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HIGH-PRESSURE MAGNETIC PROPERTIES AND P�T PHASEDIAGRAM OF IRON BORATE FeBO3A. G. Gavriliuk a;b, I. A. Trojan a, I. S. Lyubutin b*, S. G. Ov
hinnikov 
, V. A. Sarkissian baInstitute for High pressure Physi
s142190, Troitsk, Mos
ow region, RussiabInstitute of Crystallography, Russian A
ademy of S
ien
es119333, Mos
ow, Russia
Kirensky Institute of Physi
s, Siberian Bran
h of Russian A
ademy of S
ien
es660036, Krasnoyarsk, RussiaSubmitted 6 July 2004The high-pressure magneti
 states of iron borate 57FeBO3 single 
rystal and powder samples have been in-vestigated in diamond anvil 
ells by nu
lear forward s
attering (NFS) of syn
hrotron radiation at di�erenttemperatures. In the low-pressure (0 < P < 46 GPa) antiferromagneti
 phase, an in
rease of the Neel tem-perature from 350 to 595 K indu
ed by pressure was found. At pressures 46�49 GPa, a transition from theantiferromagneti
 to a new magneti
 state with a weak magneti
 moment (magneti
 
ollapse) was dis
overed.It is attributed to the ele
troni
 transition in Fe3+ ions from the high-spin 3d5 (S = 5=2, 6A1g) to the low-spin(S = 1=2, 2T2g) state (spin 
rossover) due to the insulator�semi
ondu
tor-type transition with extensive sup-pression of strong d�d ele
tron 
orrelations. At low temperatures, NFS spe
tra of the high-pressure phaseindi
ate magneti
 
orrelations in the low-spin system with the magneti
 ordering temperature about 50 K. Atentative magneti
 P�T phase diagram of FeBO3 is proposed. An important feature of this diagram is thepresen
e of two triple points where magneti
 and paramagneti
 phases of the high-spin and low-spin states
oexist.PACS: 71.27.+a, 61.50.Ks, 71.30.+h1. INTRODUCTIONIron borate FeBO3 is a rare magneti
 material thatis transparent in the visible range and has spontaneousmagnetization at room temperature. Light modula-tion by magneto-opti
al e�e
ts is possible in this 
rys-tal. The 
rystal latti
e of FeBO3 has the rhombohedralsymmetry of the 
al
ite type with the spa
e group R�3
(D63d) and with the latti
e parameters a = 4:612Å and
 = 14:47Å [1; 2℄. Iron ions Fe3+ are in oxygen o
ta-hedra, and interioni
 distan
es are (Fe�O) = 2:028Åand (Fe�Fe) = 3:601Å, while the angles of the bonds(O�Fe�O) are 91.82Æ and 88.18Æ [2℄. Thus, the oxygensurrounding of Fe is almost 
ubi
. At ambient 
on-ditions, FeBO3 is an easy plane antiferromagnet withweak ferromagnetism and with the Neel temperatureabout 348 K [3; 4℄. Magneti
 moments of two iron sub-*E-mail: lyubutin�ns.
rys.ras.ru

latti
es and the weak ferromagneti
 moment lie in thebasal (111) plane [5; 6℄.At ambient pressure, iron borate is an insulatorwith the opti
al gap value 2.9 eV [5℄. Re
ently, a dropof the opti
al absorption edge approximately from 3 eVto 0:8 eV has been found in opti
al spe
tra at pressuresnear 46 GPa [7℄. It was 
on
luded from the dire
t mea-surements of ele
tro-resistivity that the transition ofthe insulator�semi
ondu
tor type o

urs at this pres-sure [7℄.In the present paper, iron borate 57FeBO3 single
rystals and powder samples are studied under highpressures in a diamond-anvil 
ell by the te
hnique ofnu
lear forward s
attering (NFS) of syn
hrotron radia-tion (SR) in the temperature range 3.5�300 K. At pres-sures P = 46�49 GPa, the sharp transition from theantiferromagneti
 to a new magneti
 state with a weakmagneti
 moment was dis
overed. The pressure depen-780



ÆÝÒÔ, òîì 127, âûï. 4, 2005 High-pressure magneti
 properties : : :den
e of the Neel temperature was 
al
ulated from theexperimental data and the magneti
 P�T phase dia-gram was plotted and analyzed theoreti
ally.2. EXPERIMENTALThe perfe
t quality light-green 
olored single 
rys-tals of FeBO3 enri
hed with the 57Fe isotope up to96% were grown by the �ux method. The 
rystalswere plate-shaped, and the plane of the plate was thebasal (111) plane. The thi
kness of the plates wasabout 10�40 �m with dimensions of about 8� 8 mm2.The NFS experiments were performed with both single
rystals and powder samples obtained by grinding the57FeBO3 single 
rystal.The experiments with nu
lear forward s
atteringof syn
hrotron radiation were performed with the57FeBO3 samples at high pressures up to 65 GPa 
re-ated in diamond-anvil 
ells at temperatures in therange 3.5�300 K. The measurements were made withthe nu
lear resonan
e s
attering equipment ID18 [8℄ atthe European Syn
hrotron Radiation Fa
ility (ESRF),Grenoble, Fran
e.Two types of samples were used: a single 
rystal atroom temperature and a powdered sample (a 
rushedsingle 
rystal) at low temperature. At room temper-ature, the 57FeBO3 single 
rystal with dimensions ofabout 80�40�4 (�m)3 was pla
ed into a high-pressurediamond-anvil 
ell. The diameter of the working sur-fa
e of diamonds in the 
ell was about 300 �m and thediameter of the hole in the rhenium gasket where thesample was pla
ed was about 100 �m. In the low-tem-perature experiment, the gasket hole was �lled with thesample powder to about one third to ensure that allpowder grains were surrounded by pressure liquid. To
reate quasi-hydrostati
 pressure, the working volumeof the 
ell was �lled with the polyethylsila
sani
 liquidPES-5. A standard te
hnique of the shift of ruby �u-ores
en
e was used to measure the pressure value. Forthat, several 
rumbled ruby 
rystals with dimensionsof about 5 �m were pla
ed into the 
ell along with thesample. They were pla
ed at di�erent distan
es fromthe 
enter of the working volume in order to evaluatethe pressure gradient in the 
hamber. The a

ura
y inthe measurements of pressure was about 3�4 GPa.In the NFS experiments, the pressure value was var-ied up to 65 GPa. The basal plane (111) of the 57FeBO3single 
rystal was oriented perpendi
ular to the syn-
hrotron radiation beam, and the ve
tor of polarizationof gamma-rays was in the sample plane. At every pres-sure value, the NFS spe
tra of the powdered sample

were measured in the temperature range from 3.5 to300 K. The Mössbauer time spe
tra of resonan
e for-ward s
attering from 57Fe nu
lei were measured with-out an external magneti
 �eld at the sample. The mea-surements were made in the 16-ban
h regime.3. RESULTS AND DISCUSSION3.1. The Room-temperature NFS spe
traTime spe
tra of the nu
lear resonan
e forward s
at-tering from 57Fe nu
lei in 57FeBO3 have been regis-tered at di�erent pressures in the temperature range3.5�300 K. Figure 1 shows the room-temperature spe
-tra. The spe
tra represent the intensity of s
atteredradiation depending on the time after the SR impulse.The damped de
ay of a nu
lear ex
itation is modulatedin time by quantum and dynami
 beats. The quantumbeats appear due to splitting of nu
lear levels by a hy-per�ne intera
tion as a result of interferen
e betweens
attered radiation 
omponents of sublevels with dif-ferent frequen
ies. The period of quantum beats is in-versely proportional to the value of hyper�ne splittingenergy, and in our 
ase, to the magneti
 �eld value atthe iron nu
lei. The dynami
 beats are due to multiplepro
esses of s
attering in a �thi
k� sample (see detailsin [9℄).At pressures below 46 GPa, the main feature of thespe
tra is the evident quantum beats (Fig. 1). Be-
ause we used a thin sample, the dynami
 beats are notpresent in the spe
tra. The NFS spe
tra were measuredwith di�erent mutual orientations of the polarizationve
tor of the SR beam and the 
rystal magnetization.The period of beats is about 8 ns in the 
ase of randomorientation of the (111) 
rystal plane with respe
t tothe dire
tion of the SR-beam polarization and about15 ns when the 
rystal is rotated in the basal plane by90Æ relative to the �rst (�random�) orientation. Thebeats with the 15 ns period are 100%-modulated, whi
hmeans that the intensity of s
attering in the beats min-imum tends to zero. This indi
ates that at all pressuresin the range 0 < P < 46 GPa, the orientation of mag-neti
 �elds at the nu
lei of iron ions remains in thebasal (111) plane of the 
rystal normal to the radia-tion beam. At pressures P > 46 GPa, the quantumbeats disappear abruptly, showing drop to zero of thehyper�ne magneti
 �eld at 57Fe nu
lei.At ambient pressure, our NFS spe
trum is similarto that obtained by Mitsui et al. [10℄ in iron borate.Some distin
tions are due to a di�erent thi
kness ofthe samples and the absen
e of an external magneti
�eld in our measurements.781
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Time, nsFig. 1. The room-temperature NFS spe
tra of the57FeBO3 single 
rystal at di�erent pressures. Sym-bols � experimental points, lines � the result of �ttingto the MOTIF modelAt P < 44 GPa � in the low-pressure (LP) phaseof FeBO3 � the spe
tra were pro
essed by the MOTIFprogram developed by Shvyd'ko [11℄. A large numberof quantum beats in ea
h spe
trum (more than 15) pro-vides high a

ura
y in determination of the hyper�nemagneti
 �eld Hhf at iron nu
lei (with an error in therange 0.1 T). The Hhf values measured at the �ran-dom� orientation of the single 
rystal and after its 90Ærotation are the same.3.2. Magneti
 CollapseThe pressure dependen
es of the hyper�ne magneti
�eld Hhf at the iron nu
lei are shown in Fig. 2 for dif-ferent temperatures. At room temperature, the �eldHhf in
reases nonlinearly from 34.1 T to its maxi-mum value 48.1 T as the pressure rises in the range0 < P < 44 GPa. At P = 46�47 GPa, the �eld Hhfdrasti
ally falls down to zero, indi
ating a magneti
-to-nonmagneti
 phase transition (magneti
 
ollapse),obviously of the �rst-order type. At the transition,the parameter of the quadrupole intera
tion, whi
h is
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Fig. 2. Pressure dependen
es of the hyper�ne mag-neti
 �eld Hhf at 57Fe nu
lei in FeBO3 at di�erenttemperaturesnear zero at P < 44 GPa, in
reases signi�
antly up to2.1 mm/s.From the Mössbauer absorption spe
tra of57FeBO3, we have found that the isomer shift ISand quadrupole splitting QS of the spe
tra drasti
ally
hange at the 
riti
al pressure P
 along with the disap-pearan
e of the magneti
 �eld Hhf (see details in [12℄).At P < 46 GPa in the low-pressure (LP) phase,the parameters Hhf , IS, and QS are typi
al of thehigh-spin (S = 5=2) state of Fe3+ ions. At P > 48 GPain the high-pressure (HP) phase of FeBO3, the IS andQS values be
ome typi
al of the low-spin state of theFe3+ ions (S = 1=2). No indi
ation of the appearan
eof Fe2+ ions was found in the Mössbauer absorptionspe
tra [12℄. Thus, the origin of the magneti
 
ollapseat P = P
 is the high-spin (HS) to low-spin (LS)transition of Fe3+ ions. A similar 
on
lusion wasobtained theoreti
ally in the multiele
tron model [13℄,where it was shown that an in
rease of the 
rystal�eld with pressure results in the high-spin�low-spin
rossover and an insulator�semi
ondu
tor transition.The NFS spe
tra at temperatures 77 and 3.5 K areshown in Fig. 3 for di�erent pressures. At P > 48 GPa,782
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Time, nsFig. 3. The NFS spe
tra of the 57FeBO3 powder sample at di�erent pressures: a � T = 77 K, b � T = 3:5 K. Symbols �experimental points, lines � the result of �tting to the MOTIF modelthe e�e
t of the disappearan
e of quantum beats is
learly seen in the low-temperature spe
tra. This in-di
ates that the pressure-indu
ed magneti
 
ollapse isnot an e�e
t of the temperature but is due to 
hanges inthe ele
troni
 stru
ture of iron ions. We also observedthat after this transition, the light-green 
olor of the57FeBO3 
rystal, typi
al of ambient pressure, disap-peared and the 
rystal be
ame opaque, whi
h suggestsan abrupt drop of the opti
al absorption gap. The dropof the opti
al absorption edge has been found re
entlyin opti
al spe
tra at pressures just near 46 GPa [7℄.At P < 46 GPa, the quantum beats in the NFSspe
tra of the powder sample 
annot be �t perfe
tly tothe 
al
ulated 
urves (Fig. 3) as for the single 
rystalsample (Fig. 1). This is be
ause the MOTIF programis not developed enough for powder samples when adistribution of magneti
 moment and 
rystal �eld di-re
tions o

urs in powder parti
les. Nevertheless, thefrequen
ies of beats and hen
e the values of the hyper-�ne magneti
 �eld Hhf at iron nu
lei 
an be obtainedwith a rather high a

ura
y (with an error in the rangeof 0.4 T, whi
h is within the limit of a symbol size inFig. 2).The pressure dependen
es of the �eld Hhf at low

temperatures are shown in Fig. 2. Contrary to theroom-temperature behavior, the �eld Hhf at T = 3:5 Kin the LP phase is almost 
onstant at the saturationvalue about 55.5 T. In fa
t, the value of Hhf evende
reases slightly as the pressure in
reases. This ef-fe
t 
an be easily explained by an in
rease of the 
ova-len
e 
ontribution to Hhf due to de
reasing inter-ioni
Fe�O distan
es. It was found that the 
riti
al pressurevalue P
 at whi
h the magneti
 transition o

urs variesslightly with temperature and P
 be
omes somewhatlarger at helium temperature.3.3. Pressure dependen
e of the Neeltemperature in the low-pressure phaseIn the low-pressure phase of FeBO3, the room-tem-perature NFS spe
tra show an in
rease of the �eld Hhfas the pressure in
reases. The magneti
 �eld in
reaseis naturally 
onne
ted with an in
rease of the ex
hangeintera
tion, whi
h, in turn, must 
orrelate with the in-
rease of the Neel temperature TN . In general, thepressure dependen
e of Hhf at room temperature isunder in�uen
e of two e�e
ts: the 
hanges in TN anda possible 
hange of the saturation value of Hhf at783
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Fig. 4. The pro
edure of 
al
ulation of the Neel tem-perature of FeBO3 at di�erent pressures by �tting theempiri
al fun
tion to the experimental temperature de-penden
e of the hyper�ne magneti
 �eld at 57Fe nu-
lei0 K [Hhf (0)℄. The NFS spe
tra in the LP phase in-di
ate that at 3.5 K, the Hhf (0) value only slightlydepends on pressure. Then, starting with the room-temperature Hhf = f(P ) dependen
e and using theambient-pressure Hhf = F (T ) dependen
e (whi
h hasbeen studied in detail by Eibs
hutz and Lines [6℄),we 
an 
al
ulate the dependen
e of TN on pressure.For that, we used an extrapolation pro
edure �rst sug-gested in [14; 15℄ and su

essfully applied to many ex-perimental results.We take Hhf (P; T ) as the empiri
al fun
tionHhf (P; T ) = Hhf (P; 0)�� exp��� TTN(P )��1� TTN (P )�� : (1)The parameters � and � 
an be found from the �t of(1) to the experimental dependen
e Hhf (T ) at ambientpressure. Using the Hhf (T ) values for FeBO3 in [6℄, wefound � = �0:371 and � = 0:4308. Then, we assumethat � and � are independent of the pressure and takethe experimental value Hhf (P; 0) = 55:5 T. For ea
hexperimental value of pressure and the 
orrespondingvalues of Hhf (P; T ), Eq. (1) 
an be solved graphi
allyfor TN . Figure 4 illustrates the 
al
ulation pro
edure,and the obtained pressure dependen
e of TN is shownin Fig. 5.In the pressure range 0 < P < 46 GPa, thedependen
e TN(P ) 
an be well �t to a linear

550500
0 Pressure, GPa10 20 30 40 50

TN ; K600
450400350 Extrapolation from NFSLinear fitMagnetization [16℄Raman [17℄

FeBO3

Fig. 5. Pressure dependen
e of the Neel temperatureof FeBO3 from NFS, Raman s
attering, and magneti-zation experiments (symbols). The solid 
urve 
orre-sponds to the pressure slope dTN=dP = 5:14 K/GPafun
tion TN (P ) = TN(0) + P (dTN=dP ), withthe parameters TN(0) = (355:0 � 1:5) K anddTN=dP = (5:14 � 0:10) K/GPa. The arrow valuefollows from the least-square �t. The maximum valueof TN , attained just before the magneti
 
ollapse, isabout 595 K.From the magnetization measurements of FeBO3in the range of 0�3 kbar, Wilson and Broersma [16℄have found that TN grows linearly with the slopedTN=dP = 5:3 K/GPa, whi
h is 
lose to our value.Massey et al. [17℄ measured the shift of the two-mag-non Raman frequen
y 
 with the pressure in
reasein FeBO3 at 99 K. In the range 0�13 GPa, the fre-quen
y shift 
an be approximated by a linear law
(P ) = 
(0) + d
=dP , where 
(0) = (530� 20) 
m�1and d
=dP = (8:15� 0:7) 
m�1/GPa.It is interesting to 
ompare the pressure be-havior of 
 and TN . We found that below13 GPa, the relative slopes of 
 and TN arevery 
lose: [1=
(0)℄d
=dP = 0:0148 GPa�1 and[1=TN(0)℄dTN=dP = 0:0150 GPa�1. This means thatboth these parameters are most probably proportionalto the superex
hange integral J . The TN(P ) dataobtained from the magnetization and Raman measure-ments are also shown in Fig. 5, and they are in goodagreement with our studies.784
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Fig. 6. NFS spe
tra of a powder 57FeBO3 sample fordi�erent temperatures with the pressure values �xed at48:6, 50:5, and 55 GPa. In the HP phase at 55 GPa,the spe
tra at 3:5, 9:5, and 25 K were �tted to themodel of nonhomogenous magneti
 ordering of Fe3+ions with spin S = 1=2, and with a distribution of theHhf �eld values
3.4. Magneti
 properties of the high-pressurephaseAfter the magneti
 transition, at pressures P > P
,the low-spin state of Fe3+ (S = 1=2) is not diamagneti
,and one 
an expe
t some kind of magneti
 
orrelationsat low temperatures. For the HP phase of FeBO3,the re
ent theoreti
al 
al
ulations of Parlinski [18℄ pre-di
ted a small magneti
 moment at iron ions, whi
h isabout four times lower than that in the LP phase.

Figure 6 shows our NFS spe
tra of the powder sam-ple of 57FeBO3 taken at di�erent temperatures with�xed pressures in the HP state (at P > P
). Thespe
tra in Fig. 6
 above 50 K are typi
al of a purequadrupole intera
tion without any tra
e of magneti
modulations. But at low temperatures, an anomalyappears in the spe
tra, whi
h 
annot be �t to thequadrupole intera
tion. We tried to �t the NFS spe
traat T < 50 K with di�erent approximations and have5 ÆÝÒÔ, âûï. 4 785
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Fig. 7. Temperature dependen
es of the quadrupolesplitting parameter at di�erent pressures in thehigh-pressure phase of FeBO3 from the �t of the NFSdata to the pure qudrupole-intera
tion model. Thepoint Tm of the deviation from the straight line 
or-responds to the onset of magneti
 ordering of the low-spin HP phasefound that the most appropriate is the model of mag-neti
 
orrelations of Fe3+ ions with spin S = 1=2, andthe magneti
 state 
an be represented as a nonhomoge-nous magneti
 ordering with a distribution of the Hhf�eld values.The theoreti
al 
al
ulations in [18℄ predi
ted a ho-mogenous antiferromagneti
 ordering at low tempera-tures for the low-spin HP phase of FeBO3. A nonho-mogenous magneti
 state (the low-spin magneti
 order-ing � LS-MO) found in our experiment may be relatedto a powder state of the sample due to spe
i�
 magneti
properties of small parti
les of FeBO3 at high pressures.To �nd the pre
ise temperature of the magneti
 or-dering in the HP phase, the following pro
edure wassuggested. We �t all spe
tra in Fig. 6 to the modelof pure quadrupole intera
tion and plot the obtainedquadrupole splitting parameter QS as a fun
tion oftemperature (see Fig. 7). In the pure paramagneti
state, at T > 50 K, the QS value is 
onstant. Whenmagneti
 
orrelation appears, the �QS value� foundthis way starts to in
rease (Fig. 7), showing a devia-tion from the model. The point of deviation of QSfrom the 
onstant value is then taken as the magneti
ordering temperature Tm of the low-spin HP phase.
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HP-PM-SCLP-AF-I

LP-PM-IFeBO3
HP-MO-SC

TN TmFig. 8. The tentative magneti
 P�T phase diagram ofFeBO3. LP-AF-I is the low-pressure antiferromagneti
insulating phase, LP-PM-I is the low-pressure paramag-neti
 insulating phase, HP-MO-SC is the high-pressuremagneti
ally ordered low-spin semi
ondu
ting phase,HP-PM-SC is the high-pressure paramagneti
 semi
on-du
ting phase. We note the existen
e of two triplepoints where three di�erent phases 
oexist3.5. Magneti
 P�T phase diagram of FeBO3On the basis of all the data obtained, we 
an plota tentative magneti
 P�T phase diagram (Fig. 8),whi
h shows various magneti
 states of FeBO3 at dif-ferent pressures and temperatures. The almost verti-
al line at P = P
 separates the left-hand HS insulat-ing low-pressure phase and the right-hand LS semi
on-du
ting high-pressure phase. At P < 46 GPa, in thehigh-spin low-pressure phase, the TN line separates theT < TN antiferromagneti
 (AF) state and the T > TNparamagneti
 (PM) state. At P > 49 GPa, in thehigh-pressure phase, the Tm line separates the T < Tmlow-spin magneti
ally ordered state and the T > Tmparamagneti
 low-spin state.An important 
on
lusion follows from the diagram:one 
an expe
t two triple points with the 
oordinates(P = 46 GPa, T = 600 K) and (P = 49 GPa,T = 50 K) where three phases 
oexist. At the�rst point, the high-spin antiferromagneti
 (HS-AF)and high-spin paramagneti
 (HS-PM) phases 
oexistwith the low-spin paramagneti
 (LS-PM) phase. Atthe se
ond point, the low-spin magneti
ally-ordered(LS-MO) and low-spin paramagneti
 (LS-PM) phases
oexist with the high-spin antiferromagneti
 (HS-AF)phase.786
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 properties : : :4. THEORETICAL APPROACHBe
ause the 
rystal is a semi
ondu
tor in the HPphase of FeBO3, its magneti
 properties 
an be de-s
ribed in an approximation of the Heisenberg modelboth below and above the 
riti
al pressure P
. In themean-�eld approximation,TN = JzS(S + 1)=3; (2)where z = 6 is the number of nearest neighbors of Fe3+ion, the spin S = 5=2 
hara
terizes the LP phase, andS = 1=2 is the iron spin in the HP phase. The pressu-re-dependent ex
hange integral is J = 2t2=Ueff , wheret is the parameter of the ele
tron jump between near-est Fe3+ ions governing the half-width of the d-band,Wd = zt, and Ueff = 

 � 
v is the e�e
tive Hubbardparameter representing the gap between the upper 

(
ondu
tivity) and lower 
v (valen
e) Hubbard bands.Here, the upper Hubbard band is the extra ele
tronband due to d5 ! d6 ex
itations and the lower Hub-bard band is the ele
tron removal band due to d5 ! d4ex
itations [19℄. In the LP phase, both t and Ueff pa-rameters depend on pressure ast(P ) = t0 + �tP;Ueff (P ) = U0 � ��P; (3)where t0 = 0:076 eV and U0 = 4:2 eV are the ambi-ent pressure parameters [19℄. The value of the bari
derivative of the 
rystal �eld �, �� = d�=dP == 0:018 eV/GPa, is found from the 
ondition of
rossover of the high-spin 6A1 and low-spin 2T2 termsat P = P
, and the �t = dt=dP = 0:00046 eV/GPavalue is found from the rise of TN from 350 K up to600 K in the LP phase. These values of the deriva-tives ensure the in
rease of TN in the LP phase andthe 
ollapse of the Fe3+ magneti
 moment at P
.We now 
onsider the 
hange in magneti
 propertiesof FeBO3 under transition into the HP phase. Near P
,a stru
tural transition o

urs with a jump of unit 
ellparameters [20℄, and therefore a jump in the t and Ueffvalues 
an be expe
ted.We use �+� to denote the values of parameters onthe right-hand side of P
 and ��� to denote those onthe left-hand side. Thent(+)
 = t0 + �tP
 + Æt;U (+)eff = U0 � ��P
 � ÆU: (4)Be
ause the a- and 
-unit 
ell parameters de
rease atthe transition [20℄, the Æt and ÆU values must be pos-itive. Assuming Æt=t0 � 1 and ÆU=U0 � 1, we writethe ex
hange integral just after the transition as

J (+)
 = J0 �1 +�2�tt0 + ��U0 �P
 + 2Ætt0 + ÆUU0 � ; (5)where J0 = 2t20U0 :The ratio of TN above and below the transition is thengiven byT (+)NT (�)N = J (+) � 1=2 � 3=2J (�) � 5=2 � 7=2 = 335 �1 + 2Ætt0 + ÆUU0 � ; (6)where T (�)N = 600 K:If the jumps in Æt and ÆU are negligible and the 
hangein TN is only 
onne
ted with the spin jump 5=2! 1=2,we 
an evaluate the magneti
 ordering temperature ofthe HP phase asT (+)N = 3T (�)N =35 = 51 K: (7)Taking Æt and ÆU into a

ount 
ould only in
rease theT (+)N value. Thus, (7) is an estimate from below, thatis, T (+)N � 51 K. It turns out that the experimentalvalue of T (+)N evaluated in Se
. 3.4 is about 50 K. Thissuggests that the Æt and ÆU values are negligibly small.In the HP phase, Ueff depends only on the ele
trontransfer and does not depend on the 
rystal �eld andpressure [21℄, and therefore the bari
 dependen
e of TNis di�erent from that in the LP phase,TN (P )=T (+)N = 1 + 2�t(P � P
)=t0: (8)The slope of TN(P ) in the LP phasedTN (P )=TN(0)dP = 2�tt0 + ��U0 = 0:016 1GPa ; (9)is di�erent from that in the HP phasedTN(P )=T (+)N (P
)dP = 2�tt0 = 0:012 1GPa : (10)Thus, the slope ratio is 4/3.Now the question is: how far is expression (8) validas the pressure in
reases further, and what happensabove TN? In the HP phase at P > P
 and T > TN ,the FeBO3 
rystal is a paramagneti
 semi
ondu
torwith iron ions Fe3+ in the low-spin state (S = 1=2).787 5*
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Fig. 9. The diagram of the density of states ofFeBO3 at high pressures below (a) and above (b) thesemi
ondu
tor�metal transitionHowever, with a further pressure in
rease, the semi
on-du
ting gap de
reases and it tends to zero at P = PM ,where PM is the point of the transition into the metal-li
 state. The experimental value of PM evaluated fromthe thermoa
tivation gap is approximately 210GPa [7℄.The same value of PM was found theoreti
ally [21℄in extrapolating the level 

 down to the 
rossing withthe top of the valen
e band "v. The 
orresponding di-agram of the ele
tron stru
ture below and above PMis shown in Fig. 9. Here, the 

 level is related to thetransitions [Fe(3+)(d5); S = 1=2℄$ [Fe(2+)(d6); S = 0℄,and it is smeared into a narrow band due to ele
tronhopping (Fig. 9a). The spin�polaron e�e
t in the an-tiferromagneti
 phase gives rise to a sharp suppressionof the d-band width [22℄.Above PM , there are two types of 
arriers: oxygenholes at the top of the valen
e band and heavy ele
-trons at the bottom of the d-band. The iron ion is inan intermediate valen
e state as a mixture of the p6d5and p5d6 
on�gurations (Fig. 9b). Be
ause ea
h holeat oxygen gives rise to the S = 0 state of the d6 
on-�guration in iron, one may 
onsider the situation asa pe
uliar Kondo e�e
t, when 
arriers s
reen the ironspin. Be
ause spins are lo
ated regularly, the system
an be attributed to a Kondo latti
e. At higher tem-peratures, one 
an expe
t a nonmagneti
 Kondo metalstate; at low temperatures, a 
ompetition between anti-ferromagnetism and super
ondu
tivity indu
ed by spin�u
tuations 
an be dominant [23; 24℄. The 
orrespond-ing phase diagram is shown in Fig. 10. Only the mag-neti
 and ele
tron properties of FeBO3 are shown inthe diagram, and the stru
tural transitions are not dis-
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TcFig. 10. Supposed phase diagram of FeBO3 at highpressures. AF � antiferromagnet, PM � paramag-net, HS-I � the Fe3+ high-spin insulator, LS-SC �the low-spin semi
ondu
tor, NM-KLM � the nonmag-neti
 Kondo-latti
e metal, SC � super
ondu
tor
ussed here. We note that from the standpoint of mod-ern terminology, the PM point in the diagram of Fig. 10is a typi
al quantum 
riti
al point.5. CONCLUSIONBoth experimentally and theoreti
ally, we haveshown that the magneti
 
ollapse in FeBO3 at highpressure does not transform the material into a non-magneti
 state with the disappearan
e of magneti
properties. At the transition, the low-pressure phasewith a strong magneti
 intera
tion transforms intothe high-pressure phase with a weak magneti
 inter-a
tion, and this transformation is a

ompanied by aninsulator�semi
ondu
tor transition. The forth
omingmetallization and unusual properties of the Kondolatti
e metal state are the subje
ts for future experi-mental study.We are grateful to R. Rü�er (ESRF, Grenoble,Fran
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