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Abstract. The dependence on pressure(P ) and field(H) of the magnetic phase diagram of
MnSi has been investigated by means of measurements of the AC susceptibility(χ) up to 16 kbar
and 7 T attemperatures down to 30 mK. For ambient pressure, we report on a peak inχ above
Tc at a characteristic temperatureTm that rises quickly with field. The pressure dependence of
Tm is found to be strongly analogous to that of the zero-field transition to long-range order atTc.
Features ofχ in the field versus temperature(T ) phase diagram may be viewed as ‘fingerprint’
evidence of a field-induced crossover atTm of the itinerant magnetism from a non-polarized
regime at highT and lowH to a polarized regime at lowT and highH . The long-wavelength
spin spiral, present at lowH , appears to be supported only in the polarized regime, so in the
immediate vicinity of the critical pressurePc for which Tc → 0, a small pocket exists as a
re-entrant state.

1. Introduction

The nature of unconventional magnetic or superconducting phases of metals may be clarified
by tuning them systematically with the help of an external parameter such as pressure
or field. Here we present measurements on the magnetic state of MnSi at high field
and high pressure, which is considered an archetypal representative of the class of weak
itinerant ferromagnets [1, 2]. At ambient pressure, MnSi orders at a critical temperature of
Tc ≈ 30 K. Low-temperature features of its metallic state are consistent with a spectrum
of fermion quasiparticle excitations of a normal Landau Fermi liquid [3, 4]. Dominant
magnetic contributions to the free energy may alternatively be described on the basis of the
experimentally observed spectrum of strongly enhancedferromagnetic fluctuations [5, 6].
The magnetic order is, however, not exactly that of aferromagnetic system, but stabilizes
in its cubic B20 crystal environment the formation of a helical spin spiral along〈111〉 of
wavelengthλ ≈ 180 Å, i.e. occupying 0.01% of the volume of the Brillouin zone [7].
Neutron diffraction studies have shown that this spin spiral alters its propagation direction
for fieldsH > Hc1 ≈ 0.1 T, forming a fan spiral of essentially unchanged wavelength up
to Hc2 ≈ 0.6 T. At fields aboveHc2 it collapses [8–10].

Detailed measurements of the resistivityρ and AC susceptibilityχ have established
that Tc collapses to zero for pressures in excess ofPc ≈ 14.6 kbar [11, 12]. Although
the resistivity at this pressure drops monotonically by nearly three orders of magnitude
between room temperature and 20 mK in the samples investigated, it never assumes the
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conventional quadratic temperature dependence of a normal Landau Fermi liquid. One
may instead account for the observed form ofρ(T ), which approachesT 5/3 in the limit of
mK temperatures, by means of a quasiparticle interaction potential that is consistent with
measurements of de Haas–van Alphen oscillations and the specific heat at ambient pressure
[3, 13, 14]. This interpretation supposes that the effective-fermion-quasiparticle interaction
at Pc is well approximated by the exchange of criticalferromagnetic fluctuations over the
size of the Brillouin zone. Quantitative measurements of the AC susceptibility showed,
however, that the transition becomes weakly first order forP > P ∗ ≈ 12 kbar, before
disappearing abovePc. The susceptibility of the paramagnetic regime at these pressures
remains finite forT < T ∗ ≈ 12 K, the location of a broad peak inχ for P > P ∗. To date, a
number of magnetic metals have been reported for which such a peak may be connected to
a change of curvature of the magnetization as a function of field [15–17]. However, the role
of many-body effects as regards an understanding of this behaviour remains an unsettled
issue.

In the past, detailed experimental and theoretical investigations have been carried out on
compounds showing rich modulated and antiferromagnetic structures [18]. We report here
hence also on a study into the question of the origin of the peak inχ at T ∗, and evidence on
whether the magnetic state of MnSi is driven towardsantiferromagnetism with increasing
pressure.

2. Experimental procedure

The AC susceptibility of MnSi has been determined as a function ofP between ambient
pressure and 16 kbar. Measurements were predominantly carried out in isothermal field
sweeps reaching up to 7 T in the vicinity ofPc and 1 T at all other pressures, forT in
the range 30 mK< T < 60 K. We have supplemented these measurements with scans for
varyingT at fixedH where necessary. The two samples of differing purity investigated had
negligible demagnetizing factors. A single crystal of residual resistivity ratio in excess of
240 was studied at all pressures. It was oriented so that the modulation field and DC field
were parallel and along〈100〉. Further properties of this sample and a description of our
experimental method have been reported elsewhere [3, 4, 11, 19]. A second single crystal
of residual resistivity ratio around 30 was studied for comparison at ambient pressure. This
sample was oriented along〈111〉. Properties of samples of the latter quality have also been
reported elsewhere [20].

Pressures were generated in a clamp-type pressure cell, made of BeCu and a non-
magnetic AlCrNi alloy. The pressure cell was enclosed in a tightly fitting Cu screen to
ensure temperature uniformity throughout, and the sample was thermally linked to the
screen with the help of high-conductivity Cu wires and a carefully designed joint made
of non-magnetic, high-conductivity Ag epoxy. The temperature of the thermal screen was
regulated to better than 0.1% during field sweeps. Magnetic fields up to 7 T were generated
with a superconducting solenoid, and field ramps carried out at digitally generated sweep
rates, well below the threshold of eddy current heating.

The AC susceptibilityχ was measured with the help of a carefully balanced pair
of secondaries inside a small primary, all placed inside the pressure cell [11, 19]. The
experiments were carried out at a modulation frequency of 80 Hz and modulation amplitudes
of the order of 10−4 T, thus avoiding skin and eddy current effects as well as self-heating
of the experimental assembly. The resulting AC signal was analysed with a digital, phase-
sensitive detector, so that the in-phase responseχ ′ and out-of-phase responseχ ′′ could
be distinguished. Calibration runs as functions ofH and T for the empty susceptometer
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established the absence of (i) variations of the mismatch of the pair of secondaries larger
than 1%, (ii) signal contributions from the pressure cell, and (iii) interference between the
signal detection system and the DC field. Additional measurements at ambient pressure at
fields up to 4 T were carried out on the same samples with the help of a SQUID and another
AC susceptometer.

The experiments were carried out in the sequence of (i) cooling from a temperature
above 40 K, (ii) a field cycle to at least 1 T, and (iii) theT -sweep to the next temperature at
zero field. As described below, no evidence was observed of irreversible behaviour above
a characteristic fieldHc2 ≈ 0.6 T. Field sweeps of increasing strength thus systematically
probed the behaviour of a zero-field-cooled sample, while those of decreasing field strength
probed that of a field-cooled sample.

Figure 1. The AC susceptibility as function ofT at fixed fields up to 4 T. At fields above 0.4 T
a broad maximum develops aboveTc, shifting to higherT as the field increases. The curves
correspond from top to bottom to 0.3 T (A), 0.4 T, 0.5 T. 0.6 T. 0.7 T, 0.8 T, 1.0 T, 2.0 T,
3.0 T and 4.0 T (J) respectively. The inset shows a typical susceptibility trace as function of
field for a temperature just belowTc. This curve representatively yields all field-related features
associated with the spiral state, and is described in detail in the text.

3. Results

Shown in figure 1 are typical curves of the AC susceptibility(χ ′) for selected fields at
ambient pressure. Further information may be obtained from isothermal field sweeps, such
as that shown in the inset of figure 1. These data allow us to establish the magnetic
phase diagram of MnSi at ambient pressure. We may summarize the observed behaviour as
follows. At H = 0 T (not shown in figure 1),χ(T ) ∝ (T − Tc)−1 with µeff ≈ 2.2 µB/Mn
up to Tc. Below Tc, χ(T ) is saturated and its imaginary part is finite, as expected of a
magnetically ordered regime in which magnetic domains are formed. At 0.3 T (trace A) we
still observe the same general features as for zero field. However, for temperature sweeps
at more elevated fields, a broad maximum atTm(H) appears. ForT > Tm, the Curie
behaviour and the corresponding effective moment ofχ(T ) are nevertheless unchanged.
We note, however, thatχ−1 below Tm is essentially proportional to the field for fixed
temperature. We may thus consider the peak atTm as being the temperature at which the
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properties of an itinerant magnet change from those of an essentially non-polarized state (for
T > Tm) to those of a field-polarized state (forT < Tm). The value ofTm, finally, increases
up to the highest field investigated here, 4 T (trace J), while the overall susceptibility
decreases. ForH > 0.6 T, the imaginary part of the susceptibility is essentially negligible
at all temperatures.

To obtain more detailed information on low-field features of the ordered phase, which
yields a long-wavelength spin spiral as described in the introduction, it is also helpful to
measure the isothermal susceptibility as a function of field. A typical curve containing all
of the key features observed at ambient pressure forT just belowTc is shown in the inset
of figure 1. We may in particular define four characteristic field values as follows.Hc1 is
the point of steepest initial increase,HA1 andHA2 the lower and upper bounds of a small
local minimum, andHc2, finally, is the point of steepest descent at higher fields. Field
cycles show thatχ at Hc1 is slightly irreversible. BelowHc2, the imaginary part of the
susceptibility is finite, but aboveHc2 it is essentially negligible. AboveTc, isothermal field
variations show a maximum ofχ atHm(T ). We note that the characteristic linesTm(H) or
Hm(T ) do not coincide in theH versusT phase diagram since they correspond to a broad
crossover and not a sharp phase transition.

Figure 2. Comparison of the magnetic phase diagram as determined from our measurements
and the neutron diffraction study by Ishikawaet al [9]. Excellent agreement is observed between
the two methods. Also added is the variation of the peak atTm as a function of field.

The resulting phase diagram at ambient pressure is shown in figure 2. To understand the
variations ofχ(T ) at Hc1, Hc2, HA1, andHA2, we have added previous results of neutron
diffraction investigations [8–10]. We note first a remarkable agreement of our values of
Hc1, Hc2, HA1, andHA2 with the transition lines of the spiral state. From this comparison,
we conclude thatHc2 coincides with the collapse of the spiral at sufficiently large field and
temperature. At lower field and temperatures, it has been shown that three phases may be
distinguished. Up toHc1 the spin spiral seems unaffected, while aboveHc1 the magnetic
field induces a rotation of the propagation axes towards the field direction and a change
into a fan spiral. It has to be emphasized though, that the wavelength of the spiral is found
to vary little as a function of field. In the small temperature versus field pocket of the A
phase, defined forHA1 < H < HA2 below Tc, the propagation direction of the spiral was
recently established to be rotated to a direction perpendicular to the field [21]. Away from
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the spiral state, finally, we distinguish two regimes separated by the broad maximum ofχ

at Tm.
The agreement of our data with results of previous neutron diffraction studies at ambient

pressure provides an excellent guide for establishing the magnetic phase diagram at high
pressure. Up toP ∗ ≈ 12 kbar, above which the transition is weakly first order,Tc drops
by nearly 60% from 30 K to around 12 K. The crossover line defined via the peak atTm
is also very sensitive to the effect of pressure, and shifts rapidly to lower temperatures.
However, global features of theH versusT behaviour of the spiral state belowTc, namely
the absolute values ofHc1, Hc2, HA1, andHA2, remain essentially unaffected. It is in
this context interesting to note that the size of the change of the susceptibility1χ at Hc1,
Hc2, HA1, andHA2 for increasing pressure monotonically decreases somewhat, and that
the anomaly associated with the A phase disappears altogether on approachingPc. We
may suppose that the susceptibility at low fields, as measured here along〈100〉, arises
predominantly from variations of the spin spiral either in terms of its wavelength or its
orientation. However, recent neutron diffraction experiments at high pressure show that the
wavelength of the spin spiral is essentially unchanged. The small decrease of1χ with
pressure may thus be taken as evidence of a pressure-induced rotation of the propagation
direction of the spiral at zero field away from〈111〉 [10, 21].

Figure 3. (a) Typical isothermal susceptibility traces at 13.60 kbar. For 4.30 K< Tc ≈ 6.45 K,
the curve resembles that measured at lowP . At 7.70 K, just aboveTc, we note the appearance
of a peak atHm and a little shoulder corresponding toHc2. At 11.00 K, well aboveTc, Hm is
larger thanHc2, and the curve peaks only atHm. (b) Typical isothermal susceptibility traces at
15.50 kbar (just abovePc). In both parts of the figure, small irreversibilities in field cycles have
been marked. At higherT these irreversibilities disappear.

NearPc, the susceptibility reflects a more delicately balanced situation. Examples of
isothermal susceptibility curves, as measured at 13.60 kbar and 15.50 kbar, i.e. 1 kbar below
and above the critical pressure, respectively, are shown in figure 3. We first describe data
obtained at 13.60 kbar, for whichTc ≈ 6.45 K. At 4.30 K, i.e. belowTc, we observe a



6682 C Thessieu et al

Figure 4. TheT -dependence of the susceptibility as computed from the isothermal field curves.
The lines are fits to the measured points. The strong field dependence of the broad peak atTm
remains, but in comparison to the behaviour seen at ambient pressure shown in figure 1, the
peak is more pronounced. The inset shows the field dependence of the broad maximum atT ∗
at 15.50 kbar for low fields.

small initial increase ofχ(H) atHc1 and a drop atHc2. As before, the susceptibility near
Hc1 is slightly irreversible, and the imaginary part of the susceptibility becomes negligible
only aboveHc2. No evidence was observed for anomalies that may correspond to the A
phase. At 7.70 K, i.e. just aboveTc, the susceptibility passes first through a pronounced
maximum atH ′m > Hc1, which is reminiscent of the behaviour atHm, before dropping off
at a fieldHc2. Our measurements show furthermore thatH ′m increases withT , and that
the associated peak broadens and decreases. In contrast to this, the drop atHc2 decreases
slightly with increasingT until it merges with the peak atHm. At higher temperatures only
a broad maximum atHm remains, such as that shown here for 11.00 K.

We may now turn to data measured atP ≈ 15.50 kbar, also shown in figure 3. At low
temperature we observe typically a rapid increase ofχ at a fieldH ′m > Hc1, and a subsequent
decrease at a higher fieldHc2, like that shown for 1.00 K. Field cycles indicate that the
low-field increase of the susceptibility atH ′m is slightly hysteretic, which is supported by our
observation of a non-negligible imaginary part of the susceptibility betweenH ′m andHc2.
Although a precise quantitative scaling is outside the possibilities of this experiment, we find
that the susceptibility remains finite up to 7 T, and the magnetization is hence unsaturated.
No anomalies are observed that could be associated with the A phase. As the temperature
increases, the lower bound of the broad maximum atH ′m shifts rapidly to higher fields, and
the upper bound atHc2 slightly drops. Above a temperature of the order of 6 K, the lower
bound finally merges with the drop atHc2 into a broad maximum atHm shown here for
a measurement at 8.00 K. For still increasing temperature,Hm increases further while the
peak broadens and the peak height decreases. At temperatures above 6.00 K, we have no
further evidence for hysteretic behaviour in field cycles; however, the imaginary part of
the susceptibility is slightly elevated in the vicinity ofHm. We note, in particular, that the
observed features of the imaginary part of the susceptibility do not permit an integration of
χ as a function of field to obtain quantitative information on the magnetization.

Prior to summarizing all of the above-described behaviour in terms of a magnetic phase
diagram, the nature of the peak atHm may be clarified with the help ofχ(T ) for selected
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Figure 5. (a) The magnetic phase diagram at 13.60 kbar as obtained from the isothermal
susceptibility traces. Just aboveTc, the spiral state appears as a re-entrant phase in a smallT -
interval. (b) The magnetic phase diagram at 15.50 kbar. The spiral state seems to appear only
as a re-entrant phase up to 5 K.

fields, as shown in figure 4. The curves shown here are guides to the eye through data
points that were obtained from field sweeps in the regime of reversible behaviour. As
described in the introduction, the susceptibility for a pressure of 15.50 kbar at zero field
is Curie-like at high temperature, and has a broad maximum atT ∗ ≈ 12 K. As shown
in the inset of figure 4 this maximum shifts slightly towards lower temperatures at low
fields. For intermediate fields, it is not possible to follow the evolution of this maximum
further. However, as shown in the main part of figure 4, for fields of 0.5 T and higher, the
susceptibility has a very pronounced maximum at a temperatureTm, of which the overall
characteristics are in perfect agreement with the behaviour observed at ambient pressure,
shown in figure 1.

This, finally, brings us to the magnetic phase diagrams at 13.60 kbar and 15.50 kbar,
shown in figure 5. The dominating feature is a crossover line defined through the peak at
Tm separating an essentially non-polarized regime at high temperature from a field-polarized
regime at low temperature. The pronounced increase ofχ aroundTm is for these pressures
sufficiently strong to be seen also in field sweeps. The dependence ofTm(H), however,
does not coincide withHm(T ), as pointed out above, due to the broadened nature of the
maximum inχ . In the low-field and low-temperature regime of this phase diagram, the
spin spiral is supported only in the field-polarized regime for sufficiently low fields. For
temperatures just aboveTc at 13.60 kbar and low temperatures at 15.50 kbar, the spiral state
exists as a re-entrant phase in field sweeps. The absolute values ofHc1, Hc2, HA1, andHA2

are only very moderately pressure dependent. In contrast to this,Tc and Tm are strongly
pressure dependent.

A direct comparison of the pressure dependence ofTc (for H = 0 T) with those ofTm
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Figure 6. Comparison of the pressure dependence ofTc at zero field with those ofTm at fields
from 0.6 T to 0.9 T. The pressure dependences are essentially the same for all fields studied
here. The data on the variation ofTc with pressure were taken from reference [11].

at 0.6 T, 0.7 T, 0.8 T, and 0.9 T is shown in figure 6. The data onTc(P ) shown here were
taken from reference [11]. The pressure dependence ofTm is thereby remarkably analogous
to that of Tc. In addition we note, for intermediate fields below 0.6 T, the collapse of
the spiral shifts to lowerT for increasingP . In the temperature versus pressure plane,
properties belowTm now correspond to the field-polarized regime, and properties aboveTm
to the non-polarized regime.

4. Discussion

The discussion of the dependence ofχ on temperature, pressure, and field may be divided
into two parts. At first we address the effect of the field on global features of the magnetic
state, for which we observe a crossover that may be taken as evidence of a field-induced
spontaneous polarization of the itinerant-electron liquid. Secondly, details of the spiral state
at low fields are discussed, which suggest that careful fine tuning stabilizes a re-entrant
phase pocket in the close vicinity ofPc.

Features of the itinerantferromagnetism in MnSi may be quantitatively accounted for by
a self-consistent Ginzburg–Landau approximation [5, 11, 14]. The magnetic contribution to
the free energy is here expanded to fourth order in terms of the time- and space-dependent
magnetization. This model may be evaluated with the help of a few experimentally
transparent, phenomenological parameters that may be related to the bare parameters of the
non-interacting single-electron system through renormalization by the spectrum of thermal
magnetic fluctuations. The value ofTc is then understood as being suppressed from its
Stoner value by the strongly enhanced spectrum of thermal magnetic fluctuations. The
temperature dependence of the mean fluctuation amplitude〈m2〉, which is related to the
imaginary part of the dynamical susceptibility through the quantum fluctuation-dissipation
theorem [1, 5], accounts quantitatively for among other properties the large effective Curie
moment aboveTc and the anharmonic field dependence of the magnetization at high field
and lowT .

The self-consistent Ginzburg–Landau model referred to above may be taken as the
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Hartree approximation of a more general Ginzburg–Landau–Wilson analysis of zero-
temperature (i.e. quantum) phase transitions of itinerant-electron magnets [22]. This
contrasts, for example, with the(n > 4)-component classical Ginzburg–Landau–Wilson
description of complexantiferromagnetic phase transitions [23].

At ambient pressure, we interpret the low-field regime aboveTm as an essentially non-
polarized state, of which the nearly field-independent effective Curie moment provides
‘fingerprint’ evidence. In contrast, belowTm and at high field, the susceptibility varies as
expected of a field-polarized state. It is remarkable that the crossover atTm between these
two extremes is not gradual, but well defined. The origin of the crossover line may be
sought in its dependence on pressure and temperature. At ambient pressure the transition
temperatureTm increases with field, as is qualitatively expected of an effect related to
a thermally increasing fluctuation amplitude. With increasing pressure, the spectrum of
magnetic fluctuations is on the other hand enhanced, andTc collapses to zero. However, as
previously reported, the transition crosses from second to weakly first order nearPc, and the
paramagnetic susceptibility develops a broad peak at aroundT ∗ ≈ 12 K [11]. The origin
of this peak was explained on the basis of a deep minimum of the single-electron band
structure giving rise to a negative quartic contribution to the Ginzburg–Landau expansion.
For stability, the free energy must then be expanded to sixth order. The effect of low fields
on the maximum atT ∗ may finally be pictured as inducing a spin splitting of the single-
electron density of states that is small in comparison to the smearing by thermal magnetic
fluctuations, thus causing a weak decrease of the peak atT ∗ as shown in figure 5.

It appears likely that the same deep minimum of the single-electron density of states is
also at the heart of the field-induced crossover atTm as suggested by a previous analysis
[24]. However, a complete self-consistent computation of the higher-order coupling terms
is difficult to evaluate, due to the lack of a precise understanding of the implicit dependence
of the mean fluctuation amplitude〈m2〉 on the static magnetization. In principle, a number
of other mechanisms not related to the single-electron band structure may also give rise to
a negative quartic contribution. They are (i) magneto-volume coupling, (ii) screening of the
mode–mode coupling, or (iii) non-linear precession of the magnetization under the action of
the molecular field [14, 25]. The effects of zero-point fluctuations of the local magnetization
are, finally, also important, and may formally be included in the bare expansion parameters
of the non-interacting system [5, 26]. However, their field dependence is not expected to
account for the features observed here.

A field-induced change of curvature of the magnetization has also been reported for
other representatives of itinerant d-electron magnetism, namely the cubic Laves phases
Y(Co, Al)2 and Lu(Co, Al)2 [15, 16]. By comparison to MnSi, however, these materials
show similar phenomena only at ultrahigh pulsed fields of up to 100 T.

We may now turn to the pressure dependence of the spiral state and its role in the
magnetic phase diagram. The rather small change ofHc2 under pressure suggests that
its wavelength hardly changes. This is consistent with preliminary neutron diffraction
studies under pressure [4, 21]. We conjecture therefore that MnSi as function of pressure
is not driven towardsantiferromagnetism, and that the approximation of an essentially
ferromagnetic system remains useful for accounting for global features of the magnetic
phase diagram.

An important detail of the spiral regime is, moreover, that it may be tuned to become
a re-entrant magnetic phase closely abovePc. Qualitatively similar properties are also
observed for f-electron systems belonging to the class of heavy-fermion materials such
as CeRu2Si2. By comparison to MnSi, CeRu2Si2 has characteristics corresponding to an
effective pressure 3 kbar abovePc. Systematically replacing Ce with La leads to a reduction
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of the unit-cell volume, i.e. an effective negative pressure, which induces a complicated
antiferromagnetically ordered state in Ce1−xLaxRu2Si2 for x > 0.08. However, no re-
entrant magnetism has been detected in these systems, as discussed in a recent review
[27]. It is also worthwhile mentioning that experiments under pressure on Ce0,8La0,2Ru2Si2
(Pc = 4 kbar) show a weak pressure dependence of a ‘conventional’ metamagnetic transition.
In view of the variety of mechanisms that may principally be at the heart of metamagnetic
behaviour in itinerant-electron systems, we note that in these Ce compounds the effects of
magnetostriction and zero-point fluctuations are strong. For instance, in pure samples of
CeRu2Si2, a large expansion of the volume appears at the so-called pseudo-metamagnetic
field Hm, driving the system towards a magnetic instability which is not reached even at
the lowest temperatures. Properties of the ultrasound attenuation, thermal expansion, and
forced magnetostriction in MnSi at ambient pressure [28, 29] provide evidence that these
effects have to be taken into account for a more accurate description. Recent studies of the
specific heat and forced magnetostriction of the anomaly observed atTm at ambient pressure
will be discussed elsewhere [30].

The determination of the magnetic phase diagram of MnSi is, finally, also important to
an understanding of the metallic state from the point of view of the spectrum of fermion
quasiparticle excitations. It was previously established that the quadraticT -dependence
of the resistivity in the weakly spin-polarized (ordered) phase at ambient pressure is that
anticipated of a conventional Fermi liquid. However, atPc, the temperature dependence of
ρ is always less than quadratic, and is accurately consistent with quasiparticle interactions
arising from the virtual exchange of dispersive spin fluctuations down to the lowest
temperatures investigated. Preliminary measurements show a return of theT -dependence
of ρ at Pc towards a quadratic behaviour at constant fields forH > Hm [20]. This is
consistent with our interpretation thatTm andHm mark the separation between an essentially
non-polarized and a field-polarized magnetic phase.

In summary we have observed that the magnetic phase diagram of MnSi includes a
well defined, strongly pressure-dependent crossover between a non-polarized and a field-
polarized regime. The spin or fan spiral state appears to be supportedonly in the field-
polarized regime, so a small pocket of a re-entrant phase exists nearPc in the field-polarized
regime. The crossover atTm may alternatively be interpreted as a change of the effective-
quasiparticle interaction potential, separating between a conventional, highly renormalized
Fermi liquid in the polarized regime and amarginal Fermi liquid with a quasiparticle
interaction potential arising from the exchange of nearly critical spin fluctuations.
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