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MAGNETORESISTIVITY IN A TILTED MAGNETIC FIELDIN p-Si/SiGe/Si HETEROSTRUCTURES WITHAN ANISOTROPIC g-FACTOR. PART III. L. Drihko a, I. Yu. Smirnov a*, A. V. Suslov b, O. A. Mironov , D. R. Leadley daIo�e Physial-Tehnial Institute, Russian Aademy of Sienes194021, St. Petersburg, RussiabNational High Magneti Field LaboratoryTallahassee, FL 32310, USAWarwik SEMINANO R&D Centre, University of Warwik Siene ParkCoventry CV4 7EZ, UKdDepartment of Physis, University of WarwikCoventry CV4 7AL, UKReeived Otober 25, 2011The magnetoresistane omponents �xx and �xy were measured in two p-Si/SiGe/Si quantum wells that havean anisotropi g-fator in a tilted magneti �eld as a funtion of the temperature, �eld, and tilt angle. Ativa-tion energy measurements demonstrate the existene of a ferromagneti�paramagneti (F�P) transition for thesample with the hole density p = 2 � 1011 m�2. This transition is due to the rossing of the 0" and 1# Landaulevels. However, in another sample, with p = 7:2 � 1010 m�2, the 0" and 1# Landau levels oinide for angles� = 0�70Æ. Only for � > 70Æ do the levels start to diverge whih, in turn, results in the energy gap opening.1. INTRODUCTIONMagnetotransport measurements on dilutep-Si/SiGe/Si strutures, with two-dimensional hole gas(2DHG) densities about 1011 m�2, have revealed anunusual phenomenon at the �lling fator � = 3=2, theso-alled �re-entrant� metal-insulator transition [1�6℄.This phenomenon manifests itself as an additionalpeak of the magnetoresistane �xx(T; �) at � = 3=2.The peak demonstrates an insulator-type behavior,i. e., its magnitude inreases with dereasing thesample temperature [3, 5℄.The authors of Ref. [2℄ explained this appear-ane by the presene of smooth long-range potential�utuations having a magnitude omparable to theFermi energy. But in Refs. [3�5℄, the magnetoresis-tane anomaly was attributed to a rossing of Lan-dau levels (LLs) with di�erent spin diretions 0" and1 # as the magneti �eld inreased. It appears thatsome p-Si/SiGe/Si systems show a magnetoresistane*E-mail: ivan.smirnov�mail.io�e.ru

anomaly at � = 3=2 that depends on the tilt an-gle between the magneti �eld and sample normal [6℄,whereas in other p-Si/SiGe/Si systems, this anomaly isnot manifested at all [4℄. The third set of p-Si/SiGe/Sisystems have suh anomaly in �xx at � = 3=2, but it isindependent of the tilt angle [3℄.In our earlier artile [7℄, we analyzed the ondu-tivity at � = 2 in tilted magneti �elds in a samplewith p = 2 � 1011 m�2 and demonstrated the pres-ene of a ferromagneti�paramagneti (F�P) transitionat a tilt angle of about 60Æ. We note that we didnot observe any signi�ant variation of the ondutiv-ity at � = 3=2; instead, a resistivity peak of the re-entrant-transition type ourred in this region of the�lling fator. We therefore foused our researh on the� = 2 region, i. e., the viinity of the F�P transition.The magnetoresistane omponents �xx and �xy for thep-Si/SiGe/Si struture were measured in a tilted mag-neti �eld, from whih the ondutivity �xx was alu-lated together with its dependene on the temperatureT , the magneti �eld, and the tilt angle �. Suh anapproah allowed us to approximately alulate values542



ÆÝÒÔ, òîì 142, âûï. 3 (9), 2012 Magnetoresistivity in a tilted magneti �eld in p-Si/SiGe/Si : : :of the LL energies, rather than just providing a quali-tative desription of the phenomenon, as was presentedin Refs. [1�6℄. The F�P phase transition seen at � � 2,T = 0:3 K, and � � 60Æ is the result of a rossing ofthe 0" and 1# LLs. This transition is haraterized bya jump in the �lling fator and by the oexistene ofboth phases in the transition region. An F�P transi-tion was previously reported in p-Si/SiGe/Si at � = 4,6 in a tilted magneti �eld by the authors of Ref. [8℄.The present paper is a ontinuation of our previousartile [7℄ and has three aims: (i) to study the depen-dene of the energy gap between LLs 0" and 1# on themagneti �eld tilt angle � to provide further on�rma-tion of the rossing of these levels, in the p-Si/SiGe/Sisample with p = 2 � 1011 m�2; (ii) to investigate theondutivity anisotropy in this sample, by measuringthe ondutivity at di�erent orientations of the mag-neti �eld omponent in the sample plane with respetto the urrent, Bk k I and Bk ? I , and omparing thiswith the theoretial model proposed in [9℄; (iii) to mea-sure the magnetoresistane in a tilted magneti �eldfor another p-Si/SiGe/Si sample with a lower densityp = 7:2 � 1010 m�2 and ompare it with the experi-mental data obtained by other groups on similar sam-ples [3, 4, 6℄, with the hope of learing up the inonsis-teny of the previous results mentioned above.2. EXPERIMENT AND DISCUSSIONIn this researh, we studied two p-Si/SiGe/Si sys-tems grown on a Si (100) substrate that onsistedof a 300 nm Si bu�er layer followed by a 30 nmSi(1�x)Gex layer, 20 nm undoped Si spaer, and 50nm layer of B-doped Si with a doping onentrationof 2:5 � 1018 m�3. One sample had x = 0:08, yieldingp = 7:2 � 1010 m�2, and the seond had x = 0:13, withp = 2 � 1011 m�2. Both samples had a hole mobility ofabout 1 � 104 m2/Vs at liquid-helium temperatures.In the sample with p = 2 � 1011 m�2, we measuredthe temperature dependene of the ondutivity at dif-ferent tilt angles � over the temperature range 20 mKto 1 K, from whih we were able to determine the a-tivation energy �E at various angles via the slope ofthe Arrhenius urves: ln�xx / 1=T . The dependeneof the ativation energy on the tilt angle � is shown inFig. 1, where it an learly be seen that the ativationenergy ahieves a minimum at � � 60Æ. The ondu-tivity �xx(�) at the minima of osillations at � � 2also shows a maximum as a funtion of the tilt angleat � � 60Æ, as shown in the inset to Fig. 1.It is worth noting that when the measurements are
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I. L. Drihko, I. Yu. Smirnov, A. V. Suslov et al. ÆÝÒÔ, òîì 142, âûï. 3 (9), 2012dependene on � and using the value �E = 0:28 meVfound in Ref. [7℄ for � = 0, we an obtain a more au-rate angle dependene of the energies of the levels 0"and 1#. It is presented in Fig. 2.The F�P transition is expeted to be aompaniedby the formation of ferromagneti domains. Aord-ing to Ref. [9℄, the domain formation should be mani-fested in an anisotropy of the magnetoresistane, i. e.,the value of the magnetoresistane in a tilted �eldshould depend on the orientation of Bk, the in-planeprojetion of the magneti �eld, with respet to theurrent. For example, an anisotropy in the regionwhere LLs ross has been reported in several papers forGaAs/AlGaAs [10℄ and n-Si/SiGe [11, 12℄ heterostru-tures.We tilted the sample in the two possible orienta-tions, keeping the �eld projetion (Bk k I) parallel and(Bk ? I) perpendiular to the urrent, but did not ob-serve any anisotropy of the magnetoresistane in theviinity of the transition. Figure 3 illustrates the de-pendene of the ondutivity on the normal omponentof the applied magneti �eld B? at di�erent angles andfor both orientations of the in-plane projetion of B rel-ative to the urrent.As seen in Fig. 3, the urves for the di�erent dire-tions of the in-plane projetion of the magneti �eld(Bk k I and Bk ? I) virtually oinide, i. e., in ourase, the anisotropy of the ondutivity is absent witha high degree of auray.We also arried out similar studies at T == (20�200) mK for the lower-density p-Si/SiGe/Sisample with p = 7:2 � 1010 m�2. The dependeneof the resistivity �xx on the magneti �eld for di�er-ent tilt angles is shown in Fig. 4. We partiularly notethat at tilt angles � from 0 to 70Æ, the osillations or-responding to � = 2 are extremely weak. They onlystart manifesting themselves for � > 70Æ. At � = 3=2,a maximum of resistane appears similar to the one weobserved in the other sample, with a magnitude thatdepends strongly on the tilt angle.Yet the osillations at � = 2 are learly visible inanother way of measuring the magnetoresistane: whenthe sample is rotated in a �xed total magneti �eld, theperpendiular �eld omponent B? auses osillationsat the angles determined by the onentration of hargearriers in the sample. Figure 5 shows suh an angledependene of the magnetoresistane measured at sev-eral �xed magneti �elds, where the osillation relatedto � = 2 an be seen to move from a tilt of about 9Æat 10 T to 5Æ at 18 T. It orresponds to B? = 1:7 T ineah ase, as shown in the inset to Fig. 5 [13℄. The �eldvalue B = 1:7 T for � = 2 is slightly di�erent from the
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Fig. 5. Resistane �xx as a funtion of the �eld tiltangle with respet to the plane of the 2D layer at dif-ferent values of the total magneti �eld, T � 0:4 K.Inset: �xx as a funtion of the normal omponent ofthe magneti �eld Bdata shown above. This di�erene is probably a resultof an ageing of the sample beause the experiments inRef. [13℄ were done muh earlier.The dependene of the ondutivity �xx on the nor-mal omponent of the magneti �eld B? is shown inFig. 6 at di�erent tilt angles, with Bk k I . Sine the os-illations of �xx at high tilt angles are observed againsta bakground of high resistane with �xx � �xy, itturns out that �xx � 1=�xx, and therefore minimain �xx orrespond to maxima in �xx, as observed atB? � 1:5 T in Fig. 6.The absene of osillations at magneti �elds or-responding to � = 2 in the range of angles (0�70)Æindiates that the 0 " and 1 # LLs oinide. In ouropinion, these osillations appear for � > 70Æ beausethe levels begin to diverge, resulting in the energy gapopening up. Apparently, the gap opening in the samplewith p = 7:2 � 1010 m�2 is assoiated with the angledependene of the g-fator. The g-fator in this mate-rial is anisotropi [1℄ and depends on the magneti �eldtilt angle relative to the sample surfae normal. If theg-fator had an axial symmetry, we ould writeg� =qg2? os2 � + g2k sin2 �;where g? is the g-fator with the magneti �eld per-pendiular to the 2DHG and gk is with the magneti�eld parallel to the 2DHG. For strong anisotropy, whengk =0 (as it should be in our struture) this redues tog� = g? os �. However, if suh a dependene of the
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I. L. Drihko, I. Yu. Smirnov, A. V. Suslov et al. ÆÝÒÔ, òîì 142, âûï. 3 (9), 201218 T did not exeed a fator of 4, and the in-planeresistane was only about 104 Ohms.)Thus, the omplete F�P transition in the samplewith p = 7:2 �1010 m�2 is not observed in tilted �elds.In a wide range of angles � = (0�70)Æ, the 0" and 1#LLs are still oiniding, and only for � > 70Æ is there agap in the hole energy spetrum arising as a result ofa divergene of the LLs.3. CONCLUSIONThe ferromagneti�paramagneti transition is ob-served in a p-Si/GeSi/Si sample with p = 2 � 1011 m�2at a magneti �eld orresponding to the �lling fator� �2. It appears as a result of a hange in the relativeposition of the 0" and 1# LLs as a funtion of the tilt an-gle �. This fat was �rst demonstrated in Ref. [7℄ and ison�rmed in this paper by measurements of the energygap dependene on the angle �. For this sample, wealso demonstrate the absene of anisotropy of �xx withrespet to the magneti �eld projetion onto the sam-ple plane, despite suh an anisotropy having been pro-posed in Ref. [9℄. At the same time, in the sample withp = 7:2 � 1010 m�2, the ferromagneti�paramagnetitransition is not observed. In a wide range of angles� = 0�70Æ, the LLs 0" and 1# oinide, and only for� > 70Æ does a gap open in the hole spetrum as aresult of the LLs diverging.The ambiguity in the results observed by vari-ous authors [1�6℄, as well as ourselves, on di�erentp-Si/GeSi/Si samples is, in our opinion, due to dissim-ilar dependenes of the g-fators on the magneti �eldtilt angle. This is aused by di�erent levels of disorderin all these samples, beause disorder an lead to theaxial symmetry breaking.The authors are grateful to E. Palm, T. Murphy,J. H. Park, and G. Jones for their help with theexperiments. This work was supported by the RFBRgrant 11-02-00223, a grant of the Presidium of the Rus-sian Aademy of Sienes, the �Spintronika� Program
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