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Pressure-induced breakdown of a correlated system: The progressive collapse
of the Mott-Hubbard state in RFeO3
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Mössbauer spectroscopy, resistance, and synchrotron x-ray-diffraction~XRD! methods were combined for
detailed studies of the pressure-induced breakdown of the strongly correlated perovskiteRFe31O3 (R
5La, Pr) systems. The XRD studies have shown that in the range 30–50 GPa both orthorhombic perovskites
undergo a first-order phase transition to a new high-pressure~HP! phase accompanied by a;3% volume
contraction. The HP phases atP,50 GPa are characterized by the coexistence, with equal abundance, of high
(S5

5
2 , 6A1g) and low-spin (S5

1
2 , 2T2g) Fe31 sublattices. With further pressure increase a gradual high- to

low-spin transition occurs, fully converting to anS5
1
2 state at;65 GPa for both La and Pr. For PrFeO3 up to

90 GPa, the highest pressure reached with MS in this compound, and for LaFeO3 between 70–120 GPa,
magnetic spin-spin relaxation spectra are observed suggesting the presence of a weak magnetic exchange. This
coincides with a drastic decrease in the resistance. The observation of spin-lattice paramagnetic relaxation in
spectra in the 120- to 170-GPa range for LaFeO3 concurs with the onset of a metallic state with noninteracting
moments as evidenced byR(P,T) studies. It is predicted that a normal metal, with no moments, will be
established in LaFeO3 at ;240 GPa. A detailed analysis of the magnetic interactions in an antiferromagnetic
insulator at very high pressures and a Mott-Hubbard phase diagram are presented in terms of the pressure
versus the magnetic moment.

DOI: 10.1103/PhysRevB.64.094411 PACS number~s!: 62.50.1p, 61.10.2i, 71.30.1h, 76.80.1y
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I. INTRODUCTION

The majority of transition-metal~TM! compounds are
systems with strongly correlated electrons, the so-ca
Mott insulators.1 These compounds, characterized by la
optical gaps and large on-site magnetic moments determ
by Hund’s rules, may undergo an insulator-metal transit
~IMT ! either by the filling of carriers due to chemical dopin
or by high external pressure.2 Whereas the first process wi
affect theU/t ratio by decreasing the value of the Coulom
repulsion energyU,3 the aftermath of the second process w
be an increase of thed-band widthW and therefore of the
kinetic energyt. In principle both methods can provide vari
tions in U/t for the investigation of the Mott-Hubbard sys
tem phase diagram. However, the main problem with che
cal doping is that intricate and uncontrollable interactio
may occur in such narrowd-band systems resulting in a
undesired electronic and structural disorder and other c
plex phenomena unrelated to the Mott-Hubba
phenomenon.4 Thus, external static pressure is the clean
most preferable way to study the phase diagram of a M
insulator in terms ofU/t only.

Previous high-pressure~HP! studies with NiI2 ~Ref. 5!
and other TM halides6 revealed the phenomenon of a
abrupt correlation breakdown~Mott transition! manifested
by an IMT concurrent with the collapse of the TM ion
magnetic moments. Recent HP studies in Fe2O3 ~Ref. 7!
demonstrated the occurrence of a Mott transition~gap clo-
sure! that resulted in or was the cause of a first-order ph
transition resulting in a 10% volume decrease at;70 GPa.
In all those cases the abruptness of the transition with p
sure, from aU/t.1 to U/t,1 regime, did not allow for
0163-1829/2001/64~9!/094411~9!/$20.00 64 0944
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comprehensive examination of the Mott-Hubbard state in
intermediateU/t;1 range. In this paper we present detail
experimental studies of a progressive breakdown o
strongly correlated system using the rare-earth orthoferr
RFeO3 (R5La, Pr), a typical case of wide-gap, high-sp
(S5 5

2 ) Mott insulators. This was accomplished by carefu
monitoring the pressure-induced evolution of the syst
structure, its magnetic moments and their interactions,
its electrical transport properties. It will be shown how com
plex and yet intimate the relationship is between the elec
and magnetic properties within an isotherm as o
progresses from a highly correlated regime (U/t@1)
through the twilight zone of the insulator-metal transitio
(U/t<1) into a correlated metal, and culminating in
normal-metallic state (U/t!1). Studies were carried out us
ing the combined methods of synchrotron x-ray diffracti
~XRD!, electrical resistance@R(P,T)#, and 57Fe Mössbauer
spectroscopy~MS! in conjunction with diamond-anvil cells
at static pressures to;200 GPa.

II. EXPERIMENT

The RFeO3 were synthesized by a solid-solid reaction
air of stoichiometric amounts of spectroscopical pureR2O3
and Fe2O3 ~enriched to 25%57Fe! at 1200 °C. The composi
tion and magnetic properties of the samples at ambient p
sure were confirmed by conventional powder XRD and M
The Tel-Aviv University miniature piston/cylinder8 diamond
anvil cell ~DAC! was used with anvils having;200-mm
diameter culet size. Samples were encapsulated in 100mm
cavities drilled in stainless-steel gaskets for XRD and re
tivity measurements and in a Re gasket for MS studies.
also served as a collimator for the 14.4-keVg rays. For the
©2001 The American Physical Society11-1
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XRD and MS studies Ar was used as a pressuriz
medium.9 Ruby fluorescence served as a manometer.

X-ray-diffraction measurements with synchrotron rad
tion were carried out at 300 K in the angle dispersive mo
using the monochromatic beam of the ID 30 station at
European Synchrotron Radiation Facilities~ESRF! and in the
energy dispersive mode at the Cornell High Energy Synch
tron Source~CHESS! B-1 station. At ESRF the diffraction
images were collected at al50.4246 Å wavelength using
image plates with typical exposure times of 5 min. Data w
analyzed using theFIT2D program.10At CHESS a Ge detecto
was employed. The diffraction patterns were analyzed us
the DATLAB fitting program.11

Resistance studies in the 4- to 300-K range were p
formed with miniature Pt electrodes insulated from the me
gasket by a mixture of alumina and NaCl. The DAC w
mounted in a special holder device inserted into a comm
cial liquid-He Dewar. Using a PC-controlled dc motor-driv
system, the DAC was gradually lowered and cooled by
cold He gas while recording simultaneously the tempera
from a calibrated Si-diode thermometer and the resista
using the four-probe method.

Mössbauer studies were carried out with a57Co~Rh! 10-
mCi point source in the 4–300 K temperature range usin
top-loading liquid-He cryostat.12 Typical collection time of a
single spectrum was;24 h. All spectra were analyzed usin
appropriate fitting programs from which the hyperfine int
action parameters and the corresponding relative abunda
of spectral components were derived. In the present stud
after previous studies with LaFeO3 to 60 GPa,13 emphasis
was given to PrFeO3 in the 0–90 GPa and to LaFeO3 in the
50- to 170-GPa regimes.

III. RESULTS

A. The phase transition and the coexistence zone

At ambient pressure and low pressure~LP! the RFeO3
perovskites crystallize in the Pbnm space group, a disto
orthorhombic structure derivative of cubic perovskites. T
room-temperatureV(P) dependencies of LaFeO3 and
PrFeO3 are shown in Figs. 1 and 2, respectively. Both orth
ferrites undergo a sluggish structural phase transition; the
phase is first detected at;35 GPa, and the transition is full
completed by;50 GPa. Within this pressure range both H
and LP coexist. Diffraction patterns of the PrFeO3 HP phase
could be tentatively attributed to the same orthorhombic p
ovskite structure but with a reducedc axis; for LaFeO3 the
structural transition near 30 GPa could be attributed to
transition to a tetragonal phase. Detailed HP-XRD analy
of severalRFeO3 ~R5La, Pr, Eu, Y, and Lu! orthoferrites
will be published.

Evidence that the volume shrinkage affects the Fe-O
tances also can be deduced from the isomer shift~IS! mea-
sured by the Mo¨ssbauer effect. Within the LP regime the
@which for 57Fe is proportional to the negative value of th
s-electron densityrS(0) at the Fe nucleus# decreases pro
gressively due to the volume decrease. However, at the p
09441
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transition to the denser HP phase an abrupt decrease in IS@an
increase inrS(0)# is observed as can be seen in the low
inset of Fig. 3.

The first-order phase transition coincided with significa
changes in both the magnetic and electronic properties

FIG. 1. Pressure dependence of the volume in LaFeO3 using
synchrotron XRD data collected in the angle dispersive mode
sluggish transition to a tetragonal structure and a;3% drop in
volume take place in the 35- to 50-GPa range.

FIG. 2. Pressure dependence of the volume in PrFeO3 using
synchrotron XRD data collected both in energy~s! and angle dis-
persive~j! modes. A;2.8% drop in volume is observed in the 35
to 50-GPa range.
1-2
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PRESSURE-INDUCED BREAKDOWN OF A CORRELATED . . . PHYSICAL REVIEW B64 094411
demonstrated by the MS and resistance findings. A typ
example of the evolution in the Mo¨ssbauer spectra with pres
sure is shown in Fig. 4 for PrFeO3. At ambient temperature
starting at;35 GPa, one observes a sluggish transition fr
the LP antiferromagnetic state into a HP nonmagnetic ph
In the pure LP phase, extending from 0–35 GPa, the dedu
Hhf at 300 K is 51 T, typical of a Fe31 high-spin (3d5, 6A1g)
configuration;Hhf increases slightly with pressure due to
increase in the Ne´el temperature (TN). Also, above 35 GPa
one notices a magnetic component characterized by a so
what smaller hyperfine field (Hhf) of ;48 T at RT, but a
similar IS value. The fact that its IS is similar to that of th
LP phase suggests that this component still belongs to
original phase probably reflecting a slight distortion in t
Fe-O bonding.

Careful inspection of the HP nonmagnetic phase reve
two quadrupole-split~QS! components with equal abun
dance. The presence of these two components is even
convincingly visualized by cooling the sample~at 43 GPa! to
100 K where the QS value of one of HP component increa
~see Fig. 5!. Full conversion to a nonmagnetic state at 300
is attained by;50 GPa. By following the relative HP phas
abundance, based on the relative areas associated wit
MS components, one finds no significant pressure hyster
associated with this structural transformation~see upper inse
of Fig. 3!.

The effects of pressure on the electrical resistanceR(P)
for LaFeO3 and PrFeO3 at room temperature are shown
the main body of Figs. 6 and 7, respectively. The first d
cernible data were obtained at;20 GPa. With increasing
pressure, particularly in the LP1HP coexistence pressur

FIG. 3. ~a! The IS(P) dependence near the phase transition
PrFeO3 is shown in~a!. The abrupt drop in the IS near 35 GP
corresponding to an abrupt increase in the electron densityrS(0) at
the nucleus, is consistent with the crystallography findings. T
HP-phase values of the IS are the average of the values corresp
ing to the LS and HS states.~b! The pressure dependence of t
relative abundance of the HP phase as deduced from the MS
sorption area of PrFeO3. The curve implies that there is no signifi
cant pressure hysteresis. The solid lines are to guide the eyes
09441
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range, a precipitous drop inR(P) is observed indicative of
the onset of gap closure at higher pressure. The inset fig
are discussed later.

B. The high-pressure phase

1. Mössbauer results

At T.100 K the HP phase at its inception~.35 GPa! is
composed of two equiabundant Fe31 nonmagnetic compo-
nents, each characterized by its own values of QS and
The nature of these two components becomes evident u
cooling below 100 K. At low temperatures~see Figs. 8 and
9! the component with thesmaller quadrupole splitting
(QS;1.2 mm/s, IS;0.134 mm/s) splits magnetically into
well-defined sextet withHhf547 T, a value within the range
of high-spin (S5 5

2 , 6A1g) ferric ions. The component with
the larger QS (QS;2.40 mm/s, IS;0.07 mm/s) shows a
broad, unresolved magnetic-split spectrum. Thus the orde
state is composed of two magnetic sublattices. Another c
sequence of the volume contraction is the considerable d

r

e
nd-

b-

FIG. 4. Mössbauer spectra of PrFeO3 below 50 GPa at RT.
Similar spectra but of lower quality were observed with LaFe3

~see Ref. 13!. The smooth lines are theoretical spectra deduced fr
least-squares fits to the experimental data. At 6 and 31 GPa
spectra correspond to a pure LP phase consisting of a single m
netic component typical of a HS Fe31. By 38 GPa, a pressure in th
coexistence regime, one observes a partial transformation of
ferric HS component into a second magnetic component wit
smallerHhf, whose origin is not known, and a nonmagnetic pha
corresponding to the HP phase and characterized by
quadrupole-split components. At 46 GPa very little is left of t
LP-phase component and at 50 GPa, within the pure HP phase
only components observed are the two nonmagnetic ones.
1-3
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of the magnetic ordering temperature, from well above 7
K in the LP phase to;100 K.14 As will be shown, the origin
of the broad spectral component is the onset of a magn
spin relaxation of the low-spin~LS! Fe31 state (S
5 1

2 , 2T2g). With further pressure increases a spin crosso
of the high-spin~HS! component is clearly observed; at 6
GPa ~Figs. 8 and 9!, the dominating phase is the LS ferr
iron. At ;70 GPa the HS sublattice is completely tran
formed into the LS state.

The spin Hamiltonian governing the hyperfine interacti
of the magnetic split, perturbed by a small electric-quadru
interaction of the1

2 ↔ 3
2 transition in57Fe can be described a

FIG. 5. Mössbauer spectra of PrFeO3 recorded in the coexist
ence region~43 GPa! at 296 and 100 K. The strong QS temperatu
dependence of the component with the larger QS substantiate
LS assignment~see text!.

FIG. 6. The pressure dependence of the resistance of LaFe3 at
300 K. In the coexistence range a precipitous reduction in the
sistance is found, coinciding with the first-order volume reducti
The resistance levels off atP.90 GPa. TypicalR(T) dependencies
for P.79 GPa are shown in the inset. The temperature onset o
metallic state (dR/dT.0) is evident in the 95- to 108-GPa rang
culminating into a fully metallic state forP.120 GPa. A curve fit
to R(T) at 120 GPa and below 100 K shows aT2 dependence,
expected for a correlated metal~metal with moments!.
09441
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H5mHhf~ I z /I !1$e2qzzQ~3 cos2 u21!/@8I ~2I 21!#%

3$3I z
22I ~ I 21!%, ~1!

where e2qzzQ is the quadrupole coupling constant (52
3QS), andu is the angle formed between the magnetic m
mentm and the electric-field-gradient principal axisqzz.

The theoretical fit to the magnetic relaxation spectra w
carried out using the formalism developed for166Er MS in
ErFeO3 by Nowik and Wickman.15 This relatively simple
formalism assumes two spin state manifolds, e.g., the spin
(vA) and spin down (vB) characterized by (S5 1

2 , I 5 1
2 )

→(S5 1
2 , I 5 3

2 ) and (S52 1
2 I 5 1

2 )→(S52 1
2 , I 5 3

2 ) transi-
tions, respectively. The twoS56 1

2 are separated by a dis
tinctive energyD ~see Fig. 10!. The intensity I AB of the
Mössbauer spectra describing the transition mechanism
given by

I AB~v!5K
~11tG!P1QR

P21R2 ~2!

with

P5t@G22~v02v!21d2#1G,

R5~v02v!~112tG!1~pB2pA!d,

Q5t@v02v2~pB2pA!d#, v05
1

2
~vB1vA!,

d5
1

2
~vB2vA!.

The states will exchange energy (vB↔vA) within a typi-
cal relaxation timet. The relative probabilities of the system
to be in statesvB and vA are given bypB and pA , where
(pB1pA51) andpA /pB5 f (D).16 We characterize the para

its
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.
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FIG. 7. The pressure dependence of the resistance of PrFe3 at
300 K. In the coexistence regime a precipitous decrease in the
sistance is clearly seen, coinciding with first-order volume red
tion. Relative to the;20-GPa value the resistance drop is smal
than that in LaFeO3, because of its higher compressibility. Where
LaFeO3 is completely metallized forP.110 GPa, PrFeO3 shows
pure metallic behavior only atT.110 K @seeR(T) curve inset# and
at P above;131 GPa.
1-4
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PRESSURE-INDUCED BREAKDOWN OF A CORRELATED . . . PHYSICAL REVIEW B64 094411
magnetic relaxation regime as that wherepB5pA50.5, and
thereforeD50. In the magnetic relaxation regimepBÞpA
andDÞ0.17 The least-squares fits to the experimental Mo¨ss-
bauer spectra were carried out by constraining the value
IS andG to those deduced in the paramagnetic state at a
temperature close toTN . Due to limitations imposed by the
poor spectral resolution,pB and t are strongly statistically
correlated. Following trial and error tests, the best fits of
magnetic relaxation spectra were obtained by fixingt to 8
31029 s and allowingpB to vary as a function of pressure
Attempts to fixpB and varyt resulted in poor fits. Spectra o
PrFeO3 at 8 K and LaFeO3 at 5 K ~far below the ordering
temperatures! in the 50-to 170-GPa range~the HP phase! are
shown in Figs. 8 and 9, respectively. In Fig. 11 we show
pressure dependence ofpB as deduced from the least-squar
fit. We see thatpB increasesmonotonically with pressure
indicating adecreasein D towards zero whenpB reaches 0.5
at higher pressures. The temperature dependence of the
tra of the PrFeO3 measured at 72 GPa (S5 1

2 ) is shown in
Fig. 12. In the fitting process the only variables werep, t,
QS, andHhf . As can be seen the theoretical fit of the data
excellent. It was found thatp andt are practically tempera
ture independent, e.g., mediation by phonons is minim
suggesting that the magnetic relaxation process is due to
spin-spin interaction. From the uppermostHhf(T) graph we
obtain by extrapolation the ordering temperature at 72 G
to be;110 K.

FIG. 8. The HP-phase, low-temperature Mo¨ssbauer spectra o
PrFeO3. At 50 GPa, just above the coexistence region, the two
components~see Fig. 4! split magnetically into HS and LS compo
nents. The first is characterized by a static magnetic hyperfine
teractionHhf545 T and the second by a spin-spin magnetic rel
ation spectrum. With increasing pressure, a gradual spin-cross
occurs, culminating in a pure LS state atP.70 GPa. At 50–61 GPa
the dotted lines are a theoretical fit to the magnetic relaxation s
tra using expressions~1! and~2! and the dashed lines are a theor
ical fit to a static spin Hamiltonian using expression~1!. The fitting
of spectra atP.70 GPa assumes the presence of a single
component.
09441
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In LaFeO3 at .120 GPa we reach the regime of parama
netic relaxation. This is evident in Fig. 9. The spectrum
116 GPa is quite symmetrical and that at and above 146
is typical of paramagnetic relaxation spectra observed in57Fe
MS.19 Expressions~1! and ~2! were used for the fit proce
dures but withpB fixed to 0.5. Again this theoretical fit is
quite reasonable. At low temperatures as the pressure i
creased, the spectra narrow due to a decrease ofHhf . The
temperature dependence of the Mo¨ssbauer paramagnetic re
laxation spectra for LaFeO3 at 170 GPa is shown in Fig. 13
Parameters were fixed except for the relaxation timet and
Hhf which was determined to vary from;531028 s at 8 K
to 1310212s at 300 K. At high temperaturest!1027 s ~the
lifetime of the57Fe Mössbauer level!, and a pure quadrupole
split spectrum is observed. The fact thatt is strongly tem-
perature dependent implies a mechanism of spin-lattice
laxation, a process mediated by phonons in contrast to
spin-spin magnetic relaxation mechanism obtained at lo
pressures.

2. Electrical resistance

The pressure dependencies of the resistance of LaF3
and PrFeO3 measured at 300 K are shown in Figs. 6 and
Following the precipitous decrease inR within the LP1HP
coexistence range, a steady albeit sluggish decrease inR(P)

S

n-
-
er

c-

S

FIG. 9. The low-temperature Mo¨ssbauer spectra of the HP pha
of LaFeO3 at P.60 GPa. Both the HS and LS components a
observed at 60 GPa. The fitting procedure was similar to tha
PrFeO3 ~Fig. 8!. At ;120 GPa a change in the spin interactio
takes place involving a spin-lattice paramagnetic relaxation mec
nism. Spectra atP.120 GPa were fitted with expressions~1! and
~2! by fixing pB to 0.5 ~see text!.
1-5
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is observed, perhaps a prelude to metallization. Inde
R(T,P) measurements performed in the HP phase~see insets
of Figs. 6 and 7! clearly substantiate that metallization h
occurred at the high pressures. In LaFeO3 at .120 GPa,
metallization (dR/dT.0) is present at all temperatures. A
lower pressures above;95 GPa, metallization appears abo
some onset temperature. In PrFeO3 at 131 GPa, the highes
pressure reached in this study, clear indication of metall
tion is observed only above an onset temperature of;150 K.
The need for higher pressures is related to the relatively
compressibility of the HP phase of PrFeO3 ~see Figs. 1 and
2!. This is shown by plotting log10R as a function of the
volume contraction. The volume contraction dependence
the resistance for the HP phase is shown in Fig. 14. We

FIG. 10. The two spin states manifold with spin-upvA (S5

1
1
2 ) and spin-downvB (S52

1
2 ) configurations. The Mo¨ssbauer

hyperfine transitions are between the nuclear Zeeman-split ex
(I 5

3
2 ) and ground (I 5

1
2 ) states. The twoSstates are separated b

a distinctive energyD of the order ofkBT and exchange energy wit
a characteristic timet. As long aspA5pB a magnetic relaxation
process is present and a finite magnetic ordering is present bel
certain temperature. With increasing pressures and oncepA5pB a
paramagnetic relaxation will be found.

FIG. 11. The pressure dependence of the relative probabilitypB

of the system to be in theS51
1
2 state forRFeO3. With pressure,

pB approaches the asymptotic value of 0.5 and the system beco
paramagnetic and a paramagnetic relaxation process is possib
09441
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that the log10R results scale very well with volume contrac
tion. Full metallization of PrFeO3 at ;175 GPa is implied.

IV. DISCUSSION

From our analysis of the MS and resistance results in
HP regime, it is shown that the onset of metallization and
paramagnetic relaxation occur atDV/V0.0.30. For LaFeO3
this occurs atP>120 GPa, and for PrFeO3P.170 GPa is
estimated. As will be shown these two phenomena
strongly associated.

The phenomenon of a second-order pressure-indu
HS→LS transition is not surprising; it follows the progre
sive collapse of Hund’s rule concerning the energetically
vorable HS state.18 A similar pressure-induced, second-ord
spin crossover has been observed in Fe21 in FeO ~Ref. 19!
and FeS.20 Upon the completion of the spin crossover
Fe31, the process of metallization starts. This is accompan
or caused by a drastic deterioration of the exchange and
perexchange interactions between the LS ferric ions. As l
aspB,0.5 an interaction between moments is present me
ated by a finite~molecular! exchange field. The hyperfin
field Hhf in a Fe31 LS state is composed of two main term

ed

a

es
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FIG. 12. The temperature dependence of the PrFeO3 Mössbauer
hyperfine spectra at 72 GPa within the LS magnetic relaxation
gime. The fits utilize expressions~1! and~2! ~see text!. Hhf was the
only variable parameter forT,100 K Hhf is proportional to the
magnetization.Hhf decreases with temperature and is null at;110
K, the ordering temperature, as is shown in the upper part of
figure. A strong temperature dependence of the size of QS is evi
in the paramagnetic spectra at 120 and 300 K.
1-6
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namely,Hhf5HF1HL whereHF is the Fermi contact term
which is proportional to the spin density at the nucle
@HF}$(C↑(0)22C↓(0)2%#, which is proportional to the
moment^Sz&, and whereHL is the orbital moment term ex
pressed asHL}^r 23&(g22)^Sz& where^r 23& is the average
radius of the valenced electrons. Thus, we may express t
total hyperfine field as

Hhf}^Sz&@ct1orbh^r 23&#, ~3!

FIG. 13. The temperature dependence of the Mo¨ssbauer hyper-
fine spectra of LS LaFeO3 at 170 GPa within the paramagnet
relaxation regime. As shown, the relaxation timet decreases rapidly
with increasing temperature, an indication of a spin-lattice rel
ation process.

FIG. 14. The variation of the resistance of LaFeO3 and PrFeO3
in the HP phase as a function of the relative volume contract
The @V02V(P)#/V0 volume scale reflects the difference in th
equation of states of both materials~see Figs. 1 and 2!. V0 is the
volume at ambient pressure. The curve serves as a guide to the
From this plot one predicts the onset of a metallic~and paramag-
netic! state of the less compressible PrFeO3 at ;175 GPa~see text!.
09441
s

where ‘‘ct’’ stands for the Fermi contact term constant, whi
for the LS Fe31 is 222̂ Sz&T or about211 T, and ‘‘orb’’ is
the orbital moment term constant. The fact thatHhf at the
‘‘inception’’ of the LS state, at 35 GPa, is;25 T implies an
orbital term of either214 or 136 T since we do not deter
mine the sign ofHhf .

Despite the spin fluctuations an effective magnetic ord
ing takes place, as shown in Fig. 12, characterized by
effective moment and ordering temperature. As can be s
the ordering temperature of the spin-magnetic fluctuat
PrFeO3 at 72 GPa is quite close to 110 K, and it decrea
with increasing pressure.

Eventually at a higher pressure, oncepB5pA50.5 and
consequentlyD50, the paramagnetic relaxation regime
established. The sheer presence of spin-spin magnetic re
ation phenomena at such high pressures and low temp
tures is a manifestation of the frailty of the Fe31 low-spin
S51/2 moments and their corresponding interactions. T
transition to a paramagnetic relaxation signals a comple
disordered magnetic state, a system with noninteracting
ments. This is, to the best of our knowledge, the first rep
of a pressure-induced magnetic or paramagnetic relaxa
phenomenon. The onset of a paramagnetic regime is con
rent with full metallization. A fit ofR(T) for LaFeO3 at 120
GPa shows aT2 dependence to 100 K, consistent with th
temperature behavior of a metal with moments.

As mentioned, the two extremes of a Mott-Hubbard s
tem areU@t and U!t. The first extreme~the correlated

-

.

ye.

FIG. 15. The phase diagram ofRFeO3 in terms of the hyperfine
field as a function of pressure~see text!. The solid lines are guides
to the eye, and the vertical dotted lines delineate various range
the Mott-Hubbard diagram. In the LP phase, up to;35 GPa,Hhf

increases slightly possibly due to the increase inTN with P. In the
35- to 50-GPa pressure range the HP and the LP phases coexis
between 50–70 GPa the HP phase is composed of both LS an
states with the abundance of the HS decreasing with pressure. U
;70 GPa the material is a bona fide insulator (U/t.1). Beginning
at 70 GPa, up to 120 GPa, the LS state still shows magnetic
change with a progressive decrease of theHhf ~magnetic moment!.
In this range both the correlated metal and the insulator states
exist with the abundance of the latter decreasing with increas
pressure. The state atP.120 GPa is paramagnetic, and the meta
correlated. In LaFeO3, based on extrapolation toHhf50, a normal-
metal state (U/t!1) is expected to occur at;220 GPa.
1-7
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system! is characterized by a large electronic gap and m
netic moments, and the second extreme represents an u
related system where the material is a normal metal with
significant localized moments. In Fig. 15 we summarize
Mott-Hubbard phase diagram of theRFeO3 system in the
form of Hhf versus pressure. Whereas the hyperfine fie
which is proportional to the magnetic moment, is taken a
measure of the correlation strength, the pressure coordi
representst/U.

As seen in Fig. 15, the system is highly correlated w
increasing pressures up to;30 GPa, with a large optical ga
and moment, the latter typical of anS5 5

2 state. In the struc-
tural phase-transition pressure zone~the coexistence pressur
range!, the single magnetic state branches into two magn
sublattices composed of HS and LS moments accompa
by a significant reduction of the gap. For LaFeO3 in the 65-
to 125-GPa range and for PrFeO3 in the 65- to~probably!
175-GPa range we observe a pure LS state with weakly
teracting moments, as evidenced by the presence of mag
relaxation in the Mo¨ssbauer spectra. Here theR(P,T) behav-
ior indicates that the system is either in a mixed insulat
metal regime or on the verge of an insulator-metal transiti
However, once the pressure exceeds 125 GPa for the ca
LaFeO3 ~and perhaps 175 GPa for the case of PrFeO3!, the
paramagnetic relaxation spectra show that the mom
cease to interact. The presence of a correlated meta
LaFeO3 is further substantiated by theR(T) behavior at 120
GPa ~inset of Fig. 6! where a R5aT2 dependence wa
found.

Following the first-order phase transition at;35 GPa we
find a gradual decrease ofHhf ~or the magnetic moment! with
pressure~or t/U! as is expected from the basic features of
Mott-Hubbard model. As can be seen from Eq.~3! and de-
itio
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spite the expected increase in^r 23& with pressure, a continu
ous decrease inHhf with pressure is observed, a manifest
tion of an accelerated breakdown of the correlated state.

At 170 GPa the hyperfine field~the LS moment! has de-
creased to less than half of its initial value at;50 GPa. By
extrapolating toHhf50 we conclude that it will takeP
.200 GPa to achieve a correlation breakdown wh
LaFeO3 will become a normal metal.21

V. CONCLUSION

By combining the powerful methods of synchrotron XRD
resistance, and Mo¨ssbauer spectroscopy to 170 GPa a
tailed study of the progressive breakdown of a correla
system, the LaFeO3 and PrFeO3 rare-earth orthoferrites
could be followed. The 3% volume contraction at 30 G
initiates the collapse of the strong correlation and the c
ation of two magnetic sublattices, reflecting a HS and a
Fe31 presence. At;60 GPa a complete spin crossover tak
place in both compounds. For LaFeO3, in the 120- to 170-
GPa range a metal with moments phase is established c
ciding with the onset of a paramagnetic relaxation regime
which the further reduced and ineffective moments no lon
interact. By extrapolation, a normal metal is expected
;220 GPa. The same basic phenomena are predicted
PrFeO3, but at higher pressures.
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