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Magneti �eld indued superondutor{insulator tran-sition in InOx �lms | a 3D senario?V.F. Gantmakher, M.V. Golubkov, V.T. Dolgopolov, A.A. Shashkin andG.E. TsydynzhapovInstitute of Solid State Physis RAS, Chernogolovka, Mosow dstr., 142432, Russiagombo�issp.a.ruReeived 29 July 1999, aepted dd.mm.yyyy by ueAbstrat. Magneti �eld driven superondutor { insulator transition in amorphous InOx�lm was studied down to 32 mK at di�erent arrier onentrations. It was found that transi-tions exist both in the �eld normal to the �lm and parallel to it. Apparent di�erene betweenthem is only in the values of ritial magneti �elds. This �nding ontradits to widelyadopted two-dimensional theory of transition and requires to 3D approah.Keywords: superondutor-insulator transitions, InO �lmPACS: 05.70 Fh, 74.20 Mn, 74.76 -wThe magneti �eld indued superondutor{insulator transition (SIT), the trans-formation of the superonduting thin �lm under magneti �eld into insulating state,was observed in a few systems inluding amorphous InOx �lms [1℄, MoGe �lms [2℄and MoSi �lms [3, 4℄. The theory of the phenomenon introdued by M.Fisher [5℄ isbased on the boson (eletron pair) { vortex duality in dirty two-dimensional superon-dutors. At low magneti �eld and temperature below Berezinsky{Kostelitz{Thaulesstransition bosons are deloalized, vorties loalized and the �lm is superonduting.Beause of duality piture ips at a ritial �eld B | bosons beome loalized andvorties deloalized whih results in in�nitely high resistane, i.e. insulating stateof the �lm. The transition from superonduting phase into insulating is essentiallyquantum in nature, i.e. it is not governed by the temperature but by another param-eter, in this ase by the magneti �eld. (For review on quantum phase transitions see[6℄.) Aording to the saling theory of the phase transitions, the properties of thesystem are ontrolled by orrelation length �, diverging at transition point� = jB �Bj�� = Æ��B ; (1)where � is the ritial index. The temperature dependenes of the �lm resistane arepredited to be a funtion of the saling variable u = ÆB=T 1=z�R = Rf �B �BT 1=z� � ; (2)where z is dynami ritial index. The f(u) is diverging as u ! +1, goes to zeroas u ! �1 and f(0) = 1 [5℄. As a result set of resistane{vs{temperature RB(T )urves at di�erent magneti �elds around B obtains harateristi fan-like strutureand isotherms RT (B) has ommon intersetion point (BC ; RC). This feature along
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Fig. 1 States near the zero �eld SIT. a) Magneti �eld normal to the �lm, Rroom = 3:4 k
.b) Field parallel to the �lm, Rroom = 3:47 k
.with ollapse of resistane on a single urve when plotted against saling variable u isonsidered to be the main evidene of a SIT.The purpose of this work was further investigation of �eld indued SIT and itsevolution with variation of arrier density.The experiments were performed on 200 �A thik amorphous InOx �lms. We havestudied several �lms whih exhibited very similar properties, but all results presentedhere are obtained on one and the same �lm.InOx is very onvenient material for the studying of SIT. By hanging the oxygenontent one an over the range from a metalli superonduting material to an in-sulator with ativated ondutane [7℄. To inrease arriers density and enhane thesuperonduting properties of our �lm we used heating in vauum at a temperaturefrom the interval 70 { 110ÆC. To shift the sample properties in the opposite diretionwe made exposure to air at room temperature. (Details an be found in Ref. [8℄.) Stateof the �lm an be onveniently haraterized by resistane at the room temperatureRR. Zero �eld SIT ours in our �lms approximately at RR = 3:6 k
.The low-temperature measurements were arried out by a four-terminal lok-intehnique at a frequeny of 10 Hz in a Oxford TLM-400 dilution refrigerator in thetemperature interval 1.2K { 30mK. The sample resistane R(T;B) was studied asfuntion of B at �xed T . The a urrent was equal to 1 nA and orresponded to thelinear regime of response. The aspet ratio of the samples was lose to one.First, we made sure we are able to reprodue results of previous studies. In thestate with RR = 3:4 k
 we applied magneti �eld normal to the �lm and obtainedlassial piture of �eld indued SIT (Fig. 1a) with distint ritial point at B = 2 Tand with R = 7 k
. Above this point resistane inreased rapidly on dereasing ofthe temperature indiating insulating state. Around maximum it follows ativatinglaw. Derease of the resistane at high magneti �elds should be apparently onnetedto dissoiating of eletroni pairs. We were able to sale data around ritial pointaording to (2) and get ritial index z� = 1:18 in good agreement with previousresults [1, 2℄.For the �lm shifted further into superonduting region, with resistaneRR reduedto 3.0 k
 overall piture seemed to be preserved (Fig. 2a), but all partiular featureswere lost. There were no more ommon intersetion point | every pair of isotherms,
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%���7��Fig. 2 States far from zero �eld SIT. a) Magneti �eld normal to the �lm, RR = 3:0 k
. b)Field parallel to the �lm, RR = 3:2 k
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Fig. 3 Critial �elds as funtion of resistane at the room temperature.even at the lowest temperatures has its own one. The resistane around maximumbeame muh less and inreased slowly asting doubt on identifying it as a insulator.Evidently data did not satisfy (2).The phenomena an be in priniple inorporated into framework of Fisher modelby supposing, as �rst suggested in [2℄, a seond ondution hannel, whih dependsslowly on temperature. It would redue maximum resistane of the system and providea temperature dependene to the ritial resistane R in (2). This mehanism shouldbe more e�etive in more superonduting state. A likely andidate seems to beeletrons depaired by magneti �eld, beause (i) they ertainly exist at high enough�eld and (ii) the deeper is �lm in superonduting region, the higher is the ritialmagneti �eld.Beause of supposed temperature dependene of R and absene of an evidentritial point one should have independent way to determine B. As an insulator shouldhas in�nite resistane at zero temperature and superondutor | zero resistane,we suggest the sign of seond derivative at low temperatures as a riterium. At Bresistane vs. temperature urve would be straight line in low temperature limit. Wedid observe suh behavior and were able, after aounting for R(T ), obtain saling ofdata with pratially the same ritial index z� = 1:2.



76 Ann. Phys. (Leipzig) 8 (1999) speial issueOur �lms are thik; their thikness is omparable and even greater then superon-duting oherene length, estimated to be 80{150�A. But we still observe good SITpiture. More over, SIT observation were reported for the �lms as thik as 1000�A[4℄,and for theory [5℄ dimensionality is of ruial importane. So it was interesting toprobe signi�ane of two-dimensional nature of the sample. In order to do this weapply magneti �eld parallel (with auray � 1o) to the �lm. Surprisingly, we foundthat we were able to obtain the same phenomena in parallel �eld too. It is illustratedby right (b) parts of Figs. 1,2, where isotherms for the parallel �eld are presented. Thestates were piked to be lose in resistane values and behavior to the left side of thepiture. (Unfortunately, it was tehnially impossible to study the same state both innormal and parallel �eld.) It an be easily seen that left and right sides of the �guresare very lose to eah other in all, but values of ritial �eld. It is possible to make asaling analysis for data from the Fig. 1b whih gives the ritial index z� = 1:3, loseto that in the normal �eld. Temperature dependene of the resistane at maximum isativating, i.e. �lm is an insulator at this point. More over, omparison of Fig. 1 andFig. 2 shows that evolution of the resistane with hanging �lm state are also verysimilar in the parallel �eld. It diminishes maximum resistane value and eliminateommon intersetion point right in the same way as in ase of normal �eld. Oneagain, the only di�erene is B values. The dependene of B on room temperatureresistane is shown on Fig. 3. Evidently, there ould not be any �eld indued SITin non-superonduting �lm and aording to this B for the normal �eld turns tozero near zero �eld SIT. The very intriguing is that B for parallel �eld don't, i.e.disontinuity must be expeted.In onlusion, we report observation of transition from the superonduting to theinsulating state under the magneti �eld parallel to the �lm. The Fisher's model isnot appliable to the ase beause no boson{vortex duality exists. But its perepti-ble features | ommon rossing point, saling aording (2) | are not due to thispartiular model but are typial to a ontinuous quantum phase transition. So, wehave observed quantum phase transition from superondutor into insulator tuned bymagneti �eld whih required three-dimensional senario.The �lms were kindly presented by A. Frydman and Z. Ovadyahu from Jerusalem University.Referenes[1℄ A.F. Hebard and M.A. Paalanen, Phys. Rev. Lett. 65 (1990) 927; M.A. Paalanen,A.F. Hebard, and R.R. Ruel, Phys. Rev. Lett. 69 (1992) 1604.[2℄ A. Yazdani, and A. Kapitulnik, Phys. Rev. Lett. 74 (1995) 3037.[3℄ S. Okuma, T. Terashima, and N. Kokubo, Solid State Commun. 106 (1998) 529;[4℄ A.V. Samoilov, N.-G. Yeh, C.C. Tsuei Phys. Rev. Lett. 57 (1998) 1206.[5℄ M.P.A. Fisher, Phys. Rev. Lett. 65 (1990) 923; M.P.A. Fisher, G. Grinshtein, andS.M. Girvin, Phys. Rev. Lett. 64 (1990) 587.[6℄ S.L. Sondhi, S.M. Girvin, J.P. Carini, and D. Shahar, Rev. Mod. Phys. 69 (1997) 315.[7℄ D. Shahar, and Z. Ovadyahu, Phys. Rev. B 46 (1992) 10917.[8℄ V.F. Gantmakher, and M.V. Golubkov, JETP Lett. 61 (1995) 606; V.F. Gantmakher,M.V. Golubkov, J.G.S. Lok, and A.K. Geim, JETP 82 (1996) 951.


