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High resolution neutron powder diffraction has been used to study the charge states and spin order in
the A-site-ordered perovskite LaCusFe O;,. This undergoes a first-order phase transition between
cubic Im-3 structures with charge distributions LaCu®**3Fe**,0,, and LaCu®**3Fe*7* 4,01, at Ter =
400 K. Bond valence sums confirm that these charge states are adopted in the two phases, and there are
no substantial valence fluctuations near the charge transfer transition. G-type antiferromagnetic order
of B-site Fe** spins is observed in the low temperature phase LaCu**;Fe** 401, and the ordered moment
at 50 K is 4.0 ug. Magnetic moment is absent at the A’-site Cu®* cation. The thermal evolution of the
ordered moment enables an intrinsic Ty = 600 K to be estimated, although the actual upper limit for
the spin order is Tct. No long range magnetic ordering was found in the high temperature phase,
LaCu?*3Fe*”>* 4015, showing that any ordering transition for this regime has T < Tcr.

1. Introduction

A-site-ordered double perovskite oxides with the general formula
AA'3B4O1, have attracted much interest owing to their wide
variety of physical properties.'™ In these materials, the 4 and A’
cations are 1 : 3 ordered at the 4 site in the simple 4BO; struc-
ture, resulting in a framework consisting of heavily tilted BOg
octahedra and 4’0y, squares. Unlike the A4 site in simple perov-
skite oxides, which is usually occupied by alkali, alkaline earth,
or rare earth cations, the A’ site can accommodate transition
metal cations, such as Cu?* and Mn?**, which are Jahn-Teller-
active. Therefore, A’-4’ and/or A’-B interactions may give rise to
novel physical properties in addition to the wusual B-B
interactions. For example, antiferromagnetic couplings between
the A’-site Cu spins and the B-site Mn spins produce spin-
polarized conduction carriers in La/BiCu;Mn40,,, which cause
colossal magnetoresistance under weak magnetic fields.>”
Heavy-Fermion-like  transport properties observed in
CaCuzRu40,, are also attributed to the interaction between the
A’-site Cu spins and the B-site Ru itinerant electrons.>*°
Recently we found another notable example of A’-B interac-
tion in LaCusFe O,, which is a temperature-induced intersite
charge transfer.'* High-pressure conditions are required for the
synthesis of the compound, in which the unusually high valent
Cu’* and Fe’”* cations are stabilized in this A-site-ordered
structure. Because of the delicate balance between the two
charge states, the high-temperature (HT) charge distribution
LaCu?**3Fe***,0, changes to a low-temperature (LT) distribu-
tion LaCu**3Fe* 401, at Tet = 393 K on cooling. Simultaneous
valence changes at the A’ and B sites result from the
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charge transfer 3Cu** + 4Fe¢*** — 3Cu*" + 4Fe* where the
paramagnetic metallic phase at high temperature transforms to
the antiferromagnetically-ordered insulating phase at low
temperature. A similar charge transfer was also observed in the
isostructural compound BiCu;Fe O, at 428 K.*2

Such drastic changes in the physical properties of transition
metal oxides usually require doping or the application of high
pressures, so the spontaneous intersite charge transfer transition
in LaCu3Fe 01, provides a remarkable example of switching
charge and spin states in an oxide material. To confirm the
distribution of charge states and to determine the spin order in
the LT phase, we have carried out a neutron powder diffraction
(NPD) study of LaCusFe O, for which the results are reported
here.

2. [Experimental

A polycrystalline LaCusFe O, sample was prepared with
a high-pressure and high-temperature synthesis technique as
described by Long et al.'* The stoichiometric amounts of La,O3,
CuO, and Fe,03 with a KCIO, oxidizing agent were placed in
a platinum capsule as starting materials. The mixture was then
treated at 10 GPa and 1400 K for 1 h with a cubic-anvil-type high
pressure apparatus. After treatment, the sample was quenched to
room temperature before the pressure was released. The
accompanying KCl and by-products were washed out with
a dilute acid solution. The obtained compound was confirmed to
crystallize in a 2ag X 2ag X 2aq (ao represents the lattice param-
eter in a simple perovskite 4BO; ~4 A) A-site-ordered double
perovskite structure. The charge-transfer transition of the sample
at 393 K was confirmed by magnetism and resistivity
measurements.*!

Neutron diffraction data from a ~0.5 g polycrystalline powder
sample in a 5 mm-diameter vanadium can were collected using
the Super-D2B diffractometer at the Institut Laue-Langevin
(ILL), Grenoble, France. The diffraction patterns were recorded
in the angular range 5° =< 26 < 155° with a neutron wavelength of
1.594 A. The measurements were performed from 50 to 425 K
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and the data were collected for 5 h at 50, 300 and 425 K and 3 h at
other temperature points. Although the measurements were done
with an evacuated container, no effect from the atmosphere in
the measured temperature range was confirmed from the repro-
ducibility of the data. The crystal and magnetic structures were
analyzed from the diffraction data with the Rietveld method
using the General Structure Analysis System (GSAS) software
package. 31

3. Results and discussion
3.1. Crystal structure

LaCusFe 01, was found to be cubic throughout the 50425 K
range and the structure analyses are presented in order of
decreasing temperature. The diffraction peaks obtained at 425 K,
originating from the HT phase, were well-indexed with the /m-3
(No. 204) space group with lattice parameter a = 7.4140(1) A,
and atom positions La 2« (0, 0, 0), Cu 6b (0, Y2, ¥2), Fe 8¢ (Y4, Va,
Y4) and O 24g (0.3063, 0.1741, 0) were used as a starting model.
The contribution from a small amount of Fe,Os3 impurity was
also fitted in the refinements. The apparent amount (4.2 wt%) is
greater than the 2.3 wt% estimated by fitting X-ray data—this
may result from significant microabsorption as La and Cu are
more neutron absorbing than Fe and O. Due to the high oxygen

(a)

Intensity / arb. units

Intensity / arb. units

II|II[]III|IIIIIIIIII |
[ O I I A A B B A |

Fig. 1 Neutron diffraction patterns of LaCu3Fe 0, at (a) 425 K where
bottom and top reflection markers are respectively for LaCusFe O}, and
4.2 wt% of Fe,0s, (b) 50 K, with the principally magnetic 111 and 131
reflections labeled, and Bragg markers for the nuclear and magnetic
phases of LaCu;Fe O, and Fe,O; from bottom to top. Instrumental
scatter at ~120° is excluded from the refinements.

sensitivity provided by the neutrons, more accurate information
on the occupation and positional parameters of oxygen atoms
were obtained from the structure analysis. No oxygen deficiency
was observed within a deviation of ~0.5% from the occupancy
refinement, so the composition was fixed at the stoichiometric
value. A satisfactory fit was achieved with fitting residuals
Ryp = 5.12% and x*> = 2.95, as shown in Fig. 1 (a), and the
structural parameters, selected bond distances and angles are
listed in Table 1.

The 4’04, polyhedron is highly distorted and consists of three
sets of A'-O distances, with the four short Cu—O distances of
1.931(2) A defining a square-plane. The bond valence sum's
(BVS) estimate for the A’-site Cu charge was +2.08, in good
agreement with the ideal Cu®* state. The Fe-O bond lengths in
the B-site octahedra were 1.9814(6) A, and the BVS value was
calculated to be +3.41. This is within an acceptable difference
(9%) from the ideal value of +3.75. Hence, this refinement
confirms the stoichiometric nature of the material and the ideal
LaCu?*3Fe*”** 4,01, charge distribution in the HT phase.

Phase coexistence was observed at 400 K, where a two-phase
refinement showed 82.3 and 17.7% of the HT and LT phases,
respectively. This confirms the suggested first-order nature of the
phase transition.! The difference in volume between the HT and
LT phases reaches 1.3% (Fig. 2 (a)) at this temperature. At 300 K
and lower temperatures, a single LT phase was observed and is
also described by an Im-3 model. Magnetic intensities were
observed in this regime (see the next section) but no further peak
splittings or superlattice peaks were observed. Good fits were
achieved with Ry, = 5.15% and x> = 1.98 for the 300 K data
shown in Fig. 1 (b), and the structural information is listed in
Table 1. The Cu-O bond distances decrease by 2.4% to
1.885(2) A from those of the HT phase. As a result, the BVS
increases to +2.95, revealing a pure Cu** state in the LT phase.
The Fe-O bonds, on the other hand, increase in length to
2.0059(7) A, giving a BVS value of +3.01 for Fe. These results
confirm that the LT charge composition is LaCu**;Fe** 4,0, with
no evidence for mixed Cu or Fe valences. Hence the charge state
changes 3Cu*" - 3¢~ — 3Cu®" and 4Fe*”* + 3¢~ — 4Fe* occur
completely and simultaneously at the charge transfer transition
in LaCuzFe 0O1,. The Cu-O-Fe and Fe-O-Fe angles at 300 K
are 111.64(5) and 135.8(1)°, respectively. Although the Fe-O-Fe
tilting angle decreases through the transition, the considerable
elongation in the Fe-O bond lengths increases the volume of
FeOg¢ octahedra, which dominate the cell volume change result-
ing in a significant volume increase on going from the HT to the
LT phase.

In the LT regime, the BVS’s for both A4’-site Cu and B-site Fe
are close to +3, and neither significant electronic changes nor
critical fluctuations of Cu and Fe charge states are observed, as
shown in Table 1 and Fig. 2 (b). No evidence of Fe charge
disproportionation is found down to 50 K, which is in contrast to
CaCu?*3(Fe**,Fe**,)0, where a 2Fe** — Fe** + Fe®* dispro-
portionation occurs at 210 K.'® Both the Fe*”** state in the HT
phase and the Cu®* state in the LT phase are unusually high and
the energy levels between these two states should be comparable
and competing. However, the isostructural phase transition with
the intersite charge transfer, instead of charge disproportion-
ation, resolves the instability of the high oxidation state of the
B-site Fe*>* and produces the unusual Cu®* state at the A’-site in
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Fig.2 Temperature dependence of (a) sample volume and (b) BVS values
of Fe and Cu ions in LaCu;3Fe O, represented by the circle and triangle
markers, respectively. The filled and open markers represent the low- and
high-temperature phases, respectively, and these coexist at 400 K.

square-planar coordination. This is probably related to the
fractional +3.75 state of Fe, which is difficult to accommodate as
a simple rock-salt type ordering of the disproportionated Fe**
and Fe®* ions, owing to the requirement of a substantial increase
in the lattice energy to accommodate the complex 8Fe*”*
5Fe* + 3Fe’* charge disproportionation.

-

3.2. Magnetic structure

As mentioned above, magnetic contributions were observed in
addition to the nuclear peaks in the diffraction intensities below
the transition temperature. Representative low-angle magnetic
Bragg reflections from the 111 and 131 planes at 50 K are clearly

: — —n 7 o v i
o (i e _‘Bnlloum function (§ = 5/2

Magnetic Moment / py

100 200 300 400 500 600
Temperature / K

Fig. 3 Temperature dependence of the refined B-site Fe** magnetic
moment in LaCu3Fe;O1,. The projected intrinsic Néel temperature of
TN' = 600 K for the low temperature phase using an S = 5/2 Brillouin
function is shown. The inset shows the crystal structure and the G-type
antiferromagnetic ordering in the low temperature phase. The structure
drawing was produced by VESTA.»

seen in Fig. 1 (b), while no magnetic ordering is observed in the
HT phase as shown in Fig. 1 (a). The refinements revealed
a magnetic superstructure with a (2 %2 '2) propagation vector of
the cubic cell. This corresponds to a G-type antiferromagnetic
ordering (Fig. 3) where each B-site moment is antiparallel to the
six nearest neighbors. The refined magnetic moment at the B site
at 50 K was 4.03(2) up, slightly reduced from the ideal value of
5 up for high spin Fe** (3&° S = 5/2) due to zero-point and
covalency effects. Magnetic moments at the 4’ site were also
examined with various ordering models. However, all refine-
ments resulted in poor fit and no convincing 4’-site moment was
achieved. Therefore, we conclude that the Cu cation at the
square-planar-coordinated 6¢ site produces no magnetic contri-
bution. This is consistent with the Cu®* (34®) valence state with
a proposed low spin S = 0 configuration, due to considerable
energy splitting between d;...,» and d,..,. orbitals. Such square-
planner coordinated trivalent copper cations can also been found
in MCuO, (M = Li, Na, K), which behave as diamagnets.'®2 It
should be noted that the unusual Cu** might be better described
as a d’L configuration, due to its low-lying d level with a covalent
electronic state and a ligand hole L.?' This &L configuration is
known to form singlet between the cation and the ligand (Zang—
Rice singlet, as seen in CaCuzCo40;, and YCu3Co040;,),? in
which the cation shows nonmagnetic behavior as well.

Asshownin Table 1 and Fig. 3, the ordered component of the B-
site magnetic moment decreases gradually with increasing
temperature, reaching 3.11(9) ug at 400 K where the charge
transfer phase transition occurs. Comparison of the thermal
evolutions of the Fe charge state (Fig. 2 (b)) and ordered moment
(Fig. 3) shows that the Fe spin fluctuations do not result from
valence fluctuations as the charge transfer transition is
approached. Instead they reflect the intrinsic strength of the spin—
spin interactions that would determine the Néel transition
temperature if the charge transfer to the HT state did not occur. By
fitting an S = 5/2 Brillouin function to the moments (Fig. 3), we
can estimate the projected Néel temperature 7' to be ~600 K,
whereas the actual Ty = Ter = 393 K as the charge transfer drives
the change from an antiferromagnetic to a paramagnetic state.

In the LaCu**3Fe*4,01, LT phase, the Fe**~O-Fe** super-
exchange interaction is dominant, giving rise to G-type antifer-
romagnetic ordering of Fe spins. (This is in contrast to
CaCu;Fe 01,, which consists of ferromagnetically coupled B-site
Fe** and Fe’* spins below the transition.’®) As the Cu®*
cations are non-magnetic, the Fe** magnetic sublattice in LT
LaCu;Fe 0y, is comparable to that in rare earth (R) orthoferrite
perovskites RFe**Os. The series R = La to Lu exhibits antifer-
romagnetic ordering owing to the Fe**~O-Fe** superexchange
interactions, where the magnetic transition temperature 7Ty
correlates with the Fe-O-Fe bond angle ¢.*** The angles
decrease from 157 to 141° for LaFeO; to LuFeOs, leading to the
decline of Ty from 750 to 640 K, respectively. From extrapola-
tion of this trend, the LT LaCu®**3Fe**,0,, with the angle ¢ =
136° is predicted to have T\’ ~570 K, which is close to the T/
value of ~600 K obtained from fitting the S = 5/2 Brillouin
function to the ordered moment (Fig. 3). These results demon-
strate that the spin and charge transfer degrees of freedom in
LaCusFe O, are decoupled, and that the intrinsic magnetic
exchange integral Jpe_o e (~kpTN') is significantly larger than
the apparent magnitude of ~kpTcrT.

This journal is © The Royal Society of Chemistry 2010
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Recent density functional analysis has suggested that ferri-
magnetic ordering of the HT LaCu**;Fe*”>*40, state is favored
over G-type antiferromagnetic ordering.?® However no magnetic
order of the Cu** or mixed-valent Fe*”>* spins is observed in the
HT phase of LaCusFe O, in the neutron data. Magnetic
ordering is observed in the related materials LaCu**3sMn*7>*,0,,
and BiCu?*3Mn*"**40,,%7 where double exchange between the
mixture of d* Mn** and &® Mn** states is pronounced and results
in ferromagnetically coupled Mn spins below ~360 K. It should
also be noted that materials with unusually high valent Fe cation
may undergo simultaneous charge disproportionation and spin
ordering as demonstrated in CaCuzFe 0, and CaFeO;, where
the transition temperatures are as low as 210 and 290 K,
respectively.'®!” Hence, it seems probable that the intrinsic spin
ordering temperature for the LaCu®*3Fe*”>*,0,, ground state,
T, is below the charge transfer transition at Tt = 393 K so
that the spin ordered phase is not observed.

4. Conclusions

The present high resolution neutron powder diffraction study
has confirmed the initial observations and given more insights
into the remarkable properties of LaCuzFe O, which are
dominated by an intermetallic charge transfer transition. Bond
valence sums based on accurately determined metal-oxygen
bond distances confirm that the charge transfer 3Cu®* + 4Fe*">*
— 3Cu* + 4Fe* at the Ter = 393 K transition occurs
completely between two charge states. There is no evidence for
substantial valence fluctuations near the first order transition.

G-type antiferromagnetic order of B-site Fe** spins is observed
in the LT phase LaCu*"3Fe*" 401, and the thermal evolution of
the ordered moment enables an intrinsic Ty = 600 K to be
estimated although the actual upper limit for the spin order is
Tcr. No long range magnetic ordering was found in the HT
phase, LaCu?*3Fe***,0,, showing that any ordering transition
in this regime has Ty < Tcr. Hence, another notable aspect of
LaCusFe 01, is that although its two electronic phases both
contain extended networks of magnetic ions, neither shows an
intrinsic magnetic transition as the LT phase has TN > Ter
whereas the HT phase has Ty < Ter.
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