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We report physical properties of the conductive magnet PdCrO2 consisting of a layered structure with a
triangular lattice of Cr3+ ions !S=3 /2". We confirmed an antiferromagnetic transition at TN=37.5 K by means
of specific heat, electrical resistivity, magnetic susceptibility, and neutron-scattering measurements. The critical
behavior in the specific heat persists in an unusually wide temperature range above TN. This fact implies that
spin correlations develop even at a much higher temperature than TN. The observed sublinear temperature
dependence of the resistivity above TN is also attributed to the short-range correlations among the frustrated
spins. While the critical exponent for the magnetization agrees reasonably with the prediction of the relevant
model, that for the specific heat evaluated in the wide temperature range differs substantially from the
prediction.
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I. INTRODUCTION

Geometrically frustrated spin systems have attracted
much attention for the realization of ground states with un-
conventional order parameters. Especially, antiferromagneti-
cally interacting spins on two-dimensional !2D" triangular
lattices !TLs" are actively investigated because the simple
triangular arrangement of spins gives rise to various ground
states depending on the nature of the spins.1–7 One remark-
able example is a continuous spin system such as XY or
Heisenberg magnets.4–13 For such systems, it is predicted
that the frustration is partially relaxed by forming a local
120° spin structure. The short-range spin correlations pro-
duce an additional degree of freedom called the vector
chirality. Interestingly, the vector chirality may exhibit a
long-range order at a finite temperature although the spins
are not long-range ordered. However, it is difficult to detect
the chirality order directly in real materials because many of
them exhibit static long-range spin order due to additional
interactions !e.g., interlayer interactions" above their pre-
dicted chirality-order temperature. Nevertheless, it is ex-
pected that the proximity to chirality order affects the critical
behavior of physical properties near a magnetic phase
transition.13–15 Indeed, e.g., the 2D triangular Heisenberg an-
tiferromagnetic !THAF" compounds, VX2 !X=Cl,Br" exhibit
an unusual critical behavior with characteristic critical
exponents.16–18 Therefore, a detailed investigation of the
critical behavior may reveal the interplay between spins and
vector chiralities.

Most of the 2D-THAF compounds are insulators or semi-
conductors. Therefore, the magnetic properties of 2D metal-
lic THAF compounds have not been sufficiently clarified. In
order to reveal the intrinsic interaction of the conduction
electrons with frustrated spin moments, it is desirable to in-
vestigate a clean metallic THAF compound without disorder
introduced by chemical doping.

We studied the 2D-THAF oxide PdCrO2 !Cr3+ ,S=3 /2"
and revealed that it exhibits metallic conductivity without
chemical doping down to low temperatures. Thus, we believe
that this oxide is one of the simplest and most suitable sys-

tems for the investigation of the interplay between conduc-
tion electrons and frustrated magnetism, as well as the in-
volvement of the vector chirality.

PdCrO2 crystallizes in the delafossite structure with the
space group R3̄m !D3d

5 ". This structure is closely related to
the ordered rock-salt structure of ACrO2 !A=Li,Na,K".19

However, they exhibit a different stacking sequence of the
respective oxide and metal-ion layers in the unit cell. In the
delafossite structure, the noble-metal ions such as Pd1+ are
linearly coordinated by two oxygen ions along the c axis like
a dumbbell, whereas in the ordered rock-salt structure, the
alkali-metal ions A1+ are zigzag connected to oxygen ions.
The lattice parameters !Fig. 1" of PdCrO2 at 25 °C are a
=b=2.930 Å and c=18.087 Å.21 The temperature depen-
dence of the magnetic susceptibility starts to deviate from a
Curie-Weiss behavior below room temperature with a broad
peak at about 60 K.22 The Weiss temperature "W and the
effective moment #eff were reported to be "W#−500 K and
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FIG. 1. !Color online" Crystal structure of PdCrO2. This struc-
ture consists of alternating stacks of a triangular lattice of palladium
and a triangular lattice of edge-shared CrO6 octahedra. These draw-
ings were produced using the software VESTA !Ref. 20".
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Figure 5: EDX mapping in SEM images of single crystalline PdCrO2.
The coloring of the images represents the concentration of elements
constituting PdCrO2: Pd (Green), Cr (Yellow) and O (Purple). The
Cr2O3 impurity can be seen as a separated phase at the left edge of
the crystal (Red arrows).

antiferromagnetic and the spins lie in a plane containing
the c axis (the so-called easy-axis type 120◦ structure).
We note that the anisotropy χab < χc for LiCrO2 is at-
tributed to a 120◦ structure where the spins lie in the ab
plane (the easy-plane type structure) with an antiferro-
magnetic inter-plane configuration.

4. Conclusion

We have succeeded in growing single crystals of
PdCrO2 by a NaCl flux method. It was confirmed that
the obtained crystals are in the delafossite structure with
the R3̄m symmetry. The large values of the residual re-
sistivity ratio over 100 and the mean free path in the ab
plane as large as 30 µm guarantee the high quality of the
crystals.
The metallic resistivity with a large anisotropy

(ρc/ρab > 190) supports the expectation that the con-
ductivity in PdCrO2 mainly originates from the Pd lay-
ers. The magnetic susceptibility above TN confirms that
PdCrO2 constitutes a Heisenberg spin system. More-
over, the emergence of the anisotropy at TN indicates an
antiferromagnetic coupling between the layers with the
easy-axis type 120◦ spin structure.
These crystals make possible further investigations of

the details of both the actual spin configuration and the
Fermi surface topology, as well as searches of other fas-
cinating phenomena related to the frustrated magnetism.
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Figure 6: (a) Temperature dependence of the electrical resistivity
along the c axis (ρc) and in the ab plane (ρab). Both ρc and ρab exhibit
clear anomalies at TN, associated with the antiferromagnetic transi-
tion. The inset shows the low temperature behavior of ρc and ρab. (b)
Temperature dependence of the magnetic susceptibilities in the field
at 1 T along the c axis (χc) and in the ab plane (χab). Above TN, χc
and χab are nearly equal. In contrast, below TN, χc becomes smaller
than χab. The inset focuses on the behavior near and below TN. A
slight splitting of the ZFC and FC curves appears at temperatures be-
low about 10 K.
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a b s t r a c t

We report details of single crystal growth of the metallic triangular-lattice antiferromagnet PdCrO2

consisting of layers of Pd triangles and Cr triangles stacking along the c-axis. We used the NaCl flux
method and obtained the crystals with the size as large as 2!3.5!0.3 mm3. We confirmed that single
crystals have the delafossite structure with the R3m symmetry. The electrical resistivity along the c-axis
and that in the ab plane exhibit metallic temperature dependence with the anisotropic ratio rc=rab of
over 300 at low temperatures. The residual resistivity of as small as r0,ab ¼ 45 nO cm and the residual
resistivity ratio of over 100 indicate high quality of the crystals investigated. Nevertheless, there is no
sign of superconductivity down to 0.3 K. These crystals are useful for the investigation of anisotropic
magnetic and transport properties including the unconventional anomalous Hall effect (AHE).

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

Delafossites ABO2 (A: noble-metal elements; B: transition–
metal and rare-earth elements) crystallize in a layered structure
consisting of alternating stacks of triangular lattices (TL) of
monovalent A1 + ions and trivalent B3 + ions along the c-axis
(Fig. 1). Because of the simple TL structure, members with the
magnetic ions at the B site are useful for the clarification of
the unresolved issues of ideal TL magnets [1–4]. In addition, by
the choice of A site ions, the metallicity can be controlled.
Insulating delafossites are actively investigated as the typical
multiferroic materials. For examples, CuFeO2 [5] and CuCrO2 [6,7]
are known to exhibit strong coupling between the spiral magnetic
ordering with the proper-screw type spin structure and the
ferroelectric polarization. Metallic delafossites with frustrated
spin structure are promising for the investigation of the
unconventional anomalous Hall effect (UAHE), which emerges
not from the conventional order parameter magnetization M but
possibly from the multi-spin quantity ‘‘scalar spin chirality’’ [8].

Although most delafossites are insulators or semiconductors,
there are several members of metallic delafossites, such as AgNiO2

[9,10], PdCoO2 [11,12], PtCoO2 [13,14], and PdCrO2 [15]. Among
them, only AgNiO2 and PdCrO2 are magnetic metals. In particular,
since metallic and magnetic origins are well separated in PdCrO2,
this compound should provide unique opportunities to study the

interplay between the localized frustrated spins and conduction
electrons including UAHE [16].

In order to clarify the mechanism of such unconventional
transport properties, determinations of the Fermi surfaces and the
detailed magnetic structure are necessary. For these measure-
ments, availability of the high-quality single crystals is crucial.
Here, we present the details of the growth of high-quality PdCrO2

single crystals. To the best of our knowledge, this is the first report
of the details of the single crystal growth of PdCrO2.

Previous studies on powder samples of PdCrO2 have revealed
that it exhibits an antiferromagnetic transition at TN¼37.5 K forming
a 1201 spin structure [18,15]. This Neel temperature is an order of
magnitude lower than the Weiss temperature yWC#500 K; the
frustration parameter f $ jyWj=TN is about 13, indicating a strong
frustration among spins. Single crystals obtained in this study
revealed isotropic magnetization above TN consistent with the
Heisenberg spins, while they clarified the emergence of anisotropy
below TN, indicating that the 1201 spin structure is easy-axis type.

2. Crystal growth

Single crystals of PdCrO2 were grown by a NaCl flux method.
Polycrystalline PdCrO2 used for the single crystal growth were
prepared in two steps. In the first step, LiCrO2 was prepared as a
precursor by the solid-state reaction of the stoichiometric mixture of
Li2CO3 (99.99%, Aldrich Chemical Co.) and Cr2O3 (99.99%, Rare
Metallic Co. Ltd.) at 850 1C in air in an alumina crucible for 24 h.
In the second step, PdCrO2 powder was synthesized by the following
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since metallic and magnetic origins are well separated in PdCrO2,
this compound should provide unique opportunities to study the

interplay between the localized frustrated spins and conduction
electrons including UAHE [16].

In order to clarify the mechanism of such unconventional
transport properties, determinations of the Fermi surfaces and the
detailed magnetic structure are necessary. For these measure-
ments, availability of the high-quality single crystals is crucial.
Here, we present the details of the growth of high-quality PdCrO2

single crystals. To the best of our knowledge, this is the first report
of the details of the single crystal growth of PdCrO2.

Previous studies on powder samples of PdCrO2 have revealed
that it exhibits an antiferromagnetic transition at TN¼37.5 K forming
a 1201 spin structure [18,15]. This Neel temperature is an order of
magnitude lower than the Weiss temperature yWC#500 K; the
frustration parameter f $ jyWj=TN is about 13, indicating a strong
frustration among spins. Single crystals obtained in this study
revealed isotropic magnetization above TN consistent with the
Heisenberg spins, while they clarified the emergence of anisotropy
below TN, indicating that the 1201 spin structure is easy-axis type.

2. Crystal growth

Single crystals of PdCrO2 were grown by a NaCl flux method.
Polycrystalline PdCrO2 used for the single crystal growth were
prepared in two steps. In the first step, LiCrO2 was prepared as a
precursor by the solid-state reaction of the stoichiometric mixture of
Li2CO3 (99.99%, Aldrich Chemical Co.) and Cr2O3 (99.99%, Rare
Metallic Co. Ltd.) at 850 1C in air in an alumina crucible for 24 h.
In the second step, PdCrO2 powder was synthesized by the following
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For bulk band structure calculations, we have used the
full potential linearized augmented plane wave (FLAPW)
method with local orbital (FLAPW + LO, APW + lo + LO),
implemented in WEIN2K13 in the generalized gradient approx-
imation (GGA). Since our ARPES data includes contributions
from surface states, we have additionally performed slab band
structure calculations. These calculations simulate the broken
translational symmetry at the sample surface by employing
a superstructure of stacked layers separated by a vacuum
region. For our calculations, we considered hexagonal unit
cells separated by about 20 Å of vacuum along the z axis. Each
hexagonal unit cell contains six Cr layers, which was found
to be sufficient to screen the surface effect and reasonably
reproduce the bulk band structure. The vacuum dimension
is large enough so that there is effectively no hybridization
between surface atoms through the vacuum.

III. RESULTS

In Figs. 1(a) and 1(b), we show constant-energy maps of
the ARPES intensity at the Fermi energy EF and at EF −
0.2 eV, respectively, at a measurement temperature of 10 K.
There are three electronlike FS pockets, all centered at the
! point, with dispersions as shown in the energy-momentum
cuts of Figs. 1(c)–1(f). Bands b1 and b2 have hexagonal FSs
and disperse linearly, while b3 disperses parabolically and has
an essentially circular FS [Fig. 1(a)]. The intensities of b2
and b3 are suppressed around ky = 0 due to photoemission
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FIG. 1. (Color online) (a) Constant-energy map of ARPES
intensity at EF, showing three FS pockets. The data is symmetrized
about kx = 0. The BZ boundaries and high-symmetry points are
indicated. The contours labeled (c)–(f) represent the cuts shown in
the subsequent panels. (b) Constant-energy map at a binding energy
of 0.2 eV. Hole bands centered at the M point are observed. (c)–(f)
Energy-momentum cuts at the momenta specified in panel (a). The
four bands discussed in the text are labeled b1 through b4.

matrix elements.14 In addition to these three bands which cross
EF, there exist hole bands b4 centered at the M point at ∼
0.2 eV binding energy. The ARPES intensity is periodic with
respect to the Brillouin zone (BZ) boundaries [indicated by
grey dashed lines in Figs. 1(a) and (b)], which is consistent
with the lattice’s hexagonal symmetry. From the periodicity we
estimate a lattice constant of 2.97 ± 0.06 Å, which is consistent
with the known value of the bulk lattice constant of 2.93 Å.5

We now show that these bands can be experimen-
tally determined to consist of bulk and surface states.
This insight is gained by cycling the sample temperature.
Specifically, we raised the sample temperature from 10 to
50 K, and subsequently lowered the temperature back to
10 K. During the warming process the chamber pressure
temporarily increased up to ∼1 × 10−10 torr due to out-
gassing from the sample manipulator. Constant-energy maps
at the elevated and lowered temperatures are displayed in
Fig. 2. The most striking observation is the disappear-
ance of intensity from bands b2, b3, and b4 during the warming
process, which does not recover after cooling the sample
back to low temperature. This irreversibility suggests that
the change is due to sample surface contamination from the
degassing process. The disappearance of bands b2, b3, and b4
indicates that they originate from surface states, while the sur-
viving pocket b1 is a bulk state. (We note that the same thermal-
cycling procedure has been successfully applied to distinguish
surface and bulk states in PdCoO2

15 and related compounds.16)
The b1 pocket has an area of 45 ± 6% of the BZ, and can there-
fore be attributed to one Pd 4d conduction electron per unit cell.

We note that the geometry of the bulk FS b1 is unchanged
between 10 and 50 K [Figs. 2(b) and 2(c)], which are

-1.0 -0.5 0.0 0.5 1.0

kx (Å
-1

)

EF - 0.2eV(f)

10K

-1.0

-0.5

0.0

0.5

1.0

k y
 (

Å
-1

)

EF(a)

10K

EF - 0.2eV(d)

10K

-1.0

-0.5

0.0

0.5

1.0

k y
 (Å

-1
)

-1.0 -0.5 0.0 0.5 1.0

kx (Å
-1

)

EF(c)

10K

-1.0

-0.5

0.0

0.5

1.0
k y

 (
Å

-1
)

EF(b)

50K

EF - 0.2eV(e)

50K

  T
em

perature C
ycle  

FIG. 2. (Color online) Constant-energy maps during the temper-
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10 K, sequentially, on the same sample. (d)–(f) The corresponding
maps at EF − 0.2 eV. Note the disappearance of bands b2, b3, and b4

during the cycling process.
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PdCrO2 is material which has attracted interest due to the coexistence of metallic conductivity associated
with itinerant Pd 4d electrons and antiferromagnetic order arising from localized Cr spins. A central issue
is determining to what extent the magnetic order couples to the conduction electrons. Here we perform
angle-resolved photoemission spectroscopy (ARPES) to experimentally characterize the electronic structure.
We find that the Fermi surface has contributions from both bulk and surface states, which can be experimentally
distinguished and theoretically verified by slab band structure calculations. The bulk Fermi surface shows no
signature of electronic reconstruction in the antiferromagnetic state. This observation suggests that there is
negligible interaction between the localized Cr spin structure and the itinerant Pd electrons measured by ARPES.
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I. INTRODUCTION

Many strongly correlated electronic phases of matter exist
in close proximity to antiferromagnetic (AFM) order, such as
the high-temperature superconductivity of cuprates1 and iron
pnictides,2 as well as the heavy fermion behavior of f -electron
systems.3 In heavy fermion materials, for example, mobile
conduction electrons form a bound resonance with localized
magnetic moments, causing the electron effective mass to
increase by a factor of ∼1000 as compared to conventional
metals. A complete understanding of these materials has
proven elusive due to the competition or coexistence of
several phases, such as paramagnetism, antiferromagnetism,
and unconventional superconductivity.1–3 It is therefore of
interest to study the interaction of mobile conduction electrons
and localized magnetic moments in a less complicated system
where the physics may be more easily understood.

PdCrO2 is material which has attracted attention due to
the rich physics of its geometrically frustrated spin system.4–7

The material crystallizes in a delafossite structure with R3̄m
symmetry, and can be described as alternating stacked layers
of Pd and Cr triangular lattices. The localized spins of the Cr3+

ions (S = 3/2) exhibit AFM order at TN = 37.5 K by forming
a 120◦ spin structure with

√
3 ×

√
3 periodicity.8 The material

also exhibits metallic conductivity due to the Pd 4d9 electrons.5

The physical properties of PdCrO2 are analogous to those of
the isostructural compound PdCoO2, which also has metallic
conductivity due to its Pd 4d9 electrons.9,10 The replacement
of Co with Cr, however, introduces localized spins, and
thus provides a system in which to study the coexistence

of magnetic order and metallic conduction.4,11 Moreover,
frustration effects arising from the geometric arrangement of
the spins have unique signatures in transport measurements,
lead to unusual critical exponent behavior,5 and also play a role
in the recent observation of the unconventional anomalous Hall
effect.7

Here we report an angle-resolved photoemission spec-
troscopy (ARPES) and band structure calculation study of
the electronic structure of PdCrO2 both above and below
TN. The bulk Fermi surface (FS) is found to consist of a
single hexagonal electron pocket. In addition, surface states
corresponding to a Pd-terminated crystal are identified. We
detect no signatures of electronic reconstruction in the AFM
state. This experimental observation suggests that the AFM
order plays a negligible role in shaping the electronic structure
of the itinerant Pd electrons measured by ARPES.

II. METHODS

High-quality single crystals of PdCrO2 were grown by a flux
method and characterized with powder x-ray diffraction and
energy dispersive x-ray analysis.12 The ARPES measurements
were performed at beam line 10.0.1 of the Advanced Light
Source using linearly polarized photons of energy 55 eV.
A Scienta R4000 hemispherical analyzer was used, with a
total energy resolution of ∼20 meV and an angle resolution
of ∼0.25◦, corresponding to a momentum resolution of
0.005 Å−1. The samples were cleaved in situ at a base pressure
<5 × 10−11 torr.

125109-11098-0121/2013/88(12)/125109(5) ©2013 American Physical Society

PHYSICAL REVIEW B 88, 125109 (2013)

Electronic structure of the metallic antiferromagnet PdCrO2 measured by angle-resolved
photoemission spectroscopy

J. A. Sobota,1,2 K. Kim,3 H. Takatsu,4,5 M. Hashimoto,6 S.-K. Mo,7 Z. Hussain,7 T. Oguchi,8 T. Shishidou,9

Y. Maeno,5 B. I. Min,3 and Z.-X. Shen1,2,*

1Stanford Institute for Materials and Energy Sciences, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park,
California 94025, USA

2Geballe Laboratory for Advanced Materials, Departments of Physics and Applied Physics, Stanford University, Stanford,
California 94305, USA

3 Department of Physics, Pohang University of Science and Technology, Pohang 790-784, Korea
4Department of Physics, Tokyo Metropolitan University, Tokyo 192-0397, Japan

5Department of Physics, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan
6Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park,

California 94025, USA
7Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

8Institute of Scientific and Industrial Research, Osaka University, 8-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan
9Department of Quantum Matter, ADSM, Hiroshima University, Higashi-Hiroshima 739-8530, Japan

(Received 4 June 2013; published 5 September 2013)

PdCrO2 is material which has attracted interest due to the coexistence of metallic conductivity associated
with itinerant Pd 4d electrons and antiferromagnetic order arising from localized Cr spins. A central issue
is determining to what extent the magnetic order couples to the conduction electrons. Here we perform
angle-resolved photoemission spectroscopy (ARPES) to experimentally characterize the electronic structure.
We find that the Fermi surface has contributions from both bulk and surface states, which can be experimentally
distinguished and theoretically verified by slab band structure calculations. The bulk Fermi surface shows no
signature of electronic reconstruction in the antiferromagnetic state. This observation suggests that there is
negligible interaction between the localized Cr spin structure and the itinerant Pd electrons measured by ARPES.

DOI: 10.1103/PhysRevB.88.125109 PACS number(s): 79.60.Bm, 75.47.Lx, 73.20.−r, 71.20.Be

I. INTRODUCTION

Many strongly correlated electronic phases of matter exist
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the high-temperature superconductivity of cuprates1 and iron
pnictides,2 as well as the heavy fermion behavior of f -electron
systems.3 In heavy fermion materials, for example, mobile
conduction electrons form a bound resonance with localized
magnetic moments, causing the electron effective mass to
increase by a factor of ∼1000 as compared to conventional
metals. A complete understanding of these materials has
proven elusive due to the competition or coexistence of
several phases, such as paramagnetism, antiferromagnetism,
and unconventional superconductivity.1–3 It is therefore of
interest to study the interaction of mobile conduction electrons
and localized magnetic moments in a less complicated system
where the physics may be more easily understood.

PdCrO2 is material which has attracted attention due to
the rich physics of its geometrically frustrated spin system.4–7

The material crystallizes in a delafossite structure with R3̄m
symmetry, and can be described as alternating stacked layers
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The physical properties of PdCrO2 are analogous to those of
the isostructural compound PdCoO2, which also has metallic
conductivity due to its Pd 4d9 electrons.9,10 The replacement
of Co with Cr, however, introduces localized spins, and
thus provides a system in which to study the coexistence

of magnetic order and metallic conduction.4,11 Moreover,
frustration effects arising from the geometric arrangement of
the spins have unique signatures in transport measurements,
lead to unusual critical exponent behavior,5 and also play a role
in the recent observation of the unconventional anomalous Hall
effect.7
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the electronic structure of PdCrO2 both above and below
TN. The bulk Fermi surface (FS) is found to consist of a
single hexagonal electron pocket. In addition, surface states
corresponding to a Pd-terminated crystal are identified. We
detect no signatures of electronic reconstruction in the AFM
state. This experimental observation suggests that the AFM
order plays a negligible role in shaping the electronic structure
of the itinerant Pd electrons measured by ARPES.

II. METHODS

High-quality single crystals of PdCrO2 were grown by a flux
method and characterized with powder x-ray diffraction and
energy dispersive x-ray analysis.12 The ARPES measurements
were performed at beam line 10.0.1 of the Advanced Light
Source using linearly polarized photons of energy 55 eV.
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We report the electronic and transport properties of the triangular antiferromagnet PdCrO2 at high

magnetic fields up to 33 T, using measurements of the de Haas–van Alphen oscillations and the Hall

resistivity. The deHaas–vanAlphen oscillations below themagnetic ordering temperature TN reveal several

two-dimensional Fermi surfaces of smaller size than those found in nonmagnetic PdCoO2, consistent with

the band structure calculations. This evidences Fermi surface reconstruction due to the 120! helical ordering
of the localized Cr spins, suggesting significant coupling of the itinerant electrons to the underlying spin

texture. This induces the nonlinear Hall resistivity at low temperatures via the magnetic breakdown in the

reconstructed Fermi surface. Furthermore, such a coupling leads to the unconventional anomalous Hall

effects near TN due to the field-induced spin chirality at high magnetic fields.

DOI: 10.1103/PhysRevLett.111.176405 PACS numbers: 71.18.+y, 74.25.Jb, 75.47."m

The two-dimensional triangular-lattice antiferromagnet
(TAFM) is one of the simplest frustrated magnets, but
shows complex magnetic phases due to geometrical frus-
tration. While most of TAFM systems are insulating, there
are a few metallic systems such as PdCrO2 [1–5], AgNiO2

[6–8], Ag2MO2 (M ¼ Cr, Mn, Ni) [9–11], and Fe1:3Sb
[12]. These compounds, therefore, provide a model system
to elucidate how complex magnetic order influences the
nature of itinerant electrons and their transport behaviors.
For example, the unconventional anomalous Hall effect
(AHE) is induced by a fictitious magnetic field due to a
nonzero Berry phase associated with spin chirality [13,14].
The spin texture coupled to the itinerant electrons is one of
the key ingredients for inducing exotic properties in vari-
ous metallic frustrated magnets.

PdCrO2 is of particular interest because it is a rare
example of the TAFM’s showing an unconventional
AHE [1]. PdCrO2 consists of stacked layers of Pd and Cr
triangular lattices in a delafossite structure. The Pd layers
with mostly Pd 4d9 states are responsible for highly metallic
conduction [5] as found in the nonmagnetic isostructural
PdCoO2 [15–17]. In the CrO2 layer, Cr

3þ ions in an octahe-
dral environment have fully filled t32g states with localized

S ¼ 3=2 spins. The 120! helical ordering of the Cr spins at
TN ¼ 37:5 K has been suggested by neutron powder dif-
fraction [3,4]. For the ideal 120! spin structure, however, the
scalar spin chirality, defined as Si % ðSj ' SkÞ, is canceled out
and cannot produce the observed unconventional AHE. In
order to resolve the discrepancy, additional magnetic tran-
sition near T) * 20 K has been proposed [1], which may
induce a nonvanishing spin chirality. Therefore, it is essential

to clarify the coupling between the itinerant electrons and the
magnetic structure of the localized Cr spins in PdCrO2.
In this respect, magnetic quantum oscillations provide a

powerful tool to investigate the nature of the itinerant elec-
trons modified by the complex magnetic ordering. So far,
however, most frustrated magnets showing unconventional
AHE have large electron scattering, which hampers observa-
tion of the quantum oscillations. In this Letter, we report de
Haas–van Alphen (dHvA) oscillations, band structure calcu-
lations, and the high-fieldHall resistivity for single crystalline
PdCrO2. The dHvA oscillations of PdCrO2, in comparison
with the band structure calculations, provide clear experimen-
tal evidence for Fermi surface reconstruction due to the 120!

helical ordering of the localized Cr spins. Based on these
results, the nonlinear Hall resistivity is attributed to the mag-
netic breakdown in the reconstructed Fermi surface (FS) at
low temperatures and the field-induced spin chirality nearTN .
These findings clearly demonstrate that the itinerant electrons
are significantly coupled to the underlying spin texture of
localized Cr spins in PdCrO2.
Single crystals of PdCrO2 were grown by a flux method

as described in Refs. [18,19]. For the torque measurements,
a small single crystal, typically 50' 50' 10 !m3 was
mounted onto a miniature Seiko piezoresistive cantilever.
In total, five crystals were investigated, two in a 14 T physi-
cal property measurements system, two in a 18 T super-
conducting magnet, and one in a 33 T Bitter magnet at the
National High Magnetic Field Laboratory, Tallahassee,
Florida, USA. The magnetotransport properties of PdCrO2

were measured using a conventional six-probe configuration
in a 14 T physical property measurements system and a 33 T
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We report the electronic and transport properties of the triangular antiferromagnet PdCrO2 at high

magnetic fields up to 33 T, using measurements of the de Haas–van Alphen oscillations and the Hall

resistivity. The deHaas–vanAlphen oscillations below themagnetic ordering temperature TN reveal several

two-dimensional Fermi surfaces of smaller size than those found in nonmagnetic PdCoO2, consistent with

the band structure calculations. This evidences Fermi surface reconstruction due to the 120! helical ordering
of the localized Cr spins, suggesting significant coupling of the itinerant electrons to the underlying spin

texture. This induces the nonlinear Hall resistivity at low temperatures via the magnetic breakdown in the

reconstructed Fermi surface. Furthermore, such a coupling leads to the unconventional anomalous Hall

effects near TN due to the field-induced spin chirality at high magnetic fields.
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(TAFM) is one of the simplest frustrated magnets, but
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are a few metallic systems such as PdCrO2 [1–5], AgNiO2

[6–8], Ag2MO2 (M ¼ Cr, Mn, Ni) [9–11], and Fe1:3Sb
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3þ ions in an octahe-
dral environment have fully filled t32g states with localized

S ¼ 3=2 spins. The 120! helical ordering of the Cr spins at
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helical ordering of the localized Cr spins. Based on these
results, the nonlinear Hall resistivity is attributed to the mag-
netic breakdown in the reconstructed Fermi surface (FS) at
low temperatures and the field-induced spin chirality nearTN .
These findings clearly demonstrate that the itinerant electrons
are significantly coupled to the underlying spin texture of
localized Cr spins in PdCrO2.
Single crystals of PdCrO2 were grown by a flux method

as described in Refs. [18,19]. For the torque measurements,
a small single crystal, typically 50' 50' 10 !m3 was
mounted onto a miniature Seiko piezoresistive cantilever.
In total, five crystals were investigated, two in a 14 T physi-
cal property measurements system, two in a 18 T super-
conducting magnet, and one in a 33 T Bitter magnet at the
National High Magnetic Field Laboratory, Tallahassee,
Florida, USA. The magnetotransport properties of PdCrO2

were measured using a conventional six-probe configuration
in a 14 T physical property measurements system and a 33 T
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Bitter magnet at National High Magnetic Field Laboratory.
All the crystals show consistent behaviors, and here we
present the results obtained using a 33 T magnet. For the
band structure calculations, we employed the full potential
linearized augmented plane wave method using the HILAPW

code [20] and also using the WIEN2K-NCM code [21]. For the
exchange correlation potential, we have used the generalized
gradient approximation [19].

Figure 1(a) shows the oscillatory part of torque signals
(!osc) up toH ¼ 30 T under different tilted magnetic fields
from H k ½001# (" ¼ 0$) to H k ½100# (" ¼ 90$) at
T ¼ 1:4 K. The fast Fourier transform (FFT) for " ¼ 4$

close to H k c is shown in Fig. 1(b). At all tilting angles,
the spectrum is dominated by several peaks at F% 0:8,
%3:3, %10:5, and %27:5 kT, which we denote as #, $, %,
and &, respectively, [22]. The #ð%Þ branches consist of
3(2) closely spaced peaks as labeled as #ið%iÞ [Figs. 1(c)
and 1(d)]. Also, we observed 2nd harmonics of the #
branches at F% 1:6 kT [Fig. 1(c)]. The $ branches near
%3:3 kT exhibit a complex structure consisting of several
small peaks. Also, for the & branches, we observed mixing
with #i branches, resulting in the &( #i peaks.

These FFT results are in strong contrast to those of
nonmagnetic isostructural PdCoO2. Recent dHvA experi-
ments on PdCoO2 [23] reveal two frequencies at
F% 30 kT. These cyclotron orbits are assigned to the
neck and the belly in the warped two-dimensional (2D)
cylindrical FS using the Onsager relation F ¼
ð@c=2'eÞAk. Hence, there is a single quasi-2D FS in
PdCoO2, in good agreement with the band structure calcu-
lations and the angle-resolved photoemission spectroscopy
[15,17]. Compared to those of PdCoO2, the cyclotron orbits
found in PdCrO2 are much smaller, except the largest &
orbit with F% 27:5 kT. Considering that the dHvA oscil-
lations were taken below TN , this suggests that additional
FSs (#, $, and %) are introduced by the helical ordering of
the localized Cr spins. These observations provide clear
experimental evidence for Fermi surface reconstruction.
In order to identify the origin of the orbits, we calculated

Fermi surfaces using band structure calculations [Fig. 2(b)]
[19]. There are two types of 2D Fermi surfaces: a small
triangular pillar with electron character at the corners of
the Brillouin zone and a big hexagonal pillar with a hole
character centered at the ! point. Such complex Fermi
surfaces are easily understood in terms of band folding in
a rotated

ffiffiffi
3

p
)

ffiffiffi
3

p
supercell due to the Cr spin ordering.

Compared to the nonmagnetic PdCoO2, the magnetic unit

FIG. 1 (color online). (a) The oscillatory part of the torque
signal (!osc) as a function of applied magnetic fields with differ-
ent angles " against the c axis at 1.4 K. The fast oscillations at
high magnetic fields for " ¼ 1$ is shown in the inset. (b) The
typical FFT spectra of the dHvA oscillations in the field range
from 10 to 30 T, for example, at " ¼ 4$. An expanded view of
the FFT spectra for the different frequencies, labeled as (c) #,
(d) %, and (e) &. Each FFT peak consists of more than two
closely spaced peaks (see the text).
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FIG. 2 (color online). (a) A triangular Pd layer stacked with a
triangular lattice of Cr with three different types of spin direc-
tions. The crystal (magnetic) unit cell is indicated by the orange
(red) dotted lines. (b) Calculated Fermi surfaces of PdCrO2 and a
cross section of the Fermi surface. Edges of the first Brillouin
zone are drawn by thin black lines. The triangular (#), lens ($),
small hexagonal (%), and large hexagonal (&) orbits are high-
lighted. The magnetic breakdown orbits ($ and &) are indicated
by the dashed line. (c) The angle dependence of the FFT spectra
for the # orbits (left) and the $ orbits (right). (d) Angular
dependence of all observed dHvA frequencies (F) with magnetic
field angle ". " is a tilt angle from [001] to [100] direction. The
dashed lines show the results of the band calculations.
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Cmag = A!!T/TN − 1!−"!
, "2#

where "+ and "− denote exponents above and below TN and
A! represents respective coefficients. The resulting exponent
is "+=0.13!0.02 "0.005# t$0.6# above TN. In the vicinity
of TN, we reproducibly observed saturation of the divergence
in several samples investigated in this study. Such saturation
is often observed in other magnets as well.34 Anticipating
another value of " in the conventional critical region, we
fitted Eq. "2# to the data between 0.005 and 0.1. The obtained
value "+=0.14!0.02 is essentially the same as that obtained
in the wide temperature range. This indicates, as it is also
evident from Fig. 4, that the critical behavior near TN persists
to high temperatures. For temperatures below TN, the critical
behavior is weaker than log"t#. It is known that the three
cases, a logarithmic divergence, a cusp, and a jump at TN, are
represented by the critical exponent "=0. Thus we assign
"−=0 for the cusp observed in PdCrO2. We will further dis-
cuss the critical exponents "! in Sec. IV.

B. Electrical resistivity

In Fig. 2"b# the electrical resistivity of PdCrO2 between
300 and 0.35 K is shown. The anomaly due to the AF tran-
sition is observed at temperatures centered around
37.5!0.5 K at which d% /dT exhibits a clear sharp peak in
agreement with the specific-heat data. The resistivity exhibits
a metallic temperature dependence down to 0.35 K but a
very weak upturn of about 0.2% below 7 K. This weak up-
turn is attributed to a weak localization of conduction elec-
trons due to grain boundaries in the pelletized samples be-
cause no anomaly was found at that temperature in other
quantities.

By fitting the formula %"T#=A+BTn to the data below and
above TN, we obtained n=2.9!0.1 "10 K#T#35 K# and
n=0.34!0.05 "38 K#T#150 K#. Below the transition
temperature, the behavior in PdCrO2 is consistent with that
of ordinary magnetic metals with localized moments, which
are known to exhibit such superlinear temperature depen-

dence with n&1.35–37 However, above TN, the observed sub-
linear temperature dependence with n#1 is in clear contrast
to the resistivity of ordinary magnetic metals.38,39 We will
discuss the origin of this unusual T-sublinear resistivity ob-
served in PdCrO2 in Sec. IV.

We note here that there exists sample dependence in the
absolute values of the resistivity, probably due to the fragility
of the samples. However, the qualitative behavior of the re-
sistivity is consistent for all the samples investigated.

C. Magnetic susceptibility

The results of the dc magnetic susceptibility "M /H='#
for zero-field-cooling "ZFC# and field-cooling "FC# runs at
0.1 T from 350 to 1.8 K are shown in Fig. 2"c#. The suscep-
tibility ' continuously increases with decreasing tempera-
ture. Below about 200 K it starts to deviate from ordinary
Curie-Weiss behavior. It exhibits a broad peak around 60 K
as previously reported.22 Such behavior is also reported for
other 2D-THAF compounds, e.g., VCl2 "Ref. 40# and ACrO2
"A=Li,Na#,41,42 indicating a development of 2D short-range
spin correlations with decreasing temperature. At TN, ' ex-
hibits a continuous anomaly and d' /dT exhibits a clear peak.
Moreover, d' /dT exhibits a shoulder structure around 20 K
$the inset of Fig. 2"c#% at which Cmag also exhibits the hump.

Fitting '"T#='0+C / "T−(W# to the corrected data in the
temperature interval of 250–350 K, we obtained the effective
moment to be )eff=3.8–4.1 )B and the Weiss temperature
to be (W&−500 K, which are consistent with the earlier
report.22

D. Neutron scattering

Powder neutron-diffraction patterns at several tempera-
tures in zero field are shown in Fig. 5. Below TN, we ob-
served magnetic Bragg peaks. The observed magnetic Bragg
peaks are rather broad, implying short coherence of the long-
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FIG. 4. "Color online# Critical behavior of the magnetic specific
heat. The temperature range in which the critical behavior is ob-
served extends up to around T /TN−1=0.6 "around 60 K#. The criti-
cal exponents "! are estimated as "+=0.13!0.02 above TN and as
"−=0 below TN.
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FIG. 5. "Color online# Powder neutron-diffraction patterns ob-
tained at 0.8, 10, 15, 20, and 45 K in zero field with the counting
time of 60 s for each data point. The peak positions are indexed.
The observed magnetic Bragg peaks are clearly broader than the
instrument resolution. The diffuse scattering feature centered
around ('32° remains visible above TN. An impurity peak was
detected at 2(=53° "see text#.
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Critical behavior of the metallic triangular-lattice Heisenberg antiferromagnet PdCrO2
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We report physical properties of the conductive magnet PdCrO2 consisting of a layered structure with a
triangular lattice of Cr3+ ions !S=3 /2". We confirmed an antiferromagnetic transition at TN=37.5 K by means
of specific heat, electrical resistivity, magnetic susceptibility, and neutron-scattering measurements. The critical
behavior in the specific heat persists in an unusually wide temperature range above TN. This fact implies that
spin correlations develop even at a much higher temperature than TN. The observed sublinear temperature
dependence of the resistivity above TN is also attributed to the short-range correlations among the frustrated
spins. While the critical exponent for the magnetization agrees reasonably with the prediction of the relevant
model, that for the specific heat evaluated in the wide temperature range differs substantially from the
prediction.

DOI: 10.1103/PhysRevB.79.104424 PACS number!s": 74.25.Ha, 75.40.Cx, 84.37.!q

I. INTRODUCTION

Geometrically frustrated spin systems have attracted
much attention for the realization of ground states with un-
conventional order parameters. Especially, antiferromagneti-
cally interacting spins on two-dimensional !2D" triangular
lattices !TLs" are actively investigated because the simple
triangular arrangement of spins gives rise to various ground
states depending on the nature of the spins.1–7 One remark-
able example is a continuous spin system such as XY or
Heisenberg magnets.4–13 For such systems, it is predicted
that the frustration is partially relaxed by forming a local
120° spin structure. The short-range spin correlations pro-
duce an additional degree of freedom called the vector
chirality. Interestingly, the vector chirality may exhibit a
long-range order at a finite temperature although the spins
are not long-range ordered. However, it is difficult to detect
the chirality order directly in real materials because many of
them exhibit static long-range spin order due to additional
interactions !e.g., interlayer interactions" above their pre-
dicted chirality-order temperature. Nevertheless, it is ex-
pected that the proximity to chirality order affects the critical
behavior of physical properties near a magnetic phase
transition.13–15 Indeed, e.g., the 2D triangular Heisenberg an-
tiferromagnetic !THAF" compounds, VX2 !X=Cl,Br" exhibit
an unusual critical behavior with characteristic critical
exponents.16–18 Therefore, a detailed investigation of the
critical behavior may reveal the interplay between spins and
vector chiralities.

Most of the 2D-THAF compounds are insulators or semi-
conductors. Therefore, the magnetic properties of 2D metal-
lic THAF compounds have not been sufficiently clarified. In
order to reveal the intrinsic interaction of the conduction
electrons with frustrated spin moments, it is desirable to in-
vestigate a clean metallic THAF compound without disorder
introduced by chemical doping.

We studied the 2D-THAF oxide PdCrO2 !Cr3+ ,S=3 /2"
and revealed that it exhibits metallic conductivity without
chemical doping down to low temperatures. Thus, we believe
that this oxide is one of the simplest and most suitable sys-

tems for the investigation of the interplay between conduc-
tion electrons and frustrated magnetism, as well as the in-
volvement of the vector chirality.

PdCrO2 crystallizes in the delafossite structure with the
space group R3̄m !D3d

5 ". This structure is closely related to
the ordered rock-salt structure of ACrO2 !A=Li,Na,K".19

However, they exhibit a different stacking sequence of the
respective oxide and metal-ion layers in the unit cell. In the
delafossite structure, the noble-metal ions such as Pd1+ are
linearly coordinated by two oxygen ions along the c axis like
a dumbbell, whereas in the ordered rock-salt structure, the
alkali-metal ions A1+ are zigzag connected to oxygen ions.
The lattice parameters !Fig. 1" of PdCrO2 at 25 °C are a
=b=2.930 Å and c=18.087 Å.21 The temperature depen-
dence of the magnetic susceptibility starts to deviate from a
Curie-Weiss behavior below room temperature with a broad
peak at about 60 K.22 The Weiss temperature "W and the
effective moment #eff were reported to be "W#−500 K and
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FIG. 1. !Color online" Crystal structure of PdCrO2. This struc-
ture consists of alternating stacks of a triangular lattice of palladium
and a triangular lattice of edge-shared CrO6 octahedra. These draw-
ings were produced using the software VESTA !Ref. 20".
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much attention for the realization of ground states with un-
conventional order parameters. Especially, antiferromagneti-
cally interacting spins on two-dimensional !2D" triangular
lattices !TLs" are actively investigated because the simple
triangular arrangement of spins gives rise to various ground
states depending on the nature of the spins.1–7 One remark-
able example is a continuous spin system such as XY or
Heisenberg magnets.4–13 For such systems, it is predicted
that the frustration is partially relaxed by forming a local
120° spin structure. The short-range spin correlations pro-
duce an additional degree of freedom called the vector
chirality. Interestingly, the vector chirality may exhibit a
long-range order at a finite temperature although the spins
are not long-range ordered. However, it is difficult to detect
the chirality order directly in real materials because many of
them exhibit static long-range spin order due to additional
interactions !e.g., interlayer interactions" above their pre-
dicted chirality-order temperature. Nevertheless, it is ex-
pected that the proximity to chirality order affects the critical
behavior of physical properties near a magnetic phase
transition.13–15 Indeed, e.g., the 2D triangular Heisenberg an-
tiferromagnetic !THAF" compounds, VX2 !X=Cl,Br" exhibit
an unusual critical behavior with characteristic critical
exponents.16–18 Therefore, a detailed investigation of the
critical behavior may reveal the interplay between spins and
vector chiralities.

Most of the 2D-THAF compounds are insulators or semi-
conductors. Therefore, the magnetic properties of 2D metal-
lic THAF compounds have not been sufficiently clarified. In
order to reveal the intrinsic interaction of the conduction
electrons with frustrated spin moments, it is desirable to in-
vestigate a clean metallic THAF compound without disorder
introduced by chemical doping.

We studied the 2D-THAF oxide PdCrO2 !Cr3+ ,S=3 /2"
and revealed that it exhibits metallic conductivity without
chemical doping down to low temperatures. Thus, we believe
that this oxide is one of the simplest and most suitable sys-

tems for the investigation of the interplay between conduc-
tion electrons and frustrated magnetism, as well as the in-
volvement of the vector chirality.

PdCrO2 crystallizes in the delafossite structure with the
space group R3̄m !D3d

5 ". This structure is closely related to
the ordered rock-salt structure of ACrO2 !A=Li,Na,K".19

However, they exhibit a different stacking sequence of the
respective oxide and metal-ion layers in the unit cell. In the
delafossite structure, the noble-metal ions such as Pd1+ are
linearly coordinated by two oxygen ions along the c axis like
a dumbbell, whereas in the ordered rock-salt structure, the
alkali-metal ions A1+ are zigzag connected to oxygen ions.
The lattice parameters !Fig. 1" of PdCrO2 at 25 °C are a
=b=2.930 Å and c=18.087 Å.21 The temperature depen-
dence of the magnetic susceptibility starts to deviate from a
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Summary
• We have measured 

the paramagnetic 
Fermi surface of 
PdCrO2 by Compton 
scattering	


• There is clear 
evidence of short-
range magnetic order 
which persists above 
TN 	


• Crystal is different 
from powder!
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