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This paper presents experimental and theoretical studies of lattice vibrations in a single-crystalline
Fe;0,(00)) thin film. The investigations were carried out in order to see how the lattice dynamics changes at
the Verwey transition. Vibrational densities of stat€¥0S) were obtained from nuclear inelastic scattering
(NIS) of synchrotron radiation in the temperature range 25 to 296 K, while theoretical DOS were calablated
initio within density functional theory. Experimental phonon density of states shows good agreement with
calculated DOS, reproducing both the general features of main line groups as well as the groups’ structure. This
is also in qualitative accord with heat capacity data, provided that experimental DOS is augmented with that
calculated for oxygen atoms. We have observed a gradual change in the NIS raw data as well as the relevant
DOS while lowering the temperature. In particular, the main peak in the energy region 15-25 meV shows
increasing splitting on cooling. The Lamb-Md&ssbauer factor calculated in the course of DOS evaluation shows
a pronounced drop in the vicinity of the Verwey transition that may be partly connected to the observed abrupt
lowering of the count rate at approximately 7 meV o« Ty. Since this is an indication of lattice stiffening
below Ty, we conclude that we have found experimental evidence for lattice participation in the mechanism
leading to the Verwey transition.
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I. INTRODUCTION cently, the dominant role of interionic Coulomb repulsion
) ) ) was questioned. For example, there is both experinfental
Magnetite (F&;0,) is a mixed valence compound of the 5 theoreticaf evidence that the Anderson criterion, stating
inverse spinel structure with the tetrahed(a) sublattice  that each tetrahedron composed of octahedral Fe positions
occupied by ferric F¢ ions, and the octahedréB) sublat-  has equal number of Feand Fé* cations in order to mini-
tice equally occupied by Féand Fé* ions. The distribution mize electrostatic energy, is violated. Therefore, the aim to
of iron ions at the octahedral sites is usually beligvetb  find intervening interactions is even more vital. Here, we
change from dynamic disordéfadditional” electrons form- address the problem of a direct experimental check of lattice
ing F€* ions resonate between adjacent octahedrdl Fe dynamics participating in the Verwey transition.
siteg to long-range ordefresonating electrons get frozen It is fairly well supported by the existing literature data
when lowering temperatures beloly, =125 K. This transi- that the lattice-electron coupling may contribute to the
tion (the Verwey transitionis accompanied by the latent mechanism leading to the Verwey transition. First, the Ver-
heat, drastic drop of the dc conductivity, and the anomaly irnwey transition is accompanied by displacements of the ions,
most physical properties.Also, the crystal symmetry leading to a change in crystal symmetry. Also, the substitu-
changes from cubfc(Fd3m) to monoclinic (space group tion of 43% of normaf®O by the heaviet0 isotope results
Co).56 in a considerable increase %, by approximately 5 Kt
This freezing electron picture was recently questioned byFinally, the transition in stoichiometric magnetite was shown
some measurement§,and therefore the long-lasting contro- to change its discontinuous character under the pressure of 6
versy as to the origin of interactions leading to the transitionGPal? revealing similar universal vs p relation as was
is still an ongoing issue. The dominant interactions governobserved for Fg,_40, and Fg§_,M,0, (M=Zn or Ti) while
ing the transition were already discussed by Andefsahp  changing the nonstoichiometry parameteor doping level
showed that the electron motion is highly correlated due toc.1314
interionic Coulomb interactions. However, Coulomb repul- Some direct studies of lattice dynamics were also done in
sion alone would cause the degeneration of any cationic pathe past. In particular, the quasielastic diffuse neutron scat-
tern that develops beloW,. Therefore, some additional, al- tering was observed by Shapiet al,'® also atq vectors
though much weaker, interactions are required to stabilizéncommensurate with low temperature structure, and extend-
long-range electronic order. Several possibilities for this ading up to 80 K aboveT,,. This phenomenon reflects fluctu-
ditional driving force were proposed so far, e.g., electron-ating atomic positions of the frequency approximately 1-2
electron, electron-phonon, or magnetic interactions. ReTHz extending coherently throughout the latti¢e., not of
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a localized charactgt® Diffuse scattering diminishes about 1 nm/min. During the deposition process, the substrate
abruptly asT falls below T,,'” and a similar behavior is was kept at a constant temperature of 250 °C. The growth
observed in heat capacity ddfhere, the lattice contribution was in situ controlled by a quartz crystal monitor, low
is reduced belowl, indicating low temperature lattice stiff- electron energy diffractioLEED), and conversion electron
ening. Even though no clear change in the phonon dispersioMossbauer spectroscop EMS). The freshly prepared film
relation at low energies &, was reported, based on neutron displayed a typical LEED pattern indicating the
inelastic scattering measuremefitst should be noted that (V2 X \2)R45 surface reconstruction, relative to the primitive
the authors used natural crystals with uncontrolled nonstosurface unit cell of the R©,(001) face. The CEMS mea-
ichiometry and/or dopant level, that may blur any subtle phesurement revealed a spectrum typical for bulk stoichiometric
nomenasee, e.g., Refs 13 and 14 for an extensive discussiomagnetite. Moreover, thex situtemperature CEMSRef.
of the influence of nonstoichiometry and doping on the Ver-23) and dc magnetizatidh measurements confirmed the oc-
wey transition. On the other hand, recent infrared and Ra-currence of the Verwey transition at>120 K, indicating
man studies do show some phonon stiffenifig, T5,, and  nearly perfect stoichiometry.
Ay modes move from 37.4, 67.07, and 82.94 meV gaist Temperature-dependent x-ray diffractiotRD) measure-
above T, to 38.56, 67.82, and 83.32 meV just below the ments in the temperature range 70-300 K were performed on
transition temperature, as reported in Ref. 20. According t& Siemens D5000 diffractometer equipped with the OX-
Gasparo¥! the Aj; mode changes its position from 82.7 FORD continuous flow cryostat and a rear graphite mono-
meV at 300 K to 83.9 meV at 5 K. Finally, quite recently, chromator using Cu K radiation. Patterns were collected
Setoet al?? used a doped magnetite polycrystalline sampleafter stabilizing the temperature of the sample for 30 min.
to test the new method to obtain site-specific phonon densithe measurements were performed in order of increasing
ties of states from the combination of nuclear resonance scaemperature after cooling the samples to below 70 K. The
tering in the time and energy domain. Accordingly, the par-XRD patterns were fitted using tfrLLPROF (Ref. 29 pro-
tial phonon DOS at room temperature could be obtained angram, assuming a pseudo-Voigt function for peak shape and
decomposed into contributions from tetrahedral and octahea polynomial function for the background intensity.
dral Fe sites. Diffraction was obtained from lattice planes parallel to the
In order to directly study the problem of lattice dynamics film surface so only peaks of th@ 01) type were observed
in magnetite at low energies, which can reflect the processesd only (0 0 4 and (0 0 8 peaks of FgO, and (0 0 2
related to the Verwey transition, and on well-characterizecand (0 0 4) peaks of MgO substrate crystal were measured
single crystal, we have performed high-resolution nuclear in{indexed on the base of the cubic unit gelBelow the
elastic scatteringNIS) measurements in a molecular beamVerwey transition temperature two additional wel@k0 3
epitaxy (MBE) grown FeO, single-crystalline thin film as a and (0 0 5 peaks, which are forbidden for cubic symmetry,
function of temperature. The NIS method has been choseWere observed. The temperature dependence ofCttee 3
because it probes vibrations at iron sites where the transitiopeak is shown in Fig. 1, which clearly indicates the onset and
is supposed to originate; we have thus expected to gain direglidth of the Verwey transition.
information about iron lattice participation in the Verwey
transition. . ) . o
We have found reasonable agreement of the density of B. Nuclear inelastic scattering of synchrotron radiation
states drawn from experimental data with those calculaked NIS measurements were performed at the Nuclear Reso-
initio within density functional theory. We have observed anance beamline ID 16Ref. 26 in the European Synchrotron
discontinuity atTy as well as the gradual shift of the density Radiation Facility (ESRP in Grenoble, France. In this
of states to higher energies on cooling. These findings sugechniqué’ synchrotron radiation incident photons, slightly
gest that the lattice becomes more rigid below the Verweyff resonance in comparison with tée nucleus excitation
transition. energy,Ey, can be resonantly absorbed by the nucleus pro-
Sample preparation, experimental procedures, and thgded that the energy is exchanged with lattice vibrations.
methodology of DOS calculation are described in the nextrhus, if a photon of energf,+AE (E,—AE) is absorbed,
section. In Sec. Ill the results of measurements are presentegen the phonon of energ)E is createdor annihilated. The
followed by the results of DOS calculations in Sec. IV andinelastic scattering is measured by detecting the yield of the

the discussion in Sec. V. delayed de-excitation productmainly 6.4 keVKa fluores-
cence x rays from the internal nuclear conversias a func-
Il. EXPERIMENTAL AND COMPUTATIONAL DETAILS tion of the incidence beam energy.

A high-intensity synchrotron x-ray beam is mono-
chromized by two successive monochromafor® the

The sample was an epitaxié@01) magnetite thin film resonance energl, (approximately 14.4 keVof the *Fe
grown on MgQ001) enriched with®Fe to 95%. The pol- nuclear Méssbauer transition. The design of the high-
ished MgQ@001) 10x 10X 1 mn? substrate was annealed for resolution monochromatt allows the adjustment of the
1 h at 900 K in UHV(base pressurex 108 Pa to ensure incident energy by+80 meV from E, with the resolution
atomic cleanness and the perfect structure of the exposadf SE=0.65 meV. The beam is then collimated by two
surface. The 500 nm film was grown by oxygen-assistegets of collimators, resulting in a focal spot of about
MBE at the Q partial pressure 5 10* Pa at the rate of 100X 200 um? on the sample position. The flux of the inci-

A. Sample preparation and characterization
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in between the inelastic scattering scans. Unfortunately, the
g - . i'&i obtained instrumental function was not entirely identical to
's ii that during inelastic scattering measurements, which caused
— 80+ ’ some problems in data processing, as discussed below.
¢ The FgO, thin film specimen was mounted on the tail of
a closed-cycle refrigerator placed on a high-precision six-
circle diffractometer cradle. The sample temperature was
Fe.O 500nm film monitored by a Cernox thermometer placed 2-3 mm from
54 L the sample. The incidence beam was aligned at room tem-
perature along thgl00] Fe;O, crystallographic direction of
20 . the sample. Measurements along h&0] direction at 25 K
: were also performed to find possible anisotropy of inelastic
“eny nuclear resonance scattering. Since the spectrum was virtu-
90 100 110 120 130 ally the same as that alon@00], this result will not be
Temperature (K) further analyzed. Before the experiment the sample was
cooled down to 25 K in an external magnetic field of ap-
proximately 0.3 T provided by permanent magnets. This pro-
T TN cedure was aimed at establishing the unique easy magnetic
5 o axis of the low temperature magnetite ptdgbat is a nec-
L T IPTTVAE L Wi essary condition to avoid twinning of@axis and to achieve
‘w‘“‘xm,,‘(“ﬂz”whM\M‘ I the simplest possible structural-domain patt&rn.
kA" i s The energy range studied wa&=-80 up to+80 meV
YN m'f’! Rl AN T S A L T (“long scans) for temperatures 25, 100, 120, 140, and 295
CEONO e M O b K. Additionally, short energy scans-5 to 30 meV at 80,
’ 95, 105, 110, 115, and 130 K were made to precisely trace
the changes in lattice dynamics close to the transition. At

1004

60- ;

40+

Intensity (arb. units

peak (003)

My A,

. 100K ‘
Tl lﬁm\%‘ b ‘Hrwﬂ‘ (Rt

N'v,\f“w“ oy o “
S I, TS

\"v‘.n‘”m"‘\m»""*‘v‘w,‘ P o, 120K i R i
j P el L™ e each temperature, the data were collected in several energy
IR N o . N
Gy iy el L ( scans, lasting half an hour each. The average count rate in
0 T L 0 DO DU T 1 . . . . .
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initially separate regions above and below the Verwey tran-
FIG. 1. Top: Variation of thé0 0 3) “forbidden” peak intensity  sition we first carried out time-domain NFS measurements
while temperature rising for @, single-crystalline thin film, every 5 K in the vicinity of the predicted,. The results are
where it is clear that the transition region extends from 125 K downshown in the inset of Fig. 1. Above the Verwey transition the
to 120 K. Bottom: Time nuclear forward scatterifi§FS) spectra spectra are similar to those reported by Kalev and Ni&s&n
taken for temperature range from 80 to 130 K. The arrow indicate$gom temperature. The changes observed in the NFS spectra
the temperature region, 115 to 120 K, which corresponds to thgyy crossing the Verwey transition reflect the corresponding
Verwey transition. evolution of the Mossbauer spectr#hDue to complexity
dent radiation is monitored by an ionization chamber. of the magnetic moment alignment and the insufficient sta-

The delayed fluorescence photons are measured by distic in these auxiliary data, no further analysis was per-
avalanche photodiodéAPD) (Ref. 30 placed close to the formed. _ _
sample to cover the largest possible solid angle. The second Nuclear inelastic scattering data were processed and the
APD detector, located far from the sample, monitors coherdensity of states was drawn following the procedure de-
ent nuclear forward scatteri®lFS). Those scattered quanta Scribed by Kohret al*% and by Sturhahret al*® and au-
result from the collective de-excitation of the nuclei andtomated in the computer progranoszz Since the proce-
form a narrow line around the resonance energy. This narrolures are standard for NIS measurements, further details will
line, whose width reflects the monochromatization procesd2€ omitted here.
constitutes the instrumental function. In order to optimize
nuclear absorption in the thin magnetite film, the surface of
the sample was inclined by-1° relatively to the incident
radiation. Because of the almost complete absorption of the The ab initio calculations of the electronic structure of
incident radiation in the substrate, conventional simultaneouse;O, were performed within density functional theory, us-
monitoring of the instrumental function in forward scattering ing the GGA ultrasoft pseudopotenti#lsmplemented in the
was not possible. The monitoring of the instrumental func-vasp (Refs. 38—4D package. We have used the crystallo-
tion with grazing incidence scatteritfgwas not suitable ei- graphic face-centered cubic supercells containing 56 atoms.
ther, because this would require a much smaller incidenc&he Brillouin zone integration was confined to a
angle. Therefore, the instrumental function was monitored® X 2X 2 wave vector mesh. The calculated lattice constant
separately by measurements of nuclear forward scattering iwas 8.4358 A and the free structural parameter of oxygen in
a-°"Fe foil. These measurements were performed regularlyhe reduced coordinate&,x,x) was very close to 1/4,

C. Methodology of vibrational DOS calculations
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FIG. 2. Temperature dependence of the out-of-plane lattice pa- FIG. 3. Temperature dependence of normaligtedthe value at
rameter(solid triangles: cubic for T> Ty, andc,/2 for T<Ty) for T, cubic lattice constants for §®, and MgO powders compared
Fe;0, thin film obtained from the variation of the position @ 0  to the normalized out-of-plane lattice parametefor Fe;O, thin
4) and (0 0 8 reflections. The corresponding tempe_rature depenfilm (same as presented in Fig. 2
dence of the distorted cubic lattice parametefsa,,/\2, denoted
by solid circle, b (=b,/V2, solid diamonds ¢ (=c,/2, open dure of XRD does not enable observation of small mono-
squares for powdered FgO, single crystal is also presented. The clinic distortion expected in magnetite beldwy. Therefore,
stars denote the relevant parameters obtained with the proper refindiffraction patterns collected beloil, were fitted assuming
ment from high-resolution XRD synchrotron measuremefRsf. rhombohedral symmetry; unit cell parametess, by, Cm,

6). Note that the magnitude of tleeparameter distortion is compa- and B, corresponding to hypothetic monoclinicc
rable to that obtained from our simplified refinement, but the sign iSSpace group symmetry, were calculated using the formulas:
opposite. Finally> symbols describe temperature dependence ofy, =g \2(1+cosay,), bp=any2(1-CoSayn),  Cm=2am,
doubled MgO lattice constant. The inset shows the expanded V'e‘%’zarccoﬁ—\@ cosay/\2(1+cosay,)]. Here,ay, anday, are

of temperature variation of the cubic lattice parametéor the thin the relevant rhombohedral unit cell parameters. It should be
film and the powder. The vertical line allows one to compare the . . " ) .
Verwey transition temperature and the width of the transition for thenOte.d tha.t’ aIthough t.hls procedure simplifies the .reflnement
orwey P of diffraction data, it is nevertheless only approximate and
thin film and the bulk. may cause misleading conclusions, as discussed below.
namely x=0.25520. We confirmed the antiferromagnetic In addition to the present thin film studies, the finely pow-
structure with magnetic moments equal to —363 and  dered high-quality single crystal of @, (see Refs. 44 and
3.65 ug at tetrahedral and octahedral sites, respectively. 45 for the skull melter growth technique description and an-
The phonon frequencies were determined by the direchealing conditionswas used for comparative XRD study of
method?* Here, the Hellmann-Feynman forces were com-the bulk samplgusing the same Siemens D5000 diffracto-
puted for positive and negative displacements with the ammete). The results of temperature variation of lattice param-
plitude of 0.03 A. All displaced configurations generate 1008gters for powder and parameter for thin film are shown in
components of the Hellmann-Feynman forces. Next, therig. 2, and the insert shows the expanded vieve(@ for
symmetry of the force constants, following from thel3m  ,5ih samples. Since out-of-plane cubic lattice parameter for
space group, were established and 121 independent parais thin film transforms to the monoclinic;,/2 below Ty,
eters of so-called cumulant force constants were fitted t?hroughout the whole text and figures both these parameters

these forces by the singular value decomposition . . -
methoct We ave found that th foce constant param: 4 °° (70 10,85 & 1 the ma fioure e doutled
eters diminish more than 2 orders of magnitude in the dis: g P ’

tance: supercell center—supercell surface. This provides rel clear from the comparison of it with the th'n. film lattice
sonable phonon frequencies at all wave vectors. The largeBrameter that the MgO substrate exerts negative pressure on
force constant parameters are the on-site force constan@0Wing magnetite film. Based on the lattice constant differ-
(zero distance while the smallest are located at the surface®Nce between magnetite and MgO, approximately 0.02 A,
of the supercell. The force constants were used to constru@nd published pressure dependence of lattice parameters in
the dynamical matrix, to diagonalize it, and to find the pho-magnetite}? this negative pressure may be estimated as ap-
non frequencies. According to the direct method the exacproximately 2 GPa. Although this lattice expansion, larger
phonon frequencies were obtained at high-symmetry pointghan that caused by the Verwey transition, diminishes while
I" andX. These wave vectors are commensurate with the sizeooling (see Fig. 3, where normalized lattice constants for
of the supercell. MgO, bulk magnetite and thin magnetite film are shown
is still substantial afly, and may strongly affect the proper-
lll. EXPERIMENTAL RESULTS ties of the thin film. For example, the thin film lattice relaxes
Before the NIS experiment the structural transition wasupon cooling in such a way that tlieparameter depends on
monitored using x-ray diffraction. Our experimental proce-T much weaker than for the bulk sample, as shown in Fig. 3.
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Also, as is clear from Fig. 2, theparameter for the thin film peak did not correspond to the tails of the measured instru-
increases whefM drops below the Verwey transition, con- mental function, which heavily affected DOS evaluation for
trary to the bulk materialrepresented in Fig. 2 by the results low energies,E<3 meV. As mentioned above, the instru-
of recent synchrotron stud®sNote that the expansion ef  mental function was monitored not in parallel with the mea-
for the thin film was obtained directly from XRD, contrary to surements of nuclear scattering but separately. Accordingly,
that for powder(Cd symbols in Fig. 2, where a simplified the shapes of the instrumental function and the elastic peak
procedure of refining a real magnetite monoclinic structureof nuclear scattering data were not absolutely identical. This
with rhombohedral symmetry also, artificially, leads to thecaused some problems in elastic peak subtraction. In high-
increase oft below Ty,. Finally, the finite width of the tran- resolution NIS measurements, the elastic peak is typically 2
sition (from 118 to 126 K, as shown in the inset of Fig, @s  orders of magnitude higher than the level of inelastic scatter-
opposed to the very sharp one in bulk, may be due to théng at low energy. Therefore, even a small inconsistency in
substrate. Usually, application of pressure to magnetite dishapes of the elastic peak and the instrumental function can
minishes the Verwey transition temperatéitdVe expect a lead to a noticeable uncertainty in the residual data. For this
similar effect in our case, even though the negative pressuneason, we were not able to obtain reliable data of inelastic
is applied. Moreover, since the epitaxial strain is relaxedscattering(and, therefore, of the density of stgtdselow 3
across the film, &y, distribution, reflecting pressure varia- meV. On the other hand, the data above 3 meV were found to
tion, may appear. be essentially stable relative to possible uncertainties in the
Summarizing this section, the XRD analysis proved thatelastic peak subtraction.
the quality of our thin film is very high, indicating, however,  The negativéannihilation part of the spectrum gradually
that peculiarities of the thin film may influence its physical disappears for lower temperatures, as expected. Also, gradual
properties. We therefore have to take into account that ouchanges in the character of the energy dependence of NIS, as
NIS results can reveal both universal magnetite characterisbserved clearly in the creation part, occur with lowering
tics and those peculiar to the thin film. temperature. In particular, the main peak at approximately 18
The transition temperature in NIS experiment can be esmeV shows pronounced splitting with the high-energy part
timated from the sudden qualitative change of the time evoshifting to still higher energies while temperature falls below
lution of NFS below 120 K, as indicated by the arrow in the 120 K. The density of states, evaluated as described above, is
inset of Fig. 1. The difference, 5-10 K between this valueshown in Fig. 4b). In accordance with raw data, Fig(a,
and that inferred from the x-ray data, is due to the fact thathe high-energy part of the main peak gradually develops
the sample surface was exposed to thermal radiation from &ith lowering temperature and it moves slightly to higher
kapton window in close vicinity of the sample. energies. However, we do not have clear indication that this
The energy dependences of inelastic scattering obtained jprocess has a discontinuity n€gy. At 120 K the small peak
“long scans” are presented in Fig@t here, both raw ex- at 27 meV suddenly changes its shape. This effect cannot be
perimental data and the data after the elastic peak was sutemoved by a simple change of central peak subtraction con-
tracted are shown. It was found that the tails of the centratlitions, so we consider it as a genuine fact, possibly related
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FIG. 5. Temperature dependence of Lamb-Mdssbauer factor

fum. Light-gray spots are the results of calculations from “long”  FIG. 7. Low-energy reduced DO@sg(E)/E? vs E] calculated
scans and dark-gray spots from processed “short” scans. The dashggm long scans. Note that the usual quadratic density of states
line is only to guide the eye. relation is approximately valid for high up to about 10 meV, while

no leveling off for low temperatures is seen down to 3 meV. Error

to the Verwey transition. It also appears as if the center ohars, representative for all data points, are shown only for a few
gravity of the DOS line group around 36 meV at RT gradu-points forT=100 K for clarity.
ally shifts to lower energy with lowering temperature. )

The temperature variation of the Lamb-Mossbauer factorcurves were calculated as for long scans. This procedure,
f_w, calculated from the area of the normalized energy de@lthough definitely oversimplified, gave DOS that reflected
pendence, is presented in Fig. 5. The values calculated Major structure of the full analysis results. Since no new

from “short” scans were also incorporated. The break ds facts were found, these data are not presented here except for
' the f, factor calculation results in Fig. 5. However, inter-

visible, indicating that the lattice becomes more rigid below™ . "LM . X - :
g 9 esting information can be gained by qualitative evaluation of

v For short energy scans, since only the energy region frorrt1he short scans. In Fig. 6 the loi(4 meV<E<30 meV)
gy ’ y gy reg gion of all experimental scarishort and longnormalized

—5 0 30 meV was measured, we have extended the data{ the peak at 17 meV are presented. Clearly, the data are

full region, —30 to 30 meV, using the detailed balance law. ; -
' L grouped in two sets corresponding to temperatures below
Consequently, the negative energy d&iE) (E<0) were (T<115 K) and abovgT> =120 K) the Verwey transition:

taken asS(E)=S(-E)/[exp(~E/kT)] and the procedure was q o\.energy NIS is more intense for the high-temperature
applied forE values beyond the main elastic maximum. Theregion. It looks like the spectral intensity is moved from the
obtained spectrum was then smoothed in the energy regiopp meV region, where the decrease of the intensity is seen, to
from —6 to —3 meV to assure continuity, and then DOS |ower energies. In our opinion this is most probably linked to
the diminishing of lowT phonon DOS, which may arise

W from the lattice suddenly stiffening at temperatures below
{ = 300K o 115K | T

1o © 140K e 110K v ; i

: Low-energy density of states drawn from long scans is
| & 130K s 105K | I )

. 120K ~ 100K shown in Fig. 7. Here, the reduced D@EE)/E- vs E was

1.0 < 95K presented to estimate the change of sound velocity at the
. « 80K 1 transition. It is evident that the large difference between low-

0.8 o 50K and high-temperature energy dependence exists, which will

be further discussed below.
The low-energy phonon states were shown to be related to
the diffuse scattering which had started already at approxi-
mately 200 K, and its temperature dependence revealed typi-
cal critical charactef® We cannot verify this trend here be-
cause of the narrow temperature range of our dad K
down to 120 K. However, it is clear that the phenomena
causing the increased intensity observed in Fig. 7 terminate

{0 12 14 16 18 20 20 24 26 28 30 at the transition, similar to the diffuse scattering. In our opin-
Energy (meV) ion, this effect should be further studied, e.g., by the precise
low-energy transfer inelastic neutron scattering. As already

FIG. 6. Normalizedto the peak at 17 meMfaw data at a nar- pointed out, previous studi€swere not expected to show
row energy range. Error bars, representative for all data points, arhis phenomenon due to a possible large and uncontrolled
shown only for a few points fof =140 K for clarity. nonstoichiometry.
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IV. RESULTS OF VIBRATIONAL DOS CALCULATIONS

The ab initio calculated phonon dispersion relations for
the cubic structuré-d3m are shown in Fig. 8. They corre-
spond toT=0 K. At low frequencies, the iron vibrations
dominate while the high-frequency band comes mainly from
oxygen. The low and high vibrational bands are separated by

a gap of 21 meV. At thé' point, modgs of Symmetr—'y_Zg_(R) FIG. 9. Ab initio calculated phonon density of states fop®Gg
(29.1 meVj and Ty,(1) (40.5 meV}, being Raman and infra- The thin line shows the relevant DOS calculatga initio within
red active, respectively, originate from the vibrations of Fedensity functional theory in Ref. 22.
atoms at the tetrahedral sites. The iron atoms at octahedral
sites vibrate mainly ifly, (18.3 meVj, Ty (1) (23.3 meV,,  interactions were more adequately included in dheinitio
andA,, (36.3 meVf modes. The phonon branches show con-ca|culations.
siderable dispersion, which denotes that the interatomic in- Phonon density of states calculated from the phonon
teractions have a long-range order character. In agreemegispersion relation is presented in Fig. 9. The low-frequency
with the space group symmetry, all phonon modes atthe part is due to iron vibrations. We observe a sharp peak at 12
reciprocal lattice point are doubly degenerate. meV, which is caused by the transverse acoustic phonon
As shown also by our diffraction experiment, the Verwey motion of Fe in the octahedral sites. The Fe atoms in tetra-
transition is accompanied by only negligible volume changenedral sites remain relatively “silent” in the frequency
and the very small shift of ionic pOSitiOﬁSMOI’EOVEI’, ourab range from zero to 15 meV. Hence, one may be sure that
initio calculations have shown that in the cubic phase everyhe additional intensity at low frequencies in the nuclear
atom resides in the local single minimum potential. Thisinelastic scattering measured at elevated temperatures,
statement follows from the fact that thex3 on-site force  Figs. 6 and 7, is due to the octahedrally coordinated Fe at-
constant matrix has all positive eigenvalues when bringing ibms. The high-intensity double peaks occur at 18.6 and 21.7
into a diagonal form. In a crystal with a negative eigenvaluemeV. Successive peaks appear at 27, 32, 34.5, 36.1, and 42
a double minimum potential will appear, and subsequently ifmeV. Starting from the 18.6 meV peak, the relative contri-
might cause a phase transition. If such a soft mode were tpution from the tetrahedral Fe ions increases and for the
be found in the present calculations f6d3m, then some sequence of peaks at frequencies higher than 25 meV, the
imaginary frequency should be observed. The unique relatiogontributions of Fe from tetragonal and octahedral sites be-
between the high- and low-symmetry unit cells points at thecome comparable.
wave vectorkC:(O,O,;l‘)IZa, where the soft mode should oc-  Similar phonon density of states of Fe has been recently
cur. The same point at the wave number units related witlobtained in Ref. 22 within the framework of the linear re-
the reciprocal lattice vectors 'm:(%,i,o). This point oc-  sponse perturbation method, and are included in Fig. 9 for
curs halfway between thE and X reciprocal lattice points. comparison. All curves are shifted to lower energies as com-
Ourab initio calculations did not show the existence of a softpared to our results. Apparently, similar conclusions as to the
mode, dominant role of octahedral iron atom vibrations at lowest
even though it would be consistent with a critical scatteringenergies may be drawn. Since the phonon frequencies were
seen in neutron measuremefitsas well as with elastic calculated in Ref. 22 only for eight irreducible wave vectors,
constant studie®4° There is also no mode of sufficiently and the resolution function of the monochromator was taken
low frequency to be a promising candidate for the softinto account, phonon DOSs from Ref. 22 are slightly feature-
mode. This, of course, does not exclude the possibility thatess and do not reproduce, e.g., the experimentally observed
the soft mode could appear if the strong electron-electromain peak splitting.

T r 1 1T 1 1 T 17
0 10 20 30 40 50 60 70 80
Energy (meV)
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o1 T T It is apparent that the experimentally determined DOS
0.09 4 Experimiental DOS: ] curves are considerably broadened in comparison with theo-
g —o—T= 25K 1 retical ones, even though the experimental resolution was
0.08 HESENEE i taken into account. Real dispersion relation branches at room
0.07 - mmmm Fe(B) only g temperature are usually broadeffedy about 2 me\/ .due to
s 0.06 Fe(A) only ] phonon-phonon scattering caused by anharmonicity, the ef-
£ : fect well reproduced by theoretical calculatici#dditional
= 0:05-1 ] broadening due to lowering of phonon lifetime caused by
Q 0.04+ - disorder (either isotopic or structural inhomogeneifiesan
— 1 increase the total broadening to approximately 3—4 meV.
] Even with this broadening and also assuming damping ef-
0.02+ fects as in Ref. 51, the most outstanding differences between
0.01 4 experimental and theoretical DOS, especially at low ener-
B gies, could not be removed.

L M B A Vg The conclusion that NIS for the low-energy region
E (meV) is mainly due to octahedral iron was also drawn in
Ref. 22. Finally, octahedral iron atoms were found to
FIG. 10. Comparison of experimental DOS at 25 and 296 Khave the most extended fluctuations among all atoms in
with those calculated for both crystallographic positios—  the recent combined neutron and x-ray scattering tlata,
tetrahedral; B—octahedpadf Fe. Note that the experimental results thus confirming indirectly low energy of intercationic
for 25 K are shifted by 0.0imeV)™. interactions.
As shown in Fig. 7, a distinct difference between reduced
The ab initio phonon calculations should be relevant to POS above and belowy is seen. Notwithstanding the lack
the nuclear inelastic scattering measured at the lowest ten®f l0w-energy databelow 3 meV, the slopes ofg(E)/E
perature of T=25 K. Of course, at this temperature the change to such extent that different reduced DOS values at
Fe,0, structure is monoclinic, but the monoclinicity is E=0 are obvious. An interpolation of the reduced DOS to

small in comparison to typical structural phase transitionsE=0 [With the assumption thag(E)/E? should level off

Therefore, the overall phonon behavior of magnetite a@ives at least a factor of 2 difference between the data above
low temperatures, and in particular of such integratec®nd below the transition. This should correspond to at least a

quantity as the phonon density of states, can be verg>% increasgfactor 23 of a mean sound velocity below

. ; ; _ itiors4 it i i
well approximated by the phonon calculations in the cubidh€ transition* The mean sound velocitfin this casg is
structure. mainly determined by the transversal component and, corre-

spondingly, by thec,, elastic constant. In particular, the ob-
served effect should correspond to approximately 5626
tor 2% variation of ¢, It is, thus, much larger than
In Fig. 10 we have compared our experimental DOS agexpected from elastic constant measurem&htshere the
300 and 25 K with those calculateab initio and averaged effect is only 15%.(Although, for technical reasons, the ex-
within the region of approximately 1 meV to mimic experi- act change in elastic constants across the transition could not
mental resolution. For calculated DOS, not only is the totabe determined in Ref. 4B.
Fe density of states shown but also partial DOS for octahe- Experimental data showed that a pronounced dependence
dral and tetrahedral iron sublattices are presented. The ma@m temperature might result from anharmonicity. However,
features of the experimental DOS—positions of the principathe predicted changes of the spectrum due to temperature
peak groups at 20 and 36 meV—are reproduced in calculadependence of anharmonicity effects are too small to explain
tions. Moreover, the splitting to particular lines has qualita-the observed differences between 25 K and room
tively similar character as those calculated. On the othetemperatur® and are below the detection limit due to
hand, our results reveal a shoulder at approximately 13 me\énergy resolution of our technique. Thus, the change of
while the well-separated excitation of octahedral iron at 12energy dependence of inelastic absorption with temperature
meV is predicted theoretically, and the same, but at loweis due to other than anharmonicity effects, as we are discuss-
energy, was found theoretically in the results presented iing below.
Ref. 22. Also, instead of the peak at around 68 meV as ob- Figure 11 shows our experimentally obtained DOS for
served experimentally, the peak group at 75 meV, which igoom temperature, as well as DOS estimated from several
composed of tetrahedral iron and oxygen vibrations, is deexisting literature data, in particular from Se& al’s??
duced fromab initio calculations. nuclear inelastic scattering measurements on heavy doped
Thus, the calculated DOSs for iron atoms are in qualita{with 7 mol % Ni) magnetite polycrystal and room tempera-
tive agreement with our experimental results, and it can béure inelastic neutron scatterifg Also, peak positions in
unambiguously concluded that NIS fa< 25 meV is prima- Raman scattering and optical data are marked for
rily due to octahedral iron sublattice vibration spectrum. Thecomparisorf®21:5354Both NIS results nearly coincidéex-
sudden change &t,, which is clearly visible in Figs. 6 and 7, cept some shift of the results from Ref. 22 to higher energies;
is related to the change of octahedral iron vibration occurringgee the later discussign which suggests that high-
at the Verwey transition. temperature vibrations of magnetite lattice are almost not

V. DISCUSSION
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0077 based on neutron results; from Ref. 19, RT ] comes more rigid when cooling. Samuelsen and Stein$voll
o drawn from NIS, T=296 K | did not mention this fact: the data at temperatures below 119
0.06 - drawn from NIS; Ref 22, T=295 K J K, the Verwey temperature of their sample, were basically
= . v From Ref. 20 ] the same as those measured at 300 K. Also, no indication of
E 0.051 =  From Ref. 21 . this pronounced lattice stiffening is suggested by the results
= T o From Ref. 563, 130K 1 of elastic constant studies on the single-crystalline bulk
:% 0-04- = From Ref. 54 - material4849
= 0.03- ] Again, this shift might be due to the MgO substrate: the
2 ] ] shift is 2 meV, i.e., it is still conceivable according to the
% 0.02 ~ g g - estimated negative pressure. Then, however, the DOS for our
[a] 4 J “ ” H
i i i relaxed” sample, showing a peak at 23 meV, should be com-
0.01 . ;
parable to that of neutron data at room temperature. Since
] £ E 2 ] -
6.6 1 M| . this is not the case—neutron and NIS peaks match very well
0 20 40 80 80 at room temperature—the situation is probably more compli-
E(meV) cated.

Several literature reports show 10% softening @j

FIG. 11. Experimental DOS measured at 296 K in comparisonmode aboveTV_48149 This Sof[ening should main|y affect
with the results drawn from nuclear inelastic scattering at roomgnd S acoustic transverse modes resulting in only 0.5
temperature reported in Ref. 22, room temperature inelastic neutrog, v/ energy shift. Those effects, however, may easily be

studies (shadegi and literature data from optic studidsertical ooy eq by the influence of the MgO substrate, as mentioned
bars; here, only peak positions are manked earlier

affected by the sample crystallinity, stoichiometry, and form, ~Summarizing the above discussion, we did not find drastic
while the transition critically depends on the deviation fromdifferences in density of states above and below the Verwey
the ideal structure. . transition, although we had noticed that the peak at 21 meV

Neutron scattering data were processed assuming thgevelops and gradually moves to 23 meV with decreasing
spherical Brillouin zone, and that the dispersion relation doe?emperature. In addition, the low-energy 4—12 meV spectrum
nolt ?preC!ab'y depe'ﬂ? é)'k ﬁlrﬁct|on. A_Ithoqlghl thd's differs for T<T, and T>T, (with a discontinuity atTy),
calculation is oversimplified, which may primarily lead to | .-, may be due to lattice stiffening.

an unrealistic peak height in the calculated DOS, the Since a lattice stiffening belowT, was suggested in

ositions of DOS maxima are roughly consistent with . . o
Itohose from our results. Only ir%l )':he vicinity —of the paper presenting heat capacity détdt, is natural to
i use our experimentally obtained DO®nly from long

E~13.5-15 meV, and E~20.2 meV, where neutron i lculate the Iattice heat d
data have clear peaks in DOS, small shoulders are seen §fan$ t0 calculate the lattice heat capacify and compare

our results at 295 K. The reason for this discrepancy is, modi With our experimental results. At a given temperature,
probably, the above-mentioned simplified derivation of DOSCL 1S Eroportlonal to the value obtained from the
from neutron data. It is, however, interesting that the groupfor”““"jf5
of peaks in neutron DOS & ~13.5-15 meV is well de-
tached from the main peak at 17.5 meV, as in the theoretical
DOS. Note, finally, that the cutoff in DOS derived from the hv 2
neutron data comes from the lack of experimental points “ [ hy \2 2exp -

o, ()

above 27 meV.

The peak at 17.2 meV and the shoulder at 19.8 meV, in 0 1-e F(‘ _)
our room temperature NIS spectrum, are shifted by about kT
—0.5 meV with respect to the neutron data and also
with respect to the data from Ref. 22. However, the neutron
peak at 17.7 meV exactly coincides with the peak positionvhere g(v) is temperature dependent. The experimental
of the 25 K spectrum. Since our measurements were peFe DOS extracted from NIS experiment was supplemented
formed on thin film, this shift might result from the MgO with the theoretical oxygen DOS and we assumed it is
substrate influence on ke, sample. Indeed, if the negative temperature independent. Results from our calculations
pressure of 2 GPa is exerted on magnetite at room temperare shown in Fig. 12, together with the experimental
ture due to MgO substrate, as discussed in Sec. lll, then data from Ref. 18, complemented with higher temperature
may cause several shifts of vibration spectrum, not exceedneasurements. Since we have only five representative
ing —2 meV, as, e.g., suggested by the pressure dependendensity of states sets, the same set is used for several
of the T,4(2) mode shown in Ref. 54. Cooling to 25 K may temperatures, as marked in Fig. 12; as a result the clear steps
relax this pressure, as discussed above, causing the spectrinm the C_(T) relation occur at temperatures on the
shift, e.g., from 17.2 meV at room temperature to 17.7 meVboundaries.
at 25 K. Taking into account all simplification®xygen density of

Our results show that the peak at 21 meV, at room temstates were calculated &t=0 K; only five temperatures
perature, moves to 23 meV a@=25 K, i.e., the lattice be- where experimental DOS was measured; constant volume
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0.0025 T T T T - nonstoichiometric and doped magnetite undergoing a
“second”-order Verwey transition. However, the contribution
0.0020- . to neutron intensity from diffuse scattering, the effect
g g related to lattice vibration, does not terminateTgt’ and
. different changes of lattice heat capatftypelow T, are
-*E 0-00Sy / i observed. This suggests that the temperature dependence
= & DOS at T= of lattice dynamics that we have encountered is closely
o / at T=25K . :
% 0.00104 / —— DOS at T=100K . related to the Verwey transition of the first order, and that
g / —— DOS at T=120K electron-lattice interactions affect the order of the Verwey
gooeed  f + + DOS at T=140K i transition.
DOS at T=296K
K B experimental from Ref. 18
0.0000- s —+--DOS at T=120K down to low T VI. CONCLUSIONS
0 50 100 150 200 250 300 We have presented the results of experimental and theo-

T(K) retical studies of lattice vibrations in single-crystalling;Gg
film MBE grown on MgO. Theoretical density of states were

FIG. 12. Lattice heat capacity calculated from experimentalCalculatedab initio, together with electronic structure, within

DOS supplemented with calculated DOS for oxygen atoms. density functional theory, using the GGA ultrasoft pseudopo-
tentials. Phonon density of states drawn from nuclear inelas-

lattice specific heat is calculated and the constant pressutie scattering data show good coincidence with calculated
specific heat is measurgdhe agreement between the shapeDOS for iron, reproducing both the general feature of main
of experimental heat capacity and that calculated from NISine groups as well as the groups’ structure. Experimental
experiment is very good. It is thus clear that basically allDOS also explains our heat capacity results, provided that
major contributions to lattice vibration were revealed byNIS DOS is augmented with that calculated for oxygen
the experiment and taken into account in oxygen DOS calatoms.
culation. It was found in Ref. 18 that a drastic change of We have observed the continuous change of vibrational
lattice specific heat occurs at, when the transition is ap- DOS with temperature, which suggests lattice stiffening at
proached from above. This change was suggested to be riywer temperature. Although the character of main changes
lated to stoichiometric magnetite lattice stiffening beldyw  does not clearly indicate that this process takes pladg,at
in comparison to vibration spectrum at higher temperaturessome shift to higher energy of vibration energy spectrum and
Similar phenomena were observed in nonstoichiometriche abrupt intensity change in low energy DOS, was found at
Fe31-9)O4 or doped magnetite gM, 0, (M=Zn or Ti) for ~ T,. Additionally, the Lamb-Mdssbauer factor increases
3d=x<0.012, i.e., where these materials undergo the disabruptly below the transition. These two effects indicate the
continuous Verwey transition. Conversely, for higher defectdirect relation between the Verwey transition and phonons in
concentration, 0.012 3d=x<0.036, where magnetite ex- Stochiometric magnetite single crystal, as also recently pos-
hibits the Verwey transition of “secontf’ order, the lattice tulated by Subiast al>” Neglecting the electron-phonon in-
heat capacity was supposed to remain intact by the transitiof¢raction may lead to the apparent discrepancy between the
To verify this idea, i.e., the lattice origin of the different low- experimental result$ claiming no charge ordering and re-
and high- temperature specific heat dependence, we have ient LDA+U calculation$®*°revealing the charge ordering.
cluded in Fig. 12 the low-temperatut@ <T,) lattice spe- The temperature dependence of the experimental DOS
cific heat calculated from DOS measured at 120 K, i.e.aboveT, does not reveal lattice softening, nor does the cal-
aboveT,. The discrepancy between these results and thoseulated electronic structure indicate any possibilities of soft
calculated from DOS measured, e.g., at 100 K, is marginaimode formation. But, the softening mode is the experimental
This clearly shows that the interpretation from Ref. 18 is notfact found in elastic constant studies. And, although due to
justified: no major alteration of vibrational DOS is needed toPossible influence of MgO substrate we cannot expect this
account for theC, vs T relation. The problem still remains Phenomenon to be clearly revealed by our experiment on
Why C. for magnetite exhibiting the second-order transitionthin film, it should be predicted by theoretical studies. Since
is so distinctly different from that for the first order. this is not the case, we think that not all important interac-

It may be argued that some anomaly in phonon spectrurfions are incorporated in the calculations. We hope that the
should a|Way5 be present at the temperature where a stru'tmproved calculations, with the more realistic description of
tural phase transition takes place. As already mentioned, thelectronic correlations, might eventually lead to better agree-
Verwey transition is accompanied by structural transformament with the experimental data.
tion from high-temperature cubic to monoclinic, and some
reconstrgction of Iattic;e dynamic; certainly occurs. However, ACKNOWLEDGMENTS
our preliminaryab initio calculations showed that such a
small distortion would not produce any changes in vibra- This work is financially supported by the KBN
tional DOS if not accompanied by modifications in State Committee for Scientific Research. Financial support
electronic structure. Also, a similar alteration of structureby The Foundation for Polish Scien€¢ENP) is also kindly
(although not of discontinuous charagtés observed in acknowledged.
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