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NON-MAGNETIC GROUND STATE ANDFIELD-INDUCED TRANSITION IN PrInNi4�Hiroyuki Suzuki, Naohito Tsujii, Osamu SuzukiHideaki Kitazawa, Hideki Abe, Motoharu Imaiand Giyuu KidoNational Institute for Materials Siene, Tsukuba, Ibaraki, 305-0047, Japan(Reeived July 10, 2002)The magneti properties of PrInNi4 with the �eld-indued ferromag-neti transition have been investigated by the measurements of the mag-neti suseptibility and the high-�eld magnetization up to 30 T. The ex-perimental results have been desribed in terms of the single-site e�et ofthe rystalline-eletri-�eld and the inter-atomi exhange interation witha ferromagneti oupling.PACS numbers: 75.30.Kz, 75.30.CrSystems inluding non-Kramers rare-earth ion under ubi symmetryare of speial interest from the viewpoint of their harateristi rystalline-eletri-�eld (CEF) states. For example, the Hund's rule ground state for3H4 of Pr3+ ion splits in a ubi CEF into one singlet, � 1, one doublet, � 3,and two triplet, � 4 and � 5. Here, it is noted that the non-Kramers dou-blet of � 3 is non-magneti but has quadrupolar moments. When � 3 groundstate with a relatively large CEF splitting is realized, it is suited for the in-vestigation of a pure quadrupolar system. They are, however, rare ases, forexample, PrPb3 [1℄, PrInAg2 [2℄ and PrPtBi [3℄. Very reently, the polyrys-talline sample of PrInNi4 with the ubi MgSnCu4-type struture has beenprepared and its physial properties have been reported [4℄. The magnetisuseptibility, �(T ), and the magnetization urve, M (H ), have revealed anon-magneti CEF ground state and the �eld-indued ferromagneti transi-tion at low temperatures. In this paper, we disuss the experimental resultsof �(T ) and high-�eld M (H ) up to 30 T in terms of CEF and ferromag-neti interation. Our analysis shows that the �eld-indued transition anbe explained by a mean-�eld approximation model and that the CEF groundstate is � 3.� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(1055)



1056 H. Suzuki et al.As shown in Fig. 1, 1/�(T ) inreases almost linearly above 50K, i.e. itseems to follow the Curie�Weiss law, but with a small upward urvature,indiating a relatively large CEF splitting. Below about 20 K, 1/�(T ) de-reases rapidly. The eletrial resistivity also shows a rapid derease below20 K [4℄. These behavior suggest a harateristi energy sale of T� � 20 Kin this system. While the rapid derease of 1/�(T ) below T*, i.e. an en-hanement of �, implies a development of magneti interations, a tendenyof �(T ) to �atten around the lowest temperature suggests a non-magnetiground state. These features are key-points to understand the origin of the�eld-indued ferromagneti transition. This will be disussed later. Thehigh-�eld M (H ) up to 30 T at T = 2 K, as shown in Fig. 2, is found to sat-urate above 20 T to a value of � 2.4 �B, whih is smaller than that expetedfrom Pr3+ (3.2 �B). This also indiates the relatively large CEF splitting.M (H ) shows a sharp jump at Hm = 0:65 T. In Ref. [4℄, it is reported thatthis Hm shifts to higher values with the inrease of the temperature.
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Fig. 1. The temperature dependene of 1/�. The dots, dashed and solid linesrepresent the alulated results obtained by onsidering CEF with � 1 ground state(� 1), CEF (� 3) and CEF (� 3) + ferromagneti interation, respetively. For theCEF level shemes used in the alulation, see the text.First, we disuss CEF level shemes. In possible CEF level shemeshaving a non-magneti ground state, � 1 ground and � 5 1st exited state(� 1�� 5) and � 3�� 5 level shemes are exluded beause �(T ) for theseshemes with a relatively large CEF splitting dereases toward T = 0 K



Non-Magneti Ground State and : : : 1057below the temperature of the 1st exited level, resulting in the appearaneof a peak in �(T ), whih is inonsistent with the experimental result. Theobtained CEF level shemes that an �t 1/�(T ) above 20 K and give thevalue ofM (� 2.4 �B/f.u.) around 30 T at 2 K are � 1(0 K), � 4(29 K), � 3(50K), � 5(531 K) and � 3(0 K), � 4(18 K), � 1(43 K), � 5(481 K), orrespondingto the CEF parameters, by Lea, Leask and Wolf [5℄, of x � 0:88, W � �13and x � 0:84, W � �12, respetively. Note that the splitting between theground and 1st exited states for � 3�� 4, �1, is omparable with T*. Asan be seen from Fig. 1 and 2, the alulated results in terms of CEF annot explain the rapid derease of 1/�(T ) below 20 K and a rise in M (H ) atlower �elds.
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Fig. 2. High �eld magnetization at 2 K. The dots and dashed lines and solid irlesrepresent the alulated results obtained by onsidering CEF with � 1 ground state(� 1), CEF (� 3) and CEF (� 3) + ferromagneti interation, respetively. Forthe CEF level shemes used in the alulation, see the text. The inset plots twoequations of M = MCEFHjj [001℄(H e�) for � 3�� 4 at T = 2 K and H e� = H ext +�M at He� = 0.65 T.In order to explain the �eld-indued transition and the above mentioneddisagreement between experiment and alulation, we introdue ferromag-neti interation into the analyses. Here, we fous on the alulated CEFM (H ) (H ||[001℄) for � 3�� 4, MCEF[001℄(H ), whih is the only urve with adownward urvature, as shown in the inset of Fig. 2, in all MCEF(H ) urvesfor the three symmetry axes for � 1�� 4 and � 3�� 4. In the mean �eld ap-proximation of the ferromagneti interation, the e�etive magneti �eld an



1058 H. Suzuki et al.be desribed as H e� = H ext + �M, where H ext is the external �eld and �is the ferromagneti exhange parameter. As an be seen from the inset ofFig. 2, the two equations desribed in the inset interset at two or threepoints with given H e� and �, resulting in that the magnetization movesto a higher point to gain the energy. Using the ondition that these twoequations meet in two points at H ext ( = Hm) = 0.65 T and T = 2 K, theexhange energy is estimated as J* = �/(g�B)2 � 1.25 K. The temperaturedependene of Hm an be explained qualitatively by this model. The alu-lated magnetization of the powder, averaged over three symmetry axes, asplotted in Fig. 2, an reprodue roughly experimental data.Next we perform the alulation of �(T ) for the � 3�� 4 ase. Here,taking into aount of the development of the magneti interation observedin �(T ) below T* and T* � �1 for � 3�� 4, the ferromagneti interationis introdued only into the van-Vlek term of � 3�� 4 in the alulation of�(T ). The alulated results with J*, as plotted in Fig. 1, an explain wellthe rapid derease of 1/�(T ) below 20 K. In a preliminary spei� heatmeasurement, a phase transition at T  = 0:8 K and a Shottky-type peakwith a maximum of about 5 J/mole K at 7 K were observed. The alulatedresults using the mean �eld approximation with J* predit a spontaneousmagnetization around T = 1 K, whih is omparable with T . The latterShottky-type peak an be also reprodued by the alulated result in termsof doublet-triplet (� 3�� 4) thermal exitation with the splitting of 18 K.These agreements strongly support our analyses in terms of the CEF andthe ferromagneti interations.In PrInNi4, a balane between the CEF splitting with the non-magneti� 3 ground state and the ferromagneti interation introdues the �eld-indued ferromagneti transition. For more quantitative analysis, the mea-surement on the single rystal is neessary. The preparation of the singlerystal and the measurements of the spei� heat and transport propertiesare now in progress and their results will be published elsewhere.REFERENCES[1℄ W. Gross, K. Knorr, A.P. Murani, K.H.J. Bushow Z. Phys. B37, 123 (1980).[2℄ R.M. Galera, J. Pierre, E. Siaud, A.P. Murani J. Less-Common Met. 97, 151(1984).[3℄ M. Kasaya, H. Suzuki, D. Tazawa, M. Shirakawa, A. Sawada, T. OsakabePhysia B 281-282, 579 (2000).[4℄ N. Tsujii, H. Kitazawa, H. Suzuki, M. Imai, G. Kido J. Phys. So. Jpn. 71,1852 (2002).[5℄ K.R. Lea, M.J.M. Leask, W.P. Wolf J. Phys. Chem. Solids 23, 1381 (1962).


