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Magneti suseptibility of PrMg3 at ultra lowtemperaturesJ Yoshida1, S Abe1, A Tada1, H Tsujii1, K Matsumoto1, H Suzuki1and H S Suzuki21 Department of Physis, Kanazawa University, Kakuma-mahi, Kanazawa 920-1192, Japan2 National Institute for Materials Siene, Tsukuba, Ibaraki 305-0047, JapanE-mail: jjyosida�stu.kanazawa-u.a.jpAbstrat. We report suseptibility measurements of PrMg3 with a non-magneti �3rystalline-eletri-�eld ground state down to 0.3 mK. The suseptibility shows the Van-Vlek-like behavior with an additional logarithmi temperature dependene below 10 K. Furthermore,the suseptibility exhibits a small peak around 0.1 K, whih is attributed to the quenhing of themultipole degrees of freedom. Below 30 mK, the suseptibility is almost onstant down to thelowest temperature without showing the ontribution of Pr nulear spins. The disappearaneof nulear spin ontribution suggests that the quenhing of the multipole degrees of freedomstrongly a�ets the nulear spin system.1. IntrodutionReently, there has been growing interest in Pr-based ompounds with the f2 on�guration ofPr3+ as a possible strongly orrelated eletron system arising from the hybridization between theondution and f eletrons (-f hybridization). A Pr3+ ion in the rystalline-eletri-�eld (CEF)of ubi symmetry an have the non-magneti �3 ground state (GS) with eletri quadrupolemoments O20 and O22, and magneti otupole Txyz. Therefore, in �3 GS systems suh as PrPb3and PrAg2In, an observation of nature due to the oupling between the -f hybridization and4f2 multipole degrees of freedom is strongly expeted at low temperatures. Indeed, neutrondi�ration measurements for PrPb3 have revealed a modulated antiferro-quadrupole phase,whih suggests a partial quenhing of loal quadrupole by a quadrupole Kondo e�et [1℄. Inaddition, a broad peak in the spei�-heat of PrAg2In at 0.4 K is aused by not a ooperativephase transition inluding a quadrupole order but a quadrupole Kondo e�et [2, 3℄. However, themehanism for suppression of a quadrupole order has not yet been established. It is intriguingto investigate �3 GS systems as strongly orrelated eletron systems with the multipole degreesof freedom.From a viewpoint of the nulear magnetism, the magneti �eld at the Pr nulear site an bedramatially enhaned by the hyper�ne interation when the ondution eletrons are polarizedby the applied �eld in a system with the non-magneti CEF GS suh as a �1 singlet or a �3doublet. At millikelvin temperatures, hyper�ne enhaned nulear spin orders have been observedin several materials with the singlet CEF GS, suh as PrNi5, PrCu6, PrIn3 and PrBe13 [4℄. Thehyper�ne nulear spin ontribution in the �3 CEF GS has been also exhibited in PrAg2In as
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the enhanement of spei�-heat below 200 mK [3℄, and in PrPb3 as the peak of suseptibilityat 5 mK [5℄.An intermetalli ompound PrMg3 with the ubi Fe3Al-type struture, in whih Pr3+oupies the ubi site, has been reported as the �3 GS system with energy splitting 56 Kto the �rst exited state �4 [6, 7℄. As well as PrAg2In, PrMg3 shows the broad peak in thespei�-heat at 0.9 K and no evidene for a ooperative phase transition has been deteteddown to 0.54 K. The enhanement fator K = 6:1 is evaluated from the Van-Vlek suseptibilityand the hyper�ne oupling onstant [8℄. In order to investigate the strongly orrelated eletronsystem with multipole degrees of freedom and the hyper�ne nulear magnetism in the �3 GSsystem, we have measured the suseptibility of PrMg3 down to submillikelvin temperatures.2. ExperimentTwo single rystal samples of PrMg3 were prepared by the Bridgman method for the d anda suseptibility measurements. The d suseptibility was measured by using a QuantumDesign SQUID magnetometer above 2 K. Below 2 K, the a suseptibility was measured bya mutual indutane method similar to the arrangement used by Herrmannsd�orfer et al. [9℄. Asample for the a suseptibility measurement had ylindrial shape with 4 mm in diameter and5 mm in length, and was silver epoxied to the opper old �nger bolted to the opper nuleardemagnetization stage. The primary oil and the stati �eld oil were plaed inside a Nb shield,and thermally anhored to the mixing hamber of a dilution refrigerator. The whole assemblywas surrounded by a mu metal shield to suppress external stray �elds. The modulated exitation�eld of 16 Hz, was less than 1.5 �T and parallel to the external stati �eld up to 10 mT.
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Figure 1. Temperature dependene of the d and real part of a suseptibility of PrMg3 alongthe [100℄ diretion on a logarithmi temperature sale. The inset displays behaviors near thepeak of the a suseptibility.
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3. Experimental results and disussionsFigure 1 displays the temperature dependene of the d suseptibility and the real part of asuseptibility. The d suseptibility inreases monotonially with ooling at high temperaturesand starts to saturate around 20 K, indiating the Van-Vlek-like behavior. Both the d and asuseptibility indiate � log T dependene in the temperature range from 10 K to 0.1 K. Theseresults extend the temperature region for the behavior, whih has been previously limited to2 K [8℄, and are similar to that observed in PrAg2In and (PrxLa1�x)Ag2In [2, 10℄. As shownin the inset of Fig. 1, the a suseptibility shows a peak at 0.1 K and is almost temperatureindependent below 30 mK. This peak is slightly suppressed by applying the magneti �eld 10 mT.Any hysteresis has not been observed between ooling and warming, and between �eld-oolingand zero-�eld-ooling around 0.1 K. It is unlikely that this peak is due to a nulear magnetiorder, sine the enhanement fator K = 6:1 for PrMg3 [8℄, is muh smaller than K = 30for PrPb3 whih orders at muh lower temperature 5 mK [5℄. Therefore, we onsider that thepeak following � log T dependene in the suseptibility is due to the quenhing of the multipoledegrees of freedom in the �3 GS.Figure 2 displays a omparison between the observed a suseptibility and the expetedontribution of Pr nulear spins. The ontribution of Pr nulear spins is alulated by the Curielaw inluding enhanement fators, K = 0 (bare nulear spin) and K = 6:1. The observedonstant suseptibility down to 0.3 mK annot be explained even by bare Pr nulear spins. Oneof the possible explanation for the disappearane of the nulear spin ontribution is that around0.1 K the eletron system exhibits a rossover to the state whih sreens the Pr nulear spinand forms a nulear spin-singlet. Another is that the nulear spins are unresponsive to themodulated exitation �eld 16 Hz owing to the enhanement of the nulear spin-spin relaxationtime below 0.1 K. In either ase, the quenhing of multipole degrees of freedom is onsidered toplay an important role in the disappearane of the nulear spin ontribution.
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Figure 2. Comparison between the observed a suseptibility and the expeted ontributionof Pr nulear spins in PrMg3. The alulation of nulear ontribution is explained in the text.A small signal-to-noise ratio below 10 mK was due to the redued exitation �eld to suppresseddy urrent heating.
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