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We report the growth of YbFe2O4 single crystals via the floating zone technique, in four different oxygen
partial pressures ranging from CO:CO2 = 1:5 to 1:2.5, for a cross comparison of stoichiometry effects. We
obtained highly stoichiometric single crystals with sharp magnetic transitions as well as off-
stoichiometric samples with smeared transitions. We also provide for the first time clear evidence of
3D long-range charge order correlations at room temperature in YbFe2O4 through high energy X-ray
diffraction, identical to the analogous LuFe2O4. The correlation length obtained for YbFe2O4 in the c

!
direc-

tion is at least a factor of 5 larger than that observed in LuFe2O4.
� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Magnetoelectric multiferroic materials are of great interest due
to their potential integration into novel storage devices [1]. A par-
ticular focus has been placed on the RFe2O4 series (R = Lu, Yb, Y, Er,
Ho and Tm) which crystallizes in the R3m space group [2], due to
the once proclaimed ferroelectricity due to charge order (CO)
between the Fe2+ and Fe3+ rich bilayers in LuFe2O4 [3]. However,
recent findings suggest the Fe-O layers are themselves charged
rather than polar, providing no ferroelectric state [4]. This system
is both spin and charge frustrated, where the strong Ising nature
of the system promotes both ferrimagnetic (fM) and antiferromag-
netic (AFM) orders. The relative ion sizes of the rare earth elements
in this series of compounds produce changes in both the cell vol-
ume and more profoundly the layer separation within an iron
bilayer [5]. The difference in layer separation will have a strong
effect on both the charge and spin order (SO), due to the intra-
and interlayer interaction. This is seen clearly for example, in
YFe2O4, which alters the magnetic properties and the CO configu-
ration [6–9]. Based on the similar ion size of Lu3+ and Yb3+, the
magnetic properties, as well as the CO superstructure should lie
in close relation to each other. Varying the oxygen stoichiometry
through synthesis plays a large role in understanding the different
characteristics of oxygen rich and deficient RFe2O4 samples,
[5,6,10–16]. Particular focus has now been placed on YbFe2O4,
the neighboring rare earth compound to the well studied LuFe2O4

[3,4,11,14–23], where currently few investigations reside [5]. A
good indicator for viewing crystal quality in LuFe2O4 is the
magnetization, whereas the few studies on YbFe2O4 exhibit an
array of varying magnetization curves [10,24–31] similar to off-
stoichiometric LuFe2O4 [17,25]. CO superstructure modulations in
both LuFe2O4 and YbFe2O4 occur along (n/3, n/3, L) (n = integer),
where the previous studies on YbFe2O4 exhibit only 2D diffuse
CO seen in both Tunneling Electon Microscopy (TEM) studies [32]
and more recently in synchrotron X-ray diffraction [33]. In both
YFe2O4 and LuFe2O4 this low dimensionality in magnetism and
CO was linked closely to oxygen deficiencies [5], indicating that
synthesis conditions are still not optimal for the production of
long-range order in YbFe2O4. The latest synchrotron data by [33]
speculates strongly that YbFe2O4 exhibits only low dimensional
CO, described as an incommensurate Charge Density Wave
(CSW), which cannot be ferroelectric based on the incommensu-
rately modulated dipole moments. However, in LuFe2O4 both 3D
long-range order [4,15,20] and 2D short-range CO [21,34] is
observed, the latter in off-stoichiometric samples. It is therefore
imperative to see if by tuning the oxygen partial pressure environ-
ment through powder synthesis and crystal growth of YbFe2O4, 3D
long-range CO could be achieved as in the case of LuFe2O4.
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This paper describes extensive experimentation with different
CO:CO2 gas ratios, during single crystal growth via the traveling
molten zone technique, leading to the production of highly
stoichiometric single crystals. Powder X-ray diffraction and macro-
scopic magnetization measurements provide a basis for compar-
ison for off-stoichiometry and crystal quality. Lastly, we show
single crystal X-ray diffraction data highlighting for the first time
3D long-range CO in highly stoichiometric YbFe2O4.
Fig. 1. Top: Crystals grown via optical floating zone in different oxygen partial
pressures; CO:CO2=1:5 and CO:CO = 1:2.5. Bottom: image of YbFe2O4 single crystal
mounted on real time Laue camera (left), Laue image along c-direction (right).
2. Experimental procedure

Commercial powders of Yb2O3 (Alfa Aeser 99.9%) and Fe2O3

(Alfa Aeser 99.99%) were used as starting materials. Stoichiometric
quantities were ground together thoroughly in an agate mortar
and heated to 1200� C [35]. All stoichiometric powder mixtures
were heated in a CO:CO2 = 1:3 gas flow, based on previous success-
ful synthesis and single crystal growth of isostructural LuFe2O4,
using gas ratios between CO:CO2 = 1:5 and 1:2.5 [16,20,36]. The
stoichiometric powder was heated for 72 h at this temperature
with intermediate grindings to promote homogeneity. The result-
ing powder was ground and isostatically pressed to produce poly-
crystalline rods of 6–8 mm in diameter and 60–70 mm in length.
The rods were then sintered for 12 h in the same CO:CO2 = 1:3
gas flow. Crystal growth was carried out by the floating zone
method using a Crystal Systems Inc. F-ZT-10000-H-IV-VPS four
mirror furnace. All crystals were grown at a speed of 1 mm/h and
average rotation speed of 25/25 rpm for the feed and seed shaft,
respectively. The individual gas ratios used for the crystal growths
were CO:CO2 = 1:5, 1:3.5, 1:3 and 1:2.5, where the typical pressure
used during each crystal growth was set in the range of
1.25–1.75 bar. In some cases to promote homogeneity of melting
for the main crystal growth, an initial fast scan (10 mm/h) was per-
formed, which passes the molten zone through the entire polycrys-
talline rod. A small section of the crystal boule was cut out and
ground for powder X-ray diffraction using a Huber Guinier D670,
for phase purity analysis. Crystals ranging from 3 to 28 mg were
obtained for magnetization measurements performed on a Cryo-
genic Inc. CCMS high field measurement system with VSM option,
a Quantum Design Physical Properties Measurement System
(PPMS) Dynacool and a Quantum Design Magnetic Properties Mea-
surement System (MPMS). In-house single crystal X-ray diffraction
was measured using a Rigaku Oxford diffraction SuperNova diffrac-
tometer with Mo-Ka. High energy X-ray diffraction was performed
at the Advanced Photon Source (APS) on the beamline 6-ID-D.
3. Results and discussion

3.1. Powder diffraction

The CO:CO2 = 1:5 atmosphere was first selected and used for
crystal growth, based on a previous successful growth of a stoichio-
metric LuFe2O4 single crystal in this atmosphere [16]. The resultant
crystal boule was about 5 cm in length and 5–6 mm in diameter,
shown in Fig. 1 (top). The rod was a dull silver colour with multiple
small lines running up its length. A small section of the rod was cut
and the colour inside was light brown and powdery in texture.
Powder X-ray diffraction indicated multiple phases including;
Yb2O3, Fe2O3, YbFe2O4, Yb2Fe3O7 and Yb3Fe5O12. These phases are
seen clearly in the phase diagram of Fe-Fe2O3-Yb2O3 [35], indicat-
ing a too high oxygen partial pressure. Further growths in lower
oxygen partial pressure atmospheres yielded single phase YbFe2O4,
e.g the crystal grown in CO:CO2 = 1:2.5 shown in Fig. 1 (top). The
growths with lower oxygen partial pressure were much more
stable than that of the CO:CO2 = 1:5, where only minor adjust-
ments in input power were required for stability.
Single crystals of YbFe2O4 show a strong tendency to cleave

along facets perpendicular to the c
!

direction, which is similar to
the behaviour in LuFe2O4 [14,15]. Fig. 1 (bottom left) shows a sto-
ichiometric single crystal (with M(T) comparable to Fig. 3 SC
(inset)) mounted on a real time Laue set-up with dimensions
3 � 2 � 1 mm, where the flat shiny facet is perpendicular to the

c
!

direction. The Laue image shown in Fig. 1 (bottom right) taken

of a stoichiometric single crystal is perpendicular to c
!
.

Powder diffraction on four different samples are shown in Fig. 2.
All samples grown in oxygen partial pressures between CO:
CO2 = 1:3.5 and 1:2.5 yielded single phase YbFe2O4 [37], indicating
that under these conditions YbFe2O4 is stable. A Le Bail fit of both
powdered single crystals (see Fig. 3 for magnetization curves per-
formed on the two single crystals) grown in CO:CO2 = 1:2.5 gave
lattice parameters; a = 3.4578(3), c = 25.1285(9) and a = 3.4604
(3), c = 25.1320(5), with final refinement values of Rp = 1.51 and
1.58, respectively. There is only a small variation in lattice
parameters, which we can consider not to be statistically signifi-
cant. The difference between the powdered crystals, PSC and PNSC
is discussed in Section 3.2.

3.2. Magnetization Studies

Our magnetization studies on field cooling (FC) from 300 to
10 K on three YbFe2O4 single crystals grown in CO:CO2 = 1:2.5
Sample 1 (S1), 1:3 (S2) and 1:3.5 (S3) are shown in Fig. 3, with
masses m = 32 mg, 4.5 mg and 3.5 mg, respectively. The crystals
S2 and S3 grown in the more oxidizing conditions, the CO:
CO2 = 1:3.5 and 1:3, only exhibit smeared features and shifts in
transition temperatures (Table 1) compared to the sharp features
visible in S1 grown in the CO:CO2 = 1:2.5 atmosphere. However
sample to sample dependence occurs even in one crystal growth.

A clear example of this is shown in Fig. 3 (inset), which shows a
comparison of magnetization curves from two crystals SC and NSC
taken from the same growth in the CO:CO2 = 1:2.5 atmosphere. The
magnetization curve of SC is very similar to that of the S1 sample
(black curve main panel), indicating a stoichiometry close to opti-
mal, whereas the magnetization curve of NSC resembles more the
S2 and S3 curves (red and blue curves in main panel, respectively).
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Fig. 3. Field cooled magnetization measured on three different single crystals grown in three CO:CO2 gas ratios: CO:CO2 = 1:2.5 Sample 1 (S1) (black curve), CO:CO2 = 1:3 (S2)
(red curve) and CO:CO2-1:3.5 (S3) (blue curve). Inset: FC magnetization on a Stoichiometric single Crystal (SC) (blue curve), and Non-Stoichiometric single Crystal (Brown
curve) scaled by x4, both grown in CO:CO2 = 1:2.5, and later ground for powder diffraction and named PSC and PNSC, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Powder diffraction of YbFe2O4 on: 1:3.5 Powdered Crystal (PC), 1:3 (PC), 1:2.5 Powdered Stoichiometric single Crystal (PSC) and 1:2.5 Powdered Non-Stoichiometric
single Crystal (PNSC) with background subtracted. Arrows indicate peaks from mylar foil used for the powder diffraction measurement, which occurs strongly in the (PSC)
due to the smaller mass of powder obtained from the 20.8 mg, more stoichiometric single crystal. The reflection positions of the R�3m structure were taken from [37].

Table 1
CO and magnetic properties overview of 5 different samples S1 to S5 grown in the 4 different atmospheres. The S1 to S3 samples all have relative magnetization measurements,
where the CO in S1 was also investigated with X-ray diffraction at the APS. The three different magnetic transitions seen in each of these samples is stated as well as the width of
the transition DT, which clearly indicates the broadness of the transitions. S4, a microgram size crystal, was measured solely on the in-house single crystal diffractometer to look
at the type of CO present, also shown in Fig. 5 (top). Lastly, the S5 sample was taken for powder diffraction and found to be purely mixed phase, due to the higher oxygen partial
pressure used during growth. The majority of crystals obtained from the growth in the CO:CO2 = 1:2.5 exhibit 3D long-range CO. The appearance of long-range CO in crystals is
greatly reduced with the use of higher oxygen partial pressures during growth.

Sample Gas Ratio CO:CO2 Single Phase Magnetic transitions Type of CO

Tc DTc TAFM DTAFM TLT DTLT

S1 1:2.5 Yes 256K 8K 216K 16K 139K 8K 3D
S2 1:3 Yes 249K 18K 214K 8K 113K 58K –
S3 1:3.5 Yes 248K 22K 211K 8K 112K 60K –
S4 1:3.5 Yes – – – – – – 2D
S5 1:5 Mixed Phase – – – – – – –
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These sample to sample dependences even within one crystal
growth are however completely analogous to findings in both
LuFe2O4 [14,15] and YFe2O4 [6], which also exhibit large sensitivity
to oxygen stoichiometry.

Temperature dependent magnetization measurements on the
well studied LuFe2O4, became a common tool for determining the
sample quality [14,20], where single crystals grown in either a
too reducing or too oxidizing gas ratio exhibited broad transitions
[5,11,14–17,24]. The effect of off-stoichiometry in this series are
not limited to LuFe2O4 and YbFe2O4, but large variations in the
magnetic characteristics are also seen in YFe2O4 single crystals
[6,9,38,39].

In order to obtain a better understanding of the different mag-
netic transitions present in YbFe2O4, a comparison can be made
with the closely related LuFe2O4, based on the similar ion size of
Lu3+ and Yb3+ [5]. Stoichiometric LuFe2O4 exhibits two transitions
between room temperature (RT) and 10K in low fields. The first,
a Néel transition at TN = 240K to an apparently antiferromagnetic
(AFM) phase, followed by a lower temperature glassy
magnetic phase �TLT = 175K [4,11,22,23,40,41] (Fig. 4 top). The



Fig. 5. Top: Reciprocal space precession images taken from the SuperNova single
crystal diffractometer on a YbFe2O4 single crystal, grown in CO:CO2 = 1:3.5. Left:
350K and right: 90K. Bottom: High energy X-ray diffraction of the HHL plane at
300K. Left: A highly stoichiometric LuFe2O4 single crystal. Right: The highly
stoichiometric YbFe2O4 (S1) single crystal grown in CO:CO2 = 1:2.5. Structural
reflections were covered with lead pieces to avoid over saturation and damage of
the image plate.
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Fig. 6. Integrated intensity of: (-1-1-12) Structural Reflection (SR) (black curves)
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out of plane. X axis in reciprocal angstroms were converted from pixel, the
displacement of peaks is due to pixels selected. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 4. LuFe2O4 for comparison, Top: Magnetization curves on field cooling, on a
highly stoichiometric LuFe2O4 single crystal, measured with various externally
applied fields. Bottom: H-T phase diagram exhibiting three magnetic phases; pM,
AF and fM. Hatched area shows hysteretic region with competing fM and AF order,
where either magnetic state can be stabilized. Arrows across phase lines indicate for
which measurement direction it is observed given the hysteresis. (Taken from [14])
� 2012 American Physical Society.
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magnetization measured in slightly higher fields revealed an addi-
tional fM phase that competes with the AFM phase, shown in Fig. 4
[14,15].

With particular focus on the most stoichiometric sample (S1)
which can be readily understood in the context of the phases
observed in LuFe2O4, the system goes into three different states
at 100 Oe, on cooling. Phase 1; from RT to �260K the system is
in a pM phase. Phase 2; resides between �260 and 255K, which
goes from a pM phase to fM state, Tc. Phase 3; occurs on further
cooling where the system goes from a fM to an AFM phase between
�220 and 210K, TAFM. Although, LuFe2O4 exhibits almost identical
magnetic phases on cooling, the Tc transition in YbFe2O4 is shifted
to a higher temperature of 256K compared to TN = 240K in
LuFe2O4. The onset of TLT is much lower in YbFe2O4 at �139K, than
170 K seen in highly stoichiometric samples of LuFe2O4. A study of
the magnetic structure of YbFe2O4 through neutron diffraction
suggests that the spin structure in the different phases is very
similar to that of LuFe2O4 [42].

3.3. Charge order studies

Single crystal X-ray diffraction on off-stoichiometric YbFe2O4

grown in CO:CO2 = 1:3.5 is shown in Fig. 5 (top) and listed as S4
in Table 1. Reciprocal space precession images measured at 350K
(left) and 90K (right), exhibit very similar 2D charge order (CO)
modulations as seen in [33] which they describe intrinsically as a
CDW. Crystals which exhibit this type of low dimensional CO mod-
ulation, produce magnetization curves similar to that shown in
Fig. 3 (inset brown curve). The single crystals measured by Hear-
mon et al. [33] were grown in a CO:CO2 = 1:4 gas ratio, from our
powder diffraction and magnetization results this seems to be
too oxidizing to produce long-range order.

High energy X-ray diffraction on the S1 crystal, which according
to our magnetization studies is more stoichiometric (see Fig. 3 for
M(T) (black curve)), was measured in the HHL plane at 300K and is
shown in Fig. 5 (bottom right). Clear, distinct Bragg spots are seen,
quite different from the S4 sample with 2D diffuse scattering (Fig. 5
(top)). Highly stoichiometric YbFe2O4 exhibits an incommensurate
CO pattern at room temperature, with correlations along (1/3, 1/3,
L) and (2/3, 2/3, L), very similar to that of LuFe2O4 [4], shown in
Fig. 5 (left). A single crystal refinement of this complex CO super-
structure in LuFe2O4 was achieved [4]. The similarity of the CO seen
in both the LuFe2O4 and YbFe2O4 can again be ascribed to the sim-
ilar ion size of Lu3+ and Yb3+, that in this case by tuning the oxygen
partial pressure during crystal growth, 3D long-range CO is also
established in YbFe2O4, where it is not intrinsically confined to
short-range 2D correlations [33].

The long-range nature of the CO can be seen clearly in Fig. 6,
where the peak widths of the Structural Reflection (SR) and nearest
Super Structure Reflection (SSR) half integer peak are indistin-
guishable within resolution. The difference in the width of the
SSR and SR peak, the latter of which gives an estimate of mosaicity
and instrumental broadening, provides a finite correlation length
[6]. Given the resolution we can estimate the minimum value of

the correlation length in the c
!

direction, which is �40 nm. There
are no current publications exhibiting long-range CO in YbFe2O4,
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but a comparison can be made with correlation lengths obtained
for LuFe2O4 from [40,43]. The correlation length calculated for

the c
!

directions by [40,43] was 7nm and 6nm, respectively. The
correlation is therefore estimated to be at least a factor of 5 larger
than LuFe2O4.
4. Conclusion and outlook

In summary we have grown highly stoichiometric single crys-
tals of YbFe2O4, synthesized in the same image furnace used for
the single crystal growth of stoichiometric LuFe2O4. The good sto-
ichiometry is indicated by sharp magnetic transitions in macro-
scopic magnetization, the standard indicator for both LuFe2O4

and YFe2O4. It has allowed us to observe for the first time sharp
charge order superstructure reflections, with correlation lengths
at least a factor of 5 larger than those observed in highly stoichio-
metric LuFe2O4. Comparing qualitatively magnetization data and
the CO superstructure pattern to those observed on sufficiently
stoichiometric LuFe2O4, suggests that YbFe2O4 and LuFe2O4 are
very similar in terms of both charge order and magnetism, which
we attribute to the similar size of the rare earth elements.
However, differences, for example in the relative stability of the
ferrimagnetic phase were observed as well. The elucidation of such
differences is the subject of ongoing work.
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