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EXPERIMENTAL STUDY OF MAGNETIC PHASE TRANSITIONIN THE ITINERANT HELIMAGNET MnSiS. M. Stishov a*, A. E. Petrova a, S. Khasanov b, G. Kh. Panova ,A. A. Shikov , J. C. Lashley d, D. Wu e, T. A. Lograsso eaInstitute for High Pressure Physis142190, Troitsk, Mosow Region, RussiabInstitute of Solid State Physis142432, Chernogolovka, Mosow Region, RussiaRussian Researh Center Kurhatov Institute123182, Mosow, RussiadLos Alamos National Laboratory, Los Alamos, 87545 NM, USAeAmes Laboratory, Iowa State University, Ames, IA 50011, USAReeived September 16, 2007Magneti suseptibility, heat apaity, thermal expansion and resistivity of a high-quality single rystal of MnSiwere arefully studied at ambient pressure. The alulated magneti entropy hange in the temperature range0�30 K is less than 0:1R, the low value that emphasizes the itinerant nature of magnetism in MnSi. A lineartemperature term dominates behavior of the thermal expansion oe�ient in the range 30�150 K, whih or-relates with great enhanement of the linear eletroni term in the heat apaity. Surprising similarity betweenvariation of the heat apaity, the thermal expansion oe�ient, and the temperature derivative of resistivitythrough the phase transition in MnSi is observed. Spei� forms of the heat apaity, thermal expansion oef-�ient, and temperature derivative of resistivity at the phase transition to a helial magneti state near 29 Kare interpreted as a ombination of sharp �rst-order features and broad peaks or shallow valleys of yet unknownorigin. The appearane of these broad satellites probably hints at the frustrated magneti state in MnSi slightlyabove the transition temperature. Present experimental �ndings question urrent views on the phase diagramof MnSi.PACS: 75.30.Kz, 75.40.Cx, 77.80.Bh1. INTRODUCTIONExtensive studies of the physial properties of theitinerant helimagnet MnSi that have been arried outfor deades brought up a number of intriguing resultsof general physial signi�ane. Magneti ordering ofunknown nature in MnSi, ourring around 30 K, wasreported for the �rst time in Ref. [1℄. The magnetimoment per Mn atom at low temperature was foundto equal 0:4�B , whereas �tting suseptibility data tothe Curie�Weiss law gave the e�etive moment 2:2�Bper Mn in the paramagneti phase [2℄. This di�erene*E-mail: sergei�hppi.troitsk.ru

is usually onsidered a signature of the itinerant natureof magnetism.The rystal struture of MnSi as well as some othersiliides and germanides (FeSi, CoSi, FeGe, et) of thetransition metals belongs to the B 20 type, ubi spaegroup (T 4) [3℄. The spae group P211 does not ontaina enter of symmetry that allows a nonzero value ofthe Dzyaloshinski�Moriya term in energy D[Si � Sj ℄,arising from small relativisti spin�lattie and spin�spin interations [4, 5℄. Although this term is small,it ould ause a long-wave modulation of the magnetispin struture. Consistently with theory, a magnetiorder in MnSi was identi�ed as a long-period ferromag-1017



S. M. Stishov, A. E. Petrova, S. Khasanov et al. ÆÝÒÔ, òîì 133, âûï. 5, 2008neti spiral or helial spin struture [6℄. At zero mag-neti �eld, the axis or the wave vetor q of the helix isdireted along a spae diagonal of the ubi unit ell ofMnSi, and therefore spins are ferromagnetially alignedin layers parallel to the (111) plane. The magneti mo-ment of eah suessful layer is turned by a small anglewith respet to a previous one, thus forming a spiralwith a pith of 180Å (q = 0:035Å�1). The wave ve-tor an be aligned in di�erent diretions on appliationof the magneti �eld about 0.2 T. At the magneti �eldabout 0.6 T, a �eld-indued ferromagneti struture ap-pears [2℄. Therefore, magneti properties of MnSi aregoverned by a hierarhy of three energy sales: the ex-hange interation, de�ning in-plane ferromagneti or-dering; the weak Dzyaloshinski�Moriya spin�orbit in-teration, produing hirality of the spin struture; andweaker anisotropi exhange rystal anisotropy terms,direting the wave vetor q along the spae diagonal ofthe ubi ell.The order parameter in MnSi has two omponents,haraterizing the spin and hiral orders, and an bedesribed by a omplex vetor S = S0eiqz. The Lan-dau expansion of the free energy in powers of the or-der parameter does not ontain odd terms due to thetime reversal symmetry. This suggests a seond-ordernature of the phase transition in MnSi, although �u-tuations and interation of the magneti order param-eter with other degrees of freedom ould transform thephase transition into �rst-order [7�10℄1).Another ompliation spei� for the hiral spin sys-tems is related to the spin and the hiral order oupling.If they were not oupled (see, e.g., [13, 14℄), then oneould expet two phase transitions in substanes likeMnSi, �rst to the spin ordered state, and then to thehiral state.But despite theoretial onlusions and speula-tions, all physial properties of MnSi studied until veryreently seemed to be ontinuous aross the phase-transition line at ambient pressure (see [12℄ in this on-netion). Yet, the seemingly suessful attempt of mea-suring some ritial indexes at the phase transition inMnSi with a result hinting to the hiral universalitylass was made in Ref. [15℄.The interest in studying MnSi was greatly enhanedby the �nding that the temperature of the magnetiphase transition dereased with pressure and tended tozero at about 1.4 GPa with expetations of the quan-1) The authors, having predited a �rst-order transition inMnSi, laimed experimental support in Ref. [11℄. Inidentally,the phase transition into the helial state in FeGe, whih is stru-tural and magneti analogy of MnSi, is �rst order [12℄.

tum ritial behavior [16℄. Then, when a signi�anthange was observed in the temperature dependeneof a suseptibility at the phase transition under highpressures, it was aepted as a manifestation of the ex-istene of a triritial point and �rst-order nature ofthe phase transition in MnSi at low temperatures andhigh pressures (12 K, 1.2 GPa) [17, 18℄. This dedutionwas partly disputed on the basis of new measurementsof the a suseptibility and resistivity of MnSi at highpressures, reated by ompressed helium, and althoughthe existene of a triritial point at the phase tran-sition line in MnSi was not denied, its loation wasshifted to the lower-pressure and higher-temperaturedomain (25.2 K, 0.355 GPa) [19, 20℄.However, we note that an interpretation of the ob-servations made at high pressure ritially depends onthe nature of the phase transition in MnSi at ambi-ent pressure. Our extensive searh in literature showsthat there is no unambiguous evidene that allowslassifying the transition as a seond or a weak �rst-order one. Moreover, some remarkable properties ofthe phase transition in MnSi are not understood. Inpartiular, some quantities like the thermal expansionoe�ient [21℄, heat apaity [22℄, and temperature o-e�ient of resistivity [19℄ display a well-de�ned shoul-ders on the high-temperature side of their orrespond-ing peaks at the phase transition, and the nature ofthese shoulders remains a puzzle. It is therefore appro-priate to systematially investigate physial propertiesof MnSi with the same well-haraterized sample. Inthe ourse of the study, the heat apaity, eletrial re-sistivity, thermal expansion in magneti �elds, and dand a magneti suseptibility of a high-quality MnSisingle rystal were measured at ambient pressure.2. EXPERIMENTAL2.1. Sample preparation and its harateristisThe intermetalli ompound MnSi is a ongruentlymelting substane and its single rystals of good qual-ity an be grown by diret rystallization from melt.The single rystal of MnSi used in the urrent studywas grown by the Bridgman tehnique in a resistanefurnae. Appropriate quantities of manganese (99.99%pure) and silion (99.999% pure) were leaned andar-melted several times under an argon atmosphere.The alloy was then ast into a opper hill mold toensure ompositional homogeneity throughout the in-got, prior to rystal growth. The as-ast ingot wassealed in a quartz tube and heated under vauum to1100 ÆC. After reahing 1100 ÆC, the growth hamberwas bak�lled with ultra-high-purity argon to the pres-1018



ÆÝÒÔ, òîì 133, âûï. 5, 2008 Experimental study of magneti phase transition : : :sure 1:03 � 105 Pa. Following pressurization, heatingwas ontinued until the ingot reahed the temperature1360 ÆC, and then held for one hour before being with-drawn from the furnae at a rate of 5 mm/hour. Theingot broke into several piees after extration from thequartz tube. The largest piee (20 mm in diameter and40 mm height), examined by the X-ray Laue bakre-�etion method, appeared to be a single rystal. Sam-ples of the neessary size and orientation for variousexperiments were ut by low-power spark erosion.Strutural perfetion of the MnSi single rystal wasstudied by means of a two rystal X-ray spetrometer.Roking urve data were olleted in the �-mode usingthe (110)MnSi re�etion and CuK�1 radiation seletedwith a Si(400) monohromator. Overall mosaiity ofthe sample appeared to be less than 0:1Æ. The lattieonstant of MnSi was measured with the Siemens D-500X-ray di�ratometer using CuK�-radiation and the(440) re�etion of the rystal in ��2� sanning mode.The measured doublet peak (K�1;2) was �tted using theSPLIT PEARSON funtions. For the lattie parameterof MnSi at 298 K ,we obtained a = 4:5598(2)Å (to beompared with 4.5603(2)Å [23℄ and 4.559(1)Å [24℄).Elasti moduli of the given sample of MnSi, mea-sured by the pulse ultrasound tehnique, are equal:11 = 283:30 � 1:62 GPa, 12 = 64:06 � 1:92 GPa,and 44 = 117:86� 0:52 GPa and the bulk modulus isK = (11+212)=3 = 137:14GPa [25℄. The Debye tem-perature of MnSi, alulated from values of the elastionstants was found to be �D � 500 K. These valuesagree generally with earlier determinations [26℄.To haraterize purity of the samples, we measuredthe resistivity of a small splinter of the MnSi rystalwith dimensions about 2 � 0:7 � 0:5 mm3 from roomtemperature to 50 mK2). The residual resistivity ra-tio (RRR) appeared to be equal to � 250. From thesaturated magnetization at high �eld at T = 5 K, themagneti moment per atom Mn is 0:4�B; �tting low-�eld (0.1 T) inverse suseptibility data in the range120�300 K to the Curie�Weiss form gives the e�etivemoment 2:27�B per Mn in the paramagneti phase.These values agree well with previous reports (see theInrodution). Aording to the results of the urrentexperiments, the temperature of the phase transition inour sample of MnSi is on�ned to the limits 28.7�29 K.2) The splinter of MnSi was used to obtain a value of RRR toavoid ompliations related with possible ontamination of thesample surfae during utting, polishing, and ithing.

2.2. Experimental tehniquedmagneti suseptibility measurements were madein a Quantum design magneti properties measurementsystem; a suseptibility was measured with a two-oilset-up (drive and pik up oils) by a standard mod-ulation tehnique at the modulation frequeny 19 Hz.Heat apaity was measured with an adiabati vauumalorimeter by the heat pulse method. The overall a-uray of heat apaity measurements was about 1�1.5%. Linear thermal expansion measurements wereperformed in a apaitane dilatometer with the reso-lution about 0.05Å (see Ref. [27℄ for an extensive de-sription of the tehnique). Resistivity measurementswere arried out by a standard four-probe tehnique.In all these experiments, temperature was measured byalibrated Cernox thermometers with the overall reso-lution and auray not worse than 0.05 K. The heatapaity and thermal expansion measurements in mag-neti �elds were performed by using superondutingsolenoids. 2.3. Experimental results2.3.1. Magneti suseptibility. d and a magnetisuseptibility data are plotted in Fig. 1a. The temper-ature derivative of the d suseptibility is displayed inFig. 1b. The unusual shape of �(T ) in the viinity ofthe phase transition is seen in the inset of Fig. 1a. Thisform an be regarded as the result of a sudden jump-likeinrease in the magneti suseptibility at the transitionpoint, whih is well demonstrated in Fig. 1b. Withoutthis jump, the magneti suseptibility urve would looklike one typial of an antiferromagneti phase transi-tion.2.3.2. Heat apaity. The heat apaity of MnSidivided by the temperature in the temperature range2�40 K is shown in Figs. 2 and 3. We see that a sharppeak of Cp=T at � 28:8 K, looking as a slightly broad-ened delta funtion at the top of a rounded maximum,haraterizes the phase transition in MnSi. We notethat a sharp peak at the top of a rounded maximum(or a sharp dip at the bottom of a rounded minimum)is also seen in other properties of MnSi at the phasetransition. Two more urves in Fig. 2 re�et the in-�uene of the magneti �eld on the heat apaity ofMnSi. As is known, the magneti �eld about 0.6 T atlow temperature aligns spins in MnSi in the diretionof the applied �eld, thus reating a �eld-indued ferro-magneti state [2℄. Correspondingly, the magneti �eldof a ertain magnitude ompletely destroys the phasetransition in MnSi, as is illustrated in Figs. 2 and 3. On1019
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Fig. 1. The magneti suseptibility � =M=H of MnSias a funtion of temperature. Measurements weremade in a �eld of 1 mT at H k [110℄. The a sus-eptibility data were saled by simple multipliation
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Fig. 3. Temperature dependene of the heat apa-ity divided by temperature near the phase transition inMnSi. It is seen that the heat apaity of the helialphase, is pratially una�eted by magneti �elds up to0:3 T
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Fig. 4. The entropy of MnSi alulated from the heatapaity (R-gas onstant). The eletron ontributionis taken in the onventional form as T. The Debyemodel with �D = 500 K was used to estimate thelattie ontribution to the entropy. The di�erene be-tween the total entropy and the eletron and phononontributions �S = S � Sel � Sph is shown in theinset. A tiny entropy jump at the phase transition isillustrated in the smaller insetthe other hand, moderate magneti �elds have little ef-fet on the heat apaity of the helial phase even atthe temperatures lose to T. This last e�et is not truefor the paramagneti phase, whose heat apaity read-ily responds to modest magneti �elds at temperatureslose to and slightly above T.1020



ÆÝÒÔ, òîì 133, âûï. 5, 2008 Experimental study of magneti phase transition : : :We now turn to the low-temperature behavior ofCp=T . The standard way of analyzing heat apaityby plotting the data in the oordinates Cp=T vs. T 2does not work in the present ase beause of the smallphonon ontribution (see Fig. 4). But the oe�ient ofthe linear eletroni term in the heat apaity of MnSiis easily obtained by extrapolating the low-temperatureparts of the urves Cp=T to zero temperature in Fig. 2.The results yield  = 36 mJ/mol�K2 (H = 0) and31 mJ/mol�K2 (H = 4 T). The magnitude of  forH = 0 is in good agreement with the earlier estimate,orreted for the obvious error in the order of the or-responding value [28℄. Although the eletron mass en-hanement in MnSi is obvious from the high value of ,the ratio m�=m is unknown due to unertainty in theeletron onentration in MnSi. The alulated idealvalue of 0 in the ase with two free eletrons for amoleule of MnSi is 0 = 1:0 mJ/mol�K2, leading tothe mass ratio m�=m � 36 in MnSi.The high values of the mass ratio in MnSi orrelatewith the eletron mass enhanement in �-Mn3).We next turn to Fig. 4, displaying behavior of theentropy S and its onstituents in MnSi as a funtionof temperature. As is seen, the eletroni ontributionmakes up a dominant fration of the total entropy ofMnSi due to high value of eletron e�etive mass m�(we neglet here a possibility of hanging of m� withtemperature). At the same time, the alulated phononontribution is rather small at the temperature rangeunder study. The di�erene between the total entropyand the sum of eletroni and phonon ontributions,whih haraterizes the magneti or spin ordering inMnSi, is less than 0:1 R (see the inset in Fig. 4), whihone again identi�es the itinerant nature of magnetismin MnSi.2.3.3. Thermal expansion. Variation of the linearthermal expansion oe�ient � = (1=L0)(dL=dT ) ofMnSi with temperature is shown in Fig. 5. Obviously,in the temperature range 0�35 K, behavior of � is de-�ned by the magneto-volume and �utuation e�etsarising as a result of the ordering of magneti moments.Plotting the data in oordinates �=T vs T 2 doesnot reveal any notieable lattie ontribution but ex-poses a remarkable linear temperature term in � in thetemperature range 35�150 K (see the inset in Fig. 5),whih probably orrelates with the greatly enhanedeletroni linear temperature term in the heat apaity.3) With the number of free eletrons per atom Z = 2, thelattie onstant 8.912Å, and the number of atoms in the unitell N = 58 [29℄, we obtain 0 = 0:6469 mJ/mol�K2. With theexperimental value  = 12:812 mJ/mol�K2 [30℄ the mass ratio in�-Mn appears to be equal to m�=m � 20.
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Fig. 12. Uni�ed dependene of the heat apaity,the temperature derivative of resistivity and the linearthermal expansion oe�ient of MnSi in the phase-transition region on temperature. All urves were re-dued by a linear transformation. The data for thethermal expansion oe�ient were taken with the in-verse signapaity, and the linear thermal expansion oe�ienturves in the phase transition region (see [33�35℄ in thisonnetion) is displayed in Fig. 12.3. CONCLUSIONAs an be seen from Figs. 2, 3, 7, and 11, a sharppeak on the low-temperature side of the rounded max-imum or orrespondingly a sharp dip to the left of thebottom of the rounded minimum in the heat apa-ity, the thermal expansion oe�ient, and tempera-ture derivatives of resistivity is an intrinsi propertyof the phase transition in the itinerant helial magnetof MnSi. Striking similarity between all these quanti-ties is evident from the redued urve in Fig. 12. Thisobviously indiates spin �utuations as a dominant fa-tor de�ning thermodynami and transport properties ofMnSi in the viinity of the phase transition.The sharp peaks observed in the mentioned quan-tities most likely identify the phase transition in MnSias a weakly �rst-order transition. This onlusion isertainly supported by our laim of a �nite value ofthe order parameter at the transition temperature (seeSe. 3.3). It is also appropriate to refer to the well-forgotten result in Ref. [11℄, where a �nite value ofthe ritial magneti �eld orresponding to the tran-sition from the onial to the ferromagneti spin stru-ture at the phase transition temperature was found. It
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Fig. 13. The magneti part of entropy Sm=R and heatapaity Cp of MnSi in the viinity of the phase tran-sition. The peak in Cp was eliminated for the betterview of the rounded maximummust be mentioned here that as was expliitly shown inRef. [36℄, the seond-order phase transition in the itin-erant weak ferromagnet ZrZn2 displayed typial mean-�eld behavior with simple jumps in Cp and d�=dT atthe phase transition point. This learly supports upour interpretation of the nature of the phase transitionin MnSi.Then a number of questions arises. If one believesthat a triritial point does exist at high pressure inMnSi [17�19℄, then the only way is to suggest that thephase transition beomes seond order at high pressure.This kind of onlusions would ompletely reverse thewidely aepted view of the phase diagram of MnSi.Alternative senarios, whih prinipally ould bedisussed, inlude the existene of a seond triritialpoint5) or interplay of weak and strong �rst-order tran-sitions [37℄, but it is unlear whether the latter wouldgenerate some sort of pseudo-triritial point. Anotherintriguing possibility in the hiral spin systems is de-oupling the spin and the hiral orders, whih may leadto two phase transitions, �rst to the spin ordered stateand then to the hiral state (see, e.g., [13, 14℄). But theabove onsideration ignores the question on the natureof the rounded maxima demonstrated in Fig. 12. Someinsight omes from the behavior of the magneti part ofthe entropy and the heat apaity, with the peak elim-inated, through the phase transition in MnSi (Fig. 13).As an be seen from the entropy urve, some order-5) In priniple, two triritial points may exist on the transi-tion line for materials like MnSi; however, a ompeting spin ordershould be observed in this ase [8℄.1024
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