spontaneously electron-doped polar surface of PAdCoQO, ultrathin films
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We revealed the electrical transport through surface ferromagnetic states of a nonmagnetic metal PdCoO,.
Electronic reconstruction at the Pd-terminated surface of PdCoO, induces Stoner-like ferromagnetic states,
which could lead to spin-related phenomena among the highly conducting electrons in PdCoO,. Fabricating a
series of nanometer-thick PACoQO; thin films, we detected a surface-magnetization-driven anomalous Hall effect
via systematic thickness- and termination-dependent measurements. Besides, we discuss that finite magnetic
moments in electron doped CoO, triangular lattices may have given rise to additional unconventional Hall

resistance.
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Layered transition-metal oxides have given great insight
into the role of dimensionality in correlated electron physics
[1-4]. Among the many different oxides, the delafossite metal
PdCoO; is a unique system in which monovalent Pd* ions
are stabilized in the form of a two-dimensional (2D) Pd sheet
that is sandwiched by [CoO,]~ layers [5-7] [Fig. 1(a)]. This
2D Pd* sheet [Fig. 1(b)] provides a highly dispersive 4d-
dominant conduction band [8-11], while [CoO,]~ forms an
insulating block layer [Fig. 1(c)]. PACoO, bulk single crystals
exhibit highly anisotropic electrical conduction, with the elec-
trical conductivity exceeding that of elemental Pd [6]. More
surprisingly, the long mean free path of the interacting dense
electrons (~20 um) induces hydrodynamic collective electron
motion, as observed in high-mobility systems [12—16].

Because of the ionicity of the Pd™ and [CoO,]™ layers
[Fig. 1(a)], spontaneous charge compensation is induced at
the polar surface. The electronic structure of the surface
significantly differs from that of the bulk, and shows a strong
termination-dependence. In particular, surface ferromagnetic
state emerges at the Pd-terminated surfaces [17]. The surface
charge compensation introduces extra electrons into the Pd
surface layer, and this increase in electron density shifts the
surface-Pd energy band to a higher binding energy relative to
the original bulk energy band. This results in a flat branch of
the surface band occurring near the Fermi level (Er). The high
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density of correlated electrons in the flat band increases the
Stoner instability, resulting in the formation of spin-split sur-
face Pd bands [17] [Fig. 1(d)]. This causes the Pd-terminated
surface to become ferromagnetic, even though bulk PdCoO,
is nonmagnetic [17].

Indeed, Stoner-like splitting has been detected in the Pd-
terminated surface of PdCoO, bulk single crystals using
angle-resolved photoemission spectroscopy (ARPES) [18].
This observation suggested that a polar surface that contained
highly conducting and spin-polarized electrons existed, which
may lead to exotic spin-related transport phenomena in non-
magnetic PACoO,. However, it is difficult to probe this type
of surface transport in bulk samples because current shunting
by the vast bulk volume obscures the surface conduction. To
overcome this, here we examine ultrathin PdCoQO, films. By
altering film thickness [19], we detected the signal from spin-
related transport in these ultrathin films, demonstrating that
the surface ferromagnetism occurred within a limited thick-
ness d, near the surface (Fig. 1(e) and Fig. S1 in Ref. [20]).

The preparation of Pd-terminated surfaces is essential to
induce surface ferromagnetism via Stoner splitting [17]. We
adopted a thin-film approach [19] in this study, as opposed
to the bulk cleavage method. We fabricated nanometer-thick
c-axis-oriented PdCoQO, films on Al,Oz (0001) (c-Al,O3)
substrates using pulsed laser deposition (Fig. S2 [20]). A
typical, high-angle annular dark-field scanning transmission
electron microscope (HAADF-STEM) image around the film-
substrate interface is shown in Fig. 1(f). The bright and
dark layers clearly alternated along the normal to the film
plane, which correspond to the Pd* and [CoO,]™ layers,
respectively. Because the initial growth layer was [CoO,]~,
and to ensure charge neutrality of the whole thin film, the final
layer (top surface) was likely to be Pd™, although this could
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FIG. 1. Crystal structure and electronic structure of PdCo0O,. (a) Crystal structure of PdCoO,. (b) Two-dimensional Pd layer. (c) CoO,
sublattice (top) and Co** spin arrangement (bottom). (d) The density of states (DOS) of surface Pd bands split by Aginer by Stoner instability
[17,18]. (e) Schematic illustration of a PdACoO; thin film with a surface ferromagnetic state extending over d,. Hall effect measurement probes
the conduction throughout the entire film. (f) HAADF-STEM image of a PdCoO, thin film on Al,O3 (0001), projected along the Al,O3 [1100]
direction. Pd and CoO, sublattices can be seen on the Al,O3 substrate. (g) The electronic band dispersion along the I'-K cut of a PdCoO, film
with d = 8.0 nm. The spin-split surface Pd bands are shown as « and 8. The purple dotted square indicates the region where the Co-derived
surface band is expected to appear if it existed [18,22]. (h) Fermi surface of PdCoO, obtained by symmetrizing the ARPES data in (g).

not be resolved in HAADF-STEM image. The electronic band
dispersion at the film surface was characterized directly using
ARPES as a surface-sensitive probe [18,21,22]. A pair of
highly dispersive bands (denoted as o and ) were observed
along the I'-K cut [Fig. 1(g)], which was consistent with Pd
4d-derived states [18]. The fact that there were no traces of
Co-derived holelike states (region within the dotted purple
square in Fig. 1(g)), combined with the Fermi surface map
[Fig. 1(h)], was consistent with the Pd-terminated surface that
was observed for the bulk single crystal [18]. As such, the
ARPES spectra indicated that the final layer in our PdCoO,
films was predominately Pd. Furthermore, the nondegenerated
« and B bands and the flat branch of the o band located just
below Er [Fig. 1(g)] are all hallmarks of Stoner-like splitting
[18].

The Hall resistance (Ry) versus magnetic field (uoH)
curve for a 13-nm-thick PdCoO, film at 2 K is shown
in Fig. 2(a). The Ry curves were obtained by subtracting
the woH-linear ordinary term, determined by the high-field
data (uoH = 5-7T), from the measured transverse resistance
(Ryx = Vi /L) (Fig. S3 [20]). While only a small nonlinear
signal was observed from the 13-nm-thick sample [Fig. 2(a)],
the signal became more pronounced as the thickness (d) of
the PdCoO, film was decreased, as shown in Figs. 2(b) and

2(c). The Ry was independent of bias current (I = 1-100 nA)
used for the measurement of the mm-sized samples (Fig. S4
[20]). The comparable ordinary Hall coefficients from the
three samples (the linear gradient at uoH = 5-7T in Figs.
S3(a)-S3(c) [20]) indicated that the large Ry was induced by
areduction in d, rather than change in the thin-film quality.
A log-log plot of the sheet resistance under zero field
(Rsheet) as a function of d is shown in Fig. 2(d). Fitting
this plot yielded d log;o(Rsheet)/d l0g,o(d) of —1 £ 0.2 [blue
line in Fig. 2(d)], and so Rgheer Was inversely proportional
to d. Therefore the three-dimensional electrical conductivity
(Scm~') was constant, which secured that the quality of
the films was unchanged down to d =~ 3nm. In contrast,
fitting the plot of Ry at 9 T (Ry’T) versus d [Fig. 2(e)]
resulted in d loglo(RﬂgT)/d log,o(d) of =2 £ 0.3 [red line in
Fig. 2(e)]. The inverse square dependence of Ry;°T on d(d~?)
can be understood by assuming that only the finite region near
the surface was generating the nonlinear Ry [20]. This was
consistent with the surface charge compensation model [17].
The magnetism of the PdCoO, ultrathin films was exam-
ined using a superconducting quantum interference device.
The saturation magnetization at 7 T (M, ") was plotted against
temperature, as shown in Fig. 2(f). The M,’" was estimated
from the magnetization versus poH curves by subtracting
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FIG. 2. AHE of PdCoO; thin films. (a)-(c) Ry-uoH curves of
PdCoO, films measured at 2 K with different thicknesses (d) (d =
13.0, 5.4, and 3.2 nm, respectively). (d) Sheet resistance (Rgheet) at
B=0T and (e) Ry at B=9T (Ry’") as functions of d, plotted
as log-log graphs (the red and blue lines are fitting results). (f)
Temperature dependence of Ry°" (red squares) and the saturation
magnetization measured at uoH =7T (M,’") (blue circles) for
a film with d = 3.2 nm. The black curves correspond to typical
ferromagnetic and paramagnetic behaviors.

the background signal from the c-Al, O3 substrate (Fig. S5(a)
[20]). Below approximately 30 K, the M,’T gradually in-
creased as the temperature was decreased, following the Bloch
formula [23] that is typically applied to ferromagnets. In
addition, the M,'T was independent of d (Fig. S6 [20]), and
therefore the magnetized volume in all the films was nearly
constant. As shown in Fig. 2(f), both Ry°T and M,’" exhibited
similar temperature dependence. These observations indicated
that the anomalous Hall effect (AHE) in the Pd-terminated
ferromagnetic surface was responsible for the nonlinear Ry.
According to the Stoner splitting model, surface mag-
netism should vanish when the surface polarity is cancelled.
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FIG. 3. Control of AHE by CoO, capping. (a) Schematic il-
lustration of the rock-salt type CoO (111) heterostructure and the
delafossite-type PdCoO, (0001). (b) Ry vs poH for PdCoO, (3.6
nm) (red) and CoO, (5 nm) / PdCoO, (3.6 nm) (blue).

Taking advantage of the thin-film growth technique, we at-
tempted to modulate the surface polarity by over layer de-
position using the (111) surface of rock-salt-type CoO, a
single layer of which mimics the [CoO,]™ layer in PdCoO,
[Fig. 3(a)]. After the growth of PdCoO,, a 5-nm-thick CoO,
layer was deposited. The growth conditions used were identi-
cal to those used for PACoO, growth to minimize any influ-
ence on the PdCoO; film quality during the CoO, deposition.
Although the exact phase of the thin CoO, capping layer was
not identified from the x-ray diffraction measurements, we
consider the CoO (111) / PdCoO, (0001) heterointerface to
be the ideal model for the CoO,-capped PdCoO, [Fig. 3(a)].
Capping with CoO, drastically reduced the Ry by nearly
45% of the original value, while maintaining the saturation
field [Fig. 3(b)]. The remaining finite Ry may have been
caused by an electronic reconstruction that was required to
satisfy charge neutrality throughout the entire PdCoO, layer
[20]. We note that accurate measurement of magnetization of
Co0O,-capped PdCoO, surfaces was difficult because of finite
magnetic signals from the CoO, capping layers. Although
further characterization is needed for quantitative discussions,
this result underpins the Stoner origin of the observed AHE.

Comparison of the Ry and magnetization (M) data
highlighted a discrepancy in their behavior at low fields
(Figs. S5(a) and S5(b) [20]). Changes in the measured Ry
and the magnetization-driven anomalous Hall (AH) resistance
with temperature are shown in Fig. 4(a). The Rap-pnoH
curve (red) was calculated from the M-uoH, by assuming
that Rag o< M. As highlighted in blue, their difference (i.e.,
Run = Ry-Ran) became significant as the temperature was
lowered. When calculating Ryy, we assumed that the Ry at
7 T was dominated by the magnetization-driven Ry because
the high-field saturation values of Ray and M as functions
of temperature overlapped [Fig. 2(f)]. This assumption cor-
responds to the situation in which the spins are parallel to the
magnetic field at 7 T. The Ryy (peak value) and Rpy each
exhibited a distinct temperature dependence, which indicated
that they had different origins [Fig. 4(b)]. The map of Ryy
in the temperature-uoH plane [Fig. 4(c)] revealed a domelike
structure that peaked at low field (uoH < 3T). As mentioned
previously, the d—2 dependence of Ryy indicated that Ryy
originated on the surface (Fig. S7 [20]).
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FIG. 4. Unconventional AHE of PdCoO, thin films. (a) Magnetic field (ioH ) dependence of Ry, Ray, and Ryy for d = 3.2 nm at various
temperatures. Ray was calculated using the magnetization curves. (b) Temperature dependence of Ry (red squares) and Ryy (blue circles).
(c) The Ryy mapped as a function of temperature and magnetic field. (d) The electron configurations of Co®* in the high-spin (top) and in

low-spin (bottom) states.

The origin of the Ryy is discussed by considering the
role of the CoO, layer near the surface. The characteristic
peaks that were observed at low field strength (1-2 T) in
the Ryy plots in Fig. 4(a) were similar to the unconventional
AHE reported for systems with nonuniform spin textures
[24-28]. Nonlinear Hall resistance occurs in antiferromag-
netic PdCrO,, which is a structural analogue of PdCoO,, de-
spite the antiferromagnetic magnetization versus uoH curve
[26]. The spin-frustrated triangular Cr3* lattice is thought to
play arole via the noncolinear spin arrangement [26]. In nom-
inal PdCoO, that contains Co** ions in the nonmagnetic low-
spin state [Fig. 1(c)] [9,29], this mechanism is not expected
to occur. However, when extra electrons are partially doped
into the [CoO,]™ layer, the resultant finite moments within the
Co** ions [Fig. 4(d)] could locally form a similar noncolinear
spin structure in the nonmagnetic matrix. In fact, the M,’" in a
3.2-nm-thick PdCoO, film was 3.4 x 107> emu cm~2, which
corresponded to 2.6 up per areal unit (v/3ab/2, where a and
b are lattice constants of PACo0,), and therefore much larger
than the value deduced from the ARPES data (i.e., 0.59 ug
per areal unit) [18].

The valence states of the Co ions were examined by a
synchrotron x-ray absorption spectroscopy (XAS). Figure 5(a)
shows the Co-L, 3 XAS spectra of PdCoO, films measured
at 300 K for two different thicknesses d of 2.7 nm and 8.8
nm, which are normalized by the maximum intensities of
their Ls;-peaks. The spectra of LaCoO3; and CoO are shown
as references for the Co’* and Co?* states, respectively. At
first glance, the spectral shapes of PdCoO, films and the
energy positions of the main peaks at L3 edge centered around
780.2 eV (indicated by a black triangle) appear similar to
those of the Co® states of the LaCoOs. This indicates that
the formal valence of Co ions in PdCoO, films is mainly
34, which is consistent with the fact that PACoO, has an
alternating stacking structure of the Pd* and [CoO,]~ layers.
However, with closer inspection, the Co — L3 XAS spectra of
the PdCoO, films with both d = 2.7 and 8.8 nm have addi-
tional Co?* contributions, which correspond to the shoulder
features centered at around 777.2, 778.4, and 778.9 eV (indi-
cated by green triangles), suggesting that extra electrons are
doped into the [CoO,]™ layer. Furthermore, these intensities
are larger for the thinner film (d = 2.7 nm, red line) than the

013282-4



ANOMALOUS HALL EFFECT AT THE SPONTANEOUSLY ...

PHYSICAL REVIEW RESEARCH 2, 013282 (2020)

(@ 1.0 T T T T T T
T= CoL,, XAS
0.8 R
0
5 ColL
= L -
e 0.6 |_ 2
s
2
® 04 PdCoO,/c-AlL,O, |
15
£

0.2

; “LaCo0, (Co™) g

FEES s BT PPPPPIRET AL

......._I,"’.'.--’bocl) (COZ.;) .

0 1 1 1
775 780 785 790 795 800 805
Photon energy (eV)
(b) 0.6 T T T T T T
T=30K PdCo0,/c-Al,0,
04r b

Col,, XAS

0.2

Intensity (arb. units)

d=8.8nm Co LZY3 XMCD (%10)
d=2.7nm

T Vo el

1 1 1 1 1
775 780 785 790 795 800 805
Photon energy (eV)

FIG. 5. Spectroscopic investigation of the CoO, layers. (a)
Co-L, 3 XAS spectra of the PdCoO, films with d = 2.7 nm (red
line) and 8.8 nm (blue line) measured at 7 = 300 K. The Co-L,; 3
XAS spectra of LaCoOs5 (black dotted line) and CoO (green dotted
line) are also shown as references for the Co’* and Co?* states,
respectively [34]. The peak and shoulder structures that are attributed
to the Co** and Co®™ states are indicated by black and green arrows,
respectively. (b) XMCD data of the PdCoO, thin films. Co-L; 3
XAS spectra of the PACoO, film (d = 2.7 nm) measured at 7 =
30K, by positive (u*, green line) and negative (™, black line)
circular polarized lights, respectively. XMCD spectra (u*—u ™) of the
PdCoO, films for d = 2.7 (red line) and 8.8 nm (blue line) measured
under the magnetic field of 5 T at T = 30 K. The gray dashed line
indicates the energy positions of the features characteristic to the
Co?* states. The spectra in (a) and (b) were offset for the easiness
of comparison.

thicker one (d = 8.8 nm, blue line), indicating that the ratio of
Co?*/Co’" states increases with decreasing the thickness of a
PdCoO; film. Considering the surface (interface) sensitivity
and element selectivity of XAS measurements, the evolution
of Co?* contributions in the thinner film means that extra
Co?*t states mostly resides in the [CoO,]~ layer near the
surface of the film.

To reveal the spin states of Co ions, we measured the
circular dichroism of the XAS spectra for the PdCoO, films.
Figure 5(b) shows the Co-L, 3 x-ray magnetic circular dichro-
ism (XMCD) spectra of the PdCoO, films with d = 2.7 (red

line) and 8.8 nm (blue line) measured at 7 = 30K. Clear
XMCD signals were observed for the Co-L;, 3 edges of both
PdCoO; films, indicating that Co ions of PdCoO, films have
determinate magnetization. The peaks of the XMCD signals
are located at almost the same energy position with that of
shoulder structures in the XAS spectra which are derived from
the Co®™ states [indicated by a gray dashed line in Fig. 5(b)].
The intensities of XMCD peaks decrease with increasing d.
These results indicate that the magnetization emerges at Co**
ions in the [CoO,]™ layer near the surface. We note that the
XMCD measurements were performed at higher temperature
than the transition temperature observed in the Ryy versus
temperature curve shown in Fig. 4(b), because of the limi-
tation of the XMCD apparatus. Thus, the observed magne-
tization of Co?* ions were derived from the paramagnetic-
like states above the transition temperature. Nevertheless,
existence of magnetic moments in the near-surface CoO, layer
explains the excess magnetization in SQUID magnetometry.
The near-surface Co>* ions may have resulted from elec-
tron doping caused by band bending that extended over the
insulating [CoO,]~ layer near the surface, although the role
of oxygen vacancies must also be considered. Due to low
density of mobile screening electrons in CoO; layers [30], the
energy bands of the CoO, layer adjacent to the Pd surface
layer could shift to higher binding energy, possibly changing
the valence of Co ions from 3+ to 24. In contrast to the
three-dimensional, antiferromagnetic PACrO,, the spins in the
electron-doped CoO,; layer are likely to fluctuate because of
the low dimensionality and could thus be easily aligned by
an external magnetic field. Given the parallel spin alignment
at high field strength, a CoO, layer that is fully occupied
with Co®* ions corresponds to 3 up per areal unit for the
high-spin state [Fig. 4(d), top] and 1 up per areal unit for the
low-spin state [Fig. 4(d), bottom]. These values can account
for the extra magnetization contribution of ~ 2 ug per areal
unit at 7 T, which is added to the surface Pd contribution. The
possible noncolinear magnetic moment in the electron-doped
CoO, layer could couple with the conduction electrons in
the adjacent Pd layer, giving rise to the domelike Ryy in the
temperature-iuoH plane [Fig. 4(c)] that resembles the Hall
resistance reported in noncolinear spin systems [24-28]. In
particular, the Ryy showed behaviors in common with the
unconventional AHE in PdCrO;: sign reversal around 10 K
and a negative peak that is broad along poH around 20 K
[26]. These features imply that the Ryy of PdCoQO, surface
might be induced through similar mechanisms to those pro-
posed for unconventional AHE in bulk PdCrO,: Berry-phase
[26,31] and Fermi-surface-reconstruction [32] mechanisms.
In the former mechanism, unconventional AHE in PdCrO, is
explained by a fictitious magnetic field given by a nonzero
phase gain of a conduction electron while it circuit around,
assuming finite spin chirality on Cr sites [26]. In the PdCoO,
thin films, the broken inversion symmetry at the surface might
contribute to induce finite Ryy via the Berry-phase mecha-
nism. Regarding Fermi-surface-reconstruction mechanism for
PdCrO,, coexistence of an electronlike Fermi surface and hole
pockets due to magnetic ordering on Cr sites is important [32].
In the PdCoO, surface, electronic reconstruction might occur
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due to the existence of electron-doped Co sites, which might
make an intrinsic Berry-curvature mechanism relevant at low
temperature. Further studies examining the detailed magnetic
and electronic structures are needed to understand the causes
of Ryy in PdCoO; thin films.

In conclusion, we have studied the electronic properties at
the polar surface of the layered, nonmagnetic metal PdCoO,
and have successfully detected surface ferromagnetism via the
AHE using ultrathin PdCoO, films. We have confirmed that
the origin of the ferromagnetism was from the surface of the
films by systematically varying the thickness and termination
layer of the films. ARPES measurements revealed Stoner-
split surface Pd bands at the Pd-terminated surface. The Ryy
observed at low woH is likely due to magnetic Co>* ions near
the surface. This work has demonstrated that using the thin-
film approach [19,33] to study surface magnetism is highly
effective because it drastically reduces bulk effects that can
mask the surface properties. Revealing the Ryy mechanism
requires an understanding of the detailed nature of surface
ferromagnetism, especially the spin interactions of doped
Co** ions and the role of broken inversion symmetry. The
complex magnetic states at the surface, in combination with
the hydrodynamic electron transport physics [13], make this

layered oxide even more attractive for future research on
spin-related transport phenomena.
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