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Crystal Growth and Electrical Properties of CuFeO, Single Crystals
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Deiafossite-type CuFeO, single crystals have been prepared by a flux method: crystals obtained in a
Cu crucible with LiBO; as flux are n-type whereas those prepared in a Pt crucible with a Cu,O flux are
p-type. Electrical measurements have revealed that n-type crystals exhibit weak anisotropic conduc-
tivities with large activation energies and small mobilities (r.t. values perpendicular and parallel to the
c-axisi g, =5 X 1075 and wy = 1077 cm~2V "' sec™ ). p-type crystals, less anisotropic, are characterized
by low activation energies and higher mobilities (1, = 34 and g, = 8.9 cm? V-! sec”). A two-
conduction-band model is proposed to account for the difference observed between the energy gap
value deduced from photoelectrochemical measurements and the activation energy of the electrical

conductivity in the intrinsic domain.

Introduction

Many studies have been devoted to Cu
FeO, which was historically the first known
compound exhibiting the so-called delafos-
site structure. Such a structure consists of
close packed oxygen double layers in which
the octahedral sites are occupied by Fe3*
cations. These double layers are linked by
monovalent Cu* ions with a two-fold oxy-
gen linear coordination as shown in Fig. 1
(1, 2).

* Permanent address: Applied Physics Department,
Faculty of Sciences, King Mongkut Institute Technol-
ogy, Lad-Kabang, Bangkok 10520, Thailand.
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Magnetic properties have been inten-
sively studied. CuFeO, is antiferromagnetic
(Tw = 13 K) with stronger interactions
within the layers than along the c-axis, as
could be anticipated from the structure (3).
Calculations of the lattice energy and Mgss-
bauer spectroscopy measurements have
confirmed the monovalent and trivalent ox-
idation states of copper and iron, respec-
tively.

The opto-electronic and electrical prop-
erties of p- and n-type polycrystalline Cu
FeO, have been recently investigated, at
room temperature, by Benko er al. (4).
These authors have found that the carrier
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F1G. 1. Delafossite-type structure. Solid black cir-
cles represent the copper atoms.

mobility in p-type sampies is much higher
than that in n-type ones. They have attrib-
uted this behavior to two different conduc-
tion mechanisms involving Cu* and Fel*,
respectively.

Despite the 2D-character of the structure
only one paper reports measurements of
the anisotropy of transport properties of
CuFeO; single crystals (5).

Photoelectrochemical  characterization
and thermal variation of electrical proper-
ties of pure and Pt-doped single crystals re-
ported here confirm the model of Benko et
al. (4). Special attention is paid to the an-
isotropy and its variation with temperature.

Sample Preparation and Crystal Growth

CuFeO; polycrystalline samples have
been prepared by solid state reaction be-
tween Cu,0 and Fe,O; with the molar ratio
3:1 as previously described (3). Pellets
were sintered at 7 = 1325 K for 48 hr in a
silica tube sealed under vacuum and then
quenched at room temperature.

The Cu-delafossite-type compounds melt
incongruently so that a flux method has
been chosen for the single crystal growth.
Examination of the Cu-Fe-O phase dia-
gram shows the possibility of growing crys-
tals from a copper rich flux of mixed oxides
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in air (6). The starting oxides were CuO
(Ultrapure from Alpha Ventron) and Fe,0;
(Specpure from Johnson Matthey). A mix-
ture of thoroughly ground CuO and Fe,0;
powder (wt. = 20 g) was introduced into a
30-cm? platinum crucible and then heated in
air. Starting composition, thermal cycle,
and results are given in Table 1.

Only small size single crystals, referred
to as Cx(Pt), could be obtained. They were
separated from solidified copper oxide by
leaching using hot diluted nitric acid for 7
days. The platinum crucible was attacked
by the mixture and traces of Pt have been
detected in the crystals as shown below.
The main problems encountered using
those experimental conditions result from

(i) the high chemical reactivity of cop-
per (I) oxide above 1300 K in the solid and
particularly in the molten state (Ty = 1398
K in air),

(ii) the strong influence of the oxygen
partial pressure on the Cu,O/CuO equilib-
rium (7).

The previous remarks led us to select a
copper crucible and lithium metaborate as
solvent. A mixture (wt. = 20 g) of LiBO,
(Specpure), Cuy0 (99.95% from Alpha Ven-
tron), and Fe>O; (Specpure from Johnson
Matthey) was introduced into the crucible
and heated in an alumina reaction tube
swept by a flow (2 liters/hr) of dried argon
(Po, = 107 atm). Growth conditions are
summarized in Table 1.

Small single crystals, referred to as
Cx(Cu), were easily recovered by washing
with hot diluted nitric acid in an ultrasonic
pot. In both cases the as-grown crystals
were examined with an optical microscope
in order to reject samples containing flux.

The chemical composition of crystals
from both growth methods has been con-
firmed by electronic microprobe analysis.
As already mentioned traces of Pt were de-
tected in Cx(Pt) single crystals. The Pt con-
centration is approximately of 0.08 mole%
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TABLE 1

CRYSTAL GROWTH CONDITIONS
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Thermal cycle

Results

Heating up to 1180°C at
50°C/hr

10-hr soak at 1180°C

Cooling down to 1020°C
at 2°C/hr

Black hexagonal or
triangular platelets
with (001) principal
faces and 2 X 2 x 0.3
mm?® size

Ref. Composition Crucible Atmosphere
Cx(Pt) 4.5 CuO + % Fe,04 Pt Air
Cx{(Cu) 0.04 Cu,O + 0.04 Fe,0, Cu Argon

+ 0.92 LiBO,

Final cooling down to
room temperature at
30°C/hr

Heating up to 950°C at
50°C/hr

10-hr soak at 950°C

Cooling down to 820°C
at 2°C/hr

Final cooling down to
room temperature at
30°C/hr

Black platelets with
(001) principal faces
and 3 ¥ 3 x 0.1 mm*
size

and homogeneously distributed in the
crystal.

The lattice parameters were determined
on ground crystals from X-ray powder dif-
fraction data with Si as standard. The pa-
rameter values, listed in Table II, are in a
good agreement with a hexagonal cell of
delafossite-type structure but show some
small fluctuations which could be attributed
to a slight departure from stoichiometry.
The R3m space group has been confirmed
on Weissenberg photographs.

Experiments and Results

Electrical Conductivity

The electrical conductivity measure-
ments on polycrystalline samples have

TABLE II
LATTICE PARAMETERS OF CuFeQ,

Ref. a(A) c(A)
Polycryst. 3.035 = 0.001 17.16 = 0.01
Cx(Pt) 3.030 = 0.001 17.15 = 0.01
Cx(Cu) 3.032 = 0.001 17.15 = 0.01

been carried out using the four-colinear-
probe method and automatic equipment de-
scribed elsewhere (8). In order to give evi-
dence of the anisotropy of conductivity in
single crystals which are plate-like shaped
with the main faces perpendicular to the c-
axis, several methods have been used de-
pending on the sample length in the current
carrying direction. As the o, conductivity
measured in natural faces (L to c-axis) is
isotropic, no problem arises from the con-
tact position and the four collinear probe
method is quite convenient. For conductiv-
ity measurements performed along the c-
axis (o) the contact position is more critical
so that the Montgomery’s method appar-
ently seems more appropriate (9).
However, both methods were tried on
Cx(Pt) single crystals which are relatively
thick (=0.3 mm) and a quantitative agree-
ment has been found between experimental
results. For Cx(Cu) single crystals the
thickness of which is about 0.1 mm the pre-
vious methods fail and the original pattern
described by Rogers et al. appears to be
more suitable (5). Nevertheless its applica-
tion is restricted by the condition o, > o
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Fi1G. 2. Logarithm of electrical conductivity vs re-
ciprocal temperature for CuFeQ, single crystals [ref.
Cx(Cu)]: (A) L to the c-axis, (W) || to the c-axis, and
for (@) polycrystalline samples.

which has to be satisfied as the equipoten-
tial planes are assumed to be parallel with
the layers. If this condition is not fulfilled
the two-probe method leads to more signifi-
cant results,

The variation of the conductivity vs re-
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ciprocal temperature of polycrystalline
samples and of the Cx(Cu) single crystals
are compared in Fig. 2.

For polycrystalline samples the conduc-
tivity follows an Arrhenius law in the 250~
500 K temperature range, the correspond-
ing activation energy being AE = 0.41 eV.
Between 500 and 750 K, d(log o)/d(1/T)
first decreases and then increases for higher
temperatures, suggesting a transition from
an extrinsic to an intrinsic-type behavior.

The electrical conductivity of Cx(Cu) sin-
gle crystals has been measured from room
temperature up to 850 K both parallely and
perpendicularly to the c-axis (Fig. 2). The
large anisotropy observed at T = 300 K (o, /
oy = 500) decreases at increasing tempera-
ture. The behavior of o, and oy vs 1/T gives
evidence of temperature domains where the
conductivities follow an Arrhenius law as
observed before in the case of polycrystal-
line samples. Values of activation energy
are given in Table III.

The electrical conductivity of Cx(Pt) sin-
gle crystals has been measured in the 7-800
K temperature range as shown in Fig. 3.

TABLE III

ELECTRICAL PROPERTIES OF CuFeO; AT RooM TEMPERATURE

AFE” AE" n (or p)¢ T n
Materials Type (eV) eV)y A (cm %) (Q'em™) (cm? V-tsec )
Polycryst. n 4.1 x 107! 0.13 34 1.2 x 10* 1.9 x 1077 I x 10"
(this work)
Polycryst. n — 0.12 1.8 x 107 3.2 x 1077 1.1 X 10-*
1% Sn (4)
Cx(Cu) n 9.4 x 107)  0.17¢)h 2.7 1.8 x 10°% 6.5 x 1077(|) 23 x 10 7()
(this work) 2.8 x 107'(1) — 3.1 x 107%(1) 1.1 X 107%)
Cx(PY) p o 8.9 x 1073 — = s xiowe M 8.9 ()
(this work) 9.3 x 107%(1) — ' 96 (L) 34(L)
Polycryst. (4) P — 0.17 — 3.9 x10%" 1.53 0.27
Cryst. — 23 x 1074 — 3.3 x 1074 —
(5) S ox 10y — - 2(1) —

“ assuming one type of carriers,

# carrier number deduced from thermoelectric power measurements,
¢ carrier number deduced from Hall measurements;

|| parallel to c-axis,
1 perpendicular to c-axis.
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F1G. 3. Logarithm of conductivity vs reciprocal tem-
perature for Pt-doped CuFeQO, single crystals [ref.
Cx(Pt)]: (A) L to the c-axis and (H) || to the c-axis.

The anisotropy determined by Montgom-
ery’s method is small (o /oy = 3.8 at T =
300 K) and nearly independent of tempera-
ture. Between 30 and 300 K the variation of
log(a) vs 1000/T is linear. A departure from
that behavior is observed near the Néel
temperature (Ty = 13 K) (3). The activation
energy values below and above Ty are
given in Table III. From 300 to 420 K the
conductivities are nearly constant and
slightly decrease for higher temperatures.

Thermoelectric Power

The thermoelectric power a of polycrys-
talline samples has been measured from 160
to 1000 K. As shown in Fig. 4, « is negative
in the investigated temperature range. The
behavior of a vs 1000/T can be divided into
two temperature ranges (170 < T < 650 and
T > 730 K) corresponding to those ob-
served for the conductivity variation. In-
side those temperature domains |a| in-
creases monotonically with reciprocal
temperature. The activation energy of the
thermoelectric power in the 160-300 K
temperature range is much lower than that
of the conductivity as shown in Table III.

For Cx(Cu) single crystals the very small
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thickness of the sample leads to a poor ther-
mal contact between the sample and its
holder when the thermal gradient is applied
in the layer direction and consequently pre-
vents one from making measurements in
this direction. As a result, the thermoelec-
tric power ¢ could only be determined with
the thermal gradient parallel to the c-axis.
Between 190 and 300 K, « is negative and
its absolute value decreases at increasing
temperature (Fig. 4). The activation energy
deduced from the thermoelectric power is
higher than that of polycrystalline samples
as shown in Table III.

The thermoelectric power for Cx(Pt) sin-
gle crystals could be measured from 10 to
300 K in both directions parallel and per-
pendicular to the c-axis. For T > 25 K the
behavior of ¢y and o is similar: « is posi-
tive and increasing with temperature as
shown in Fig. 5. Below 25 K, ¢ tends to
zero while «; abruptly decreases becoming
even negative at T = 25 K.

Photoelectrochemical Measurements

The photoelectrochemical measurements
were carried out in a 0.1 M Na,HPO, solu-
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F1G. 4. Thermoelectric power vs reciprocal temper-
ature for CuFeQ, single crystals [ref. Cx(Cu)]: (W) || to
the c-axis and (@) polycrystalline sample.
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F16. 5. Thermal variation of thermoelectric power of
Pt-doped CuFeO; single crystals [ref. Cx(Pt)]: (A) L to
the c-axis, (M) || to the c-axis.

tion (pH = 9.2) using an equipment de-
scribed elsewhere (/0). A natural face per-
pendicular to the c-axis of a p-type single
crystal Cx(Pt) was used as the active sur-
face of the electrode.

The quantity (nhv)'” where 7 is the quan-
tum efficiency is plotted vs photon energy
hv in Fig. 6. The linear variation observed
between 1.29 and 3.10 eV shows that the
transition corresponding to the band gap is
indirect with £, = 1.26 e¢V. This value is
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Fi1G. 6. Determination of the energy gap for CuFeO,
single crystals [ref. Cx(Pt)].
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slightly higher than that determined by
Benko and Koffyberg on a p-type CuFeO,
polycrystalline sample (1.15 eV) (4). A
more detailed study of the anisotropic be-
havior using polarized light with a face par-
allel to the c-axis as the surface electrode
will be published elsewhere.

Discussion

The electrical behavior of polycrystalline
samples is relatively close to that of Cx(Cu)
single crystals. In both cases the low elec-
trical conductivity and negative thermo-
electric power are thermally activated.

On the contrary, Cx(Pt) single crystals
have a positive thermoelectric power in-
creasing with temperature and their electri-
cal conductivity is very weakly activated.

p-Type Samples

The simplest hypothesis for explaining
the p-type semiconducting behavior is to at-
tribute the acceptor levels to the platinum
atoms detected by electronic microprobe
analysis. That hypothesis is supported by
Hall effect measurements which lead to a
carrier concentration equal to the Pt con-
centration. Using the classical equation

o= new (1)

one obtains the r.t. values of the mobility
given in Table 111. The difference in the mo-
bility values (about one order of magnitude)
between our results and those previously
reported by Benko and Koffyberg, as
shown in Table II1, is not very surprising if
we take into account

(i) the difference in the nature of the
samples: single crystals (this work) or poly-
crystalline samples (4),

(ii) the difference in the doping cle-
ments and the sites they probably occupy:
platinum in Cu*-planes (this work) or mag-
nesium in Fe3*-planes (4), and
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(iii) the determination methods of the
number of carriers from Hall effect mea-
surements in the present work and from
thermoelectric power measurements in
Ref. (4).

n-Type Samples

The observed n-type semiconducting be-
havior of “‘pure’” CuFeO, could be ascribed
to oxygen vacancies leading to the forma-
tion of donor levels. The formation of Cu’is
very unlikely since no other Cu-delafossite
compound exhibits a r-type semiconduct-
ing behavior. Therefore, donor levels are
rather Fe?" ions more or less trapped in the
vicinity of oxygen vacancies.

For n-type semiconductors the thermo-
electric power is given by

a = —kle(AELKT + A)
= *k/e(ln N()/II + A)» (2)

where N, is the effective density of states in
the conduction band, » is the carrier den-
sity, and the other quantities have their
usual meaning. Assuming that the iron 3d-
band is sufficiently narrow so that the cor-
responding energy levels are degenerated,
Ny has the same order of magnitude as the
density of iron atoms, i.e., Ny = 2.2 x 107
cm Y,

The mobility values derived from Egs.
(1) and (2) are given in Table III. They are
in agreement with that reported by Benko
and Koffyberg for a n-type 1% Sn-doped
sample (Table 111). Such low mobility val-
ues are characteristic of a hopping conduc-
tion mechanism. Therefore electrical trans-
port near room temperature is likely due
to clectrons thermally excited into the
Fe' : 3d narrow band resulting from the r?u-
orbitals. This interpretation is in agreement
with the very strong anisotropy observed in
that temperature range: t‘;g-orbitals are
rather nonbonding and therefore a direct
overlapping is only possible in planes per-

111

2 % Fe or Cu :4s

3

E1 fe :3d

S Donor level
d

£

' RO

FiG. 7. Schematic energy diagram proposed for
n-type CuFeO-.

pendicular to the c-axis. We shall see below
that covalent bonding between 4s (iron) and
2p (oxygen) orbitals apparently decreases
the anisotropy to a large extent.

When temperature is raised. an intrinsic
behavior seems to be reached (Fig. 2).
However, the activation energy of the con-
ductivity (AE = 0.9 eV) is much higher
than the value expected from photoelectro-
chemical measurements, i.e., E,/2 = 0.6
eV. Such a behavior can be understood
only if we consider the electrical transport
at high temperature to be governed by carri-
ers excited into a conduction band of higher
energy (£-) where the mobility (u,) exceeds
much of that of the lowest conduction band
(u1). The corresponding energy diagram is
schematized in Fig. 7.

From r.t. measurements Benko and Kof-
fyberg have proposed that the conduction
band (corresponding to the band of energy
E, in Fig. 7) and the valence band result
from the 3d-levels of iron and copper, re-
spectively. Their interpretation is based on
the difference of mobility values between n-
and p-type samples (4). The present results
confirm such a mobility difference (Table
111) which can be explained by the following
considerations:

—a very low mobility (u;) correspond-
ing to a hopping-type transport is expected
for the electrons occupying the 3d-orbitals
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of Fe’* which have a rather localized char-
acter,

—the much higher mobility () of car-
riers in the copper 3d-levels (u, > 10°u,; as
quoted in Table III) can result from a rela-
tively large overlapping of hybridized 34.2-
4s orbitals.!

On the other hand the negative sign of
thermoelectric power shows that the inves-
tigated temperature range wu, should be
larger than w,. In such conditions the band
at energy E, could be identified simply with
the 4s-band either of iron or copper. Then
the strong covalent character of the Fe-O
or Cu-0O bonds which are due to overlap-
ping of the 4s-orbitals (more or less hybrid-
ized with 4p and 3d levels) with the O:2p-
orbitals could explain why the anisotropy
tends to disappear at high temperature.

! For a more detailed discussion see Ref. (5) where
Rogers et al. show that the stabilization of the two-fold
coordination of d'° cations is associated with a 3d,2-4s
hybridization, the resulting orbitals having their elec-
trostatic charge spread out in the copper plane.

It may also be mentioned that Cu—Cu distances are
close to the critical r, distance for localized vs delo-
calized states transition according to Goodenough (/0)
(neglecting the d,2-4s hybridization).
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