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 2012 August 25ODMR of Mn-related excitations in (Cd,Mn)Te quantum wellsD.O.Tolmachev1), A. S.Gurin, N.G.Romanov, A.G.Badalyan, R.A.Babunts, P.G.Baranov, B.R.Namozov,Y.G.KusrayevIo�e Physical-Technical Institute, 194021 St.-Petersburg, RussiaSubmitted 3 July 2012Optically detected magnetic resonance (ODMR) was applied to reveal the exchange interaction e�ectsbetween Mn2+ ions and con�ned holes in (Cd,Mn)Te quantum wells with 2D hole gas. Two anisotropicODMR signals with di�erent angular variations were found and ascribed to isolated manganese ions and toexchange-coupled complexes consisting of manganese and holes. It is shown that calculations on the basis ofspin Hamiltonian for these systems are in agreement with the experimental data.1. Introduction. Diluted magnetic semiconductors(DMS) are of considerable interest due to the possibil-ity of applications combining electronic and spin e�ects {spintronics. Over the past ten years or so, the �eld of fer-romagnetism in DMS has developed into an importantbranch of materials science [1]. The comprehensive re-search on these systems has been stimulated by a succes-sion of demonstrations of outstanding low-temperaturefunctionalities in (Ga,Mn)As, p-(Cd,Mn)Te and relatedstructures. DMS are attractive objects to study the in-teraction of localized magnetic moments through indi-rect exchange coupling mediated by free carriers. Thestrong interactions between the two spin subsystems {free electrons or holes and localized transition elementimpurity spins give rise to the giant Zeeman splitting [2]of both the conduction and valence bands.The manganese acceptors are known to behave un-usually in some semiconductors, e.g., the electronicground state of the neutral manganese acceptor in GaAswas shown in Ref. [3, 4] to be formed by a delocal-ized hole weakly coupled to the A- (3d5) acceptor core,that is manganese which is anomalous member of the 3d-transition metal family in compound semiconductors.Electron paramagnetic resonance (EPR) is a methodof choice for the study of transition metal ions [5]. Thetraditional methods of radiospectroscopy are hardly ap-plicable for low-dimensional systems because of a de-creased active volume and not high enough sensitivity,and because of the di�culty of separating contributionsfrom the structure itself and the substrate. This di�-culty can be overcome by employing optically detectedmagnetic resonance (ODMR). ODMR is now well es-tablished as a powerful tool in the semiconductor andsolid-state physics which allows identi�cation of the lu-minescence and optical absorption features and providesdetailed information about the electronic structure of the1)e-mail: Daniel.Tolmachev@gmail.com

defects and excitons (see, for example, refs. in [6]). Highsensitivity, extreme resolution and spatial selectivity ofODMR make this technique very suitable for a studyof quantum wells (QWs), superlattices (SLs), quantumdots (QDs) and nanocrystals [7].ODMR was applied to several Mn doped II{VI com-pounds (see [8] and references therein). ODMR insingle CdMnTe QW was studied in [9]. However, noanisotropy of the ODMR spectra was reported until ourrecent publications [10, 11], where anisotropic behav-ior of the center of gravity of the ODMR spectrum inCdMnSe/ZnSe quantum dots and CdMnSe/ZnSe sub-monolayer quantum wells has been observed. It wasexplained by the �ne structure splitting of Mn2+, whichwas ascribed to low dimensionality.In spin-
ip Raman-scattering studies of CdMnTeQWs containing a two-dimentional hole gas (2DHG) in-teracting with magnetic ions a reduction in the e�ec-tive Mn g-factor with increasing hole concentration wasfound [12], which is predicted to occur prior to the ferro-magnetic phase transition. The purpose of the presentpaper is to report the results of application of ODMRspectroscopy for a study of these QWs.2. Experimental. Single 100�A Cd1�xMnxTe QWs(x = 1, 2, 4%) were grown by molecular-beam epi-taxy on (001)-oriented GaAs substrates with thick CdTebu�ers and Cd0:8Mg0:2Te barriers. The QWs were cov-ered by thin Cd0:8Mg0:2Te cap layers. A scheme of thestructure under study is shown in top of Fig. 1. Thoughthese QWs are not specially doped, owing to the sur-face states they contain a 2DHG. We studied QWs witha cap layer thickness of 17 nm, where the surface-stateinduced p-type doping is most e�ective [12]. For com-parison similar CdMnTe QW without 2D hole gas werealso studied.35 and 94 GHz ODMR was recorded at 1.8 K viaphotoluminescence (PL) of excitons in QWs either us-ing on-o� modulation of microwaves and lock-in ampli-�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 3 { 4 2012 247
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Fig. 1. The scheme of the QW structure under study (top),luminescence spectra of a 10 nm CdMnTe/CdMgTe QW(2% of Mn, the cap layer 17 nm) measured with wide slitsat magnetic �elds of 900 (1) and 1700 (2) mT (insert), andthe magnetic �eld dependences of the emission intensitymeasured with microwaves on (solid lines) and o� (dashedlines) at the wavelengths marked by vertical lines in theinsert. � = 35 GHz, P = 300 mW. The angle � betweenthe magnetic �eld and the [001] growth axis of the QWis 60��cation or without modulation of microwaves. Photo-luminescence was excited with a 650 nm semiconductorlaser and detected with a grating monochromator anda PM tube. In 35 GHz ODMR spectrometer the sam-ple was placed in the centre of a cylindrical microwavecavity with holes for excitation and detection of PL. For94 GHz ODMR a quasi-optical microwave system wasused, which consisted from a horn antenna, a Te
onlens, and another horn antenna inserted in the cryostat.Microwave generators provided up to 1 W in 35 GHzand 100 mW at 94 GHz. The sample was mounted ona rotating sample holder, which enabled rotation of thesample in magnetic �eld.3. Results and discussion. The PL spectra ofthe 10nm Cd0:98Mn0:02Te/CdMgTe QWs with 2DHG

consist from the emission lines of excitons and nega-tively charged excitons which shift to longer wavelengthswith increasingmagnetic �eld [12]. For ODMRmeasure-ments we used wide slits of the monochromator, whichresulted in a broadening of the PL spectrum and made itpossible to monitor the shift of the PL lines by measur-ing the emission intensity at a �xed wavelength. The PLspectrum (insert) and the magnetic �eld dependencies ofthe PL intensity at the wavelengths marked by verticallines are shown in Fig. 1. The PL spectra were measuredat a temperature of 1.8 K and magnetic �eld of 900 (1)and 1700 (2) mT with 35 GHz microwaves on. Solidand dashed lines show the magnetic �eld dependenciesof the emission intensity measured with microwaves onand microwaves o�, respectively. The angle � betweenthe magnetic �eld and the [001] growth axis of the QWis 60�.One can see that without microwaves the dependen-cies of the PL intensity on the magnetic �eld in the range900{1700 mT are close to linear, which corresponds toa practically linear shift of the PL line to longer wave-lengths with the increasing �eld. Application of the35 GHz microwaves results in two e�ects: i) a paral-lel shift of the curves that is due to a microwave-inducednon-resonant heating and ii) appearance of magnetic res-onance lines.Fig. 2 presents the angular variations of the ODMRspectra measured at T = 1:8 K and the microwave fre-quency of 35.1 (a) and 94.0 (b) GHz as the microwave-induced variations of the PL intensity for di�erent orien-tations of the magnetic �eld relative to the [001] growthdirection in the (110) plane. The ODMR signals canbe decomposed into two anisotropic components, i.e., abroad line which shifts to higher �elds with increasing� and a narrower line which manifests a slight shift inopposite direction, i.e., to lower �elds. The results ofdecomposition of the ODMR spectra into two lines areshown below the experimental curves.To clarify the origin of the observed ODMR spectrawe have studied a similar structure which did not con-tain 2DHG. Fig. 3 shows the angular variations of theODMR spectra of 12 nm Cd0:98Mn0:02Te/CdMgTe QWmeasured at the microwave frequencies of 35.1 (a) and94 (b) GHz. The ODMR spectra manifest the same be-havior as the narrow line in Fig. 2, i.e. a slight shiftto lower �elds with increasing �. For comparison theseODMR signals are plotted in Fig. 2 below the simulatedODMR spectra.The observed ODMR spectra are de�nitely con-nected with Mn2+ ions. The g-factor of individualMn2+ions is known to be isotropic and close to g = 2, andtherefore cannot give rise to an anisotropy of the ODMR�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 3 { 4 2012
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Fig. 2. ODMR spectra of 10 nm CdMnTe/CdMgTe QW(2% of Mn, the cap layer 17 nm) measured at the mi-crowave frequencies of 35.1 (a) and 94 (b) GHz for di�er-ent orientations of the magnetic �eld relative to the [001]growth axis. The results of decomposition of the ODMRspectra into two lines are shown below the experimentalcurves. The dashed lines show the results of theoreticalsimulation using the spin Hamiltonian (2, 3). For simula-tion a Lorentzian line with a width of 150 mT was usedto account for a spread of the exchange interactions. TheODMR spectra recorded in 12 nm CdMnTe/CdMgTe QW(2% of Mn) without 2DHG are shown for some orientationsbelow the simulated spectra.signal. In Ref. [10] the anisotropy of the Mn2+ ODMRspectra in CdMnSe QDs was ascribed to the axial ([001])�ne structure with a strong positive zero-�eld splitting.
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Fig. 3. Angular variations of the ODMR spectra of 12 nmCdMnTe/CdMgTe QW (2% of Mn) measured at T == 1:8 K and the microwave frequencies of 35.1 (a) and94 (b) GHz. The dashed lines show the results of the-oretical simulation using the spin Hamiltonian (1) withD = 30 �10�4 cm�1. For simulation a Lorentzian line witha width of 10 mT was used to account for a spread of theD valuesThe anisotropy of the center of gravity of the ODMRspectra, which are envelopes of the �ne and hyper�nestructure lines, appears because of the large Boltzmannfactor characteristic of high magnetic �elds and low tem-peratures. An example of anisotropic behavior of theEPR spectra of Mn2+, which is connected with di�erentintensities of the �ne structure transitions, was given inRef. [10] for Mn2+ in ZnO.ODMR spectra for isolated Mn2+ can be describedwith the spin HamiltonianĤMn = g�BB � S+D �S2Z � 13S(S + 1)� ; (1)�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 3 { 4 2012



250 D.O.Tolmachev, A. S.Gurin, N.G.Romanov et al.where �B is Bohr magneton, g = 2:0032 and is isotropic,S = 5=2, and D is a zero-�eld splitting parameter forthe axial crystal �eld. At thermal equilibrium the lowest�ne-structure levels of Mn2+ are more populated and theMS = �5=2 $ MS = �3=2 and MS = �3=2 $ MS == �1=2 EPR transitions dominate the spectra. Thisresults in angular variation of the observed ODMR sig-nals. The symmetry of the �ne-structure splitting, whichis due to the crystal �eld, is consistent with the [001]growth direction.The estimated value of the zero-�eld splitting in12 nm CdMnTe QW under study D = 30 � 10�4 cm�1is much smaller than that obtained for CdMnSe QDs(D = 200 � 10�4 cm�1) investigated in Ref. [10] and isclose to the value obtained for CdMnSe QWs [11]. Thehyper�ne structure of Mn is not resolved in the ODMRspectra most probably because of a distribution of the Dvalues and a di�erence in the e�ect of di�erent �ne struc-ture levels on the PL shift. The dashed lines in Fig. 3show the results of simulation of the ODMR spectra us-ing the spin Hamiltonian (1) with D = 30 � 10�4 cm�1and taking into account the Boltzmann distribution ofpopulations for the �ne structure levels. For simulationLorentzian line shape and a line width of 10 mT wereused to account for a spread of the D values. Thus, thenarrow line in Cd0:98Mn0:02Te/CdMgTe QWs with 2Dhole gas can be considered as a �ngerprint of isolatedMn2+ ions.A similar behavior of the ODMR spectra has beenobserved at 94 GHz. It is to be noted that the shift ofthe ODMR lines is a little larger for the 94 GHz ODMRspectra than for the 35 GHz ODMR but is far from be-ing proportional to the microwave frequency. This showsunambiguously that the shift is not determined by a g-factor shift.As was mentioned above in QWs containing 2D holegas, a strongly anisotropic wide ODMR line is observedin addition to a usual ODMR signal of Mn. The e�ec-tive g-factor of this wide line varies from g � 2:07 at� = 0� to g � 1:86 at � = 70�. We tentatively ascribethis line to exchange-coupled complexes consisting of themanganese and the holes.The energy levels of a pair which is formed by Mn2+and holes in a CdMnTe QW can be described by theHamiltonian Ĥexc = ĤMn + Ĥh + JhĉSMn; (2)where the �rst two terms describe the Zeeman interac-tions for Mn2+ with S = 5=2 and a hole with the momen-tum Jh and the third term is their exchange interaction.ĤMn is given by Eq. (1).

In zinc blende semiconductors, such as CdTe, the va-lence band is split by spin-orbit coupling into a lowerband (J = 1=2) and an upper band (J = 3=2) which isfourfold degenerate at the Brillouin zone center �. Thus,the top of the valence band consists of the heavy- andlight-hole subbands, each twofold degenerate in angular-momentum projection. The heavy-hole subband statesare characterized by the angular momentum projectionsof �3=2, and the light-hole subband states, by �1=2.An axial strain usually present in quantum-well struc-tures, results in a partial lifting of valence band degen-eracy. The upper band is further split into two com-ponents with Jz = �3=2 (heavy hole) and Jz � 1=2(light hole), separated by more than 10 meV. At liquid-helium temperature only the heavy-hole energy levelsJz = �3=2 are populated. For the magnetic �elds usedin the ODMR experiments the Zeeman energy splittingsare much smaller than the di�erence in con�nement en-ergy for the light and heavy holes. This means that wecan describe the magnetic properties of the light- andheavy holes separately.The heavy hole states can be described with the ef-fective spin S� = 1=2:Ĥh = �B[ghkBzS�z + gh?(BxS�x +ByS�y)]; (3)where gk and g? are the components of the ĝ tensoralong the [001] growth axis (z-axis) and perpendicularto it. According to a theoretical consideration the heavyhole spin is frozen in the growth direction due to quan-tum con�nement or, equivalently, its in-plane g factor isvanishing. This implies that the in-plane magnetizationequals to zero. In an ideal QW having D2d symmetry,only the longitudinal component of the heavy-hole g fac-tor tensor gzz is appreciable. Thus, the spin Hamiltonianfor an exchange-coupled pair of Mn and a hole can berewritten as: Ĥexc = ĤMn + Ĥh + cŜ�ŜMn; (4)where c is the isotropic exchange interaction constant.As a result of the exchange interaction the total spinof the system can be written as the sum of the spin ofMn2+ ion and the hole e�ective spin: ŜMn + Ŝ�, whichleads to S = 3 and 2. For the ferromagnetic interactioncoe�cient c is negative and the level of S = 3 state hasthe lowest energy. The energy levels for such a systemare shown on Fig. 4.This is of cause a rough approximation. Here we con-sider the interaction of a Mn2+ ion with a single hole.Calculations have shown, however that the results werenot changed considerably for the case of the exchangeinteraction of Mn2+ with two, three, and four holes si-multaneously. In this calculations the last term in (4)�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 3 { 4 2012
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isolated manganese ions and to exchange-coupled com-plexes consisting of manganese and con�ned holes in(Cd,Mn)Te quantum wells with 2D hole gas. The calcu-lations on the basis of spin Hamiltonian for these systemswere shown to be in agreement with the experimentaldata.This work has been supported by Ministry ofEducation and Science, Russia, under the Contract#16.513.12.3007; the Programs of the Russian Academyof Sciences \Spin Phenomena in Solid State Nanostruc-tures and Spintronics", \Fundamentals of Nanostructureand Nanomaterial Technologies" and by the RussianFoundation for Basic Research under Grant #12-02-01011.1. T. Dietl, Nature materials 9, 965 (2010) and referencestherin.2. A.V. Komarov, S.M. Ryabchenko, O.V. Terletskii, etal., Sov. Phys. JETP 46, 318 (1977).3. J. Schneider, U. Kaufmann, W. Wilkening et al., Phys.Rev. Lett. 59, 240 (1987).4. V.F. Masterov, S. B. Mikhrin, B. E. Samorukov et al.,Fiz. Tekh. Poluprovodn. 17, 1259 (1983) [Sov. Phys.Semicond. 17, 796 (1983)].5. A. Abragam and B. Bleaney, Electron ParamagneticResonance of Transition Ions, Oxford University Press,Oxford, 1970.6. B. C. Cavenett, Adv. Phys. 4, 475 (1981).7. P.G. Baranov and N.G. Romanov, Appl. Magn. Reso-nance 21, 165 (2001).8. V.Yu. Ivanov and M. Godlewski, Appl. Magn. Reson.39, 31 (2010).9. M. L. Sadowski, M. Byszewski, M. Potemski et al., Appl.Phys. Lett. 82, 3719 (2003).10. P.G. Baranov, N.G. Romanov, D.O. Tolmachev et al.,JETP Lett. 88, 631 (2008).11. D.O. Tolmachev, R.A. Babunts, N.G. Romanov et al.,Phys. Status Solidi B 247, 1511 (2010).12. C. Kehl, G. V. Astakhov, K.V. Kavokin et al., Phys.Rev. B 80, 241203 (2009).

�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 3 { 4 2012


