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ABSTRACT
Utilizing the powerful combination of molecular-beam epitaxy (MBE) and angle-resolved photoemission spectroscopy (ARPES), we produce
and study the effect of different terminating layers on the electronic structure of the metallic delafossite PdCoO2. Attempts to introduce
unpaired electrons and synthesize new antiferromagnetic metals akin to the isostructural compound PdCrO2 have been made by replacing
cobalt with iron in PdCoO2 films grown by MBE. Using ARPES, we observe similar bulk bands in these PdCoO2 films with Pd-, CoO2-,
and FeO2-termination. Nevertheless, Pd- and CoO2-terminated films show a reduced intensity of surface states. Additionally, we are able to
epitaxially stabilize PdFexCo1−xO2 films that show an anomaly in the derivative of the electrical resistance with respect to temperature at 20 K,
but do not display pronounced magnetic order.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0101837

Metallic oxides with the delafossite structure, shown in
Fig. 1(a), have drawn significant attention in recent years due to
their unique structural and electronic properties. Examples include
PtCoO2, which has the highest conductivity per carrier of all mate-
rials, and PdCoO2, which has the longest mean free path (exceeding
20 �m at 4 K) among all known metals.1–3 The in-plane electri-
cal conductivity of PdCoO2 at room temperature, which is about
four times higher than that of palladium metal itself, has been
argued to arise from electron–phonon scattering mainly occurring

within a single, closed, highly dispersive band of primarily palla-
dium character at the Fermi level (EF).1,4–8 The large spin-splitting
of the surface state arising from the CoO2 termination, in combi-
nation with the layered structure of PdCoO2-based heterostructures
makes this system ideal to study itinerant surface electrons driven
by inversion-symmetry breaking.9 As for the magnetic properties of
delafossites, PdCrO2 is the only highly conducting delafossite mate-
rial that orders magnetically; it orders antiferromagnetically (AFM)
at around 37 K. Focusing on the electronic structure, the single band
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FIG. 1. Structural and electrical characterization of PdCoO2 thin films grown by MBE on (001) Al2O3 substrates. (a) Crystal structure of PdCoO2 and the shutter timing
diagram used for the growth of PdCoO2. (b) In − situ RHEED pattern of PdCoO2 thin film with a CoO2 termination viewed along the azimuths indicated. (c) X-ray diffraction
of a 12.3 nm thick PdCoO2 thin film. (d) Resistivity vs temperature of a 52.1 nm thick PdCoO2 film. ∗ = 006 peak of (001) Al2O3 substrate peak.

at the Fermi level with palladium character forms a reconstruction
driven by the AFM order from the adjacent CrO2 layer.10–14 Com-
paring AFM PdCrO2 with nonmagnetic PdCoO2, the spins from
Cr3+ interacting inside the CrO2 layer with the palladium monolay-
ers on either side of the CrO2 layer play a critical role in the magnetic
state of PdCrO2.13

Angle-resolved photoemission spectroscopy (ARPES) is the
premiere experimental tool to directly observe electronic struc-
ture in quantum materials. The combination of oxide molecular-
beam epitaxy (MBE) with ARPES allows us to customize and
study the electronic structure of correlated oxides. This setup
has enabled understanding of how strain,15,16 thickness,17–19
hetertostructuring,20,21 interfaces,22,23 and terminations24–29 can
influence the electronic structure of thin films.

Due to the limited size of delafossite single crystals, the desire
to explore the potential of metallic delafossites in electronic30 and
spintronic devices,31 together with the exciting opportunities that
can be explored in delafossite heterostructures, metallic delafos-
sites are being grown in thin-film form by reactive sputtering,32
pulsed-laser deposition (PLD),30,33–36 and MBE.37,38 Unfortunately,
the transport properties of these films (so far) pale in comparison
to the single crystals. Differences between the Fermi surface of the
so-called Pd-terminated PdCoO2 with CoO2-terminated PdCoO2
have recently been reported for epitaxial films of PdCoO2 grown
by PLD.39 The claims of this prior study would be strengthened by
improved evidence of surface termination control.

In this work, we describe an improved synthetic strategy for
the growth of PdCoO2 films with control of surface termination
by MBE. Harnessing the ultra-high vacuum connection between
our MBE and ARPES, we then study the electronic structure of
Pd-terminated and CoO2-terminated PdCoO2. We find that our
PdCoO2 films exhibit similar bulk bands derived from palladium
states but weak surface states compared to those in PdCoO2 single

crystals. Having succeeded in engineering the surface termination in
PdCoO2 over large areas, we then progress to investigate termina-
tions of PdCoO2 where we deliberately add unpaired electrons and
study the resulting electronic structure by ARPES. Although we are
able to epitaxially stabilize a variety of surface terminations involv-
ing iron substituting for cobalt in PdCoO2, we do not see evidence
of magnetic order.

Building upon our previous work,38 thin films of PdCoO2 were
synthesized by MBE in a Veeco GEN10 MBE system on (001) sap-
phire substrates. Details of the film growth are provided in the
supplementary material. Figure 1(a) shows the shutter timing dia-
gram used to supply fluxes of the individual molecular beams to
the substrate to form PdCoO2. After growth, films were cooled
down to 300 ○C in the same ozone background pressure (around
5 × 10−6 Torr) in which they were grown and transferred under
ultra-high vacuum conditions into an adjacent ARPES chamber.
The reflection high-energy electron diffraction (RHEED) patterns
acquired after deposition and the x-ray diffraction θ–2θ scans
indicate the growth of single-phase PdCoO2 films as shown in
Figs. 1(b) and 1(c). The structure was characterized by a Pana-
lytical Empyrean x-ray diffractometer utilizing Cu Kα1 radiation.
Electrical transport measured by a Quantum Design Physical Prop-
erty Measurement System (PPMS) using a four-point van der Pauw
geometry is shown in Fig. 1(d). The residual resistivity ratio (RRR= ρ300K/ρ4K) of this PdCoO2 sample with a thickness of 52.1 nm
is 3.3 in its as-grown state (i.e., no ex − situ postanneal). For com-
parison, the highest RRR previously achieved by MBE for a film
in its as-grown state was 2.2 for a 10 nm thick PdCoO2 film.38
After an ex − situ anneal, films grown by MBE can reach a RRR
of around 8 for a 50 nm thick PdCoO2 film.37 While these are the
highest reported RRR values for films, PdCoO2 single crystals can
exhibit RRR as high as 400.1 The resistivity of epitaxial PdCoO2
films and single crystals are comparable at room temperature;
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the huge difference in resistivity emerges upon cooling. One likely
defect responsible for this difference is the in-plane rotation twins
present in all epitaxial delafossite films to date. The presence of
180○ in-plane rotation twins in PdCoO2 film grown on (001) Al2O3
substrates manifest in the x-ray ϕ scan and scanning transmission
electron microscopy images shown in Ref. 38, as well as the atomic
force microscopy images shown in the supplementary material
(Fig. S3).

In − situ ARPES measurements are performed to study the
effects of termination on the electronic structure of the PdCoO2
films. Our lab-based ARPES system photoexcites electrons with a
Scienta omicron VUV 5000 helium discharge lamp using He–I pho-
tons at 21.2 eV and He-II photons at 40.4 eV. The emitted electrons
are detected with a VG Scienta R4000 electron analyzer. The ARPES
is vacuum-connected to the MBE growth chamber via an ultra-high
vacuum transfer chamber.

We first compare the Fermi surface of Pd-terminated and
CoO2-terminated PdCoO2 films in Figs. 2(a) and 2(b), respectively.
The sharp hexagonal pocket centered at Γ [illustrated in red in
Figs. 2(a) and 2(b)] is observed in both Pd- and CoO2-terminated
PdCoO2 films. Two smaller hexagonal pockets inside the bulk state
pocket illustrated in green and blue are observed in the CoO2-
terminated PdCoO2 film, in agreement with previous reports of
splitting of the CoO2 surface state driven by spin–orbit coupling.40,41
For Pd-terminated PdCoO2, we do not observe pronounced palla-
dium surface states at EF . Below EF , however, there is some spectral
weight possibly from the palladium surface state as described in Ref.
41. At He-II photon energy (40.4 eV), we observe stronger spec-
tral weight below EF , as illustrated in Fig. S5 of the supplementary
material. This intensity below EF might be related to the palladium
surface state, but at this higher energy, still no palladium surface state
appears at EF .

In Figs. 3(a) and 3(c), we further compare the dispersion cut
along the Γ-K direction of Pd- and CoO2-terminated PdCoO2,
respectively. The fitted Fermi velocities (vFs) of the PdCoO2 bulk
state of Pd- and CoO2-terminated films are all around 4.5 eV Å,
as shown in Table I, in agreement with previous results measured
on PdCoO2 single crystals by ARPES.9,13 Despite the invisible palla-
dium surface state at EF , two spin-split surface states from the CoO2
termination show up at EF . These are indicated by blue and green
circles in Fig. 3(c). From the momentum dispersion curves (MDCs)
comparison of Pd- and CoO2-terminated samples in Fig. 3(e), it
is easier to observe the CoO2 surface states at EF (indicated by
the blue arrows) and very little of the palladium surface state is
observed below EF (indicated by the red arrow). The Fermi veloc-
ities of the CoO2 surface states are 0.75 eV Å (blue) and 0.5 eV Å
(green), respectively. This is roughly 10% of that of the bulk state,
in agreement with the previous study of PdCoO2 single crystals.9,42
Dispersion along the K-M-K direction of Pd- and CoO2-terminated
PdCoO2 films are shown in Figs. 3(f) and 3(h). Both terminations of
the PdCoO2 films show a split band at the M point 0.75 eV below EF
and 1.75 eV below EF , as observed in PdCoO2 single crystals.41 Inter-
estingly, a hole band below EF at theM point driven by the palladium
surface state (as shown in Ref. 41) is not seen in our Pd-terminated
films.

Comparing the electronic structure observed for our epitaxial
PdCoO2 thin films to that reported for PdCoO2 single crystals with
different terminations, our PdCoO2 films have similar bulk state fea-
tures to those of PdCoO2 single crystals, but the surface states of
our PdCoO2 films are weaker or even disappear at EF . Note that the
alternating layers of Pd+ and CoO−2 along the c-axis of PdCoO2 are
not charge neutral. Doping of the surface by electrons arising from
electronic reconstruction (i.e., no structural surface reconstruction)
would generate the surface states observed on bulk single crystals.

FIG. 2. Photoemission intensity maps at the Fermi energy ±5 meV of (a) a Pd-terminated 18 nm thick PdCoO2 film, (b) CoO2-terminated 12 nm thick PdCoO2 film, (c) a
FeO2-terminated 13 nm thick PdCoO2 film, and (d) a Fe0.17Co0.83O2-terminated 13 nm thick PdCoO2 thin film. The PdCoO2 bulk state is illustrated by the incomplete red
hexagon in (a) and (b). The surface states of CoO2 are exhibited in the incomplete blue hexagon and green circle in (b). (e)–(h) The same as (a)–(d) but taken at 150 meV
below the Fermi energy. (a), (b), (e), (f) were taken at 30 K; (c), (d), (g), (h) were taken at 6 K. All data were measured using a photon energy of 21.2 eV.
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FIG. 3. Photoemission intensity distribution of Pd- and CoO2-terminated PdCoO2 films measured at a photon energy of 21.2 eV at 30 K. (a). Photoemission intensity
distributions across Γ-K along the orange cut illustrated in (j) of the Pd-terminated PdCoO2 film in Fig. 2(a). (b). Momentum dispersion curves (MDCs) at EF to EF -0.2 eV
illustrated by the red dash lines in (a). (c) and (d) The same as (a) and (b), but taken from the CoO2-terminated PdCoO2 film in Fig. 2(b). The red, blue, and green circles in
(c) indicate fitted peak positions of the PdCoO2 bulk state and surface states from the MDC near EF . Fitting details are shown in Fig. S6 of the supplementary material. (e).
MDC comparison of the cut along the Γ-K direction at various energies. The blue arrows on the top indicate the extra peaks in the CoO2-terminated PdCoO2 film. The red
arrow below EF indicates the weak palladium surface state peak in the Pd-terminated PdCoO2 film. (f) Photoemission spectra along K-M-K of the Pd-terminated PdCoO2
film and its second derivative with respect to energy (g). (h) and (i) The same as (f) and (g), but taken from the same CoO2-terminated PdCoO2 film.

Ways in which the surfaces of our films differ from the single crystals
provide routes to different or no surface states. For ARPESmeasure-
ments of cleaved (001)-oriented PdCoO2 single crystals, the polar
surface exposed after cleaving may drive an electronic reconstruc-
tion of the surface or alternatively a mixture of termination regions,
some of which are terminated by palladium and some of which are
terminated by CoO2, to alleviate the polar surface charge. To syn-
thesize PdCoO2 films, we use shuttered MBE growth to provide a
full layer of palladium or CoO2 as the terminating surface. This dif-
ference in the surface reconstruction structure of epitaxial PdCoO2
films might result in a different electronic reconstruction from that

TABLE I. Fermi velocities of the bulk states of PdCoO2 from fitting the ARPES spectra
of PdCoO2 films.

Fermi Velocity Pd CoO2 FeO2 Fe0.17Co0.83O2

vF (eV Å) 4.72 ± 0.15 4.32 ± 0.25 4.69 ± 0.07 4.43 ± 0.09

of cleaved PdCoO2 single crystals. We show the reconstruction of
our films in low-energy electron diffraction (LEED) with different
terminations in Fig. S4 of the supplementary material. Additional
differences exist between our PdCoO2 films and PdCoO2 single crys-
tals. For example, PdCoO2 films grown on (001) Al2O3 substrates are
known to have a high density of 180○ in-plane rotation twins.38 Fur-
thermore, our films might contain oxygen vacancies to neutralize
the surface polar effect. These may also play a role in the differ-
ences observed in the surface states between PdCoO2 single crystals
and our epitaxial films. In particular, the palladium surface state is
very reactive; it can be essentially destroyed by temperature cycling
of ARPES measurements.42 Prior ARPES results of a PdCoO2 film
grown by PLD,39 where the palladium termination is confirmed by
the absence of a CoO2 surface state in the electronic structure, does
not show the PdCoO2 bulk state. In contrast, our Pd-terminated
films show a strong PdCoO2 bulk state without a CoO2 surface
state, but are missing the palladium surface state. One possible rea-
son for this is the difference in sample quality, particularly of the
sample surface and the ability of MBE to control the termination
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of the PdCoO2 film. We note that our MBE and ARPES measure-
ments are made immediately following film growth and that the
ultra-high vacuum connection between our MBE and ARPES sys-
tems enables us to investigate the electronic structure of the pristine
growth surface.

With the goal of introducing magnetic order into the surface
of PdCoO2, we attempt to replace the cobalt in the CoO2 surface
termination with a different transition metal. The low spin state
(S = 0) of the d6 electron configuration of Co3+ in octahedral coordi-
nation underlies the lack of magnetic order in PdCoO2. In contrast,
PdCrO2 is known to order antiferromagnetically at 37 K due to
the unpaired spins (S = 3/2) arising from Cr3+ with its d3 electron
configuration.10,11 Considering what other transition metals are sta-
ble in the 3+ oxidation state under the highly oxidizing conditions
needed to stabilize PdCoO2 led us to attempt to substitute Fe3+ for
Co3+. Other known iron-containing delafossites, such as the semi-
conductors AgFeO2 and CuFeO2 with bandgap larger than 1 eV, are
known to exhibit magnetic phase transitions.43–46 Combining mag-
netic FeO2 with conducting palladium might create a new metallic
delafossite with interesting magnetic properties. Note that PdFeO2
is neither a known compound nor has it been suggested to form
in the delafossite structure by prior crystal chemistry based sug-
gestions of delafossites47,48 nor first-principles suggestions for new
delafossites.49,50

Our attempts to terminate PdCoO2 with a monolayer of FeO2
were successful. To do so, we used epitaxial stabilization, a pro-
cess in which lattice misfit strain energies and interfacial energies
are exploited to favor a desired metastable phase over the equilib-
rium phase.51–56 ARPES measurements reveal the FeO2-terminated
PdCoO2 film to have a similar bulk band to PdCoO2, but there is no

extra surface state at the Fermi surface nor a reconstruction driven
by AFM order like in PdCrO2. In addition, we synthesized Pd(Co,
Fe)O2 films containing a solid solution of iron and cobalt in each
CoO2 layer of the Pd(Co,Fe)O2 film. Electrical transport measure-
ments on a series of 13 nm thick PdFexCo1−xO2 films with varying
x (0 < x ≤ 0.2) all show a drop in resistance at low temperature.
Other than the dip shown in dρ�dT at low temperature, which is
different from other known delafossites, no pronounced magnetic
order is observed by magnetic susceptibility measurement down to
3 K. This behavior is in contrast to what is seen for PdCrO2. Turn-
ing to the electronic structure of the PdFexCo1−xO2 films revealed by
ARPES, a similar bulk band to PdCoO2 is observed. No reconstruc-
tion appears at the Fermi surface nor is any temperature dependence
of the electronic structure of PdFexCo1−xO2 seen.

We added a full monolayer of FeO2 to a Pd-terminated PdCoO2
film in an attempt to vary the termination of PdCoO2 by introducing
unpaired electrons (spin) from Fe3+. As ARPES is a surface sensitive
measurement, if the unpaired electrons from Fe3+ with its d5 con-
figuration in the surface FeO2 layer interact within the FeO2 layer
and with the adjacent palladium layer like the CrO2 layer does in
the AFM metal PdCrO2,13 we expect to see distinct features arise
in the Fermi surface of the FeO2-terminated PdCoO2 film. The well
crystallized FeO2 termination determined by RHEED is shown in
Fig. 5(a). Unfortunately, no difference is observed in the ARPES
other than the similar PdCoO2 bulk state appearing at the Fermi sur-
face in the FeO2-terminated PdCoO2 film, as shown in Figs. 2(c) and
2(g). No reconstruction of the Fermi surface was seen at low temper-
ature. The bulk band was also free of any temperature-dependent
feature when we analyzed the MDCs in the Γ-K direction shown in
Fig. 4(e). Thus, our epitaxial FeO2 layer on the surface of PdCoO2

FIG. 4. Photoemission intensity distri-
bution of FeO2- and Fe0.17Co0.83O2-
terminated PdCoO2 films and their tem-
perature dependence. (a) Photoemis-
sion intensity distributions across Γ-K
along the orange cut illustrated in
Fig. 3(j) of the FeO2-terminated PdCoO2
film in Fig. 2(c). (b) Temperature depen-
dence of the energy dispersion curves
(EDCs) of kF illustrated in (a). (c)
and (d) The same as (a) and (b),
but are taken from the Fe0.17Co0.83O2-
terminated PdCoO2 film in Fig. 2(d). (e)
Temperature dependence of the momen-
tum dispersion curves (MDCs) at EF
for the FeO2-terminated film. (f) The
same as (e), but for the Fe0.17Co0.83O2-
terminated PdCoO2 film.
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film does not appear to create a spin interaction with the underlying
palladium layer. On the other hand, PdFeO2 is a metastable phase
and we can only stabilize one formula unit of PdFeO2. It is possible
that the FeO2 termination is insulating due to oxygen vacancies to
neutralize its otherwise polar surface and preventing it from con-
tributing to the electronic structure. The photoemission intensity
data we collect include the film beneath the FeO2 layer, which is
PdCoO2 itself.

In addition to replacing the entire CoO2 monolayer with an
FeO2 monolayer, we also investigated the partial replacement of
cobalt with iron hoping that the presence of iron in multiple lay-
ers of the Pd(Co,Fe)O2 structure would enhance the chance of
spin interaction between the Fe3+ and the adjacent palladium layer.
In Figs. 2(d) and 2(h), one can observe that the band of the
PdFe0.17Co0.83O2 film still has similar features to the bulk state of
PdCoO2, but with significant noise. Meanwhile, similar to the FeO2-
terminated PdCoO2 film, no temperature dependence of the bulk
band of Pd(Co,Fe)O2 is seen at EF [see Figs. 4(c)–4(f)]. We com-
pared the Fermi velocity (vF) of the PdFe0.17Co0.83O2 film with the
other three different terminations of PdCoO2 films in Table I, and
within experimental error, they all have the same vF value as that
of PdCoO2 single crystals.41 Thus, the partial replacement of cobalt
by iron in each CoO2 layer does not bring any ordered spin interac-
tion between the (Co,Fe)O2 layers nor do we observe any evidence
of interaction with the electrons of Pd(Co,Fe)O2, which contribute
to the bulk band of PdCoO2. The noise observed in the Fermi sur-
face of the PdFe0.17Co0.83O2 film might come from the increased
disorder accompanying the replacement of cobalt by iron. With
the d5 configuration of Fe3+ and the d6 configuration of Co3+, the
Fe0.17Co0.83O2 layer should, in principle, have a d5.83 configuration

resulting in unfilled d electron bands. Nonetheless, no new conduct-
ing band is seen at EF as shown in Fig. 4. On the other hand, a hole
doping scenario in which 0.17 electrons move from the palladium
layer to the Fe0.17Co0.83O2 layer would leave the Fe0.17Co0.83O2 layer
in an insulating state. Such a scenario would require hole doping of
0.17 holes on the palladium layer. A comparison of the momentum
at EF (kF) shown in Fig. S7 of the supplementary material, reveals
no pronounced difference between the kFs of a PdCoO2 film and a
Fe0.17Co0.83O2 film.

Further characterization of the PdFexCo1−xO2 films is shown
in Fig. 5. The maximum percentage of iron that we are able to
incorporate into epitaxial PdFexCo1−xO2 films while retaining a
single phase is x = 20%. RHEED of a single-phase, 13 nm thick
PdFe0.2Co0.8O2 film is shown in Fig. 5(a). The fringes in the x-ray
diffraction θ–2θ scans of the PdFexCo1−xO2 films indicate the high
structural quality of these films. Electrical transport measurement on
the PdFexCo1−xO2 films is shown in Fig. 5(d). Note that the PdCoO2
film shown in this comparison has a thickness of 13 nm, a quar-
ter of the thickness of the PdCoO2 film in Fig. 1(d). The upturn in
resistivity of the pure PdCoO2 film (0% Fe) seen in Fig. 5(d) below
20 K likely originates from localization in the ultrathin film. As more
cobalt is replaced by iron, the absolute resistivity of the iron-doped
PdCoO2 film keeps increasing. Interestingly, instead of showing an
upturn at low temperature like is seen in the pure PdCoO2 film, the
Fe-doped PdCoO2 films show a drop at low temperature in electrical
resistivity. Moreover, as the iron content (x) of the PdFexCo1−xO2
film is increased, a more pronounced drop in resistivity is seen.
Derivatives of the resistivity as a function of temperature of these
PdFexCo1−xO2 films are shown in Fig. 5(e). Strikingly, a dip at about
20 K is observed in the temperature derivatives of all iron-doped

FIG. 5. Structural and electrical characterization of 13 nm thick PdFexCo1−xO2 thin films grown on (001) Al2O3 substrates. (a). In − situ RHEED pattern of a FeO2-terminated
PdCoO2 thin film and a PdFe0.2Co0.8O2 thin film terminated with the Fe0.2Co0.8O2 layer. (b). X-ray diffraction of a series of PdFexCo1−xO2 thin films with x ranging from 0
to 0.2. (c) Close-up of the 006 reflection in (b). (d). Resistivity vs temperature of the PdFexCo1−xO2 thin films shown in (b). (e). Derivative of the film resistivity with respect
to temperature as a function of temperature of these same PdFexCo1−xO2 thin films. ∗ = 006 peak of the (001) Al2O3 substrate.
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PdCoO2 films, which is opposite to the dρ�dT in PdCrO2 where
a peak shows up at TN driven by AFM order.10 The amplitude
of the dip observed for PdFexCo1−xO2 increases with larger iron
concentration.

A comparison of the temperature dependence of the Hall coef-
ficient (RH) between a PdCoO2 film and a PdFe0.17Co0.83O2 film is
shown in Fig. 6(a). The RH measurements are consistent with elec-
trons acting as the carriers in both PdCoO2 and PdFe0.17Co0.83O2
films. The magnitude of RH in the PdCoO2 film is in agreement
with prior reports from PdCoO2 single crystals.57 In contrast to Ref.
39, we do not observe an anomalous Hall effect in our PdCoO2
films at low temperature. Hall resistivities of the PdCoO2 film and
the PdFe0.17Co0.83O2 film are shown in Fig. S9 of the supplemen-
tary material. The PdFe0.17Co0.83O2 film exhibits a larger RH than
does the pure PdCoO2 film, which could be a result of carriers
being trapped by iron-induced structural defects. For the PdCoO2
film, the temperature dependence of RH at low temperature becomes
flat while for the iron-doped PdCoO2 film the RH starts increasing
below 20 K, which is the same temperature at which the change
in dρ�dT is observed in Fig. 5. One possibility for the observed
resistivity anomaly at low temperature is that it is driven by iron dis-
order, since it is independent of the iron concentration. One scenario
explaining why the RH difference between of PdCoO2 film and the
PdFe0.17Co0.83O2 film does not reflect on the band structure is that
the electrons from iron do not interact with the electrons from palla-
dium. Instead, iron clusters just trap the electrons from the PdCoO2.
Within this scenario, it is possible that iron disorder clusters in
PdFe0.17Co0.83O2 films are revealed by AFM in the supplementary
material (Fig. S3). In Figs. 6(c) and 6(d), the magnetoresistance of
the same PdCoO2 film and PdFe0.17Co0.83O2 film shows distinct

magnetic dependences. The overall scale of magnetoresistance in the
PdCoO2 film is much smaller than that observed in PdCoO2 sin-
gle crystals.58 The temperature dependence of themagnetoresistance
of the PdFe0.17Co0.83O2 film shows weak-localization-like behav-
ior, which may arise from the magnetic disorder resulting from
the addition of iron. The temperature dependence of the magnetic
susceptibility of the PdFe0.17Co0.83O2 thin film shows no transition
or difference between the zero-field-cooled (ZFC) and field-cooled
(FC) curves as shown in the supplementary material (Fig. S10). The
observed behavior is in contrast to the splitting that is expected when
AFM order is observed, such as in PdCrO2.11 Thus, the replacement
of cobalt by iron does not appear to result in any spin order. Instead,
only signs of magnetic disorder are seen.

In summary, we have synthesized high-quality PdCoO2 films
by MBE and harnessed the atomic layer control afforded by MBE
to tune the termination of these films to study the resulting elec-
tronic structure by ARPES. On comparing the Pd-terminated and
CoO2-terminated PdCoO2 films with those of PdCoO2 single crys-
tals, though the resistivity of our PdCoO2 films are far higher than
that of single crystals at low temperature, we find the PdCoO2 bulk
states in our films show features similar to those of PdCoO2 single
crystals, while the palladium surface state and CoO2 surface state
are not as strong as those of the PdCoO2 single crystals. This dif-
ference might arise due to different electronic reconstructions. We
also studied FeO2-terminated PdCoO2 films and find that the only
remaining PdCoO2 bulk state in the electronic structure is similar
to that of PdCoO2. In addition, we have successfully synthesized
PdFexCo1−xO2 films. From the electric transport measurements, the
addition of iron further increases the resistivity of PdCoO2 films
at room temperature. Meanwhile, we see different behavior at low

FIG. 6. (a) Hall coefficient of a 13.5 nm
thick PdCoO2 film and a 13.1 nm thick
PdFe0.17Co0.83O2 film. (b) Geometry of
the Hall bar. The dimension of the chan-
nel is 20 �m. (c) and (d) �ρ�ρ(0) vs
magnetic field of the same PdCoO2 and
the PdFe0.17Co0.83O2 films, respectively.
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temperature compared to pure PdCoO2 films, but no mag-
netic ordering akin to what happens in PdCrO2 is seen in our
PdFexCo1−xO2 films. The electronic structure of a PdFe0.17Co0.83O2
film shows a bulk state similar to that seen in pure PdCoO2 films.
Although we do not induce new spin order in delafossite films by
replacing cobalt by iron in PdFexCo1−xO2 with x up to 0.2 or a pure
FeO2 terminating monolayer, our work invites further exploration
of ways in which the electronic structure of delafossites can be per-
turbed by exploiting the ability of MBE to control atomic layering in
combination with ARPES to measure its impact.

See the supplementary material for the growth methods of the
PdFexCo1−xO2 (0 ≤ x ≤ 0.2) films and additional characterization by
AFM, LEED, ARPES, and XPS, as well as the results of Hall effect
and magnetization measurements.
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I. Marković, T. K. Kim, M. Hoesch, A. P. Mackenzie, and P. D. C. King, “Itinerant
ferromagnetism of the Pd-terminated polar surface of PdCoO2,” Proc. Natl. Acad.
Sci. U. S. A. 115, 12956–12960 (2018).
42V. Sunko, Angle Resolved Photoemission Spectroscopy of Delafossite Metals, 1st
ed. (Springer, Cham, 2019).
43N. Terada, Y. Ikedo, H. Sato, D. D. Khalyavin, P. Manuel, F. Orlandi, Y.
Tsujimoto, Y. Matsushita, A. Miyake, A. Matsuo, M. Tokunaga, and K. Kindo,
“Difference in magnetic and ferroelectric properties between rhombohedral and
hexagonal polytypes of AgFeO2: A single-crystal study,” Phys. Rev. B 99, 064402
(2019).
44N. Terada, D. D. Khalyavin, P. Manuel, Y. Tsujimoto, K. Knight, P. G. Radaelli,
H. S. Suzuki, andH. Kitazawa, “Spiral-spin-driven ferroelectricity in amultiferroic
delafossite AgFeO2,” Phys. Rev. Lett. 109, 097203 (2012).
45K. P. Ong, K. Bai, P. Blaha, and P. Wu, “Electronic structure and optical proper-
ties of AFeO2 (A = Ag, Cu) within GGA calculations,” Chem. Mater. 19, 634–640
(2007).
46M. V. Limaye, M. Pramanik, S. B. Singh, G. R. Paik, and P. Singh, “Application
of delafossite AgFeO2 nanoparticles as SERS substrate and antimicrobial agent,”
ChemistrySelect 6, 2678–2686 (2021).
47M. A. Marquardt, N. A. Ashmore, and D. P. Cann, “Crystal chemistry and
electrical properties of the delafossite structure,” Thin Solid Films 496, 146–156
(2006).
48B. V. Beznosikov and K. S. Aleksandrov, “Predictions of compounds in the
family of delafossites,” J. Struct. Chem. 50, 102–107 (2009).
49T. F. T. Cerqueira, S. Lin, M. Amsler, S. Goedecker, S. Botti, and M. A. L. Mar-
ques, “Identification of novel Cu, Ag, and Au ternary oxides from global structural
prediction,” Chem. Mater. 27, 4562–4573 (2015).
50J. Shi, T. F. T. Cerqueira, W. Cui, F. Nogueira, S. Botti, and M. A. L. Mar-
ques, “High-throughput search of ternary chalcogenides for p-type transparent
electrodes,” Sci. Rep. 7, 43179 (2017).
51W. A. Jesser, “A theory of pseudomorphism in thin films,” Mater. Sci. Eng. 4,
279–286 (1969).
52E. Machlin and P. Chaudhari, “Theory of ‘pseudomorphic stabilization’ of
metastable phases in thin film form,” in Synthesis and Properties of Metastable
Phases, edited by E. S. machlin and T. J. rowland (The Metallurgical Society of
AIM, Warrendale, 1980), pp. 11–29.
53C. P. Flynn, “Strain-assisted epitaxial growth of new ordered compounds,” Phys.
Rev. Lett. 57, 599–602 (1986).
54R. Bruinsma and A. Zangwill, “Structural transitions in epitaxial overlayers,”
J. Phys. 47, 2055–2073 (1986).
55A. Zunger and D. M. Wood, “Structural phenomena in coherent epitaxial
solids,” J. Cryst. Growth 98, 1–17 (1989).
56A. R. Kaul, O. Y. Gorbenko, and A. A. Kamenev, “The role of heteroepitaxy in
the development of new thin-film oxide-based functional materials,” Russ. Chem.
Rev. 73, 861–880 (2004).
57H. Takatsu, J. J. Ishikawa, S. Yonezawa, H. Yoshino, T. Shishidou, T. Oguchi, K.
Murata, and Y. Maeno, “Extremely large magnetoresistance in the nonmagnetic
metal PdCoO2,” Phys. Rev. Lett. 111, 056601 (2013).
58N. Nandi, T. Scaffidi, P. Kushwaha, S. Khim,M. E. Barber, V. Sunko, F. Mazzola,
P. D. C. King, H. Rosner, P. J. W. Moll, M. König, J. E. Moore, S. Hartnoll, and
A. P. Mackenzie, “Unconventional magneto-transport in ultrapure PdCoO2 and
PtCoO2,” npj QuantumMater. 3, 66 (2018).

APL Mater. 10, 091113 (2022); doi: 10.1063/5.0101837 10, 091113-9

© Author(s) 2022

https://scitation.org/journal/apm
https://doi.org/10.1038/nnano.2014.59
https://doi.org/10.1103/physrevlett.121.176802
https://doi.org/10.1103/physrevlett.128.114801
https://doi.org/10.1103/physrevb.94.121104
https://doi.org/10.1103/physrevmaterials.2.054206
https://doi.org/10.1126/sciadv.abj0481
https://doi.org/10.1038/s41467-019-08560-z
https://doi.org/10.1103/physrevlett.109.267001
https://doi.org/10.1103/physrevb.92.035149
https://doi.org/10.1103/physrevlett.115.096405
https://doi.org/10.1103/physrevlett.115.096405
https://doi.org/10.1103/physrevlett.117.147002
https://doi.org/10.1063/1.5020716
https://doi.org/10.1038/s41467-020-16425-z
https://doi.org/10.1126/sciadv.aax5733
https://doi.org/10.1021/acs.nanolett.1c02756
https://doi.org/10.1149/1.2130047
https://doi.org/10.1063/1.5027579
https://doi.org/10.1103/physrevmaterials.3.085403
https://doi.org/10.1103/physrevmaterials.3.085403
https://doi.org/10.1063/1.5144743
https://doi.org/10.1063/5.0011783
https://doi.org/10.1103/physrevmaterials.3.093401
https://doi.org/10.1063/1.5130627
https://doi.org/10.1103/physrevresearch.2.013282
https://doi.org/10.1103/physrevlett.102.256404
https://doi.org/10.1073/pnas.1811873115
https://doi.org/10.1073/pnas.1811873115
https://doi.org/10.1103/physrevb.99.064402
https://doi.org/10.1103/PhysRevLett.109.097203
https://doi.org/10.1021/cm062481c
https://doi.org/10.1002/slct.202004445
https://doi.org/10.1016/j.tsf.2005.08.316
https://doi.org/10.1007/s10947-009-0013-3
https://doi.org/10.1021/acs.chemmater.5b00716
https://doi.org/10.1038/srep43179
https://doi.org/10.1016/0025-5416(69)90004-4
https://doi.org/10.1103/physrevlett.57.599
https://doi.org/10.1103/physrevlett.57.599
https://doi.org/10.1051/jphys:0198600470120205500
https://doi.org/10.1016/0022-0248(89)90180-2
https://doi.org/10.1070/RC2004v073n09ABEH000919
https://doi.org/10.1070/RC2004v073n09ABEH000919
https://doi.org/10.1103/PhysRevLett.111.056601
https://doi.org/10.1038/s41535-018-0138-8

