PHYSICAL REVIEW B 71, 174106(2005

Brillouin scattering studies in Fe;O, across the Verwey transition
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Brillouin scattering studies have been carried out on high quality single crystals;0f, Féth [100] and
[110] faces in the temperature range of 300—30 K. The room temperature spectrum shows a surface Rayleigh
wave (SRW) mode at 8 GHz and a longitudinal acoustica) mode at 60 GHz. The SRW mode frequency
shows a minimum at the Verwey transition temperaflijeof 123 K. The softening of the SRW mode fre-
quency from about 250 K t®, can be quantitatively understood as a result of a decrease in the shear elastic
constaniCy,, arising from the coupling of shear strain to charge fluctuations. On the other hand, the LA mode
frequency does not show any significant change arduntbut shows a large change in its intensity. The latter
shows a maximum at around 120 K in the cooling run and at 165 K in the heating run, exhibiting a large
hysteresis of 45 K. This significant change in intensity may be related to the presence of stress-induced
ordering of F&" and Fé* at the octahedral sites, as well as to stress-induced domain wall motion.
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[. INTRODUCTION as well as broadens the transiti®The nature of the transi-
tion also changes from first order to higher order beyond a
Magnetite has attracted renewed attention in recent yearsertain doping levet. The influence of the linear magneto-
because of its interesting electronic, magnetic, and transposdiastic interaction on the ultrasonic sound velocity and at-
properties as well as potential applications in the magnetitenuation in FgO, was investigated by Moran and LuifHi.
multilayer devices:* Stoichiometric FgO, shows a first or-  Of the three elastic constants, orlly, showed a significant
der metal-insulator(MI) transition, referred to as Verwey softening from room temperature 19, whereasC,; andC,,
transition, with the reduction in the electrical conductivity of showed an increase daswas lowered, with a jump aF,.%*
nearly two orders of magnitude at the transition temperature The role of lattice in the Verwey transition in &, has
(Ty). The cubic inverse spinel structuf€3dm) of Fe;0O, been discussed in the literatdfeRecent Raman studies have
may be written as Pé[Fe*Fe**]0,, where the tetrahedrally revealed a strong electron phonon coupling for Thgopti-
coordinated F¥ ions (A-site) is differentiated from the cal phonor?® The motivation of the present work is to study
bracketed F& and Fé* octahedral sitegB-siteg. The spins  the behavior of acoustic phonons across the Verwey transi-
of the two B-site cations are antiparallel to the single A-sitetion using Brillouin scattering experiments. In this paper, we
Fe** cation, giving rise to ferrimagnetic order, with a transi- present the temperature dependence of the surface as well as
tion temperature of 850 R.Cubic magnetite at room tem- bulk acoustic phonons in pristine §&, from 300 to 30 K. A
perature changes to a monoclinic structure belgy con-  pronounced softening of the surface acoustic phonon veloc-
taining four rhombohedrally distorted cubic célfs. ity asT is lowered toTy, and its subsequent significant hard-
However, there is also an evidence of a triclinic structure aening below the transition, is observed in our experiments.
low temperature&? The question of charge orderii§O) of  On the other hand, there is no appreciable change in the bulk
the Fé* and Fé" states on the B sites in the low temperatureacoustic phonon velocity with temperature along bldtf0]
phase is a matter of continued controversy. The recent exand[110] directions. However, a large change in the intensity
perimental data on Mdssbauér, neutront!'? x-ray  for the bulk mode is observed nedy, with a hysteresis of
diffraction® and°’Fe NMR (Ref. 13 studies are not consis- about 45 K. This nonmonotonic behavior of the intensity
tent with the expected CO. On the other hand, the highmay be due to the large domain wall movements expected
energy transmission electron diffraction studies show chargelose toT,, as well as stress induced ordering of the ions.
ordering below the Verwey transitidnAlso, the high reso-
lution x-ray and neutron powder diffraction data has revealed
charge ordering, two Fe ions with a charge of +2.4 and the
other two of +2.6, as evidenced by the presence of two types Single crystals of magnetite used in this study were grown
of BOg octahedra and the distribution of -BB by the standard skull melting technigtfe?’ Standard four
distanceg*1® probe resistivity measurements show the Ml Verwey transi-
The effect of nonstoichiometry, either by oxygen defi-tion to occur at 123 K8 The crystals were mechanically
ciency or impurities has been studied recetity?> Nonsto-  polished using diamond suspension to obtain a highly re-
ichiometry shifts the Verwey transition to lower temperaturesflecting surface. After polishing, the crystals were cleaned in
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methanol, followed by acetone, using an ultrasonic bath. The 14
measurements have been performed on[1@8] and[110] P @
faced crystals of the undoped §&&,. Brillouin spectra were
recorded in the oblique-incidence as depiéiel 180°-
backscattering geometry, with an incident angle 6ef45°
relative to the surface normal. Idealyshould be 70% for an
oblique-incidence experiment. In our experiment, the hori-
zontal plane defines the scattering plane and the sample is 0510 152025
mounted with its surface perpendicular to the scattering q, (x10%cm’)
plane. The optical windows in our cryostat used for the tem-
perature dependent studies are placed at 90% to each other.
Thus the angle of incidence has to be 45°, in order to avoid
hitting the reflected light inside the cryostat. The scattered
light was analyzed using a JRS Scientific instrumef®s
+3)-pass tandem Fabry-Perot interferometer equipped with a
photo avalanche diode detector. The 532 ) line of
Nd:YAG single mode solid-state diode-pump frequency
doubled laseModel DPSS 532-400, Coherent Inc. UBA
was used as the excitation source. The temperature-
dependent measurements with a temperature accuracy of
+1 K were carried out inside a closed cycle helium cryostat
(CTI Cryogenics, USA The incident laser power was kept - -

at ~25 mw focused to a spot of diameter30 um. The 100 50 0 50 100
typical time required per spectrum is 1.5 h. The line shape Brillouin shift (GHz)
parameters-peak position, full-width at half-maximum

(FWHM), and area were extracted by nonlinear least square FIG. 1. Room temperature Brillouin spectrum of;Bg along
fitting of the data with Lorentzian functions, together with [100] direction showing both the surface Rayleigh wa@RW) at
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wave vector dependence and angular variation of SRW mode fre-
Ill. RESULTS AND DISCUSSION quency, respectively.

Figure 1 shows the room temperature Brillouin spectruntooling below 250 K, there is a large softening in
of Fe0, [100], displaying two well resolved peaks, at (~6%) until T,. Below Ty there is a steep increase i
8 GHz and 60 GHz. The 8 GHz mode shows a linear depenc~109%). The temperature-dependence of SRW alfitikp)]
dence of its frequency on the wave vector component paralirection is similar to that observed i100] direction as
lel to the surfacesy, (=4 sin 6/\, whered is the scattering  shown in Fig. 2b), though the magnitude of softening is
angle, expected for a surface Rayleigh wav®RW) [as  smaller compared to tHe.00] crystal. The magnitude of an-
shown in inset(a) of Fig. 1]. Further, the frequency of the isotropy invgin the two direction§100] and[110] is shown
8 GHz mode shows a sinosidal dependefse® inseth) of  as a function of temperature in the inset of Figh)2The full
Fig. 1] on the azimuthal angle) (angle of rotation with width at half maxima(FWHM) as well as intensity of the
respect to the scattering plane about the norneainfirming  SRW mode for both directior{400] and[110] show changes
it to be a SRW mode. For tH4.00] oriented crystal, the high nearT,. The FWHM of the surface mode is comparable to
frequency mode appears in HH polarization, showing it to behat of the instrumental broadening and hence cannot be
a bulk longitudinal acousti€LA) mode. Here H stands for quantitatively interpreted. However, we note that belByy
horizontal polarization, which lies in the scattering plane.the full width at half maxima of the SRW increases, which is
The surface Rayleigh wave velocitgbtained from the slope still to be understood. The intensity of the SRW mode de-
of the curve shown in insd€i) of Fig. 1] is 3200 m/s, and creases as the temperature is lowered due to the Bose-
the bulk longitudinal acoustic velocity is 6600 m/s, in close Einstein population factor. The SRW mode could not be ob-
agreement with the earlier reported longitudinal sound velocserved below 50 K in the cooling cycle, but it reappears
ity along the[100] direction?® We point that a very weak upon heating the sample above 50 K.
mode is seen at 13 GHz in unpolarized spectrum, which can The bulk LA velocity does not undergo any observable
be attributed to the magnon. This mode could not be obehange with temperature, i.e., there is no appreciable change
served with the sample inside the cryostat. We further notén the Brillouin peak positionas shown in Fig. @&)] or
that transverse acoustic phonons, though seen in oblique iWHM. However, the peak intensity shows a strong
cidence Brillouin scattering experimefft$! are too weak to  anomaly aroundr, for both the[100] as well as thg110]
be observed in our backscattering experiments. We believdirections, as can be seen in FigbB(for the [100] direc-
that the strong absorption at 2.32 eV excitation en&rgy tion). In the cooling run, the intensity gradually increases
broadens the Brillouin line making it difficult to observe.  with a decrease in temperature and shows a maximum at
The temperature-dependence of the SRW frequengy, ~120 K, followed by a sharp drop beloW, [see filled
along[100] direction of FgO, is shown in Fig. 2a). Upon circles in Fig. 3b)]; the mode cannot be observed below
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quency andb) intensity of FgO, along the[100] direction. The
solid (open circles represent coolingheating run data. The solid

FIG. 2. Temperature dependence of the SRW mode frequencﬂ%‘es drawn in(b) are a guide to the eye. The inset() shows the
(a) along[100] direction and(b) along[110] direction of FgO,. oung’s modulus along100], reproduced from Ref. 24.
The dotted line in(a) is the calculated Brillouin shifts using the
Green’s function, taking,;, C15, andCy, from Ref. 24 shown by
dotted lines in the inset. The solid line () is calculated as a best important to note that the values of the elastic constants
fit to the data in Ref. 24, but varyinG,, (as shown by the filled shown in the inset of Fig.(2) were obtained in a magnetic
circle in the inset The solid line in the inset is a fit t€44 (filled  field of 0.5 T. In order to obtain a better fit of the calculated
circle) using Eq.(1). Inset in(b) shows the anisotropy in frequency _ with the data, we adjusted the value ©f,, keeping the
along[100] and[110] directions as a function of temperature. values ofC,; andC,, as before. This was done because the
temperature dependence afis similar to that ofC,,. The
solid line in Fig. 2a) shows the calculated, in very good
agreement with the data. The value@j,; needed to get this
good fit are shown by filled circles in the inset of FigaR

We will now address the softening &f,, between 250 K
andT,,. This behavior ofC,, has been attributed to a bilinear
coupling of the shear strai, with the order parameter,
related to the charge ordering procesS&$ A similar behav-
ior of the elastic constant,, has been observed in other
charge ordered systems Ys; (Ref. 38 and a’-NaV,0s.3°

For the cubic crystal, the SRW frequency depends on th&aking the usual Landau free energy expansion in terms of
elastic constant€;;, C,,, andC,,.343% Using Green's func- an order parametes, along with the additional strain-order
tion method®3”we have calculated surface mode spectra foparameter coupling terric leads to the free energy expres-
different temperatures in thHe.00] direction with the elastic sion F=Fy+a7?+ B7*+Fc+F,. HereF, is the part of the
constantC,4, C;5, and C,, taken from Ref. 24, and shown free energy which remains constant through the phase tran-
by dotted lines in the inset of Fig(&. The values ofy; thus  sition, F,, is due to the elastic energy, akd=ge7, whereg
calculated are plotted as a dotted line in Fige) Zhough the is the coupling constant between the strain and the charge
temperature dependence of the calculatgid similar to our  fluctuation order parameter. This coupling leads to the soft-
observation, the quantitative agreement is not so good. It isning of the shear elastic constdht.

Temperature (K)

70 K. In the heating run, the LA mode reappears-at0 K
and its intensity is a maximum at 165 [Kee open circles in
Fig. 3(b)], displaying a considerable hysteresis o#5 K
[Fig. 3(b)]. The hysteresis is approximately double of that
which is measured in the magnetization measurenténis
now explain our observations.

A. Surface Rayleigh wave
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CuyT) = cf’m(-r —T)/(T-09), (3.2 mode is related to the Pockels coefficieptgandp,,, which
. - ] _are related to the derivatives of the dielectric function with
where O is the transition temperature without the strain- respect to the straie. In the case of F®,, the strains are
order parameter coupling, and not completely elastic. There are two sources of nonelastic
To= 0 +0.58a'Cyy (3.7  Strains; one is a stress-induced domain wall motign

(magnetostrictio*>6 and the other is stress-induced order-
with the usual Landau term=a’(T-0). The difference of ing of F&* and Fé* among the octahedral sites, 4., Hence
the two characteristic temperatur€g,—©) corresponds to the total straine is the sum ofegasiio €4, @Nd €5ger Fine €t
the coupling strength of the strain and the order paramgter.al.*” have found that the Young’s modulYs(Y=stressé) of
The values ofC,,, obtained by the fit of the SRW frequency magnetite shows a minimum negy [see inset of Fig. ®)],
at various temperatures shown by the filled circle in the insetvhich is absent in a magnetic field. Since a magnetic field
of Fig. 2(@) were fitted to giveTy=57 K and®=40 K, show-  should have no effect on elastic strains and should not pre-
ing the coupling strength between strain and order parameteent ordering, the anomaly in the Young’s modulus is attrib-
to be around 17 K, which is somewhat higher than that estiuted to the contribution of the domain wall motion to the
mated(~10 K) by Schwenket al.?* Since the contribution strain. Bickfordet al#® suggested that if a single crystal of
of Cyy to v in [100] and[110] directions are different, the Fe0, is cooled through the transition in the absence of mag-
anisotropy parameter plotted in the inset in Figh)2 will netic field, it is not a true single crystal beloly,. Further-
also reflect the temperature dependenc€gf The gradual more, the regions may be twinned, since ¢handb crystal
decrease in intensity with temperature is expected from thaxes can be interchanged. In some of the earlier experiments

usual thermal population factor. the domain size has been found to be around 0.5 up to
2 umA*9%0This is much smaller compared to the laser spot of
B. Bulk LA mode 30 um diameter. However, the crystal reverts to the single

crystalline cubic phase upon heating abdye’® An increase

strains aroundy, is expected to result in an increase in the
value of the Pockel coefficients and hence, the intensity of
the LA mode. It would be interesting to measure the intensity
of the mode in the presence of magnetic field, which will
make the sample single domain.

In conclusion, Brillouin scattering studies ongBa reveal
that there is a large change in the surface Rayleigh wave
velocity associated with the Verwey transition, which is
Sdriven by a bilinear coupling of shear strains with the charge

ordering. The transition temperaturégand ® are found to

Unlike transparent materials, absorbing materials have
complex refractive indexy=»+ix and the optical field falls
off exponetially in the medium. This results in the uncertain-
ity in the wave vector transfeg,*®-*?leading to broadening
of the Brillouin lines, over and above the lifetime broaden-
ing. The full-width at half maximunfFWHM), I'=4vk,x and
the peak position ab=27vk, givesI'/ w=2(«x/n), wherev
is the sound velocity, ank, is the incident wave vectdP.*3
For Fg0O,, « has been measured only up to 0.75 eV and it
value is~3.5x 10° cmi 1.32 Unfortunately, there is no mea-

surement ofa at 2.32 eV. Extrapolating the results of Bal- be 57 K and 40 K. showing the coupling strength to be
berg et al,3? we find a~10° cmi’? at 2.32 eV. This gives ’ g ping g

- hich is cl h | ; 17 K. The temperature behavior of the intensities of the lon-
I'=14 GHz, which is close to the ofbsherve_d Ka l;eho 16|kGHZgitudinaI acoustic mode may be understood in terms of non-
in our experiments. Hence, most of the width of the bulk LA g|5stic strains due to domain wall motion and charge order-
mode is due to the large absorption coefficient of@e ;

Schwenket al?* have shown that the change @y, is n9-
~3% between 300—80 Ksee inset in Fig. @)], which im-
plies a change of 1.5%~0.9 GH2 in LA frequency, since
the change in density is negligibté This is within the reso- M.M.S. would like to thank the Council of Scientific and
lution limit of 1 GHz in our Brillouin experiments and is Industrial ResearciCSIR), India for financial support. We
consistent with the temperature dependence shown in Figvould like to acknowledge the continued support, encour-
3(a). Now we give a plausible explanation of the nonmono-agement, and fruitful discussions with Professor C.N.R. Rao.
tonic variation of intensity of the LA mode with temperature Thanks are also due to the Department of Science and Tech-
[Fig. 3b)]. The intensity of the scattered light by the LA nology (India) for financial support.
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