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o The hexagonal polymorph of delafossite CuFeO, was synthesized using
a hydrothermal route.

o The magnetic susceptibility generally resembles its counterpart in the
rhombohedral polymorph, but transition temperatures are increased.

o Mossbauer measurements reveal magnetic relaxations above the first
transition temperature in contrast to the rhombohedral polymorph.

e In the hexagonal phase of CuFeO,, three different magnetic regimes
can be dinstinguished at low temperatures.
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Abstract

The magnetic susceptibility of and hyperfine interactions in the hexagonal 2H
polymorph of delafossite CuFeO, were investigated by SQUID magnetome-
try and Mossbauer spectroscopy, respectively, at low temperatures. The hy-
drothermally synthesized 2H-CuFeO, sample contained a 10 vol-% a-Fe,O3
impurity detected by X-ray diffraction, whose contribution to the suscepti-
bility and hyperfine interactions were easily distinguishable from the major
2H-CuFeO, one. Morphology and indirect optical band gap investigated by
scanning electron microscopy and diffuse reflectance measurements showed
well expected results for a hydrothermally synthesized delafossite sample.
The magnetic susceptibility of 2H-CuFeO, revealed a first antiferromagnetic
like transitions at 16 K and a second transition at 13.5 K or 10 K depend-
ing on measurement protocol, which points towards modified exchange in-
teractions as compared to the R3 polymorph. Complementary Mossbauer
measurements revealed complicated spectral shapes at low temperatures in-
dicating rather complex magnetic structures and magnetic relaxations above
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20 K.
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1. Introduction

Delafossite compounds are oxides of the type A'B™O,, where A is a
monovalent cation such as Cu, Ag, and Pd, and B represents trivalent metal
ions such as Al, Co, and Fe, with the archetype and original eponym CuFeOs.
Two polymorphs of delafossite compounds exist, a rhombohedral (R3) and
hexagonal (2H) form with R3m and P63/mmc space group, respectively [1],
which differ in the stacking orientation of the double layers consisting of edge
sharing B™Og octahedra and of triangularly arranged A! layers.

In general, delafossite materials exhibit an interesting and favorable com-
bination of properties which drives research into diverse application areas
ranging from thermoelectrics [2] and Li-ion batteries [3] to pollutant degra-
dation [4] and solar energy conversion [5]. Besides, delafossites in general
and CuFeO, in particular exhibit very interesting magnetic properties with
complex ordering phenomena and geometric frustration at low temperatures
6,7,8,9,10]. As the synthesis of the 2H polymorph is challenging and most
approaches, including solid state reactions, sol-gel techniques and hydrother-
mal methods, yield pure or predominantly R3 phase materials [11, 12, 13], the
magnetic properties of the 2H polymorphs are much less investigated. This
is particularly true for CuFeQOs, for which, to the best of the authors’ knowl-
edge, the synthesis of the 2H polymorph without R3 contribution has rarely
been reported [14, 15] and, thus, the 2H magnetic properties are unknown.

Herein, we report on an investigation of the hexogonal polymorph of de-
lafossite CuFeO, using a sample obtained by hydrothermal synthesis and me-
thodically based on X-ray diffraction, diffuse optical reflectometry, scanning
electron microscopy, SQUID magnetometry and Mossbauer spectroscopy.
Low temperature measurements of the magnetic susceptibility and the Moss-
bauer effect allowed for shining some light on the magnetism in 2H-CuFeO,
which contrasts with the well established one in R3-CuFeO,.

2. Experimental Methods and Synthesis

For synthesis of 2H-CuFeO,, a hydrothermal method, which was previ-
ously used for the production of mostly 3R phase delafossite[16, 17, 13], was
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modified. In detail, 2.1 mmol of CuSOy - 5H,0O (obtained from Alfa Aesar,
purity 99 %) was dissolved in 10 ml deionized water, stirred for 10 min,
followed by the addition of 2.1 mmol of FeSO, - TH,O (obtained from Alfa
Aesar, purity 99 %) and another 10 min of stirring. Subsequently, 159 mmol
of NaOH were added and the mixture was stirred for another 20 min. The
solution was then transferred into a 100 ml Polytetrafluoroethylene (PTFE)
lined autoclave and stored at 180°C for 24 h. The autoclave cooled down
to room temperature naturally and the black product was washed two times
using deionized water, once using ethanol and centrifuged at about 5000g for
5 min after each washing step. Eventually, the moist product/powder was
dried in air at 60°C for 24 hours.

For band gap determination, the ultraviolet-visible (UV-VIS) diffuse re-
flectance R, of the sample from 400 to 1100 mm was measured using a
VIS spectrometer (Avantes, AvaSpec-ULS2048CL) and a Deuterium-Halogen
light source (Avantes, AVALIGHT-DHC). PTFE was used as a reflectance
reference material. The optical absorption coefficient @ was estimated by the
quantity F'(R.) according to the Schuster-Kubelka-Munk formula F'(R.,) =
(1 — Ry)?/(2R) [18, 19].

The phases of the 2H-CuFeO, powder sample were investigated by X-
ray diffraction (XRD) over the 26 range from 10° to 80° with a Bruker D8
Discover Twin-Twin advance diffractometer using Cu K, (doublet) radia-
tion. Diffractograms were analyzed by Rietveld refinement using the software
Jana2006 [20].

Iron-57 Mossbauer spectra were obtained in transmission mode on a con-
stant acceleration spectrometer using a 5"Co/Rh source. Measurements were
made using a vibration decoupled closed-cycle He cryostat system. The sam-
ple was first cooled down to 6 K (in zero magnetic field) and Mossbauer
spectra were collected upon warming. All isomer shifts herein are reported
with respect to a-Fe. Mossbauer spectra were analyzed using a program with
diagonalization of the complete Hamiltonian and Lorentzian lineshapes (see
Sec. 4).

For scanning electron microscopy (SEM) imaging, a Phenom proX in-
strument with a 4-quadrant backscatter electron detector was used.

The magnetic susceptibility was measured by SQUID magnetometry on a
Magnetic Properties Measurement System by Quantum Design. The sample
was first cooled down to base temperature in zero field, then a field of 100 Oe
was applied and data were measured upon warming (zero-field-cooled, zfc)
with a rate of 1 K/min to 50 K, followed by data collection upon cooling
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to base temperature again (field-cooled-cooling, fcc) and finally warming to
room temperature (field-cooled-warming, fcw).

3. Results and Discussion

The XRD pattern of the investigated 2H-CuFeO, sample is shown in Fig.
1 including the refinement, and the respective quality factors. The sam-
ple consists of 2H-CuFeO, with a 10(1) vol-% a-Fe;O3 impurity phase but
without any discernible contribution of the R3 polymorph. This amount of
a-Fe;03 equals 9.6(9) mass-% and entails that 10(4) % of all Fe atoms are
located in the a-FeyO3 impurity (both relevant for comparison with magne-
tometry and Mossbauer results, see below). For the 2H phase, fitted lattice
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Figure 1: X-ray diffraction pattern of the hydrothermally synthesized CuFeO; sample.
The upper blue tics represent XRD peaks corresponding to 2H-CuFeOs and the lower
green tics correspond to hematite. The weighted profile R-factor of the fit is R,,, = 7.53
and the goodness of fit equals 1.5.

constants are a = 3.034(2) A and ¢ = 11.444(3) A and for a-Fe,O3 a =
5.035(3) A and ¢ = 13.746(3) A which are in good agreement with literature
with respect to both phases [14, 21]. In terms of phase purity, this sample
is the best result of the hydrothermal route outlined in Sec. 2. However,
the difference between the magnetism in a-Fe,O3 and the magnetism in 2H-
CuFeO, turned out to be big enough, not to affect the investigation presented
herein. Nonetheless, it should be noted that the hydrothermal synthesis of
pure 2H-CuFeO, was reported in Ref. [15] which could not be reproduced
presumably due to problems in replicating water purification and degassing.



A SEM image of the synthesized powder is shown in Fig. 2. The powder
consists of platelets with diameter ranging from 500 to 1000 nm, which is a
common result for hydrothermally syntesized CuFeOq samples [22, 15, 23, 13].

Figure 2: Scanning electron microscopy image of the 2H-CuFeO5 sample. The vast ma-
jority of platelets ranges between 500 and 1000 nm.

Additionally, the light absorption of the sample was investigated for band
gap determination based on the Tauc-Plot approach (see Sec. 2). Fig. 3
shows the corresponding Tauc plot for an indirect band gap. The band gap
value was determined to be 1.37(2) eV, which is reasonably close to the value
reported in Ref. [15] and also similar to the range of indirect band gap values
reported for the R3 phase [24, 25, 26, 27, 13].

The susceptibility of the sample measured in 100 Oe is shown in Fig. 4.
The step visible around 260 K can be attributed to the Morin transition of
the a-FeyO3 impurity already deduced from XRD. The temperature of the
Morin transition at about 263 K is in good agreement with published val-
ues [28]. Comparing the height of the (Morin) step with literature [29], the
a-Fe,O3 impurity is estimated to contribute about 7 mass-%, which is only
slightly lower than the XRD based estimate. The paramagnetic state below
the Morin transition was fitted using a Curie-Weiss law (see inset to Fig.
4 top part) yielding a Curie-Weiss temperature 0oy = —105(2) K and an
effective magnetic moment (in the paramagnetic regime) p.rr = 5.65(1)up
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Figure 3: Tauc plot based on the diffuse reflectance of the 2H-CuFeO; sample. The band
gap value is identified as intersection of the linear fit with the baseline.

with the Bohr magneton pg. The Curie-Weiss temperature is very close
to the one of -110 K reported for R3-CuFeO, [16] and the determined sy
is within the usual range expected for high-spin Fe™ [30]. Except for the
contribution of the Morin transition due to the a-Fe;O3, the susceptibility
generally resembles results obtained for the R3 phase of CuFeO, [31, 16, 23]
and other magnetic delafossites [10]. At low temperatures, the paramagnetic
increase of x is replaced by a broad cusp around 20 K and a shoulder at
about (and below) 15 K on the falling slope of the magnetic susceptibility.
In R3-CuFeOy these features correspond to a first transition at 7} rs from
the paramagnetic state to a quasi-longe-range ordered, sinusoidally amplitude
modulated, incommensurate magnetic structure and a subsequent transition
to a commensurate antiferromagnetic structure below 75 g3 [32, 6]. Transi-
tion temperature values for R3-CuFeO, are rather consistently reported to
be Ti g3 = 13 K and Ty rs ~ 10 K (see Tab. 1). In 2H-CuFeO, however,
magnetic transition temperatures T(; )2y are significantly shifted towards
higher temperatures (see Tab. 1) as determined by the maximum of the
temperature derivative of the susceptibility, j—;ﬂ (see inset to the lower part
of Fig. 4). Note that zero-field cooled and field cooled warming curves
are almost identical except for a small difference below 10 K, which could
be caused by the a-Fey,O3 impurity [33]. A similar shift of transition tem-
peratures was reported for the R3 and 2H phases of the related delafossite
AgFeO, [10, 34] and attributed to modified exchange interactions due to dif-
ferent stacking sequences of Fe™ layers [34]. Notably however, this analogy
should not be overstretched as the low temperature magnetic structures of
R3-CuFeOy and R3-AgFeO, significantly differ with the latter exhibting a
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Figure 4: (top) Temperature dependent susceptibility measured during warming after field
cooling from 4 K to room temperature. Note the Morin transition due to the impurity
phase.The inset shows the inverse susceptibility and a Curie-Weiss fit for Neel-temperature
determination (see text for further details). (bottom) Low temperature part of the suscep-
tibility revealing differences between field cooled warming and zero field cooled warming.
The inset shows the temperature derivative of the susceptibilty, which is used for quan-
tification of the magnetic transition temperatures (see arrows for the lower transition).

cycloid magnetic order [34] below the respective T5 g3 (and not an Ising-like
antiferromagnetic order as R3-CuFeO;). Moreover in 2H-CuFeOs,, there is
clear thermal hysteresis for the lower transition, i.e., T5 21 fec = 9.9 K upon
field cooled cooling measurements and 7152, fey = 13.5 K obtained by sus-
ceptibility measurements during warming after field cooling.

In order to obtain microscopic insight into the magnetism of 2H-CuFeO,
low temperature Mossbauer spectroscopy measurements using the 3“Fe nu-
clear resonance were carried out and the results are shown in Fig. 5. Moss-
bauer spectra measured at 240 and 270 K exhibit two well discriminable
features, i.e., a doublet with isomer shift of 0.37(1) mm/s and quadrupole
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info T ingo (K) | T ingo (K) method source
2H fcc 16.1 9.9 magnetometry this work
2H few 16.0 13.5 magnetometry this work
2H MB 20 16 Mossbauer this work
R3 12.5 10.0 magnetometry [23]
R3 14.0 10.5 neutron diffraction [32]
R3 13.0 9.0 magnetometry [31]
R3 n.a. 10.0 Mossbauer [35]

Table 1: Magnetic transition temperatures of the 2H and R3 polytypes of CuFeO5 obtained
by different methods. The abbreviations fcc and fcw indicate field cooled cooling and
field cooled warming curves, respectively (see also Sec. 2 for details). Mossbauer (MB)
measurements presented herein were performed upon warming after zero field cooling.

splitting of 0.62(1) mm/s and a magnetically split sextet with a strong hyper-
fine field of 54.4(1) T. The doublet and its Mossbauer parameters represent
high spin Fe? in an octahedral setting, which is expected considering the
2H crystal structure, and the sextet corresponds to the a-Fe;,Os impurity
phase [36] with a relative contribution of about 14% to the Mossbauer spec-
tra (see also Tab. 2). Due to the presumably high Lamb-Méossbauer factor
of a-Fey03, this contribution is slightly higher than the one determined by
XRD at high temperatures but decreases to about 10% at low temperatures
in agreement with the XRD estimate. At and below 26 K, the Mossbauer
spectra become significantly more complex, i.e., at the expense of the doublet
rather complex magnetically split spectra develop whose shape slightly sim-
plify with decreasing temperature. In the case of R3-CuFeO,, similarly com-
plex spectra were measured using classical Mossbauer spectroscopy [35, 23]
and nuclear forward scattering (NFS) [9] particularly due to the intermedi-
ate magnetic phase between the two transition temperatures. However, the
magnetic transition temperatures of the rhombohedral phase inferred from
Mossbauer spectroscopy and NFS closely matches their macroscopic counter-
parts [35, 9, 23], which is obviously not that case for 2H-CuFeO, exhibiting
magnetically affected components well above 20 K. This is also illustrated by
the average hyperfine magnetic field (see Fig. 6, further details concerning
its determination are discussed below), which at 20 K just starts decreasing
until about 26 K. For analyzing the Mossbauer spectra, a conservative fitting
approach of using as few discrete magnetically split components as possible
was selected. Additionally, the parameters of the sextet corresponding to a-
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Figure 5: Mossbauer spectra of 2H-CuFeOy with a minor a-Fe;Og impurity. Black lines
represent the fit, red dotted lines represent the a-FesOgs, and blue dashed lines represent

the different components used to fit the contribution of 2H-CuFeOs. See also Tab. 2 for
details.
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Figure 6: Average hyperfine field B qve in 2H-CuFeOs calculated using the relative
contributions and hyperfine fields of the different components as summarized in Tab. 2.

Fe;O3 were fixed for fitting spectra obtained below 26 K, in order to reduce
the number of fit parameters. The results of all fits are summarized in Tab.
2 and shown in Fig. 5. In contrast to both the susceptibility measurements
presented herein and to published Mossbauer results concerning R3-CuFeO,
[35, 23], the assignment of magnetic transition temperatures using the mea-
sured Mossbauer spectra is not trivial. Broad and unresolved components
exhibiting significant linewidths of 1 mm/s or more in combination with hy-
perfine magnetic fields below 10 T are required to model spectra measured
from 26 to 22 K. Such fitted parameters most likely do not reflect the actual
microscopic situation, but rather represent a relaxation of the hyperfine field
and short range correlations affecting the Mossbauer transition within this
temperature range. A similar observation of unresolved components above
the respective first transition temperature was reported for delafossite R3-
AgFeO, [37]. Spectra measured at 20 and 18 K can be fitted using rather
clearly resolved, magnetically split components, which contribute evenly to
the overall spectral shape. On the contrary, the fits of Mdssbauer data
obtained at 16 K and below are dominated by one of the three used com-
ponents. Thus, the width of the hypothetical hyperfine field distribution
decreases with decreasing temperature. From a microscopic perspective, the
transition temperatures thus seem to be even higher at about 20 and 16 K,
respectively (see Tab. 1). As the narrowing of the hyperfine field distribution
(or, paraphrased, the increase of the contribution of a single component) was
also observed in R3-CuFeOs [35, 23] and R3-AgFeO, [37], this may indicate a
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likewise transition from a complex spin density wave like magnetic structure
to a less complex, potentially antiferromagnetic one with decreasing tem-
perature. Moreover, some additional complexity with respect to hyperfine
parameters can be attributed to the sample itself. Hydrothermal synthesis
is known for facilitating the formation of off-stoichiometries in delafossite as
reported for CuAlO, [38], which in the present case would affect the local
environment of the Fe cations and, thus, the Mdssbauer parameters. This is
further supported by a comparison of Mdssbauer spectroscopy results on R3-
CuFeOy samples synthesized using a solid state method at high temperatures
[35] or using a hydrothermal approach [23]. In the former case, a single com-
ponent was sufficient for fitting a Mossbauer spectrum below T} g3, whereas,
for the latter sample, two distinct, almost equally contributing components
had to be used. Whether such defects are connected to or even facilitate
the observed relaxation phenomena, cannot be answered here but requires
further investigations.

4. Conclusions

The hexagonal polymorph of CuFeO, was prepared using a hydrothermal
synthesis. X-ray diffraction measurement confirmed that the rhombohedral
phase was not formed but a small hematite impurity instead which however
did not affect subsequent investigations. Scanning electron microscopy and
diffuse reflectance measurement confirmed the rather expectable properties of
2H-CuFeO, in terms of particle size due to hydrothermal synthesis and indi-
rect optical band gap. The magnetic properties were investigated by SQUID
magnetometry and Mossbauer spectroscopy. Although the overall temper-
ature dependence of the magnetic susceptibility resembles the one of the
R3 polymorph with an antiferromagnetic like behavior at low temperatures,
magnetic transitions occur at higher temperatures, show a thermal hysteresis
and differ from microscopic and macroscopic perspectives. Mossbauer spec-
tra showed that magnetic relaxation occurs in 2H-CuFeO, even above the
first (macroscopic) transition temperature, which suggests that there are (at
least) three distinct magnetic regimes (beside the ordinary paramagnetic one)
at low temperatures in the hexagonal polymorph. In the future, extensive
magnetization and neutron diffraction measurements at low temperatures
are necessary in order to reveal the microscopic structure of these magnetic
phases. Moreover, low temperature X-ray diffraction investigations of the
2H polymorph would be helpful for determining any concomitant structural
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phase transitions, which are connected to the magnetic transitions in the R3
phase of CuFeO, [39, 6].
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T (K) | Component | fraction (%) | I' (mm/s) | § (mm/s) | By (T) | AEg (mm/s)
6 Fe,O3 10 0.37 0.48 55.1 .
C1 61(2) 0.44(1) | 051(1) | 53.4(1) | 065
2 14(1) 0.3 0.27(1) | 50.9(1) |  0.11
C3 15(1) 0.3 0.36(1) | 52.0(1) |  0.40
12 Fe,O3 10 0.37 0.48 55.1 .
C1 64(2) 0.50(1) | 0.51(1) | 51.8(1) |  0.66
2 12(1) 0.25 0.25(1) | 49.2(2) |  0.08
C3 14(1) 0.25 0.35(1) | 50.6(2) |  0.39
14 Fe,O3 10 0.37 0.48 95.1 .
C1 71(2) 0.51(2) | 0.542) | 50.8(4) |  0.65
2 8(1) 0.23 0.26(1) | 48.1(4) |  0.08
C3 11(1) 0.23 0.38(1) | 49.7(1) | 0.37
16 Fe,O3 10 0.22 0.48 55.1
C1 71(2) 0.56(1) | 0.55(1) | 49.5(2) |  0.67
2 6(1) 0.23 0.28(1) | 47.5(2) |  0.08
C3 13(1) 0.23 042(2) | 49.1(1) |  0.46
18 Fe;03 10 0.22 0.48 55.1
C1 32(2) 0.45(1) | 0.49(2) | 48.1(1) |  0.70
2 29(2) 0.70(1) | 0.41(1) | 44.2(2) |  0.10
C3 29(2) 0.39(1) | 0.40(1) | 47.9(1) | 047
20 Fe,O3 10 0.22 0.48 55.1 .
C1 26(2) 0.40(4) | 045(1) | 46.6(1) |  0.58
€2 47(3) 0.76(4) | 043(1) | 41.5(1) |  0.02
C3 17(2) 044(7) | 045(1) | 44.5(2) | 045
22 Fe,O3 10 0.22 0.48 55.1 .
C1 18(1) 0.50(1) | 045(1) | 43.7(1) |  0.54
2 26(1) 0.90(1) | 047(1) | 36.9(1) |  0.04
C3 20(1) 0.56(1) | 0.45(1) | 40.8(1) | 0.24
C4 26(1) 2.8(1) | 0.87(3) | 10.4(4)
24 FeyO3 10 0.22 0.48 55.1
C1 17(2) 1.0(1) | 052(3) | 38.2(2) .
€2 48(3) 3.7(5) | 0.58(5) | 10(2) 0.56(6)
C3 9(3) 0.8(1) 0.65(3) | 29.3(2)
C4 16(1) 0.43(1) | 0.45(1) 0 0.64
2% | Fe,0; 10(1) 022(2) | 048(1) | 55.1(2) | 0.2
C1 49(1) 4.9(3) 0.3(1) 5(3)
2 41(1) 0.35(1) | 0.45(2) 0 0.62(1)
240 | Fe,05 14(1) 0.31(1) | 0.42(1) | 545(1) | 0.8
C1 86(1)  [170.41(1) | 0.38(1) 0 0.62
970 | Fe,05 14(1) 0.37(1) | 0.38(1) | 54.4(1) | 0.43
C1 86(1) 0.40(1) | 0.37(1) 0 0.62

Table 2: Hyperfine parameters obtained by between 6 and 270 K, where I" is the full width
at half maximum of the Lorentzian lineshape, ¢ is the isomer shift, By is the hyperfine
magnetic field and AEg is the quadrupole splitting. Parameters without error indicate
that this parameter was fixed in the fittine process.



