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Evidence of electron-phonon and spin-phonon couplings at the Verwey transition in Fe;0,
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Using low temperature Raman spectra on two-dimensional epitaxial Fe; O, thin films, the presence of electron-
phonon (e-p) and spin-phonon (s-p) couplings is established in the vicinity of Verwey transition (7y). The e-p
coupling is linked to A;, and 75, Raman modes and s-p to the 7>, mode, below isotropic point (k). The parabolic
dependence of the characteristic spin-correlation eigenstates on the magnetization, Aw,_pn, o (S;|S;) [%ST)]2
observed between Tx and Ty demonstrates the presence of s-p coupling. This work provides experimental
evidence of the onset of correlation between these couplings and charge-orbital ordering below Tk to govern the

Verwey transition in Fe;O, films.
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I. INTRODUCTION

One of the most interesting physical phenomena associated
with Fe;O4 (magnetite) crystals is the occurrence of metal-
insulator (MI) transition at ~120 K (7y), the so-called Verwey
transition (VT) [1,2]. The Fe;04 also undergoes a change in
the magnetic anisotropy behavior in the form of easy-axis
changing from [111] to [100] at the isotropic-point temperature
(spin reorientation temperature), Tx = 135 K [3,4]. Both the Tk
and Ty are highly sensitive to the presence of antiferromagnetic
(AF) defects, and the inherence of these defects often ceases
these transitions [5]. VT is accompanied by the change in
crystal symmetry from cubic to rhombohedrally distorted
monoclinic phase and is confederated with the aberrance
in most physical properties of Fe;Oy4, e.g., a giant increase
in resistivity and sudden drop in magnetization [2]. Despite
intensive investigations over a half-century, the origin of VT
continues to be elusive and is an arguable issue of fundamental
understanding. Verwey originally described this transition as
a disorder-order transition [6] and suggested that the Coulomb
repulsion between neighboring cations (Fe’* and Fe’*) at
the octahedral sublattice sites organizes them on the alternate
(100) planes, which lead to the crystal distortion. The reduction
in the conductivity below Ty as a consequence of the ionic
or charge ordering was also suggested. Later, Anderson [7]
suggested the importance of short range order in VT, due to
the Coulomb interaction between cations at octahedral sites,
in order to minimize the electrostatic energy. However, in
Anderson’s model, the abrupt change in conductivity around
Ty is not expected. The inconsistency with Anderson’s model
is understandable as both the elastic and the Coulomb energies
should be minimized rather than Coulomb energy alone.

Further, Ihle and Lorenz [8] pointed out the importance of
strong coupling of interatomic Coulomb interaction to lattice
at VT. Later, based on theoretical calculations employing gen-
eralized gradient approximations under onsite Coulomb inter-
actions, it was proposed that the charge-orbital (CO) ordering,
and therefore VT, is driven by Fe 3d-electron correlations [9].
The CO observed in Fe;Oy is consistent with the x-ray and
inelastic neutron scattering (INS) and entropy measurements
[4,9,10]. The presence of strong onsite Coulomb interactions
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amplifies the conduction electron coupling to the phonon
ordering parameter below Ty, and it assists in VT [10]. Later,
using three different results including ab initio calculations,
Hoesch et al. [11] found that the electron-phonon (e-p)
coupling of the Fe 3d-electrons stabilizes the CO that drives
the change in crystal symmetry at Ty, and this e-p coupling also
induces the strong phonon-anharmonicity. However, the range
of temperature over which phonon-anharmonicity dominates
and the role of 7Tx and its correlation with the e-p and
spin-phonon (s-p) coupling (novel and vital aspect for VT)
are still obscure and need to be enlightened by experimental
verification, as their consideration is inevitable in governing
the occurrence of VT. Isothermal Raman measurements offer
a powerful tool to probe such issues.

Previously, low temperature Raman measurements on bulk
Fe;O4 have been reported to understand whether the electronic
and phononic states are acting together near VT [2,12-14].
But the invisibility of Tk and laconism about the existence
of e-p and s-p couplings persisted. The invisibility of Tk is
because of (i) use of insensitive Raman A, mode peak [13]
instead of highly sensitive 75, mode peak for temperature-
dependent studies, (ii) use of sparse data points in the vicinity
of Ty and Tx [12-14], and (iii) use of antiphase boundary
(APB) dominated samples, e.g., thin films grown on MgO
or Al,O; [15-17] surface-treated single crystals [14]. It has
been reported that the occurrence of Tx vanishes/broadens
in the presence of a high density of APBs, as Tk is highly
sensitive to AF disorders [5]. APBs/AF couplings exist in films
grown on MgO and Al,O3 substrates, and surface treatment
generates the AF couplings or highly effects the line-shape
parameters [16—18]. Therefore, the presence of AF coupling
diminished the appearance of phonon anharmonicity and Tk
in all of these studies. Thus, we believe that inconsistencies in
previous works are associated either with poor sample quality
or inappropriate measurements, and it then becomes hard to
probe the role of strong e-p and s-p interactions around Ty .

Despite Raman studies, ab initio calculations, INS, and
resonant x-ray scattering [2,9-14], clear evidence of strong
e-p and s-p interactions in the vicinity of Ty has yet to be
established. McQueeney et al. [19] suggested the possibility
of the presence of large s-p coupling in Fe;O4 below VT,
but this claim needs pellucidity. In this paper, we report
Raman measurements in the 90-295 K temperature range to
enlighten the existence of phonon anharmonicity, e-p, and s-p
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FIG. 1. (Color online) Raman spectra recorded in 150-800 cm™' frequency range at some representative temperatures.

couplings. The work clearly demonstrates the existence of
phonon anharmonicity down to ~7x and the strong e-p and
s-p couplings below ~Tx.

II. EXPERIMENTAL DETAILS

High quality, stain free, APBs free and smooth (for en-
hanced Raman signal) layer-by-layer grown two-dimensional
(2D) epitaxial Fe;O4 thin film sample grown at 600 °C [5]
is chosen for the Raman measurements. Already reported [5]
measurements on the same sample, like dM/dT in zero-field
cooled—field cooled (ZFC-FC) protocol, magnetization vs
field (M-H), etc., lend support to their excellent magnetic,
electronic, and structural quality. Raman measurements were
done using the Spex-Triplemate spectrometer and cooled
(—80°C) with a charge-coupled device (CCD) camera-based
micro-Raman system with a temperature accuracy of +2K
[20,21]. A 514.5 nm Ar" laser at 5 mW power with a 20 x
objective was used to record the Raman spectra in 180° scat-
tering geometry. The polarized micro-Raman spectroscopic
measurements were also performed at 300 K to establish the
mode’s symmetry and monocrystallinty of the sample.

III. RESULTS AND DISCUSSION

The Raman spectra in the 150-800 cm™! frequency range
at some representative temperatures are shown in Figs. 1(a)
and 1(b). Only the strongest Ay, T5,(2), and T5,(3) modes of
Fe; Q4 are observed down to the vicinity of VT. The positions
of T5,(2) and T,(3) modes of Fe3Oy4 coincide with that in
Si. However, before acquiring temperature-dependent Raman
spectra on Fe;Oy4, the optimizations of Raman laser power
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FIG. 2. (Color online) Raman spectra recorded in 150-800 cm ™!

frequency range at 295, 150, and 91 K along with TiN(200)-buffered
Si(100) substrate spectra at 91 K.

and recording time were performed on TiN/Si(100) to debar
Si second-order Raman mode at 7,,(3) mode position of
Fe;O4. It may also be noted here that none of the Raman
modes of TiN are seen due to its small thickness (8 nm).
We therefore chose only A, and T5,(3) modes for analysis.
For clarity and conciseness, the Raman spectra at 295, 150,
and 91 K temperatures along with TiN/Si(100) buffered
substrate is also shown in Fig. 2. Whereas Fig. 3 shows the
portions of Raman spectra, highlighting the A, and 75,(3)
modes, which are characterized by r'F, and F;’ irreducible
representative symmetry operators [10], recorded at three
different temperatures. Below Ty, each of the T, mode splits
into three levels (i.e., By,, Bag, and Bsg), but the A, mode of
the high temperature cubic phase continues to exhibit the same
vibrational symmetry below Ty. Verble et al. [2] assigned the
A, mode to the diagonally symmetric stretching vibrations
and the 7>, mode to the asymmetric and symmetric bending
of oxygen with respect to the Fe ion [22]. To get the precise
value of Raman line-shape parameters, the Raman spectra
are fitted by convolution (multiplication) of Lorentzian and
Gaussian functions to obtain minimum chi-square value, and
backgrounds are subtracted by a second-order polynomial to
get the more precise value of Raman line-shape parameters
(Appendix A). The temperature dependence of the observed
line width (I") and frequency (w) of both modes are shown in
Fig. 4. Both (T') and I'(T') highlight the occurrence of Tx and
Ty, which is analogous to the dM/dT response of this sample
[Fig. 5(c) of Ref. 5]. Therefore, in the following, we discuss
the temperature dependence of the I' and w of A, and T»,(3)
modes (Fig. 4) in terms of phonon-phonon (anharmonic), e-p
and s-p coupling contributions to understand the VT.
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FIG. 3. (Color online) Raman spectra recorded at three tempera-
tures and their line fits for (a) A, and (b) 7,(3) modes.
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FIG. 4. (Color online) Temperature dependence of @ and I" and their fitting using the anharmonic model for (a) A, and (b) 75,(3) modes.

As s-p interactions are expected to be much weaker at higher
temperature, these could be ignored in Fe;O4 spectra taken
above Tx. The frequency change of the ith phonon mode down
to the vicinity of Tk in Fe;O4 can be described by

Aw = w;(T) — 0;(0) = (Aw)1a + (Aw;)anh, (1

where ®;(0) is harmonic frequency. The quasiharmonic
(Aw; )1 term is governed by the modification of ionic binding
energy due to distortion in lattice and is usually approximated
by Gruneisen law as (Aw;)e = — Vi A—VV, where y; is the
Gruneisen parameter and A—VV is the fractional volume change
[23,24]. INS studies on Fe;04 demonstrated the compression
of the unit-cell volume by 0.1% as temperature is reduced
to Ty [25]. Therefore, its contribution cannot account for
the observed changes in w(7T'). The (Aw;)ann term is intrinsic
in nature and accounts for purely anharmonic effects due to
thermal expansion. The contribution of the anharmonicity into
phonon line width and frequency are investigated as a function
of temperature using [26]

(Awj)anh = o(T) — w(0) = A(] + xz 1)
erX —

3
+ 12) )

N(T)y=cC(1+ 2 Vip(i4—2— 423
N er — 1 e —1 e —12)
3

where x = hwo/QkgT) and y = hwy/(BksT), wy is the
characteristic frequency of the mode, and A, B, C, and D are
constants. w(7T'), w(0) and I'(T'), I'(0) are the frequency and
line widths at 7 and 0 K, respectively. In each equation, while
the first term is associated with the “three-phonon process,”
i.e., decay of anharmonic phonon into two equal energy
acoustical phonons, the second term is associated with the
four-phonon process (w; = wy = w3 = %). Both anharmonic
equations of w(T) and I'(T) comprise the same third- and
fourth-order phonon terms; therefore, in both w(7") and I'(T')
the mode anharmonicty is expected to go down to the same
temperature. Figure 4(a) clearly depicts the best anharmonic
fitting for w(T") and I'(T") data down to Tk for A;, mode. The
fitted values of A, B, C, and D are —0.146, —0.039, 13.30,
and —0.790, along with 669 = wy. Similarly, Fig. 4(b) shows
the best-fit curves (anharmonic behavior) down to 150 K for
w and I' corresponding to the 75, mode. The fitted values of
parameters A, B, C, and D are —0.246, —0.016, 4.676, and
—0.0574, along with 316 = wy. In both modes, the values of

+B<1+ ;
e’ —1

constant parameter “D” linked to the four-phonon anharmonic
process is quite small. Therefore, the line-shape parameters
of Az and T, modes are clearly dominated by the cubic
anharmonic behavior down to Tx and 150 K, respectively,
though the anharmonic fit curves are extrapolated downto 91 K
in w(T). However, below ~ Tk to Ty, the sharp rise is observed
in I'(T) and a modest increase in w(T), as shown in Fig. 4.
Only the e-p coupling strongly contributes in line width (e-p
I') and negligibly in frequency (e-p ﬁ) [27], whereas it is
vice versa for s-p coupling. Therefore the increase in I'(T") for
both the modes below Tk could be dominated by e-p coupling.
However, compared to the A, mode, the 75, modes are highly
sensitive to electronic and magnetic exchange interactions
[14]. Therefore, large changes that abound in I'(7") and w(T')
of the T>, mode can be directly linked to the significant
presence of such exchange interactions. As discussed above,
anharmonic terms only govern the line-shape parameters down
to ~Tx; the e-p and s-p couplings (discussed in next sections)
are therefore expected to provide significant contribution to
the line-shape parameters below Tx.

To explore the presence of e-p coupling below Tx (Ap-
pendix B), the Allen approach is used [27]. Allen showed
that e-p coupling in disordered metallic systems could be
estimated by the average phonon line width over disordered
wave vectors ('j [2,27], since the conservation rule is relaxed
in the presence of disorder among different ¢ leading to the
decay of phonon into the electron-hole pair, whereby the e-p
interaction is enhanced. For the ith phonon, the e-p coupling
(1) is expressed (Allen’s formula),

o (L[ e 1 4
- <E) (E)(ME))’ @

where g; is the degeneracy of ith mode and N (E) is the density
of states (DOS) at the Fermi level per spin per molecule [27].
We can assume that the change in DOS remains moderate
down to Ty because DOS are known to be reasonably static,
as inferred from INS [25] and photoemission experiments
[28]. Below Ty, ~15-20% changes occur in DOS [28].
Consequently, the pellucid aspect of the e-p coupling strength
is better estimated by the convolution of AN(E) around Ty,
which is plotted in Fig. 5 for both modes. In these modes,
the e-p coupling strength is absent above ~Tx on account
of anharmonic effects. Whereas the moderate rise in AN (FE)
in Aj, mode observed below ~Tx is governed by electronic
disorders that are associated with the e-p coupling interactions,
the prominent increase in AN (E) in the 7>, mode [Fig. 5(b)], in
comparison to thatin A, mode [Fig. 5(a)], between 150 K and
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Ty. Figure 6 only shows the Fano function fitted Raman
profile at a few representative temperatures. The observed
fitted line-shape parameters are nearly similar, as measured by
Gaussian and Lorentzian convolution functions. The estimated
values of |g| are shown in Fig. 7(a). The increase in 1/|q]|
on cooling below 150 K clearly strengthens the presence of
strong e-p coupling in 7>, line-shape parameters. This strong
Temperature (K) Temperature (K) e-p coupling could be expected by two possible mechanisms:
(i) the charge ordering below ~Tgk has a higher correlation
FIG. 5. (Color online) Estimated AN(E) for (a) Aj; and (b)  Jength than the lattice-distortion fluctuations [4] because of
T»,(3) modes. which it couples strongly to lattice vibration modes below Tk to
evolve strong e-p coupling thereby stabilizing CO [10,11], and
(i1) spin-dependent e-p interactions due to spin reorientation
at Tx. To enlighten the spin-dependent e-p interactions, the
Guntherodt ef al. [31] approach is used. Within this approach,
the spin-dependent electron-phonon interaction is described
by the following Hamiltonian as

X
L
]
S
PA
-y
]
]
-}
y £
<
=
]
<

Ty clearly affirms that the electronic states couple strongly with
the 75, mode. Whereas AN (E) remarkably remains moderate
for the T, mode below Ty (down to 90 K), it steeply decreases
for the A;, mode, as shown in Fig. 5(a). This steep decrease of
AN (E) is dominantly regulated by the decrease of N(E) below
119 K, since A is weakly coupled to the A, mode. However,
for the 7>, mode, the AN (E) is indeed dominated by A around
Ty. Therefore, the operator 'Y, which is associated with the
T, mode, contributes to VT strongly compared to I} operator
for Aj, mode. In the presence of strong e-p interactions, the

Hep =YY 0p(e5,GM8(G — &), (6)
Em (;)"

: ! where 8(g — g,) is the Dirac delta function, g, is the
quantum interference between the continuum of electron-hole reciprocal magnetic lattice vector, § is the wave vector, and

excitations and discrete phonons leads to asymmetric Fano ¢_5,(G)) is the spin-phonon coupling parameter. It may be

resonance. Therefore, the strong e-p coupling is accompanied noted that Hzp+ 0 only if (i) § — 8 = 0, which is indeed
by asymmetry in the Raman line shape [29,30]. As a result of " ;

Fano interaction, this asymmetry is incorporated in the high
sensitive 15, mode intensity expression as

the case in Fe;O4 wherein the magnetic ordering occurs below

~Tx, and (ii) _5, (g1) # 0, which is only possible if strong
s-p coupling exists.

[q + M]z Therefore to establish the presence of spin-dependent e-p

I(o) = W’ ®) coupling below ~Tx, the presence of s-p coupling needs to

r be demonstrated. To check the presence of s-p coupling, the

where S is a constant and |g| is Fano asymmetric parameter, a temperature-dependent Raman intensity of 75, mode is plotted

measure of Fano interactions and its low value implies strong in Fig. 7(b). It shows the linear intensity variation below

e-p interaction [30]. 150 K. This increase in the intensity below 150 K clearly

The Raman spectra of 7T>4(3) mode is fitted with the Fano indicates the presence of s-p coupling. These s-p interactions

function [Eq. (5)] below ~Tx and down to structural transition are caused by the modulation of magnetic exchange interaction
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FIG. 6. (Color online) Fano function fitted Raman spectra of 75,(3) mode at a few representative temperatures of (a) 150 K, (b) 141 K,
(c) 134 K, (d) 127 K, and (e) 124 K. (f) The Fano fitted functions at 141 K, 134 K, 127 K, and 124 K for comparison. (g) Note that the general
trend of Raman line shape described by the Fano equation for different values of |g| keeping w and I" constant; smaller the value of |g| larger
is the asymmetry in line shape.
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FIG. 7. (Color online) Temperature-dependent plots for 7,, mode highlighting 7y and Tx. (a) 1/|q|, (b) Raman peak intensity,
(©) Ay pnn(T) and [572 T2, (d) M(T) and dM(T)/dT (H = 100 Oe, field cooling).

by lattice vibrations. It may be noted that the magnetic and
structural phase transitions in highly correlated systems such
as FeO, MnO, etc. are solely governed by the s-p interaction
[32-34]. Further, as the bending vibrational modes minimize
the effective Hamiltonian of s-p interactions [35], the T»,
mode, being a bending vibration mode, is therefore expected to
be strongly affiliated with the s-p coupling. To further strongly
establish the presence of s-p coupling, we use the Granado
et al. [36] approach between Tx-Ty [4], according to which
the Raman frequency shift of highly sensitive 75, mode due
to s-p contribution is expressed as w(T) — wy = Awg_ppn X
(S;18;). The term (S;|S;) represents the nearest-neighbor
spin correlations and should vary as [%]2, where M(T)
is the temperature-dependent magnetization, wy is the phonon
frequency in absence of s-p coupling, and My is the saturation
magnetization per Fe’* ion. Hence, for the 15, mode, the
interdependence of the w(7') and the s-p coupling is expressed
as o(T) — wyp = Aws_phn X [%]2. In Fig. 7(c), the Aw(T)
and [%]2 curves corresponding to the 7>, mode are plotted
simultafieously and can be seen to exhibit a maximum between
Tk and Ty and also an overlap on either side of the maximum.
This further provides a clear experimental evidence of the
existence of strong s-p interaction in Fe3;O4. On account of
the development of a single-ion anisotropy along (100) at Tk
[4], the bending vibrations of 75, mode thus couple strongly
with anisotropic spin-exchange interactions and result in s-p
couplings. The M(T) and its derivative % of this 2D
epitaxial film are also plotted in Fig. 7(d) for the pellucid
view of the characteristic changes taking place near Tx and
Tv. Therefore, above discussion concludes that the anomalous
line-shape parameters below ~T7k to Ty are due to the strong
presence of spin-dependent e-p and s-p coupling.

However, below Ty, the line-width broadening of the T,
mode [Fig. 4(b)] could also be in part due to the superposition
of the nearly degenerate 75, modes (i.e., Big, Ba,, and Bsg),
which are found below Ty . Though we do not have Raman data
at lower T, these latter modes are expected to be distinguish-
able below 90 K since the structural transition to monoclinic
phase gets complete by ~90 K, which was earlier established
via the field-cooled M (T') response of this sample [Fig. 5(c) of
Ref. 5]. The w(T) behavior (Fig. 4) in the structural transition
regime (Ty to 90 K) of both modes could be explained by
considering the magnetically frustrated spin exchange inter-
actions, which are expected to be present in this magnetically
frustrated regime. Therefore, w(T') can be expressed by

a)—a)()O((Rz—Rl)(Si|Sj>, (7)

where the exchange integral constants R and R;, respectively,
affiliate with ferromagnetic and AF nearest neighbors since
magnetic properties are determined dominantly by the
exchange interactions [24,37]. The direct exchange coupling
is ignored in this model. The distinct softening of w(T)
corresponding to the 75, mode observed below Ty [Fig. 4(b)]
could be governed by the ferromagnetic near-neighbor
exchange interaction along the octahedral-oxygen-octahedral
(or tetrahedral) chains. Therefore, below Ty, the (R, — Ry)
becomes more negative and leads to the softening of (7). The
marginal hardening of o(7T') occurring below Ty in the Ay,
mode [Fig. 4(a)] is attributed to the strong AF super-exchange
interactions along the octahedral-oxygen-tetrahedral chains
via the increase in (R, — R;), consistent with structural trans-
formation [38]. Analogous s-p exchange interactions have also
been shown in Eu;_,Y,MnO3; and multiferroic manganese
perovskites systems [39]. Thus, the low temperature Raman
measurements on our 2D epitaxial films clearly indicate that Tk
seems to be linked to the onset of strong s-p and e-p couplings.
These couplings are anticipated to play a fundamental role in
the occurrence of VT via the CO stabilization and band-gap
opening at the Femi level in the vicinity of transition [4,10,11].

IV. CONCLUSION

In conclusion, the presence of phonon anharmonicity
and strong s-p and e-p coupling are demonstrated using
low temperature Raman measurements performed on a 2D
epitaxial Fe;O, thin film. Phonon anharmonicity dominates
only down to ~Tk, and below it phonons couple strongly
to electron charge and spin degrees of freedom to stabilize
the CO, which might be associated with spin reorientation
taking place around Tk leading to the monoclinic distortions
of lower symmetry. The spin reorientation at 7x induces
the s-p coupling, and these couplings are responsible for
the creation of strong e-p interactions below Tx. Therefore,
these e-p interactions are pivotal to govern the VT. However,
Raman line-shape parameters in structural transition regime
(below Ty to 90 K) are governed by the e-p coupling and
frustrated s-p exchange interactions. The close association of
s-p interaction with MI transition in magnetic systems can also
have significant prospective for spintronic applications.

APPENDIX A

To get the precise value of Raman line-shape pa-
rameters Raman data was fitted to purely Gaussian, to
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purely Lorentzian, and to the convolution (multiplication) of
Gaussian and Lorentzian with different background subtrac-
tions. The value of X x> was significantly small for the case of
convolution function. Furthermore, the errors in the various
fitted parameters were also a minimum in comparison to
the case of fitting using purely Gaussian and/or Lorentzian
functions. Regarding background subtraction, second-order
polynomial and linear functions provided the nearly same

PHYSICAL REVIEW B 90, 024302 (2014)

fitting parameters. However, the polynomial background sub-
traction with average end point data correction minimized
the value of X yx? for better fitting and also discernibly
retained the Fano asymmetry below 135 K. The details of
these fittings are shown in Fig. 8 employing the Gaus-
sian, Lorentzian, and Gaussian x Lorentz (multiplication)
fitted Raman data at two representative temperatures of 150
and 91 K.
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FIG. 8. (Color online) Fitting of Raman spectra corresponding to 75, (3) mode using different functions [Gaussian, Lorentzian, and Gaussian
x Lorentzian (i.e., multiplication)] and different background subtractions (linear, Shirley, or no background subtraction) at 150 K and 91 K.
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APPENDIX B

When e-p coupling is strong, formation of small polarons is
expected. A general characteristic property of small polarons
is the exponential renormalization of mass, m], exp(%).

Therefore, the mass anisotropy, == ocexp[@k] is an

exponential function of A, where y, and y; are the numerical
coefficients and o and f are direction cosines, respectively,
and & is a dimensionless phonon frequency [40]. Since the
presence of strong e-p coupling is observed in the 150 to
Ty range in our Fe;O4 film; therefore, as per the above
relation, mass anisotropy is expected to be present in this
temperature range. The increase in mass anisotropy in presence
of small polarons below 150 K had earlier been reported in
epitaxial Fe; Oy thin films [8,41]. This interdependence of mass
anisotropy and A thus also supports the presence of strong e-p
coupling below 150 K.

The resistivity (p) vs temperature (7°) behavior of a
2D epitaxial Fe;O4 film deposited on a 7-nm epitaxial
TiN buffered Si(100) substrate is shown in Fig. 9. The
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FIG. 9. Resistivity versus temperature behavior of 2D epitaxial
Fe;0, film showing sharp Verwey transition.

steep rise of resistivity at 119 (7y) is clearly seen in this plot
and is typical of VT.
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