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Observation of an itinerant metamagnetic transition in MnSi under high pressure
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Magnetization measurements have been performed on single-crystalline MnSi under high pressures up to
1.54 GPa and high magnetic fields up to 10 T in the temperature range from 1.7 to 60 K. The magnetization
process exhibits no hysteresis in the pressure region up to 1.34 GPR=At54 GPa, we have clearly
observed a metamagnetic transition arolw 0.1 T with hysteresis in the magnetization process at low
temperatures below 6 K. From the experimental results, we have determined the magnetic phase diagram of
MnSi for P=1.54 GPa.

INTRODUCTION compounds YCo, _,Al,), (Refs. 19 and 20together with
paramagnetic 08, _,Se),.* 1" Every compound with the
The intermetallic compound MnSi has tB20-type crys- metamagnetic transition exhibits a broad maximum in the
tal structure with a lattice parameter of 4.558 A. At ambienttemperature dependence of the susceptibility. The metamag-
pressure, MnSi in zero magnetic field has a helical spimetic transition and the broad maximum of susceptibility are
structure with a long period of 180 A along th&l1] direc-  considered to originate from a peculiar shape of the density-
tion in the ordered state below the temperaflge 29 K.*=3  of-states curve in the vicinity of the Fermi level. Recently,
The helical spin structure originates from the presence of atheoretical studies of the metamagnetic transition have been
antisymmetric interaction called the Dzyaloshinski-Moriya developed based on a spin-fluctuation mddet®
interactiof together with the main ferromagnetic inter-  In some Kondo antiferromagnets such as G&R?’
atomic exchang®! In a magnetic field larger than 0.15 T, a Celn,,?*?® and CeNij,3*%! the antiferromagnetic ordering
conical spin structure is stabilized. With increasing field, thewas found to be suppressed by the application of high pres-
cone angle becomes small and an induced ferromagnetiure, and the ordering temperature becomes zero at the criti-
state is realized @=0.62 T forT=1.4 K.}~ The spontane- cal pressure. In the vicinity of the critical pressure, the physi-
ous magnetic moment of Qu4 /Mn is much smaller than the cal properties are quite different from those predicted by the
effective magnetic moment of Ju4/Mn determined in the Fermi-liquid theory'®?"28In MnSi, the resistivity was also
paramagnetic regioh’ The magnetic susceptibility abofle ~ found to show a non-Fermi-liquid behavior aroury}..
obeys the Curie-Weiss laf’ These results suggest that Therefore, the magnetic behavior of MnSi arouRd is of
MnSi is a typical weak itinerant helical magnet. much interest as in Kondo antiferromagnets. Many experi-
The application of high pressure suppresses the magnenental studies have been performed under high pressure to
tism of MnSi and the value of . decreases with increasing examine the magnetic behavior of MnSi aroddby means
pressure. The magnetic order disappears at the critical presf the measurements of  resistivit}y;**%?  ac
sure ofP ~1.5 GPa’** Although the magnetic transition at susceptibility**33-3” NMR,*® and magnetizatio®® Recent
T. is second order at low pressure, a crossover from thelata on the ac susceptibility reported by Thessieu and co-
second-order to a first-order transition was observed® at workers and Pfleiderer suggest that a field-induced transition
~1.2GPa by means of ac susceptibility measureménts. may exist around3=0.4T at a pressure of 1.55 GBa%’
The temperature dependence of the susceptibility exhibits Although Thessieu and co-workers tried to measure the mag-
broad maximum just abov&, in the first-order region 1.2 netization process at high pressures up to 1 &Rrabody,
<P<1.5GPa. In the paramagnetic regiéh>1.5GPa, a to our knowledge, has directly measured the magnetization
broad maximum was also observed. This indicates that MnSirocess neaP, . In this study, we have performed magneti-
aboveP. is a nearly ferromagnetic exchange-enhanced Pauliation measurements of MnSi with a single-crystalline
paramagnet. Similar magnetic behavior under high pressurgample in magnetic fields up to 10 T at high pressures up to
was found in itinerant ferromagnets (9_,Se),,* '  1.54 GPa(just aboveP,) to confirm the appearance of a
where itinerant electron metamagnetism, that is, a first-ordefield-induced metamagnetic transition.
field-induced transition from the paramagnetic to the ferro-
magnetic state in the ground state, was observed in the para-
magnetic pressure region. These experimental results suggest
that the itinerant metamagnetic transition may appear in A single crystal of MnSi was grown by a Czochralski
MnSi under high pressure abofg . Typical itinerant meta- technique with the stoichiometric composition in an argon
magnetic transitions were found in the Co-based Laves phasgmosphere. As starting materials, we used manganese of
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FIG. 2. Pressure dependence of the Curie temperature of MnSi
in magnetic fields 0.02 T along tH&00] direction and 0.1 T along

0.00 the[100] and[111] axes. The crosses indicate the data of Thessieu

et al. obtained from resistivity measuremeriief. 13.

FIG. 1. Temperature dependence of the magnetization of MnS{vas measured in an increasing temperature scan. The value
at various pressures in a magnetic fiéle-0.02 T along thg100] ~ Of the transition temperatur&;, which is estimated to be
axis. 28.5 K atP=0 GPa, decreases with increasing pressure. It is

noticed that thevi-T curve shows a sharp peak and no hys-
99.99% purity and silicon of 99.999% purity. The crystal teresis around’, in the low-pressure regioR<1.18 GPa,
was confirmed to have the cub&20-type structure without Which are characteristics of a typical second-order ferromag-
secondary phases by powder x-ray diffraction with €&  netic transition. In the high-pressure regié>1.18 GPa,
radiation. The lattice parameter was estimated to be 4.561 Ahe peak becomes broad. Pfleideetral. measured the ac
In order to check the sample quality, we measured the resisusceptibility yac of MnSi in an ac magnetic field 6f0.1
tivity using a standard four-probe technique at ambient presmT under high pressure. They found a crossover from the
sure in the temperature range from 4.2 to 290 K. The valuesecond-order to the first-order transition at about 1.2 GPa
of residual resistivity p(T—0) and ratio R=p(T  and the disappearance of magnetisnPat 1.46 GPa\* The
=290K)/p(T—0) are 2uf) cm and 130. The principal axes observedyac-T curve has a sharp peak Bt in the second-
of the single crystal were determined by the x-ray back-order regionP<1.2GPa. In the first-order region X2
scattering Laue technique. The crystal was then cut into & 1.46 GPa, however, they observed no sharp peak;at
small pillar with a size of X 1x 1 mn? along thea axis. The behavior ofyac aroundT .. is consistent with that of the

The magnetization was measured in the pressure range upagnetization shown in Fig. 1. Theac-T curve in the para-
to 1.54 GPa using an extraction-type magnetometer with anagnetic temperature range has a broad maximum around 12
nonmagnetic high-pressure clamp cell made of nonmagneti§ for P>1.2 GPa, the position of which is weakly pressure
CuTi alloy in magnetic fields up to 10 T produced by a 20-T dependent! However, we cannot observe the broad maxi-
superconducting magn&tHere, we have analyzed the mag- mum of the susceptibility at high pressures of 1.34 and 1.54
netization curves by considering a demagnetizing effecGPa. Pfleiderer found that the broad maximum is hidden by
based on a spheroid approximatidnlthough the pressure a small amount of magnetic impuritiéHe used a single
produced by the original cell is limited to 1.3 GPa, in this crystal[p(T—0)=0.35x{) cm andR = 248] investigated in
study, the maximum pressure was increased to 1.6 GPa kyde Haas—van Alphen study for ac susceptibility measure-
means of autofrettagintf. The produced pressure around 4 ments.

K, P, k, is calibrated by means of the Meissner effect of Sn  Figure 2 shows the pressure dependence of the transition
for which the pressure dependence of the superconductingmperature of MnSi in magnetic fields of 0.02 Tand 0.1 T
transition temperature is known to high accurdtyThe along the[100] direction and 0.1 T along tHe 11] direction.
value of P, « increases linearly with the load pressitg;  The experimental data obtained from electrical resistivity
applied at room temperature and is given By =1.10 measurements by Thessietal® are also plotted for com-

X Prr—0.325 GPa in the pressure region up to 1.6 GPa. Iparison. There is no difference between the valueg.dbr

the experimental temperature range between 1.7 and 50 Khe[100] and[111] directions measured in a magnetic field
the change of the pressure produced in the high-pressure cell 0.1 T. However, the data f@d=0.1 T deviate more from

is negligibly small. those of Thessieet al. especially neaP. than those foB
=0.02T. This result indicates that, is sensitively affected
RESULTS AND DISCUSSION by the magnetic field ned . and is increased by a magnetic

field 0.1 T. The initial pressure dependence of(P

We show in Fig. 1 the temperature dependence of the<0.5 GPa) is estimated to lokin T,/dP=—0.38 GPa*! from

magnetization of MnSi at various pressures in a magnetithese data. Since the bulk modulus of MnSi is
field B=0.02T in the[100] direction. The magnetization =|dInV/dP|"1=7.35x10 3 GPa at 50 K and is nearly con-
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FIG. 3. Magnetization curves of single crystalline MnSi for 4.2
K at various pressures up to 1.54 GPa along [th@0] axis in
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magnetic fields up to 10 T. The inset shows the pressure depen- B (T)

dence of the magnetic momehtg in the induced ferromagnetic

state at 4.2 K.

stant in the experimental temperature range 4.2—50 e
can estimate the volume dependence ©®f to be

FIG. 4. Magnetization curves of MnSi for 4.2 K at various pres-
sures up to 1.54 GPa along thE)0] axis in magnetic fields up to
0.7 T. The inset shows the magnetization curve at 1.54 GPa in
magnetic fields up to 0.2 T.

dInTc/dIn V=52. This value is in good agreement with pre- g \ith increasing pressure, the magnetic transitio at

vious dat&’ As the pressure approachBs the critical tem-
peratureT . decreases more abruptly.

becomes less sharp. It is interesting to note that some transi-
tion occurs at 0.92 GPa in the field region betwdznand

Figure 3 shows the magnetization curves of single, |n the pressure regioR<1.34 GPa, the magnetization
crystalline MnSi for 4.2 K at various pressures up to 1.54crye has no hysteresis. At 1.54 GPa, however, a new tran-

GPa in magnetic fields up to 10 T along t100] axis. The

sition appears with a hysteresis of about 0.02 T in a low-field

magnetization curve foP=0 GPa exhibits a sharp kink at region betweerB,;=0.07 T andB,,=0.14T, as shown in
Bi=0.55T and the magnetization increases linearly withthe inset. Furthermore, we found another field-induced tran-
field. The critical fieldB; corresponds to a magnetic transi- sjtion at a higher fieldB.;=0.28 T, which also has hyster-
tion from the conical state to the induced ferromagnetic ongs;s, In order to show this transition more clearly, we indi-
at ambient pressure. All the magnetization curves are nd{ate in Fig. 5 the magnetization process measured in
completely saturated even in a magnetic field of 10 T. Afincreasing fields. The induced ferromagnetic state is realized
high pressuresP>0.92GPa, the magnetization increasesat ahout 0.48 T. The quantitative shape of the magnetization

nonlinearly aboveB;. We determined the magnetic moment cyrves implies that the wavelength of the spin structure in
Mg in the induced ferromagnetic state from the extrapolation

of the value of magnetization aboy to zero field. The
pressure dependence Mg is shown in the inset of Fig. 3.
There is no anisotropy foMg. The value of Mg is
0.39ug/Mn at P=0 GPa and decreases gradually with in-
creasing pressure up to 1.54 GPa, although the disappearance_. 0.20 |- j;‘a/f .
of magnetism occurs &.=14.6 GPa. We estimated the ini-
tial pressure dependence d&flg for P<1.0GPa to be

d In Mg/dP=—-0.122 GPa! and obtained the volume depen-
dence ofM g dIn Mg/dIn V=16 using the same value of the
bulk modulus. This value is also consistent with previous

data®3®

We show in Fig. 4 the magnetization processes for 4.2 K va’
in the low-field region at various pressures. The magnetiza- 0.00 L ' ' ‘ : :
tion for P=0 GPa increases nonlinearly with magnetic field
up toB.=0.1T and then nearly linearly up #®;=0.55T.
The critical field B, corresponds to a magnetic transition
from the helical state to the conical oh€.As already de-
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FIG. 5. Magnetization curve of MnSi for 4.2 K at 1.54 GPa

measured in increasing fields. The transitiorBat can clearly be

scribed, the induced ferromagnetic state is realized aboveeen.



PRB 62 OBSERVATION OF AN ITINERANT METAMAGNETIC . .. 989

the helix or conical states is not dramatically changed as a 04— L
function of pressure, because the system apparently is not - MnSi B,

clearly driven toward antiferromagnetism with increasing 031 P=154GPa Y pummmsmenane 17K
pressure. | B//[100]

Thessielet al. and Pfleiderer suggested from ac suscepti- 0.2
bility measurements that a metamagnetic transition with
small hysteresis occurs around 0.4 T at 1.55 &P& They
pointed out that the origin of the hysteresis could be either
itinerant electron metamagnetism or the field-induced onset
of the helical phas&®*>3" For the latter, the transition be-
tween the helical and the conical phase at ambient pressure
implies first order. The metamagnetic transition reported by
them may correspond to the second transition, which we
found at 0.31 T.

Regarding the first metamagnetic transition betwBgh
and B,,,, we believe that this transition occurs just above
transition temperature near the critical pressure. For,CoS
under 0.77 GPa, Gotet al.also showed an itinerant-electron
metamagnetic transition with small hysteresis-@.1 T just
above transition temperatuf@17 K), whereas the transition
temperature did not vanisfi.In addition, the results of the
xac-T measurements in the vicinity of the critical pressure FIG. 6. Magnetization curves of MnSi along thE00] axis for
suggest that MnSi in zero field at 1.54 GPa is an exchanget.54 GPa in magnetic fields up & T atvarious temperatures from
enhanced Pauli paramagri&tTherefore, we consider that 1.7 to 20 K.
the transition with hysteresis observed at 1.54 GPa, which
can be seen clearly in the inset of Fig. 4, is an itineranthe four magnetic phases are considered as follds:is a
metamagnetic transition. Typical itinerant electron metamagparamagnetic phas®/2 is a conical phasey3 is a new
nets exhibit a sharp transition from the paramagnetic to thenagnetic phase, and4 is an induced ferromagnetic phase.
ferromagnetic state in magnetic fields, such as Qa®ler The obtained phase diagram substantially corresponds to the
0.77 GPa® We consider that the transition in MnSi at 1.54 one deduced from ac susceptibility measurements at 1.55
GPa occurs from the paramagnetic to a conical state since tf@Pa’**However, we determined exactly the metamagnetic
Dzyaloshinski-Moriya interaction exists. Since the pressurdransition region from direct magnetization measurements at
is slightly higher than the critical pressuife, the metamag- high pressure.
netic transition field will be very low. Here, we briefly discuss our results using a theory of itin-

It should be mentioned that recent studies of the zero-fielérant electron metamagnetism at finite temperature based on
NMR for MnSi are claimed to show the remaining of the a spin-fluctuation modef:~?> According to the theory, the
local moments above the critical pressﬁﬂ*é:lowever, the equation of state for the itinerant electron system with the
results of our dc magnetization and the previggac-T ~ metamagnetic transition is written in the ground staie (
measurement$ suggest that there is a nonmagnetic state of=0 K) as
MnSi in zero field above.. Therefore, the local moments
reported by the NMR may be due to disorder of the powder B(M)=aM+bM3+cM>5, (1)

samples and/or strong pressure gradients. wherea is the inverse susceptibility. The coefficietandc

In order to examine the magnetic behavior of MnSi near, expressed in terms of the density of stéR®S) and its

P., we measured the magnetization curves at various tem-
peratures and th®l-T curves at various magnetic fields un-

M (u/fu)

der a high pressure of 1.54 GPa. Figure 6 shows the magne- 0.5 . . . v T

tization curves at low temperatures from 1.7 to 20 K. With — Be07T

increasing temperature, the metamagnetic transition appear- 0.4l \ MnSi ]

ing betweenB,,; andB,,, is smeared and the hysteresis of \ e P =1.54 GPa

the transition disappears at 7 K. The transition field to the 5 03l B=03T“'~* B //[100]

induced ferromagnetic stat®; decreases slightly with in- "\;m N

creasing temperature, and the transition becomes broad = B=O_2'§;}

above 10 K. = 027520 i N 1
The temperature dependence of the magnetization for 5_01}\ \\

1.54 GPa at various fields is shown in Fig. 7. We determined 01—y \ T

the position of T, from the inflection point on theM-T B=O.OZ}\

curve. The transition has no hysteresis arotinRd which 0.0 L — T ' '

0 5 10 15 20 25 30

indicates that it is second order in these magnetic fields. Us- M

ing the data 0B, Bz, Bea, By, andT,, we determined

the magnetic phase diagram of MnSi for 1.54 GPa in the FIG. 7. Temperature dependence of the magnetization of MnSi
B-T plane, as shown in Fig. 8. From the above discussionfor 1.54 GPa in various magnetic fields along fié0] axis.
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smaller thang;. The application of high pressure makes the

0.8 : ' ' 3d band wider, resulting in the increase of the paramater
07+ MRS (the decrease_ of the susceptibilitgiue to the decrease of
06 - M4 | DOS atEg. Since the changes &f andc are smaller than
s P=154GPa that of a, the value ofac/b? increases with pressure. In the
0.5 | ooy 1 first-order transition region of 12P<1.5 GPa, the value of
E o4 L Mo ] ac/b? is in the range ofs<ac/b?< <, where the transition
) ot N temperatureT is expected to be abruptly reduced by the
03 r metamegnetic | application of high pressuré.In fact, T, in the first-order
025 1 pressure region is rapidly decreased and becomes zero
oq L k ::‘__m 1 around 1.5 GPa as shown in Fig!®2-14The pressure ef-
B M fect on T, is extremely large. Above 1.5 GPa, the value of
0.0 0 ;5 1'0 1'5 20 ac/b? is considered to become slightly larger thjrand the
T (K) field-induced metamagnetic transition occurs. The observa-

tion of a broad maximum of the susceptibility in the region
P>1.2 GPa is also consistent with the theory.

Recently, Yamada and Terao theoretically studied the
magnetic properties of MnSi under high pressure on the basis
of the electronic-structure calculation and the spin-
derivatives at the Fermi ener@ .%* In this theory, the con-  fluctuation theory® The obtained results are as follow4)
dition a>0, b<<0, andc>0 is assumed. At finite tempera- the maximum of susceptibility is nearly independent of pres-
ture (T>0), the coefficients, b, andc are renormalized by sure,(2) the first-order ferromagnetic transition occurs in a
thermal spin fluctuations and become temperature dependemiarrow range of pressure just below the critical pressure for
a(T), b(T), and c(T), where a(0)=a, b(0)=b, and the disappearance of ferromagnetisf8) a metamagnetic
c(0)=c. Moriya determined the magnetic phase diagram otransition appears in a narrow range of the lattice constant
the systent? In the region ofac/b?< 2, ferromagnetism is near the critical lattice constant, which corresponds to the
stabilized. It should be noticed that this ferromagnetic con<ritical pressure. These results are qualitatively consistent
dition (>0, b<0, c>0, and 0<ac/b?< <) contradicts the with the present and previous studf@sowever, the calcu-
Stoner condition for the appearance of ferromagnetiam ( lated magnetization processes for=0 K near the critical
<0). The ferromagnetic transition is second order forlattice constant shows a sharp metamagnetic transition from
ac/b’<2, while it is first order for z<ac/b’<sZ.  the paramagnetic to the ferromagnetic state, which is in dis-
Yamad&®* pointed out that just abov&, in the first-order —agreement with our experimental dafaom the paramag-
ferromagnetic region, a metamagnetic transition appears, antetic to a conical stajeThis is because the calculation does
the paramagnetic susceptibility exhibits a broad maximumnot take into account the Dzyaloshinski-Moriya interaction.
In the region of2<ac/b?< 3, the ground state is paramag- In summary, we have performed direct magnetization
netic and itinerant electron metamagnetism occurs. The sugreasurements on single-crystalline MnSi under high pres-
ceptibility in this region shows also a broad maximum. Nosures and high magnetic fields. At 1.54 GPa, we have clearly
metamagnetic transition appears fm/b?> 524 observed a metamagnetic transition around 0.1 T with hys-

The equation of state for MnSi cannot be described witheresis at low temperatures below 7 K. From the obtained
Eq. (1) because the Dzyaloshinski-Moriya interaction exists.results, we have determined the magnetic phase diagram of
However, we consider that the magnetic behavior of MnSMnSi for 1.54 GPa just above the critical pressure.
under high pressure can be explained by the above theory
because the main ferromagnetic interaction among the Mn
moments is larger than the Dzyaloshinski-Moriya interac-
tion. Since the magnetic transition &t is second order at The authors wish to thank Professor Awaji of High Field
ambient pressure and changes into the first-order one at 1l@&aboratory for Superconducting Materials, Tohoku Univer-
GPa, the value ofic/b? for MnSi is thought to be slightly sity, for assistance with the resistivity measurements.

FIG. 8. Magnetic phase diagram of MnSi determined from mag-
netization measurements at 1.54 GPa.
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