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The high-pressure phase of magnetitd;e;0,, has been studied by Méssbauer spectroscopy, and electrical
conductivity to pressure of 140 GPa and in the 5-573 K temperature range. Mdssbauer studies following
annealing at 573 K and 34 GPa reveal three equal-abundant iron species within two magnetic sublattices, | and
IIl: Fe3*(1) sublattice with hyperfine field typical of six-coordinated ferric ions and magnetic ordering tempera-
ture Ty (1) >600 K at 34 GPa and a combinedHgl) and Fé* species forming a magnetic sublattice Il with
Tu(11) ~300 K at 34 GPa. Starting at 50 GPa thé & moment gradually collapses becoming nonmagnetic
at P>80 GPa. This moment collapse is explained in terms of a charge-trahkgfgrap closure mechanism.

Tu(Il) decreases with pressure, and to 120 GPa, the highest pressure reached with Méssbauer spectroscopy,
Fe*(Il) remains magnetically ordered. Resistance studies with a nonannealed and highly stoichiometric
sample at 300 K reveal a sharp increaseRimt the onset of thé-Fe;O, phase(P>25 GPa, reaching a

25-fold maximum at~45 GPa, after which it shows a precipitous decrease in the 45-70 GPa range after
which it decreases gradually with pressure reaching 10-fold reduction at 140 GPa. The sharp indreiase in
attributed to a gap opening onhda~e;0, is formed. Starting aP > 50 GPa, coinciding witlpartial correlation
breakdown of the F&(l) sublattice, a sluggish onset of metallization is observed manifested by a positive
dR/dT.
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I. INTRODUCTION Ambient temperaturé’Fe Méssbauer spectroscofiyS)

As one of the oldest known magnetic materials and arstudies of-Fe;O, (T>Ty) have been carried out by Paster-
important constituent of the earth’s interior, magnetitenaket al® Two broad quadrupole-split components were ob-
(Fe;0,) has been the focus of high-pressiirP) studied3  served from which a structural model was suggested: tetra-
for many years. At ambient temperature conditions magnetiteedral and octahedral sites similar to the ambient pressure
has aninversedspinel structure in whicliFe?*, F&") occu-  inverse spinel structure were assigned ashihiéding blocks
pies the octahedral, Fethe tetrahedral site, and undergoes aof the h-Fe;0, phase. With lack of low-temperature MS
structural phase transition above25 GPa. Macet all as-  studies in this work in which magnetic properties become
signed a monoclinic symmetry for the high-pressure phasegvailable oncel < Ty, the proposed structural assignment is
henceforth designated dsFe;O,4 with all Fe atoms posi- expected to be quite limited. Undoubtedly MS is currently
tioned in sixfold coordinated sites. Recent and more accuratghe best and perhaps only method to investigate the Fe ions’
powder high-pressure x-ray diffractiaiXRD) experiments  electronic properties at very high pressures. This method al-
by Feiet al.* carried out in samples following temperature |ows distinguishing between ferric and ferrous ions, high and
annealing, resulted in the assignment of an orthorhombic inpy spin states, and their relative abundance, and obtain
stead of monoclinic symmetry, proposing a Caklitype  some indication regarding their respective coordination
structure with space groupbcm On the basis of bond ,ympers And as will be seen, the present detailed MS stud-
lengths analysis they concluded that thé'Hens are sixfold  jes deduced structural information completely different from
coordinated in highly distorted Fe@ctahedra and the Fe  hat of Ref. 8.
are eightfold_cc_)ordinated. In simila_r studies Haaeikal® In the present paper we report combined Mdssbauer spec-
deduced a similar structure, a Ca0j-type (Bbmm), com-  195copy and electrical conductivity studies up to 140 GPa
posed of less distorted octahedra. This assignment was latghd in the 5-573 K temperature rangehefe;0,. The pur-
confirmed by Dubrovinskgt al® and theirab initio calcula-  pose is to provide a comprehensive description of magnetite
tions were on par with the structural refinement assignmenypon its transformation from a spinel to orthorhombic struc-
Whereas the structural featurestef-e;0, seem to be rather tyre and the relationship between the magnetic, electronic,
We” estabhshed, thlS IS not the case fOI‘ Its eleC'[ronIC an%nd structural properties of the high_pressure phase_ Specia'
magnetic properties, in partiCUlar the individual ferric andemphasis was given to tHecal, atomic scalestructural as-
ferrous spin states and magnetic ordering. Resistivity studiggects obtained from th&/Fe MS.
by Morris and Williamg advocated semiconductor-like fea-
tures to at least 48 GPa. Similar conclusions were obtained
by Dubrovinsky et al. at 51 GPa who observed
semiconductor-like behavior in the 90-420 K range and The FgO, sample used for MS was synthesized by direct
only after annealing at-1050 Kdp(T)/dT changed its sign, solid-solid reaction of stoichiometric amounts of spectro-
from negative to positive. scopical pure iron metal and §&; heated at 1100 °C in an

Il. EXPERIMENT
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evacuated quartz tube. The Fe content was enriched to 25%
with >’Fe. This sample quality was checked by powder x-ray
diffraction and MS carried out at room temperat(®d) and

at 80 K. Pressure and temperature studies of the resistance
[R(P,T)] were performed on single crystals of well defined
stoichiometry; Fg;-50,4 (6=0.0009, see Ref. 8 and refer-

ences therein.

Pressure was generated using the TAU-diamond-anvils-
cell (DAC) miniature piston cylinder diamond anvil c¥ll
with diamond anvils having 200—400m-diam culet sizes.
Samples were loaded together with ruby chifms pressure
calibration into cylindrical cavities of 100—20@m diam-
eter and 25um height drilled in Re gaskets which also
served as collimators for tHECo 14.4 keVy radiation. Ar-
gon was used as pressure medium for MS studies and pres-
sure gradient in the samples wasb GPa. For resistance
measurements CaS@as pre-pressed into the cavity to help
ensure a quasi-hydrostatic environment.

Méssbauer measurements were carried out usintCa
(Rh) point source on a top-loaded LHe cryostat in the 1.00 fremm
5-300 K temperature range and pressures up 120 GPa. f ¢
Measurements were also performed at 573 K using a home-0.95
made furnace. All spectra were analyzed using appropriate
MS fitting programs from which the hyperfine interaction ] ) )
parameters of the various spectral components and their re- 10 5 0 5 10
spective relative abundance were derived. The isomer shift velocit (mm/s)

(IS) cited is relative to iron metal at ambient temperature. y

Four-probe dc resistance measurements were carried out . .
up to 140 GPa with 5—sm-thick Pt foil electrodes placed FIG. 1. MOSSb_a”er spectra of magnetite recqro_led at RT and
on the culet of one of the anvils and insulated from the meYarious pressures: 24 GPa,_ a spectrum characteristic o_f the normal
tallic gasket with a mixture of AD;/NaCl combined mixed spinel phas_e. The dashed line _corresponds % ZetheB site and

. . - . the dotted line to F& at theA site. 32 GPa, a paramagnetic com-
with epoxy. A chip of a magnetite single crystal was ground

. . . . ponent ofh-F&;0, is first observednearv ~0 mm/9. 43 GPa; the
from which microcrystals of dimensions70x 70X 25 um remnants of the spinel phase are shown by the dotted line, At

were loaded together with Cag@owder at the center of the p- g0 gpa only the paramagnetieFe,0, phase remains.
gasket hole. The pressure gradient in the region between con-

tacts overlapping the sample area during resistance study was
pping P g y [ 300 K J <a>i300}<} <b>J573K]

Intensity

typically 5%—10%. TheR(T) measurements were carried out - -
in the range 4.2—300 K using a dipstick sample holder im- 0.004 GPQisotherm 34 GPalisobarid. 34 GPa
mersed in helium vapor inside a helium storage Dewar. (© l 300 K ] (d) igoo K}

— —
isobarid 34 GPalisother

7GPa]’ @)

IIl. RESULTS
The sample was compressed to 34 GPa af$®p(a)], kept
at this pressure and gradually heated to 578tep(b)]. It

Several sets of MS runs were carried out, each to test th@as kept at this temperature for a few days and then gradu-
various ranges of pressure and temperature treatments afly cooled to RT[step(c)]. A few days later it was decom-
magnetite. pressed to 7 GPstep(d)].

In the first set of measurements Mdssbauer spectra were Mdssbauer spectra corresponding to ii*sT) cycle are
recorded within an isothermal mod€l=300 K) in the  shown in Fig. 2. The 300 K, 34 GPa spectriifig. 2a)] is
0-120 GPa rangésee Fig. 1 The high-pressure, nonmag- the same as in Fig.(lh), demonstrating the coexistence of the
netic componenh-Fe;04 phase is first detected at30 GPa  magnetic-orderedormal spinel* and a new, nonmagnetic
and its relative abundance increases with further compresigh-pressuré-Fe;0, phasegbroad central ling The 573 K
sion reaching 100% & >60 GPa. heat treatment results in a dramatic phase transformation

Following previous XRD experimentgFei et al,*  [Fig. 2b)]. The spinel phasé has completely disappeared
Dubrovinsky et al®) which clearly showed that the spinel and replaced by a new phase which spectrum constitutes
— h-Fe;0, phase transition is botbressureandtemperature  three equal-abundant Fe components. Based on their respec-
sensitive, a second set of MS experiments was carried out tive hyperfine interaction parameters they can be assigned
examine this feature. The followingP,T) cycle was pur- to two magnetic sublatticestl) a magnetically ordered
sued: six-coordinated F¥& species, designated as3Hg¢), with

A. Mossbauer Spectroscopy
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FIG. 3. High-temperature Modssbauer spectrahefe;0, re-

. corded aflf > Ty (Il) at various pressures where “lI” corresponds to
FIG. 2. Mdssbauer spectra of magnetite recorded at 34 GPa ar}ﬁ) u(Ih b P

tvarious t ‘ BT Mossh " h ot e[Fe*(Il), Fe&*] magnetic sublattice. At 58 GPa ¥d) loses its
at various tempera uree OSShauer Spectrum Shows coexist- magnetic moment due to correlation breakdofvott transitior).
ence of the spinel and theFe;O, phase in form of a broad unre-

. . . Spectra were fitted with three equal-abundant components.
solved spectrum. The spinel spectrum was fitted assuming tWo Fe P q P

in the octahedral and one e the tetrahedral sitegormal spi-

nel), respectively(see Ref. 1Y. (b) At 573 K three Fe sites with

equal abundance are observed, composed of two paramagne{?(_(,) remnants of the spinel phase were ever detected. The
[FE*(Il),Fe*] and one magnetically split B&I) component(c) high-temperature spectra of 34, 55 and 120 GPa measured at

The spectrum was recorded at 300 K following the sample anneall > Tm (1), are shown in Fig. 3. As can be seffig. 3b)]

ing. The broad lines at the center correspond to magnetic relaxatiodt 55 GPa the F&(1) component is nonmagnetic with
signaling the onset of magnetic ordering of fife**(1l), F&*] spe-  1S=0.1 mm/s and QS=0.85 mm/s. The spectrum could well
cies. (d) Spectrum recorded at 300 K after reducing pressure tthe fitted with three paramagnetic equal-abundant compo-
7 GPa[note its resemblance b)]. nents. The IS and QS of F¢ll) and F&* are the same,

1IS=0.37 mm/s, quadrupole splittii@S)=0.42 mm, hyper- vyithin the experimental_errors, as for 34 GPa. The same fit-
fine field (Hy)=42 T and magnetic ordering temperature ting procedure was carried out at 120 GPa, 30fFlg. 3()].
Tu()>573 K, (2) a Fé* nonmagnetic component, desig- At this pressure the QS of the #dl) component has
nated as F¥(Il) with 1IS=0.27 mm/s and QS=0.6 mm/s, slightly increased but not much has changed concerning the
typical of oxy-ferric compounds, and3), a nonmagnetic MS parameters of the other species.
Fe* component with 1S=1.047 mm/s and QS=1.01 mm/s The pressure dependence of the low-temperature
typical of oxy-ferrous speci€’$.The spectrum shown in Fig. [T<Ty(ll)] regime is shown in Fig. 4. At 34 GH&ig. 4]
2(c) is composed of a well defined, static hyperfine magnetiall components are fully magnetically split. The hyperfine
field Hy(=51 T) corresponding to the B¥1) sublattice and features of the three components are not well resolved, yet
a broad component suggestive of the onset of a magnetite FE€*(1) subspectrum with its large; (~50 T) is clearly
ordering of another magnetic sublattice composed 8f(f¢  distinguishable. At~40 GPa a nonmagnetic component
and F&* moments, withT,, of Fe*(Il) and Fé*, designated appear¥ and its abundance increases with further compres-
as Ty (11)=<300 K. By decompression to 7 GPa a spectrumsion. At 82 GPa the spectrum can be fitted with three equal-
similar to that observed at 34 GPa, 573 K is revealedabundant components, two fully magnetically split but one,
namely, a F&(l) magnetically ordered component with the F&*(l), which becomes nonmagnetj€ig. 4(c)]. The
Hi=51 T'3 and two paramagnetic F&ll) and Fé* species. relative abundance of this component which undergoes a
The corresponding magnetic and paramagnetic manifolds asduggish magnetie: nonmagnetic transition reaches a value
shown in the upper part of the figure. of 1/3 at~80 GPa. The pressure variation Bf;(Il) with

A third set of MS studies was carried out as follows: pressure was determined by slowly cooling the sample, at
h-Fe;0, was compressed to 55 GPa and spectra were reeach pressure, and observing the temperature at which the
corded in the 50-573 K range. At this pressure and beyonthagnetic relaxatiorisee Fig. % first occurs.
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0.95 % FIG. 6. The pressure dependence of the resistanteFe0,
34 GPa,50K ¢ recorded at 295 K. The opeiD) and solid (®) circles are data
-!IO : '5 - '0 : '5 * 1'0 points obtained during the cycles of compression and decompres-

sion, respectively, of the highly stoichiometric shes0,

(6=0.0006 sample. Note the impressive increaseRobetween 20

and 40 GPa. The sample did not go through temperature annealing.
FIG. 4. Low-temperature Mossbauer spectrehdfe;O, phase  The vertical dot lines set the boundary of the coexistence between

recorded aff <Ty(ll). At 34 GPa and 50 K all components show i, spinel anch-Fe;0, phases. The inset show&T) of the sample

full magnetic splitting. The dashed-line spectrum corresponds to thgith 5=0.0006 forP< =53 GPa. The incipient metallic behavior

Fe**(1) component. At 45 GPa and 7 K, a nonmagnetic part corre{gRr/dT=>0) is observed starting at50 GPa.

sponding to the F&(l) emerges at the center of the spectra reaching

1/3 abundance at 82 GPa and 7 K.

velocity (mm/s)

treated resulting in a relatively large pressure range of
spinelhFe;0, phases coexistengsee Figs. 1 and)6In the
coexistence range the abundance of the spinel phase de-

The pressure dependence of the resistance measured at Reases, whereas that bfFe;0, phase increases, reaching
with the highly stoichiometric sample obtained from a single100% atP~50 GPa. The temperature dependence of the
crystal of Fg(;-504 (8=0.0008'% is shown in Fig. 6. As can conductance in the pressure range 26—53 GPa is shown in
be seen with pressure increase, once the HP phase appe.’fr@,-_ 7. Th_us, the electrical feature_s in this region suggest that
R(P) increases rapidly reaching a maximum-a40 GPa af- On inception, at~25 GPah-F&0, is a se_mlcolrédu_ctor with
ter which it drops precipitously in the 50—60 GPa reaching g€atively strong carriers localizatiqsee Fig. 7. Itis men-
few ohms at 140 GPa, the largest pressure used. Unlike tHNing thatR(P) studies by Morris and Willianfsesulted in
MS samples, the one used fB(P,T) studies was noheat @ considerably lower peak for the incipient HP phase.

With pressure increase above 40 GPa an incipient metal-

B. Resistance measurements

400 lic behavior(positive value ofdR/dT) limited to the high-
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FIG. 5. The pressure dependence of the magnetic ordering tem-
peratureTy(ll) of the magnetic sublattice composed offand FIG. 7. Temperature dependence ofalrvs (1000/ T4 (¢ is
Fe*(Il). conductancgat pressures 25-53 GPa.
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temperature range is observ@ee inset in Fig. 6 Finally at  tained from the present Mossbauer studies can be attributed
P>70 GPa a metallic behavior in the 120-300 K range isto the following:

clearly established. The smallest resistivity value obtained at (1) The h-Fe;O, phase could be intimately related to spe-
140 GPa was estimated to bel0™* () m, typical of a poor cific temperature/pressure conditions upon which it was cre-
metal. Such resistivity values were obtained in ferric oxidesated. The presemt-Fe;0, species was created at 34 GPa and
and related compounds undergoingviatt transition at el- annealed at relatively low temperature, whereas those studied
evated pressuréé.18 Electrical resistance measurements un-by XRD and reported in Refs. 5 and 6 were annealed at
der decompression show no hysteresis behavior down td6>820 K. It is possible that XRD carried out with HP mag-
~50 GPa, suggesting that the transition above 50 GPa is of metite phase annealed at relatively low temperatures could
pure electronic nature. Indeed no indications of new strucresult in a minor modification of the HP structures that could
tural phases in this pressure range were observed either lagcommodate two dissimilar ferric sites, compatible with the

Haavicket al® or Dubrovinskyet al® MS results. Indeed, recent preliminary XRD studies carried
with samples heat treated under similar conditions as the
IV. DISCUSSION AND CONCLUSIONS present studié8 confirm this assumption results in a differ-

) . ent and distinct crystallographic symmetry not compatible
According to recent XRD studiés’ h-Fe;0, phase has an ith the previous findings.

orthorhombic-type structure, CaM, or CaT,O,. Fei et (2) The lack of resolution due to the intrinsic broad lines
al.* suggested that in this structure?Féons are in eightfold  f the HP-XRD powder data may not provide sufficient in-
sites and F¥ are in sixfold-coordinated sites. However, the formation for a compatible structure assignment. In view of
present MS studies provide structural information at and surfhe present MS results a new structural assignment of the
rounding the probing Fe-ions unambiguously show that the,.Fe,0, could emerge which will take into account both the
two ferric ions in h-Fe;0, are not identical; they do not macroscopiqXRD) and microscopic(MS) information.
occupy the same crystallographic sites. THg(51 T) of Finally, we discuss the fate of the magnetic state of
Fe**(1) is clearly consistent with a sixfold coordination site Fe*(1) at P>50 GPa. The absence of magnetic splitting in
which is not the case of F&II) with Hy=48.3 T. Such @ Fe*(l) at P>50 GPa at the lowest temperature measured
lower Hy; value for oxy-ferric ions could be associated with (T< 4.2 K) suggests that this ferric species has undergone a
a four-coordination environment such as the case 8f Fe  correlation breakdow?? probably a closure of the “empty”
the A site within the inverse-spinel phase of magnetitBut  Feq and the “filled” Op gap, the so-calledharge-transfer
this option can be easily eradicated, considering the fact tha§f (cT) gap?! Such correlation breakdown has been ob-
a tetrahedral site in the high-pressure regime is unlikely. Inseryed in Fg0,.22 The substantiation of such gap closure due
principle higher than six coordination assignments could reyg increase of carrier density resulting from the CT transition
sult in a smallerHy, but this will be inconsistent with the i corroborated by the sharp decreaséR@®) and the onset
phase assignment 6FFe;0, as an orthorhombic CaM®;  4f 5 gradual metallization process Rt 50 GPa.
or 93Tb04- Still, assigning a high-coordination number t0 |t should be pointed out that even at 140 GPa the resis-
Fe*(Il) and to Fé" will be on par with the lack of high ity of h-Fe,0, is too high for a normal metal. Thus we can
—low spin crossover and the unusual resilience of these irogoncjude that even at this pressure the transition is not com-
cations to correlation breakdowivott-Hubbard transition  pleted and the system is still near a metal-insulator transition
at such high pressures. One must conclude that the presegfijge with only a small number of charge carriers contribut-
Mossbauer studies are incompatible with the proposed jng to the transport. It is expected that at higher pressure,

-F&0, structures based on XRD data. Furthermore, the adgnce the F& and F&*(Il) Mott—Hubbard gap closes, we will
ditional, most important information, obtained with low- \yiness the full metallization ofi-Fe;0,.

temperature MS overrules the proposed structural model
based on MS studies carried by Pasteragkl® at ambient

temperature and_within the paramagnetic statb-68;0,. ACKNOWLEDGMENTS
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