Single crystal growth of the metallic triangular-lattice antiferromagnet PdCrO
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Abstract

We report details of single crystal growth of the metallic triangular-lattice antiferromagnet Pd@n€isting of layers

of Pd triangles and Cr triangles stacking along ¢hexis. We used the NaCl flux method and obtained the crystals
with the size as large asx3.5 x 0.3 mn?. We confirmed that single crystals have the delafossite structure with
the R3m symmetry. The electrical resistivity along theaxis and that in theb plane exhibit metallic temperature
dependence with the anisotropic ratig/pa, of over 300 at low temperatures. The residual resistivity of as small
aspo.ab = 45 M2 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 anomalougddallAHE).
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1. Introduction

DelafossitesABO, (A: noble-metal elementsB:
transition-metal and rare-earth elements) crystallize in a
layered structure consisting of alternating stacks of tri-
angular lattices (TL) of monovaledt'* ions and triva-
lent B®* ions along thec axis (Fig. 1). Because of the
simple TL structure, members with the magnetic ions
at theB site are useful for the clarification of the unre-
solved issues of ideal TL magnets [1, 2, 3, 4]. In ad-
dition, by the choice oA site ions, the metallicity can
be controlled. Insulating delafossites are actively inves-
tigated as the typical multiferroic materials. For exam-
ples, CuFe@[5] and CuCrQ [6, 7] are known to ex-
hibit strong coupling between the spiral magnetic order-
ing with the proper-screw type spin structure and the fer-
roelectric polarization. Metallic delafossites with frus-
trated spin structure are promising for the investigation
of the unconventional anomalous Halftect (UAHE),
which emerges not from the conventional order param-
eter magnetizatioM but possibly from the multi-spin
quantity “scalar spin chirality” [8].

Although most delafossites are insulators or semi-

conductors, there are several members of metallic de-

lafossites, such as AgNiJ9, 10], PdCoQ [11, 12],
PtCoQ [13, 14], and PdCr@[15]. Among them, only
AgNiO, and PdCrQ are magnetic metals. In particu-
lar, since metallic and magnetic origins are well sepa-
Preprint submitted to Journal of crystal growth

Figure 1: (a) Unit-cell crystal structure of delafoss#BO,. Both A

and B ions form triangular lattices and stack along thexis in the
sequenc®-0-A-O-B. (b) Side view of the crystal structure. The oxy-
gen ions above and below thesite ions are not shown in this figure

in order to focus on the layered structurefodndB atoms. The black
lines indicate the unit cell. The symbols X, Y, and Z represent the
staking patterns of the layers. (c) Schematic drawing of the top view
of the crystal structure. The definition of the symbols X, Y, and Z are
the same as that in (b). These figures are generated by VESTA [17].

rated in PdCr@, this compound should provide unique
opportunities to study the interplay between the local-
ized frustrated spins and conduction electrons including
UAHE [16].

In order to clarify the mechanism of such unconven-
tional transport properties, determinations of the Fermi
surfaces and the detailed magnetic structure are neces-
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sary. For these measurements, availability of the high-
quality single crystals is crucial. Here, we present (a)
the details of the growth of high-quality PdCGr@in-

gle crystals. To the best of our knowledge, this is the

first report of the details of the single crystal growth of
PdCrQ.

Previous studies on powder samples of PdCnéve
revealed that it exhibits an antiferromagnetic transition
at Ty = 37.5 K forming a 120 spin structure [18, 15].
This Neel temperature is an order of magnitude lower
than the Weiss temperatufg, ~ —500 K; the frustra-
tion parameterf = |6\|/Ty is about 13, indicating a
strong frustration among spins. Single crystals obtained
in this study revealed isotropic magnetization abdye
consistent with the Heisenberg spins, while they clari-
fied the emergence of anisotropy beldyy, indicating
that the 120 spin structure is easy-axis type.

2. Crystal growth

Single crystals of PdCrDwere grown by a NaCl flux
method. Polycrystalline PdCpQused for the single
crystal growth were prepared in two steps. In the first
step, LiCrQ was prepared as a precursor by the solid-
state reaction of the stoichiometric mixture obCiO3
(99.99%, Aldrich Chemical Co.) and &3 (99.99%,
Rare Metallic Co. Ltd.) at 85 in air in an alu-
mina crucible for 24 hours. In the second step, PdCrO
powder was synthesized by the following metatheti-
Cal, reaction: Pd+ PdCh + 2LICrO; — 2PdCrQ + Figure 2: Optical microscope images of as-grown single crystals of
2LiCI [13, 15, 19]. For this step, Pd powder (99.99%, pdcro.

Furuuchi Chem. Co.) and PdCpowder (99.999%,
Aldrich Chemical Co.) were used. The mixture was
ground in a mortar for 30-60 minutes, sealed in an evac-
uated quartz tube (100 mr¢10 mm), heated to 79C

and kept at this temperature for 96 hours. The obtained
product was washed with aqua regia and distilled water
to remove LiCl, unreacted Pd, and other by-products.

Single crystals were grown from the mixture of poly-
crystals of PdCr@ and NaCl (99.99%, Rare Metallic
Co. Ltd.) with a mass ratio of typically 1 : 10. We note
here that the minimum mass ratio in which single crys-
tals were formed was 1 : 4. The mixture was sealed in
an evacuated quartz tube (130 n20 mm), heated
to 880C in 3.5 hours, and kept at this temperature for
24 hours. It was then cooled down to 8@0at the cool-
ing rate of 025-05°C/h and to 700C at ’C/h. We 3. Characterization
should note that the melting point of NaCl is 8@lat
ambient pressure. After the slow cooling processes, the Figure 3 represents the powder X-rayffidiction
guartz tube was furnace-cooled down to room temper- (XRD) spectra of polycrystalline and single-crystalline
ature. Single crystals were obtained with by-products samples of PdCrg) with the Cuk,; radiation. These

2

(110) plane 1 mm | (100) plane 1 mm

such as GiOsz. In order to grow larger crystals, sin-
gle crystals were added in the mixture as seeds. The
largest crystal size obtained is abol@23.5x 0.3 mn?
(see the microscope pictures in Fig. 2). We note here
that single crystals of PdCeQvere not obtained either
with PdCb flux, Bi»Os flux, or BioO3—B,0O3 mixed flux.
The starting PdCr® polycrystals remained unreacted
in PdC} flux. They decomposed in BD3 and BbOs—
B,0s fluxes but did not produce any crystals. We also
note that attempts to grow the single crystals in air using
Pt crucibles were not successful.
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Figure 3: Powder XRD spectra of (a) polycrystalline samples and
(b) crushed single-crystalline samples of Pdg® room tempera-

ture. The peak pattern can be labeled with the delafossite structure

with R3m symmetry. The additional peak labeled wittor the sin-
gle crystal spectrum at about 2= 34° originates from an impurity
phase of CfOs3. It is well separated from the PdCs@ingle crystals,
but a small amount of powder &3 was inevitably picked up in the
preparation for measurements.

two spectra exhibit the same patterns, yielding the lat-
tice parameters o = b = 2923 A, c = 18086 A for
both single crystals and polycrystals.

The X-ray Laue patterns for the (001) plane and (100)

- (b)

7 1oy g

Figure 4: X-ray Laue patterns of (a) the (001) plane and (b) the (100)
plane in back-scattered conditions. The photos exhibit clear spots that
agree with theR3m symmetry. (c¢) and (d): the corresponding calcu-
lated patterns.

sity n = 1.62 x 1072 cm™ [21], the mean free path
| = (hke/n€po) in the ab plane is estimated to be as
large ads, ~ 30um. These large RRR arldyuarantee
high quality of the obtained crystals. The anisotropic
ratio pc/pap is over 190 in the whole measurement tem-
perature range. The large anisotropy of the resistivity
is consistent with the expectation that the metallic con-
ductivity mainly originates from the Pd layer.

The dc magnetizationM was measured with a
SQUID magnetometer (Quantum Design, MPMS) from

plane are presented in Figs. 4(a) and (b). Calculated pat-300 K to 1.8 K in magnetic fieldsoH between 0.01

terns for these conditions shown in Figs. 4(c) and (d)

and 7 T in both field-cooled (FC) and zero field cooled

are consistent with the measured patterns. The clear(zrc) conditions. Figure 6(b) shows the temperature

Laue spots guarantee high crystallinity of the crystals.
Scanning electron microscope (SEM) images with the
energy dispersive X-ray (EDX) analysis mapping are

dependence of the magnetic susceptibilities:(M/H)
measured in the fieldyH = 1 T along thec axis, and
in theab plane. AboveTy, y is isotropic, exhibiting the

presented in Fig. 5. The EDX analyses confirmed the crie—Weiss behavior above 200 K with the localized

homogeneity of the crystals with the composition ratio
of Pd/Cr = 1.1 + 0.1. Fig. 5 also indicates the &
impurity phase localized on the left edge of the crystal.

Figure 6(a) represents the electrical resistivity along
thec axis (oc) and in theab plane p,,) measured with
both the ac and dc four-probe methods from 300 K to
0.32 K. Bothp, and pap exhibit metallic temperature

momentuer = 4.0 £ 0.2 ug [15]. These results sug-
gest that PdCr@constitutes a Heisenberg spin system,
consistent with the expectation of the localized spins
of the CP* ion (3, S = 3/2). In contrast, below
Tn, at which the spins form a 12Gtructure [15, 18],

x becomes anisotropic with a sudden decreas&yat
the value ofyap becomes larger than that gf. Such

dependence down to the lowest measurement temper-anisotropy is similar to the susceptibility of another de-

atures with clear anomalies @f. The residual re-
sistivities arepgc 165 pQ cm pgap = 45 M2 cm
(see the inset of Fig. 6). The residual resistivity ratio,
RRR = p(295K)/p(0.32K), is estimated to be 104 for
pc and 200 forpa,. By using the value of the Fermi
wave numbekr = 0.93 A~ [20] and the carrier den-
3

lafossite CuCr@[7], but is diferent from a similar lay-
ered TL magnet LiCr@ with y. larger thanyay [22].
Within the mean field approximation [23}, should be
isotropic even belowTy if the inter-plane spin con-
figuration is ferromagnetic. The observed anisotropy
Xab > Xc iS expected if the inter-plane configuration is
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Figure 5: EDX mapping in SEM images of single crystalline PdCrO
The coloring of the images represents the concentration of elements
constituting PdCr@: Pd (Green), Cr (Yellow) and O (Purple). The
Cr,03 impurity can be seen as a separated phase at the left edge of
the crystal (Red arrows).

X (10'3 emu/mol)

antiferromagnetic and the spins lie in a plane containing P L )
the c axis (the so-called easy-axis type 12@ructure). 0 50 100 150 200 250 300
We note that the anisotropy, < x. for LICrO; is at- T (K)

tributed to a 120 structure where the spins lie in thé

plane (the easy-plane type structure) with an antiferro- Figure 6: (a) Temperature dependence of the electrical resistivity

. C - . along thec axis (oc) and in theab plane pap). Bothp: andpap, exhibit
magnetic inter plane conflguratlon. clear anomalies aty, associated with the antiferromagnetic transi-
tion. The inset shows the low temperature behavigr.andpap. (b)
Temperature dependence of the magnetic susceptibilities in the field
at 1 T along the axis (y¢) and in theab plane fap). Above Ty, yc
andyap are nearly equal. In contrast, beldw, yc becomes smaller
thanyap. The inset focuses on the behavior near and bdigw A
slight splitting of the ZFC and FC curves appears at temperatures be-
We have succeeded in growing single crystals of lowabout10K.

PdCrQ by a NaCl flux method. It was confirmed that

the obtained crystals are in the delafossite structure with

the R3m symmetry. The large values of the residual re-

sistivity ratio over 100 and the mean free path in de Acknowledgements
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