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We present the structural, optical properties, and electronic excitation spectra of the YbFe,O, thin film deposited
on (0001) sapphire substrates. The optical spectra of a YbFe,O, thin film show several electronic transitions,
dominated by Fe d to d on-site electronic transitions as well as O 2p to Fe 3d, Yb 6s, and Yb 5d charge-transfer
electronic transitions. The direct energy band gap of YbFe,O, has been found to be 1.40 = 0.01 eV at 300 K.
Moreover, the electronic transitions centered at 1.75eV and 2.41 eV exhibit strong temperature dependence

with a discontinuity at ~190 * 10K, indicating evidence for a structural instability in the system. The optical
spectra of YbFe,O, have been analyzed and also compared with that of isostructural YFe,O4 and LuFe,0y.

1. Introduction

YbFe,0, belongs to the RFe;04 (R =Y, Dy to Lu) rare-earth ferrite
family having the rhombohedral crystal structure (R3m) [1] char-
acterized by an alternating stacking of hexagonal double layer of FeOs
bipyramids and ROg octahedra. This ferrite family has mixed valence
iron with an equal number of Fe?>* and Fe®™" ions in a triangular lattice,
resulting in both charge and spin frustrations in the system. As a result
of the spin and charge frustrations, these ferrites exhibit unique mag-
netic properties, charge-ordered state, and spin-lattice coupling
[2,4,3,5]. The ferrimagnetic transition due to the ordering of the Fe?*
and Fe®* moments occurs around 250 K in this family. The charge-or-
dered state driven by the Fe®* - Fe®" charge interactions within the
triangular lattice has been observed in LuFe,O4 [6,7,8,9] and in
YbFe,0,4 [10,12,13,14]. The ferroelectric polarization in YbFe,O,4 has
also been reported [11]. Moreover, LuFe,O4 and YFe,O4 undergo a
structural distortion from a hexagonal structure to a monoclinic struc-
ture and then to a triclinic structure at T ~ 220K and 190K
[15,16,17,18,19]..

The physical properties of the RFe,0, oxides have been reported to
be strongly sample dependent, revealing that the studies of these
compounds are challenging [14,20,21,22,23]. For instance, both the
three-dimensional and two-dimensional magnetic orderings have been
observed in YFe,O,4 and LuFe,0,, and such inconsistencies are believed
to be caused by the amount of oxygen deficiencies in the samples
[22,24,25,26]. Likewise, the ferroelectric property of LuFe,O, is con-
troversial for the same reason. Recently, Nagata et al. have reported the
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spontaneous electric polarization in YbFe,O4 [11]. This new result
certainly brings attention to YbFe,O,4. While the work on single crystal
YbFe,0,4 have been very limited, there are only a couple of studies on
YbFe,0, thin films [27,28]. Moreover, the systematic studies on the
optical properties, the energy band gap, and the electronic excitations
of the YbFe,O, thin films are very important and clearly lacking. Op-
tical spectroscopy offers a unique tool to investigate these properties of
YbFe,04 and help understand the multiferroic properties of this family
of compounds.

In this letter, we report on the optical properties and electronic
excitation spectra of YbFe,0, thin films, deposited on (0001) sapphire
substrates by a reactive electron beam deposition system. We measured
the temperature-dependent optical spectra in the temperature range of
80-370 K using optical spectroscopy. We find that the optical spectra of
YbFe,O,4 contain several electronic excitations in the energy range
0.5-6.5 eV attributed to Fe?*d to d on-site and O 2p to Fe 3d charge-
transfer transitions. Based on the absorption spectra, YbFe,O4 has a
direct energy band gap. In addition, we have analyzed the temperature
dependence of the electronic excitations that shows subtle changes near
the charge-ordering transition around ~300 K, and a discontinuity at
~190 K. We interpret that the observed optical feature at ~190 K is
due to a structural instability in the system.

2. Experimental details

YbFe,0,4 was prepared by a conventional solid state reaction. The
powder samples of Yb,O;, Fe,Os;, and FeO were mixed in a
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stoichiometric ratio and was thoroughly ground in mortal and pestal.
The mixture was then pressed into pellets and sintered at 1100 °C for
15 h. After sintering, the process was repeated two more times: ground,
pressed into pellets, and sintered. Finally, the prepared pellets were
used as a target material for the electron beam deposition. Before thin
film deposition, we preheated substrates at 600 °C for 30 min and
slowly increased the substrate temperature to the final temperature.
Similarly, the heating of the target pellet was carefully controlled by
gradually increasing the electron beam power and raising the pellet
temperature to allow the pellet surface to melt without any spattering
of the material. We deposited 120 + 10nm [29] YbFe,O, films on
single crystal (0001) sapphire maintained at 800-850 °C with the film
deposition rate of 90 A/min. The film thickness was measured by a
quartz crystal monitor during the deposition process. The chamber base
pressure and the oxygen partial pressure were 2.5 x 10™* Pa and
5 x 10~ 2 Pa, respectively, during the deposition. All as-grown thin
films were annealed at 600 °C in the mixture of oxygen and air for about
3h.

X-ray diffraction (XRD) and atomic force microscopy (AFM) have
been employed to characterize the surface morphology and structural
properties of the YbFe,O, thin films. We measured variable-tempera-
ture (10-400 K) normal-incidence optical transmittance in the wave-
length range of 190-3000 nm, with a spectral resolution of 1 nm, using
a dual-beam spectrophotometer coupled with a continuous flow helium
cryostat and a fiber optic spectrometer coupled with a closed-cycle
helium refrigeration system. The magnetic data are measured using the
Vibrating Sample Magnetometer option of a Physical Property
Measurement System (Quantum Design).

3. Results and discussion

Fig. 1 (a) shows the XRD patterns of a 120 nm YbFe,O, thin film
grown at 800 °C on (0001) sapphire by a reactive electron beam de-
position. The YbFe,O, thin film on (0001) sapphire shows the (006),
(107), (0012), and (0018) planes at 21.2°, 39.7°, 43.4°, and 67.4° re-
spectively, as the preferred planes. Note that the two peaks observed at
20.5° and 41.7° correspond to the (0003) and (0006) planes of the
substrate. Based on the XRD data, YbFe,04 thin film is polycrystalline.
No other phases were observed in the XRD pattern. Similarly, Fig. 1(b)
shows 2um x 2um AFM image of the YbFe,O, thin films on (0001)
sapphire, annealed at 600 °C. The surface roughness of the thin film is
relatively small with the root mean square value of ~7 nm.

The zero-field cooled (ZFC) and field cooled (FC) magnetization of
the YbFe,O4-sapphire thin film as a function of temperature for
H = 500 Oe (in the out-of-plane direction) is shown in Fig. 2 (a). The
magnetic moment data do not show a clear magnetic transition, ex-
pected around 250 K (as shown in the inset for a close-up view), but the
moment increases significantly below 100K. Such increase in the
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Fig. 1. (a) XRD pattern of a 120 nm YbFe,O,4 thin film on (0001) sapphire
substrate, showing the (006) and (107) planes, as the preferred crystalline or-
ientation. The peaks at 20.5° and 41.8° are from the (0003) and (0006) planes of
sapphire (b) AFM images (2um X 2um) of the YbFe,O, thin film on sapphire
substrate. The sample was annealed at 600 °C.
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Fig. 2. Normalized magnetic moment of a 120nm YbFe,O, thin film as a

function of (a) temperature for zero-field cooling and field cooling with

H = 500 Oe. (b) magnetic field at 10 and 200. The M-H hysteresis loops at 10
and 200 K demonstrate a ferrimagnetic behavior.

moment at low temperatures has been observed in single crystal
YbFe,0,4 which is attributed to the moments of Yb®>" ions [30,31]. As
shown in Fig. 2 (b), the sample demonstrates a hysteresis effect at 200 K
and 10K, consistent with the expected ferrimagnetic state of YbFe,O4
below the magnetic transition temperature. The hysteresis loop dis-
appears at room temperature (not shown), as expected in the para-
magnetic state. The coercivity and the saturation magnetization values
at 10K are about 25% higher than their values at 200 K.

Fig. 3 (a) shows room temperature near-normal reflectance and
transmittance of a 120 nm YbFe,O, film on sapphire. The spectra show
an interference effect below 2.0 eV while the absorption increases ra-
pidly above 2.0 eV. In order to investigate the optical properties and the
electronic excitations of YbFe,0,4, we extracted the absorption coeffi-
cient (a) from the measured transmittance and reflectance of the
YbFe,04 thin film at 300K (as shown in Fig. 3(b)) using a = — (1/
d)In[T/(1 — R)], where d is the film thickness, R is the reflectance, and
T is the transmittance. Then, the absorption spectrum has been fitted
with the peak fitting software to identify the electronic transitions. For
the fitting, the Gaussian-amplitude function was used, and the best fit
(green line) was obtained with 5 peaks as indicated by the solid lines.

The absorption spectrum of YbFe,O, contains the electronic
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Fig. 3. (a) Room temperature transmittance and reflectance as a function of
photon energy of a 120nm YbFe,O4 film on sapphire. (b) The absorption
coefficient (a) of the YbFe,O,4 thin film at 300 K, extracted from the measured
transmittance and reflectance. A solid line (green) represents the peak fitting
for the absorption (solid circle) with 5 peaks as indicated by the solid lines. The
Gaussian function was used for the peak fitting process. (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. 4. Representative absorption spectra of a 120 nm YbFe,Oy, film on sapphire
at 80, 200, 300, 360 K, respectively. The three electronic transitions associated
with Fe?*d to d and O 2p to Fe 3d, as indicated by the arrows, were studied for
their temperature dependence. The inset shows the (a. E)? versus Photon
Energy for a YbFe,O, thin film at 100 K. The solid line represents the direct
band gap model fitting of the data to extract the energy band gap (E,
~1.42 = 0.01 eV).

excitations at ~1.75eV, 2.41eV, 3.10eV, 3.90eV, and 5.10eV, and
these electronic excitations are very similar to that of isostructural
LuFe,04 and YFe,O,4 thin films [32,33]. Based on the electronic tran-
sitions of LuFe,0,4, the two weaker peaks near ~1.75eV and 2.41 eV
are attributed to the Fe2* (3d®) d to d electronic excitations. In general,
the d to d on-site excitations are parity forbidden and as a result, these
excitations have weak oscillator strengths. In this family of rare-earth
iron oxides, we have found that the local distortion, the spin-lattice
coupling, and a strong hybridization between O 2p and Fe 3d states in
the building block FeOs [34,35], are very common phenomena. Con-
sequently, the d orbitals are not purely of d characteristics rather they
are the p-d hybridized orbitals, and the two weaker peaks at 1.75 eV and
2.41 eV originate from the electronic excitations from the p-d hy-
bridized states to the empty Fe 3d states. Similarly, the three stronger
peaks centered at ~3.10eV. 4.8 eV, and 5.10 eV are assigned to O 2p to
Fe 3d, Yb 5d, and Yb 6s charge-transfer excitations.

Fig. 4 shows representative absorption spectra of a 120 nm YbFe,O4
film as a function of photon energy between 80 K and 370 K. While the
transmittance was measured at different temperatures, the reflectance
was measured only at 300K, and the same 300K reflectance was used
to extract all absorption coefficients. The use of the reflectance data
help eliminate the interference peak below 1.75eV, but it does not
affect the high energy features. The inset (Fig. 4) shows an example of
the energy band gap extraction from the (a. E)* versus Photon Energy
for the YbFe,O,4 thin film at 100 K. The fitting of the data gives the
direct energy band gap of YbFe,O4 to be E; ~1.42 + 0.01eV at 100K
[36]. The fitting (not shown) with the indirect energy gap model did
not show two slopes expected from the model, and thus we conclude
that YbFe,O4 has a direct energy band gap. Although the 120 nm
YbFe,04 thin film data show a direct energy band gap, we cannot
discount the fact that our data may not have sensitivity to an indirect
gap due to the film thickness. We note that the thicker film and a single
crystal samples will offer a better insight into the true nature of the
energy gap in this material. Further, the energy band gap does not
change much at low temperatures. For example, the value of Eg slightly
increased from ~1.40eV at 300K to ~1.42eV at 80 K. It is interesting
to note that the intensity of the 1.75eV peak decreases on cooling
(discussed below).

The temperature dependence of the electronic excitations can offer
insight into the structural distortion and the coupling between the spin
and charge degrees of freedom in this frustrated magnetic system. Fig. 5
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Fig. 5. (a) A close-up view of the absorption spectra in the low-energy region
for the YbFe,0, thin film between 80 and 360 K. (b) Temperature dependence
of the integrated area of the 1.75eV peak. (c) (a. E)® versus Energy for the
upper energy band gap of YbFe,O4 at 100 K. A solid line represents the fitting of
the graph using the direct energy band gap model. (d) Temperature dependence
of the absorption edge of the 2.41 eV electronic transition, indicating a dis-
continuity at ~190 K. The solid lines are guides to the eye.

(a) shows the close-up view of the low-energy excitations centered at
~1.75eV and 2.41 eV for the YbFe,O, thin film in the temperature
range 80-360 K. It is clear that these excitations exhibit a strong tem-
perature dependence. Particularly, the oscillator strength of the 1.75 eV
peak becomes weaker and the rising slope of the 2.41 eV peak shifts to
higher energies on cooling. To elaborate the temperature dependence of
the intensity of the electronic transition, we integrated the 1.75 eV peak
and plotted as a function of temperature, as shown in Fig. 5(b). As
shown, the integrated area significantly decreases below 190 K, which
is an indication of the changes in the crystal-field environment of Fe
ions. We interpret that the modifications of the crystal-field environ-
ment is associated with a structural instability. Such instability in the
magnetic state could arise from the coupling among the spin, lattice,
and charge degrees of freedom. In addition, the integrated area shows a
subtle change at ~250 K which could be attributed to the onset of the
magnetic ordering in the system.

As shown in Fig. 5 (a), the oscillator strength of the 2.41 eV peak is
much stronger than that of the 1.75 eV peak. Although the fundamental
energy band gap of YbFe,O, is related to the electronic transition at
1.75 eV, the energy band edge of the 2.41 eV peak is referred to as the
upper energy band gap. We have extracted the upper energy band gap
by fitting the (a. E)* versus Energy data at each temperature with the
direct-type energy gap model. An example of the 100 K data fitting is
shown in Fig. 5(c). In Fig. 5(d), we show the 2.41 eV band edge ex-
tracted from the fitting as a function of temperature. As shown, the
band edge exhibits two linear regions with a discontinuity at
190 + 10K. Between 360 K and 190 K, the data suggest that the band
edge increases (i.e. blueshift) at a faster rate while the rate of increase
slows down below 190 K. The observed temperature dependence of the
energy band strongly suggests that the building block FeOs trigonal bi-
pyramids may have undergone through a structural instability below
190 K. It is noted that LuFe,0,4 and YFe,O,4 undergo a structural change
from a hexagonal structure to a monoclinic/triclinic structure below
180K, which is attributed to the spin and charge frustrations in the
lattice [3,24,37,38,39]. We have also reported such structural distor-
tion in LuFe,04 and YFe,O, thin films [32,33]. A recent study on single
crystal YbFe,O,4 suggests that, besides its paramagnetic to ferrimagnetic
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Fig. 6. Temperature dependence of three electronic excitations centered at
1.75, 2.41 and 3.10 eV of a YbFe,O4 thin film. The shaded vertical lines des-
ignate a structural instability at T*~190 K, the magnetic transition at Ty~ 240
K, and the charge-ordering transition at T¢o ~300 K.

transition at 255 K, this compound undergoes a ferrimagnetic (fM) to an
antiferromagnetic (AFM) transition at ~210 K and it further goes into a
low temperature phase at 139K [10]. In this context, the observed
discontinuity around 190 K in the YbFe,O, thin film could be associated
with the changes in the spin structures in the system. It is noted that
YbFe,0, thin film is strained in addition to the frustrations in the
system, likely causing the structural instability. A structural instability
could directly affect the building block FeOs trigonal bi-pyramids i.e.,
the crystal-field environment of Fe ions, consequently manifesting as a
discontinuity in the temperature dependence of the electronic excita-
tions.

We further analyzed the temperature dependence of the electronic
excitations in order to explore the structural instability. In Fig. 6, we
show the temperature dependence of the peak position of the three
electronic excitations located at 1.75 eV, 2.41 eV, and 3.10 eV. Overall,
the peak intensity of the 1.75 eV and 2.41 eV excitations decreases upon
cooling. In contrast, the 3.10 eV peak intensity increases at low tem-
peratures. Moreover, the 1.75eV and 2.41 eV peaks show a significant
drop in their intensities below 190 K. The discontinuity in the peak
positions around 190 K, which is consistent with the temperature de-
pendence of the integrated area in Fig. 5(b), supports the argument that
the crystal structure of YbFe,O, is unstable through the magnetic
transition. The peak intensities, however, do not show any clear
changes around ~ 250K with the onset of the ferrimagnetic ordering in
YbFe,04. On the other hand, the peak intensity of the three peaks
display the changes around ~ 300 K which possibly indicate the charge-
ordering transition in the system [37]. We speculate that the spin
frustrations cause the structural instability at low temperatures, and
consequently leading to a strong temperature dependence of the optical
properties and the electronic excitations in the family of RFe,O4
(R =Y, Yb, and Lu) thin films.

4. Conclusion

In summary, we investigated the structure, optical properties, and
electronic excitations of the polycrystalline YbFe;O, thin films. The
optical spectra of YbFe,O,4 show Fe d to d on-site transitions at 1.75 eV
and 2.41 eV, while the charge-transfer transitions from O 2p to Fe 3d,
Yb 5d, and Yb 6s are located at 3.10 eV, 3.90 eV, and 5.10 eV, respec-
tively. These electronic transitions are consistent with that of the

60

Thin Solid Films 673 (2019) 57-61

LuFe,04 and YFe,04 thin films. The direct energy band gap of YbFe,O4
has been found to be 1.40 + 0.01 eV at 300 K. Likewise, the tempera-
ture dependence of the three electronic transitions centered at 1.75 eV,
2.41 eV, and 3.10 eV indicates a structural instability at ~190 + 10K.
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