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 2012 April 25Temperature-scanned magnetic resonance and the evidence of two-waytransfer of a nitrogen nuclear spin hyper�ne interaction in coupledNV-N pairs in diamondR.A.Babunts�, A.A. Soltamova�, D. O.Tolmachev�1), V.A. Soltamov�, A. S.Gurin�, A.N.Anisimovy,V. L. Preobrazhenskii�, P.G.Baranov�y�Io�e Physical-Technical Institute, 194021 St.-Petersburg, RussiaySt.-Petersburg State Polytechnical University, 195251 St.-Petersburg, RussiaSubmitted 20 March 2012New method for the detection of magnetic resonance signals versus temperature is developed on the basis ofthe temperature dependence of the spin Hamiltonian parameters of the paramagnetic system under investiga-tion. The implementation of this technique is demonstrated on the nitrogen-vacancy (NV) centers in diamonds.Single NV defects and their ensembles are suggested to be almost inertialess temperature sensors. The hyper-�ne structure of the 14N nitrogen nuclei of the nitrogen-vacancy center appears to be resolved in the hyper�nestructure characteristic to the hyper�ne interaction between NV and Ns center (substitutional nitrogen impu-rity) in the ODMR spectra of the molecular NV{Ns complex. Thus, we show that a direct evidence of thetwo-way transfer of a nitrogen nuclear spin hyper�ne interaction in coupled NV{Ns pairs was observed. Itis shown that more than 3-fold enhancement of the NV ODMR signal can be achieved by using water as acollection optics medium.1. Introduction. The nitrogen-vacancy (NV) de-fect in diamond consists of a nitrogen substituting for acarbon plus a nearest-neighbor vacancy. The NV defectis the only known solid-state system where manipulationof the spin states of a single localized electron was re-alized at room temperature [1{3]. In optical absorptionand emission the NV defect gives rise to a zero-phononline (ZPL) at 637 nm and a structured phonon side-band(PSB). Upon optical excitation a strong spin alignmentis generated in the triplet 3A ground state with the zero-�eld splitting (ZFS) of 2870 MHz and as a result opti-cally detected magnetic resonance (ODMR) in the NVdefect ground state can be observed by monitoring thephotoluminescence (PL) intensity. Due to a strong ther-mal isolation of the NV defect spin system from the dia-mond lattice, nonequilibrium distribution of the popula-tions between spin sublevels is determined by the opticalpumping process, and not by spin-lattice relaxation. NVdefect in diamond is one of the most prominent objectsfor Applications [4]. NV defects have been e�ectivelygenerated in diamond by irradiation and following hightemperature annealing [5]. Enormously high concentra-tions of NV defects were shown [6] to be produced di-rectly through high-pressure high-temperature (HPHT)sintering of detonation nanodiamonds.2. Experimental. The samples we used in ourstudies were commercial high-pressure high-tempera-1)e-mail: Daniel.Tolmachev@gmail.com

ture (HPHT) grown micron and millimeter size bulk di-amonds with initial nitrogen concentration of 100 ppm.Samples were subjected to irradiation by either electronsor neutrons at a dose of 1018 cm�2 and then annealedat 800 �C; concentration of the NV centers in irradiatedand annealed samples was about 10 ppm according tothe EPR measurements. ODMR was measured at 2.5{3 GHz region in zero and low magnetic �elds in the tem-perature range from 77 K up to 600 K. The ODMRspectra were recorded using standard methods: by scan-ning the frequency or magnetic �eld. In addition a newmethod of detection of the ODMR was developed anddiscussed in this paper: ODMR spectra were recordedby scanning the temperature at a �xed frequency anda �xed magnetic �eld. The basis for the developmentof this method is the presence of at least several spinHamiltonian parameters sensitive to the temperature,e.g., axial (D) and transverse (E) ZFS constants.3. Results and discussion. Fig. 1 shows the zero-�eld ODMR spectra of the NV defects measured at25 and 260 �C by monitoring the ZPL at 637 nm andphonon sideband intensities of the NV centers excited by532 nm laser. The spectra were recorded by frequencyscanning at two temperatures and have practically sameshape, but are shifted by about 30 MHz. The spectraexhibit two intense central lines that can be describedby the standard spin Hamiltonian with the ZFS con-stants of D = 2870 MHz and E = 3:5 MHz at 25 �C andD = 2842:5 MHz and E = 3:1 MHz at 260 �C.�¨±¼¬  ¢ ���� ²®¬ 95 ¢»¯. 7 { 8 2012 477
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Fig. 1. Zero-�eld ODMR spectra of the NV defects andNV{Ns pairs measured at 25 and 260 �C in n-irradiatedand annealed diamond crystal; (insets) LF and HF side-band recorded in expanded scale at 25 �C; simulated spec-trum for the NV central transition (E = 0) with 14N hy-per�ne structure using the parameters of the Ref. [7]In addition, two relatively weak sidebands shifted tothe low-frequency (LF) and high-frequency (HF) sidesfrom the main double transition were observed. Thesidebands in expanded scale are presented in Figs. 1band c. For the �rst time similar sidebands have beenobserved in bulk diamond crystals [8] and have beenshown to arise from the interaction between triplet NVdefect and substitutional nitrogen atom Ns, which is adeep donor in the neutral charge state with a net spin ofS = 1=2 (coupled triplet-doublet molecular NV{Ns pairin diamond) and related to the strong hyper�ne (HF)interaction with the substitutional nitrogen nuclei 14Ns.Unique feature of the spectra observed is the addi-tional splittings resolved in the sidebands (Fig. 1) thatare observed for the �rst time to the best of our knowl-edge. The sideband itself is related to the HF interactionbetween the substitutional Ns and the NV centers as wasdiscussed. Additional splitting resolved in these linescan be assigned to the weak HF interaction between Nssubstitutional atoms and 14N nuclei in the NV defect.The magnitude of this splitting is identical to the HFsplitting, which was observed directly in the NV defect[7]. A simulated spectrum for the NV central transition(E = 0) with 14N hyper�ne structure using the parame-ters of Ref. [7] is submitted for comparison in the samefrequency scale (Fig. 1, dashed line).Following the Ref. [8], the spin Hamiltonian describ-ing the coupled triplet-doublet (NV{Ns) spin system(when the quadrupole interaction is neglected) is

H = g1�BB � S1 ++D[S21Z � 2=3] +E[S21X � S21Y ] + S1 � Â1 � I1 ++ g2�BB � S2 + S2 � Â2 � I2 + S1 � T̂ � S2; (1)where �B is the Bohr magneton, for the NV defect:S1 = 1, D and E are the ZFS constants (D = 2870 MHzand E = 3:5 MHz at 25 �C), g1 is the isotropic electron-spin g-factor (g1 = 2:0028), Â1 is the HF coupling ten-sor describing the HF interaction with the 14N in theNV center (A1k = 2:14 MHz and A1? = 2:70 MHz [9]);for Ns donor: S2 = 1=2, g2 is the isotropic electron g-factor (g2 = 2:0024), Â2 is the HF tensor describing theHF interaction with the Ns center (A2k = 114:0 MHzand A2? = 81:3 MHz [8]), and T̂ is the triplet-doubletNV{Ns magnetic dipole-dipole interaction tensor (T == 10 MHz [8]). The Ns HF splitting is transferred tothe ODMR spectra of the NV defect. The presence ofa nonzero parameter E results in the non-equidistantsidebands relative to the center of the spectrum (Fig. 1).It should be noted that the 14N HF interaction for theNV defect was not observed in Ref. [8] and therefore wasnot included in the spin Hamiltonian.Fig. 1 shows a signi�cant change of the D and E pa-rameters with temperature. The majority of the tripletcenters in diamond [10], and in SiC [11] exhibit strongtemperature dependencies of D and E. In Ref. [12] thetemperature dependence of the axial ZFS, D, of the NVdefect ensemble was observed.The temperature induced e�ects provide an opportu-nity to develop new methods of magnetic resonance de-tection. Fig. 2 shows the ODMR spectra of the NV{Nspairs recorded at zero magnetic �eld by scanning tem-perature from 25 to 250 �C. The measurements were per-formed at three �xed frequencies corresponding to thelow frequency sides of the ODMR lines recorded at 25 �C(marked by vertical bars in Fig. 1). The resonance linesshould move to the lower frequencies with the temper-ature increase from 25 to 250 �C. The central lines, LFand HF sidebands were recorded at �xed frequencies2860, 2803 and 2931 MHz, respectively. It is seen thatthe central signal, LF and HF sidebands have the sametemperature dependence, that is, this method of record-ing allows us to conclude that these spectra belong tothe same paramagnetic molecular system { the fact thatis not obvious from the standard ODMR spectra. Ad-ditional structure indicated by vertical bars is resolvedin the temperature scanned ODMR spectra. As wasdiscussed above this splitting is due to the strong HFinteraction with the isolated substitutional Ns centersexhibiting the HF structure due to the weak HF inter-action with the 14N nucleus in the NV defect.�¨±¼¬  ¢ ���� ²®¬ 95 ¢»¯. 7 { 8 2012
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Fig. 2. Zero-�eld ODMR spectra of the NV defects andthe NV{Ns pairs, recorded in zero magnetic �eld at �xedfrequencies indicated in Fig. 1 for 25 �C by scanning tem-perature; the central part of the 25 �C measured ODMRspectrum of Fig. 1 is presented for comparison by dashedlinetance between the two lines that are registered with thefrequency and temperature scans are chosen the same,which corresponds to 125 kHz/�C. It is evident that bothmethods allow the registration of the similar signals withthe additional splitting due to the 14N HF structure ofthe NV defect (see vertical bars). The width of two lines,being the same when the ODMR spectrum is recordedversus the frequency, di�er signi�cantly when recordingis performed versus the temperature. High-temperatureline is narrower indicating that with the increase of thesample temperature, the temperature induced change ofthe axial ZFS constant D increases. This temperatureinduced e�ects provide an unique opportunity for lo-cal registration of the small temperature changes with ananoscale resolution using nanodiamonds with the NVcenters as a probe.To stabilize the temperature of the sample, we haveplaced the diamond sample with the NV defects directlyinto the water. The striking result is that the intensitiesof the PL and ODMR signals have more than tripled.Fig. 3 shows the zero-�eld ODMR spectra of the NV de-fects recorded at 25 �C in air and in water in n-irradiatedand annealed diamond crystal.

Fig. 3. Zero-�eld ODMR spectra of the NV defectsrecorded at 25 �C in air and water in n-irradiated and an-nealed diamond crystalAs a result of Snell's law, most of the PL is trappedinside the diamond matrix, since total internal re
ec-tion (TIR) is achieved as soon as a collection angle� > �TIR = arcsin(nc=nd); nc and nd are the refrac-tive index of collection optics medium and diamond, re-spectively. For a diamond-air interface this limits thecollection angle to �TIR � 24:4�, for a diamond-waterinterface �TIR � 33:3�. Using a 0:85-NA microscopeobjective, the collection e�ciency was estimated [13] tobe only 2.6% for a planar diamond surface in the air.One should expect that when the diamond is placed inthe water the light emission e�ciency from the diamondwill enhance signi�cantly due to increase of the �TIR. Itis e�ect that was observed by us and demonstrated inFig. 3.4. Conclusion. New method of magnetic reso-nance detection versus temperature based on the tem-perature dependence of the spin Hamiltonian parameterswas developed. The proposed technique of temperature-scanned magnetic resonance is especially importantwhen an EPR spectrum of paramagnetic impurities con-sists of many lines that belong to di�erent centers witha di�erent temperature dependences of the spin Hamil-tonian parameters. In this case the method should allowthe reliable distinguishability of the signals that belongto the di�erent centers. We have demonstrated the ap-plication of this method to the NV defects in diamondand suggest that the single NV defect and their ensem-bles can be used as inertialess temperature sensors.A well-resolved structure due to the hyper�ne inter-action with 14N nitrogen nuclei in the NV defects indiamond has been observed in the sidebands belongingto the HF structure of the substitutional nitrogen atomNs in the zero-�eld ODMR spectra of the NV{Ns mole-�¨±¼¬  ¢ ���� ²®¬ 95 ¢»¯. 7 { 8 2012
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