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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. Ovhinnikov , V. A. Sarkissian baInstitute for High pressure Physis142190, Troitsk, Mosow region, RussiabInstitute of Crystallography, Russian Aademy of Sienes119333, Mosow, RussiaKirensky Institute of Physis, Siberian Branh of Russian Aademy of Sienes660036, 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 nulear forward sattering (NFS) of synhrotron radiation at di�erenttemperatures. In the low-pressure (0 < P < 46 GPa) antiferromagneti phase, an inrease of the Neel tem-perature from 350 to 595 K indued 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 disovered.It is attributed to the eletroni 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�semiondutor-type transition with extensive sup-pression of strong d�d eletron orrelations. At low temperatures, NFS spetra of the high-pressure phaseindiate 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 thepresene of two triple points where magneti and paramagneti phases of the high-spin and low-spin statesoexist.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-optial e�ets is possible in this rys-tal. The rystal lattie of FeBO3 has the rhombohedralsymmetry of the alite type with the spae group R�3(D63d) and with the lattie parameters a = 4:612Å and = 14:47Å [1; 2℄. Iron ions Fe3+ are in oxygen ota-hedra, and interioni distanes 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

latties and the weak ferromagneti moment lie in thebasal (111) plane [5; 6℄.At ambient pressure, iron borate is an insulatorwith the optial gap value 2.9 eV [5℄. Reently, a dropof the optial absorption edge approximately from 3 eVto 0:8 eV has been found in optial spetra at pressuresnear 46 GPa [7℄. It was onluded from the diret mea-surements of eletro-resistivity that the transition ofthe insulator�semiondutor type ours at this pres-sure [7℄.In the present paper, iron borate 57FeBO3 singlerystals and powder samples are studied under highpressures in a diamond-anvil ell by the tehnique ofnulear forward sattering (NFS) of synhrotron 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 disovered. The pressure depen-780



ÆÝÒÔ, òîì 127, âûï. 4, 2005 High-pressure magneti properties : : :dene of the Neel temperature was alulated from theexperimental data and the magneti P�T phase dia-gram was plotted and analyzed theoretially.2. EXPERIMENTALThe perfet quality light-green olored single rys-tals of FeBO3 enrihed 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 thikness of the plates wasabout 10�40 �m with dimensions of about 8� 8 mm2.The NFS experiments were performed with both singlerystals and powder samples obtained by grinding the57FeBO3 single rystal.The experiments with nulear forward satteringof synhrotron 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 nulear resonane sattering equipment ID18 [8℄ atthe European Synhrotron Radiation Faility (ESRF),Grenoble, Frane.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 plaed into a high-pressurediamond-anvil ell. The diameter of the working sur-fae of diamonds in the ell was about 300 �m and thediameter of the hole in the rhenium gasket where thesample was plaed 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. Toreate quasi-hydrostati pressure, the working volumeof the ell was �lled with the polyethylsilasani liquidPES-5. A standard tehnique of the shift of ruby �u-oresene was used to measure the pressure value. Forthat, several rumbled ruby rystals with dimensionsof about 5 �m were plaed into the ell along with thesample. They were plaed at di�erent distanes fromthe enter of the working volume in order to evaluatethe pressure gradient in the hamber. The auray 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 perpendiular to the syn-hrotron radiation beam, and the vetor of polarizationof gamma-rays was in the sample plane. At every pres-sure value, the NFS spetra of the powdered sample

were measured in the temperature range from 3.5 to300 K. The Mössbauer time spetra of resonane for-ward sattering from 57Fe nulei were measured with-out an external magneti �eld at the sample. The mea-surements were made in the 16-banh regime.3. RESULTS AND DISCUSSION3.1. The Room-temperature NFS spetraTime spetra of the nulear resonane forward sat-tering from 57Fe nulei 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 spetra represent the intensity of satteredradiation depending on the time after the SR impulse.The damped deay of a nulear exitation is modulatedin time by quantum and dynami beats. The quantumbeats appear due to splitting of nulear levels by a hy-per�ne interation as a result of interferene betweensattered radiation omponents of sublevels with dif-ferent frequenies. 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 nulei. The dynami beats are due to multipleproesses of sattering in a �thik� sample (see detailsin [9℄).At pressures below 46 GPa, the main feature of thespetra is the evident quantum beats (Fig. 1). Be-ause we used a thin sample, the dynami beats are notpresent in the spetra. The NFS spetra were measuredwith di�erent mutual orientations of the polarizationvetor 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 respet tothe diretion 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, whihmeans that the intensity of sattering in the beats min-imum tends to zero. This indiates that at all pressuresin the range 0 < P < 46 GPa, the orientation of mag-neti �elds at the nulei 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 nulei.At ambient pressure, our NFS spetrum is similarto that obtained by Mitsui et al. [10℄ in iron borate.Some distintions are due to a di�erent thikness ofthe samples and the absene of an external magneti�eld in our measurements.781
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Fig. 2. Pressure dependenes of the hyper�ne mag-neti �eld Hhf at 57Fe nulei in FeBO3 at di�erenttemperaturesnear zero at P < 44 GPa, inreases signi�antly up to2.1 mm/s.From the Mössbauer absorption spetra of57FeBO3, we have found that the isomer shift ISand quadrupole splitting QS of the spetra drastiallyhange at the ritial pressure P along with the disap-pearane 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 typial 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 beome typial of the low-spin state of theFe3+ ions (S = 1=2). No indiation of the appearaneof Fe2+ ions was found in the Mössbauer absorptionspetra [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 onlusion wasobtained theoretially in the multieletron model [13℄,where it was shown that an inrease of the rystal�eld with pressure results in the high-spin�low-spinrossover and an insulator�semiondutor transition.The NFS spetra at temperatures 77 and 3.5 K areshown in Fig. 3 for di�erent pressures. At P > 48 GPa,782
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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 fat, the value of Hhf evendereases slightly as the pressure inreases. This ef-fet an be easily explained by an inrease of the ova-lene ontribution to Hhf due to dereasing inter-ioniFe�O distanes. It was found that the ritial pressurevalue P at whih the magneti transition ours variesslightly with temperature and P beomes somewhatlarger at helium temperature.3.3. Pressure dependene of the Neeltemperature in the low-pressure phaseIn the low-pressure phase of FeBO3, the room-tem-perature NFS spetra show an inrease of the �eld Hhfas the pressure inreases. The magneti �eld inreaseis naturally onneted with an inrease of the exhangeinteration, whih, in turn, must orrelate with the in-rease of the Neel temperature TN . In general, thepressure dependene of Hhf at room temperature isunder in�uene of two e�ets: the hanges in TN anda possible hange of the saturation value of Hhf at783
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 with the pressure inreasein FeBO3 at 99 K. In the range 0�13 GPa, the fre-queny 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 superexhange 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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Figure 6 shows our NFS spetra of the powder sam-ple of 57FeBO3 taken at di�erent temperatures with�xed pressures in the HP state (at P > P). Thespetra in Fig. 6 above 50 K are typial of a purequadrupole interation without any trae of magnetimodulations. But at low temperatures, an anomalyappears in the spetra, whih annot be �t to thequadrupole interation. We tried to �t the NFS spetraat T < 50 K with di�erent approximations and have5 ÆÝÒÔ, âûï. 4 785
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ÆÝÒÔ, òîì 127, âûï. 4, 2005 High-pressure magneti properties : : :4. THEORETICAL APPROACHBeause the rystal is a semiondutor in the HPphase of FeBO3, its magneti properties an be de-sribed in an approximation of the Heisenberg modelboth below and above the ritial 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 haraterizes the LP phase, andS = 1=2 is the iron spin in the HP phase. The pressu-re-dependent exhange integral is J = 2t2=Ueff , wheret is the parameter of the eletron jump between near-est Fe3+ ions governing the half-width of the d-band,Wd = zt, and Ueff = 
 � 
v is the e�etive Hubbardparameter representing the gap between the upper 
(ondutivity) and lower 
v (valene) Hubbard bands.Here, the upper Hubbard band is the extra eletronband due to d5 ! d6 exitations and the lower Hub-bard band is the eletron removal band due to d5 ! d4exitations [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 bariderivative of the rystal �eld �, �� = d�=dP == 0:018 eV/GPa, is found from the ondition ofrossover 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 inrease 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 strutural transition ours with a jump of unit ellparameters [20℄, and therefore a jump in the t and Ueffvalues an be expeted.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)Beause the a- and -unit ell parameters derease atthe transition [20℄, the Æt and ÆU values must be pos-itive. Assuming Æt=t0 � 1 and ÆU=U0 � 1, we writethe exhange 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 onneted 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 aount ould only inrease 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 eletrontransfer and does not depend on the rystal �eld andpressure [21℄, and therefore the bari dependene 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 inreases further, and what happensabove TN? In the HP phase at P > P and T > TN ,the FeBO3 rystal is a paramagneti semiondutorwith iron ions Fe3+ in the low-spin state (S = 1=2).787 5*
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