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MAGNETIC PROPERTIES OF THE SPIN-3/2 BLUME�CAPELMODEL ON A HEXAGONAL ISING NANOWIREY. Koakaplan a, M. Erta³ b*aGraduate Shool of Natural and Applied Sienes, Eriyes University38039, Kayseri,TurkeybDepartment of Physis, Eriyes University38039, Kayseri, TurkeyReeived Deember 18, 2014Magneti properties, suh as magnetizations, internal energy, spei� heat, entropy, Helmholtz free energy, andphase diagrams of the spin-3/2 Blume�Capel model on a hexagonal Ising nanowire with ore�shell strutureare studied by using the e�etive-�eld theory with orrelations. The hysteresis behaviors of the system are alsoinvestigated and the e�ets of Hamiltonian parameters on hysteresis behaviors are disussed in detail. Theobtained results are ompared with some theoretial results and a qualitatively good agreement is found.DOI: 10.7868/S00444510151000651. INTRODUCTIONThe Blume�Capel model is a spin-1 Ising modelwith a bilinear (J) and a single-ion (D) potential thatwas originally proposed by Blume [1℄ and Capel [2℄ in-dependently to study magneti systems. The spin-3/2Ising system was �rst introdued in [3℄, as long agoas 1972, to explain magneti and rystallographiphase transitions in some rare-earth ompounds suhas DyVO4 [4; 5℄, and then extended to desribe triri-tial properties in ternary �uid mixtures (ethanol�wa-ter�arbon�dioxide) [6℄. Among various spin Ising sys-tems, the spin-3/2 Ising system has gained muh at-tention in the last years, and although the model wasintrodued about 40 years ago, its equilibrium be-haviors are still atively investigated, with di�erente�ets being onsidered. Many methods have beenused in disussing the equilibrium properties of thespin-3/2 Ising system, suh as the e�etive �eld theo-ry with orretions (EFT) [7�10℄, the luster variationmethod [11℄, Monte Carlo (MC) simulation [12; 13℄,renormalization group tehnique [14℄, and mean-�eldtheory (MFT) [15�17℄, and so on.On the other hand, it is well known that splen-did and enormous ahievements in the tehnologiesand experimental tehniques have reently enabled*E-mail: mehmetertas�eriyes.edu.tr

the prodution of nanostrutures suh as nanotubes,nanowires, nanoubes, nanorods, et. Theoretially,magneti properties of magneti behaviors of the spin-1/2 or spin-1 nanostruture Ising system have been in-vestigated suessfully by adopting a ore�shell stru-ture of the Ising systems. They have been investigatedby means of various tehniques suh as MFT, EFT withorrelations, MC simulations, et. (see [18�29℄ and thereferenes therein). Moreover, some dynami magnetiproperties of nanostruture Ising systems have been in-vestigated for spin-1/2 or spin-1 [30�33℄.Despite these studies, the equilibrium properties ofthe nanostruture Ising systems have not been investi-gated equally thoroughly for higher-spin models; therehas been only one investigation, to our knowledge, ofthe equilibrium properties of the nanostrutures with ahigher spin. In this study [34℄, hysteresis and om-pensation behaviors of the spin-3/2 ylindrial Isingnanotube system are studied in the framework of theEFT with orrelations. The e�ets of the Hamilto-nian parameters are investigated on the magneti andthermodynami quantities, suh as the total magneti-zation, hysteresis urves, and ompensation behaviorsof the system. Hene, further e�ort should be investedinto studying the equilibrium properties of higher-spinnanostrutures. The purpose of this paper is to in-vestigate magneti properties (magnetizations, internalenergy, spei� heat, entropy, and Helmholtz free en-ergy) and phase diagrams of the spin-3/2 Blume�Ca-696



ÆÝÒÔ, òîì 148, âûï. 4 (10), 2015 Magneti properties of the spin-3/2 Blume�Capel model : : :pel model on a hexagonal Ising nanowire (HIN) witha ore�shell struture by using the EFT with orrela-tions. We also mention that the EFT method, withoutintroduing mathematial omplexity, an inorporatesome e�ets of spin�spin orrelations through the use ofthe Van der Waerden identities and provide results thatare quite superior to those obtained using the MFT.Therefore, the magneti behavior of di�erent Ising sys-tems has been studied (see [35�38℄ and the referenestherein) via the EFT with orrelation in reent years.Moreover, the theory is used to investigate main phys-ial harateristis of one-dimensional objets [39℄. Inthis study, the e�ets of the next-nearest-neighbor ex-hange interation on the magneti properties were in-vestigated in the one-dimensional Ising system by usingthe EFT with orrelation.The outline of this paper is as follows. In Se. 2,the EFT formalism is presented brie�y. The detailednumerial results and disussions are given in Se. 3.Finally, Se. 4 is devoted to a summary and onlu-sion. 2. FORMALISMThe Hamiltonian of the spin-3/2 HIN system, in-luding nearest-neighbor interations and the rystal�eld, is given byH = �JSXhiji SiSj�JC XhmniSmSn�J1 XhimiSiSm��D Xi S2i+Xm S2m!�h Xi Si+Xm Sm! ; (1)where eah Si an take the values �3=2 and �1=2and h: : : i detones summation over all pairs of nearest-neighbor sites. The exhange interation parametersJS , JC , and J1 are respetive interations between twonearest-neighbor magneti atoms in the shell, in theore, and between the shell and ore (see Fig. 1). Dstands for the single-ion anisotropy and h is the exter-nal magneti �eld.The problem is to evaluate the means hSii, hSmi,hS2i i, hS2mi, hS3i i, and hS3mi. The starting point forstatistis of the present spin system is the exat rela-tion due to Callen [40℄:hSki;j;mi = *YÆ fA(�) +B(�)Si;j;m+Æ ++ C(�)S2i;j;m+Æ +D(�)S3i;j;m+Æ	+Fk(x)jx=0; (2)
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Fig. 1. Shemati representation of a hexagonal Isingnanowire. The respetive grey (blue) and blak (red)spheres indiate magneti atoms at the surfae shelland ore. (Color online see arXiv:1406.6537)where � = Jxr (Jx = J1, JC , or JS) and Æ denotes thenearest-neighbor sites of the entral site i (or a site j,m); r = �=�x is a di�erential operator. Expression (2)is also exat and is valid for any lattie. As disussedin Refs. [41�46℄, for the evaluation of mean values, wean use the exat Ising spin identities and the di�eren-tial operator tehnique introdued in [47℄ and in [48℄,whih is a more advaned method dealing with Isingsystems than the MFT, beause it inludes more or-relations. In the framework of the EFT with orrela-tions, it is easy to �nd the magnetizationsMS andMC ,the quadruple moments qS and qC , and the otupolarmoments rS and rC from oupled equations for the y-lindrial spin-3/2 HIN system depited in Fig. 1:MS = hSii = �a0 + a1hSii+ a2hS2i i+ a3hS3i i�4 �� �b0+b1hSmi+b2hS2mi+b3hS3mi�F1(x+h)��x=0 ; (3a)MC = hSmi = �0+1hSmi+2hS2mi+3hS3mi�2�� �b0+b1hSii+b2hS2i i+b3hS3i i�6 F1(x+h)���x=0 ; (3b)697



Y. Koakaplan, M. Erta³ ÆÝÒÔ, òîì 148, âûï. 4 (10), 2015qS = hS2i i = �a0 + a1hSii+ a2hS2i i+ a3hS3i i�4 �� �b0+b1hSmi+b2hS2mi+b3hS3mi�F2(x+h)��x=0 ; (4a)qC = hS2mi = �0 + 1hSmi+ 2hS2mi+ 3hS3mi�2 �� �b0+b1hSii+b2hS2i i+b3hS3i i�6 F2(x+h)���x=0 ; (4b)rS = hS3i i = �a0 + a1hSii+ a2hS2i i+ a3hS3i i�4 �� �b0+b1hSmi+b2hS2mi+b3hS3mi�F3(x+h)��x=0 ; (5a)rC = hS3mi = �0+1hSmi+2hS2mi+3hS3mi�2�� �b0+b1hSii+b2hS2i i+b3hS3i i�6 F3(x+h)���x=0 ; (5b)where ai, bi, and i are the Van der Waerden oe�-ients given bya0 = 18 �9 h�12JSr�� h�32JSr�� ;a1 = 112 �27 sh�12JSr�� sh�32JSr�� ;a2 = 12 �� h�12JSr�+ h�32JSr�� ;a3 = 112 ��3 sh�12JSr�+ sh�32JSr�� ; (6a)
b0 = 18 �9 h�12J1r�� h�32J1r�� ;b1 = 112 �27 sh�12J1r�� sh�32J1r�� ;b2 = 12 �� h�12J1r�+ h�32J1r�� ;b3 = 112 ��3 sh�12J1r�+ sh�32J1r�� ; (6b)
0 = 18 �9 h�12JCr�� h�32JCr�� ;1 = 112 �27 sh�12JCr�� sh�32JCr�� ;2 = 12 �� h�12JCr�+ h�32JCr�� ;3 = 112 ��3 sh�12JCr�+ sh�32JCr�� : (6)

The funtions F1(x), F2(x), and F3(x) in Eqs. (3)�(5)are given asF1(x+ h) = 12 ��3 sh [3�(x+h)=2℄+ sh [�(x + h)=2℄ exp(�2�D)h [3�(x+h)=2℄+ h [�(x+ h)=2℄ exp(�2�D) ;(7a)

F2(x+ h) = 12 �� 9 h [3�(x+h)=2℄+ h [�(x+h)=2℄ exp(�2�D)2 h [3�(x+h)=2℄+2 h [�(x+h)=2℄ exp(�2�D) ;(7b)F3(x+ h) = 12 ��27 sh [3�(x+h)=2℄+ sh [�(x+h)=2℄ exp(�2�D)4 h [3�(x+h)=2℄+4 h [�(x+h)=2℄ exp(�2�D) :(7)Here, � = 1=kBT , T is the absolute temperature, kBis the Boltzmann onstant, and kB = 1:0 throughoutthe paper. Equations (3)�(5) are also exat and arevalid for any lattie. If we try to exatly treat all thespin�spin orrelations for that equation, the problemrapidly beomes intratable. A �rst obvious attemptto deal with it is to ignore the orrelations; the deou-pling approximation is given byhSiSi0 : : : Sini � hSiihSi0i : : : hSini; (8a)hSmSm0 : : : Smni � hSmihSm0i : : : hSmni; (8b)with i 6= i0 6= : : : 6= in and m 6= m0 6= : : : 6= mn intro-dued within the EFT with orrelations. In fat, theapproximation orresponds essentially to the Zernikeapproximation [49℄ in the bulk problem, and has beensuessfully applied to a great number of magneti sys-tems inluding surfae problems [50; 51℄.Using the de�nitions of the magnetizations inEqs. (3a) and (3b), we an determine the total mag-netization MT of eah site from Fig. 2a asMT = 17(6MS +MC): (9)We also mention that we do not examine the thermalbehaviors of qS , qC , rS , and rC beause our Hamilto-nian does not ontain the biquadrati exhange inter-ation parameter, as an be seen in Eq. (1). However,we need Eqs. (3a) and (3b) to determine the behaviorsof MS and MC .The internal energy per site of the system an bealulated asUN = �12 (hUCi+ hUSi)�D (hqCi+ hqSi)�� h (hmCi+ hmSi) ; (10)whereUC = ��r �0 + 1hSmi+ 2hSmi2 + 3hSmi3�2 �� �b0 + b1hSii+ b2hSii2 + b3hSii3�6 �� F1(x+ h)��x=0; (11a)698
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Fig. 2. Thermal variations of the magnetizations.(a) J1 = 1:0, JC = 1:0, JS = 1:0, and D = 1:0.(b ) J1 = �1:0, JC = 1:0, JS = 1:0, and D = 1:0.(Color online see arXiv:1406.6537)US = ��r �a0 + a1hSii+ a2hSii2 + a3hSii3�4 �� �b0 + b1hSmi+ b2hSmi2 + b3hSmi3��� F1(x+ h)��x=0: (11b)The spei� heat of the system an be obtained fromthe relation Ch = ��U�T �h : (12)The Helmholtz free energy of the system an be de�nedas F = U � TS; (13)whih, aording to the third law of thermodynamis,an be written in the form

F = U � T TZ0 CT dT 0: (14)The seond term in the right-hand side of Eq. (14) isthe entropy of the system aording to the seond lawof thermodynamis.3. NUMERICAL RESULTS AND DISCUSSIONSIn this setion, our attention is foused on the studyof the magneti properties, the phase diagrams, andhysteresis behavior of a spin-3/2 HIN system with aore�shell struture.3.1. Magneti properties3.1.1. MagnetizationsIn Fig. 2, we investigated the thermal behavior ofthe total (MT ), ore (MC), and shell (MS) magneti-zations in both ferromagneti (J1 > 0) and antiferro-magneti (J1 < 0) ases. This study leads us to har-aterizing the transitions and obtaining the transitionpoints. For ferromagneti and antiferromagneti ases,a few explanatory examples are plotted in Fig. 2 toillustrate the alulation of the ritial points as wellas variation of magnetizations. Figure 2a is obtainedfor J1 = 1:0, JC = 1:0, JS = 1:0, and D = 1:0. InFig. 2a, the magnetizationsMT , MS , andMC dereaseontinuously with an inreasing in the values of temper-ature below the ritial temperature, and they vanishat TC = 7:85; hene, a seond-order phase transitionours. The transition is from the ferromagneti-3/2(F3=2) phase to the P phase. Figure 2b is obtained forJ1 = �1:0, JC = 1:0, JS = 1:0, and D = 1:0. InFig. 2b, the magnetizations MT and MS derease andMC inreases ontinuously with an inreasing in thevalues of temperature below the ritial temperature,and they vanish at TC = 7:85; hene, a seond-orderphase transition ours. The transition is from theantiferromagneti-3/2 (AF3=2) phase to the P phase.3.1.2. Internal energy, spei� heat, entropy, andHelmholtz free energyFigures 3a�d show the thermal behaviors of the in-ternal energy, spei� heat, entropy, and Helmoltz freeenergy of the spin-3/2 HIN system: Fig. 3 is obtainedfor J1 = 1:0, JC = 1:0, JS = 1:0, and D = 1:0. Fig-ure 3a shows the behavior of the internal energies. Itexpresses the ontinuity of the urvature at the ritialtemperature TC = 7:85. The spei� heat urves of the699
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Fig. 3. For J1 = 1:0, JC = 1:0, JS = 1:0, andD = 1:0values, Figs. 3a�d respetively show thermal behaviorsof the internal energy, spei� heat, entropy, and Hel-moltz free energy of the spin-3/2 HIN system. (Coloronline see arXiv:1406.6537)
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Fig. 6. The same as in Fig. 5, but for J1 = 1:0, JC == 1:0, JS = 1:0, T = 2:0 (a), 0:5 (b ), and D = 0, �1,�2, �3. (Fig. 6a olor online see arXiv:1406.6537)3.3. Hysteresis behaviorsIn this subsetion, we examine the e�ets of thetemperature and rystal �eld on the hysteresis beha-viors of a spin-3/2 HIN system.3.3.1. The e�ets of temperature on the hysteresisbehaviorsWe illustrate the dependene of hysteresis loops ofa spin-3/2 HIN system on the temperature (T = 2:0,3.0, 5.0, and 6.3) for J1 = 0:5, JC = 1:0, JS = 1:0,and D = 0:5 in Fig. 5. We see from this �gure thatthe magnetization urves are symmetri for both posi-tive and negative values of the external magneti �eld.Moreover, for the temperature above the ritial tem-701
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perature TC = 6:15, we an see that the hysteresis loopsdisappear. Similar hysteresis loop behaviors have beenobserved in the random-�eld Ising model [52℄. Further-more, with inreasing the temperature, the hysteresisloops derease, and these results are onsistent withsome theoretial studies [53�55℄.

3.3.2. The e�ets of single-ion anisotropy on thehysteresis behaviorsFigure 6 shows the in�uene of the single-ionanisotropy on hysteresis. Figure 6a is plotted for J1 == 1:0, JC = 1:0, JS = 1:0, and T = 2:0 �xed values,and D = 0, �1, �2, and �3 single-ion anisotropy val-702
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Y. Koakaplan, M. Erta³ ÆÝÒÔ, òîì 148, âûï. 4 (10), 2015ues. We an see that with the derease in the single-ionanisotropy, the hysteresis loop area narrows and thesystem exhibits only one hysteresis loop. These fatsare learly seen in Fig. 6, and the results are onsistentwith some theoretial models [46�48℄. On the otherhand, Fig. 6b is alulated for J1 = 1:0, JC = 1:0,JS = 1:0, and T = 0:5 �xed values, and D = 0,�1, �2, and �3 single-ion anisotropy values. We ansee that with the derease in the single-ion anisotropy,the hysteresis loop area narrows. With the dereasein single-ion anisotropy, at D = �3:0, one hysteresisloop turns into a double hysteresis loops. Theoretially,similar result have been observed a spin-3/2 ylindrialIsing nanotube system [32℄.3.3.3. The e�et of ore/shell interfaial ouplingon the hysteresisWe present the ore/shell interfaial oupling de-pendene of the hysteresis loops of a spin-3/2 HIN sys-tem at T = 2:0, D = 0 for JS = 1:0, JC = 1:0,and J1 = 0:05, 0.2, 0.3, 1.2, and 1.8 in Fig. 7. Thehysteresis onsists of double loops in Figs. 7a and 7b.Theoretially, similar result have been observed for aspin-3/2 ylindrial Ising nanotube system [34℄. Onthe other hand, we an see that when the ore/shell in-terfaial oupling onstant is large, the system alwaysshows one loop, seen in Figs. 7�e. We an see thatas the ore/shell interfaial oupling inreases, the hys-teresis behavior hanges and the hysteresis loop areainreases. This fat is learly seen from Figs. 7a�e. Wealso obtained the hysteresis loops for the antiferromag-neti ase in Fig. 8, for T = 2:0, D = 0, JC = 1:0,JS = 1:0, and J1 = �0:05, �0:2, �0:3, �1:2, and �1:8.Figure 8a displays triple hysteresis loops for r = �0:05.As r dereases, the triple hysteresis loops �rst turn intodouble loops, then into a single hysteresis loop as seenin Figs. 8a�e. Theoretially, similar result have beenobserved for a spin-3/2 ylindrial Ising nanotube sys-tem [34℄.4. SUMMARY AND CONCLUSIONBy utilizing the e�etive �eld theory with or-relations, we studied magneti properties suh asmagnetizations, internal energy, spei� heat, entro-py, Helmholtz free energy, and phase diagrams of aspin-3/2 Blume�Capel model on a HIN with a o-re�shell struture. The e�ets of the Hamiltonian pa-rameters on hysteresis behaviors are investigated in de-tail. The obtained results are ompared with some

theoretial results and a qualitatively good agreementis found.We ompared the results with the results of theone-dimensional Blume�Capel model alulation [56℄and found that the one-dimensional Blume�Capelmodel exhibits only a seond-order phase transition.On the other hand, the spin-3/2 HIN system exhibitsboth �rst- and seond-order phase transitions. More-over, the omparison of results with the magneti prop-erties of the spin-3/2 Blume�Capel model on a HINwith a ore-shell struture and the magneti prop-erties of the one-dimensional spin-1/2 Ising systemwith a ore-shell struture [39℄ an be summarizedas follows. (1) The spin-1/2 Ising system only ex-hibits a seond-order phase transition and does notexhibit a �rst-order phase transition, but the spin-3/2 HIN system shows both �rst- and seond-orderphase transitions. (2) The spin-1/2 Ising system ex-hibits two loops, but the spin-3/2 one shows thereloops. (3) The spin-3/2 HIN system displays fer-romagneti-1/2, ferromagneti-3/2, antiferromagneti-1/2, antiferromagneti-3/2, and paramagneti funda-mental phases, but the spin-1/2 Ising system exhibitsonly ferromagneti, antiferromagneti, and paramag-neti fundamental phases. Therefore, we an onludethat the spin-3/2 HIN system gives riher and more in-teresting magneti properties than the spin-1/2 Isingsystem does.Finally, we hope that our detailed theoretial inves-tigations may stimulate further studies of the magnetiproperties of nanopartiles systems, and it will also mo-tivate researhers to investigate the behaviors in realnanostrutured materials.REFERENCES1. M. Blume, Phys. Rev. 143, 517 (1966).2. H. W. Capel, Physia (Utr.) 32, 966 (1966).3. J. Sivardière and M. Blume, Phys. Rev. B 5, 1126(1972).4. A. H. Cooke, D. M. Martin, and M. R. Wells, J. Phys.(Paris), Colloq. 32, C1-488 (1971).5. A. H. Cooke, D. M. Martin, and M. R. Wells, Sol. St.Comm. 9, 519 (1971).6. S. Krinsky and D. Mukamel, Phys. Rev. B 11, 399(1975).7. T. Kaneyoshi and M. Ja²£ur, Phys. Rev. B 46, 3374(1992).704
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