Since antiquity, humans have wondered whether our Universe is
finite or infinite. Now, after more than two millennia of speculation,
observational data might finally settle this ancient question. |
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Fermi-liquid theory' (the standard model of metals) has been
challenged by the discovery of anomalous properties in an
increasingly large number of metals. The anomalies often occur
near a quantum critical point—a continuous phase transition in
the limit of absolute zero, typically between magnetically ordered
and paramagnetic phases. Although not understood in detail,
unusual behaviour in the vicinity of such quantum critical points
was anticipated nearly three decades ago by theories going
beyond the standard model’”. Here we report electrical resis-
tivity measurements of the 3d metal MnSi, indicating an un-
expected breakdown of the Fermi-liquid model—not in a narrow
crossover region close to a quantum critical point®” where it is
normally expected to fail, but over a wide region of the phase
diagram near a first-order magnetic transition. In this regime,
corrections to the Fermi-liquid model are expected to be small.
The range in pressure, temperature and applied magnetic field
over which we observe an anomalous temperature dependence of
the electrical resistivity in MnSi is not consistent with the
crossover behaviour widely seen in quantum critical systems>*>".
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This may suggest the emergence of a well defined but enigmatic
quantum phase of matter.

In the investigation of anomalous metallic properties, often
referred to as non-Fermi-liquid phenomena, complications of
various types may arise that can lead to ambiguous interpretations.
These can be related, for example, to band structure anomalies, to
magneto-crystalline anisotropies, to the effective dimensionality or
to disorder effects. In other materials, the emergence of supercon-
ductivity may make it difficult to probe the fundamental nature of
the normal state of the underlying electronic system. In order to
conclusively assess and clarify our ideas about non-Fermi-liquid
phenomena in metals, it is essential to study materials that fulfil the
desirable criteria of purity, simplicity and convenience. The itiner-
ant-electron ferromagnet MnSi appears to be one such example'’.
Under ambient conditions of pressure and applied magnetic field,
MnSi orders ferromagnetically with a small average moment of up
t0 0.4 up per Mn atom (where py is the Bohr magneton) and a Curie
temperature T of 29.5K (ref. 11). At low temperatures, it exhibits
properties consistent with the formation of a weakly spin-polarized
Fermi liquid dominated by moderately renormalized 3d bands.
With its full three-dimensional cubic crystal structure, the elec-
tronic and magnetic properties of MnSi are essentially isotropic,
except for the effects of a well-understood long-wavelength helical
twist of the ferromagnetic order characteristic of crystalline struc-
tures lacking inversion symmetry—such as the B20 lattice of MnSi
(ref. 12).

The possibility of producing ultra-pure single crystals of MnSi
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Figure 1 Dependence on temperature of the electrical resistivity of MnSi. The
temperature-dependent part Ap of the resistivity above the residual resistivity
00=0.17pQcm is plotted for different conditions of pressure. a, Ap on a quadratic
temperature scale up to about 12 K and for pressures below the critical pressure, that is,
in the ferromagnetic phase. As the Curie temperature is suppressed with pressure, the
quadratic regime is observed only below about 6 K at 11.3 kbar. Inset, the cubic unit cell of
the B20 lattice of MnSi. b, Ap on a scale of 722 up to about 6 K and for pressures above
the critical pressure, that s, in the paramagnetic phase. From top to bottom, the pressures
are 15.0,18.1,19.6, 25.3 and 27.5 kbar. The clear departure from a quadratic behaviour
is shown in the inset for 15.0, 19.6 and 27.5 kbar.
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with a disorder mean free path in excess of 5,000 A (as confirmed by
quantum oscillatory experiments' and by the low value of the
residual resistivity pg, which is 0.17 pQ cm for the sample used here)
suggests that disorder-related effects are not expected to interfere in
the experimentally relevant temperature range. The Curie tempera-
ture and the transport properties of MnSi are highly sensitive to the
application of hydrostatic pressure, and may be conveniently tuned
using a conventional piston and cylinder cell. In particular, T falls
monotonically with increasing pressure and vanishes at p. = 14.6
kbar, the critical pressure of a zero-temperature phase transition.
The continuous magnetic transition becomes first order when T is
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Figure 2 Dependence on temperature of the low-temperature resistivity of MnSi at
15.0kbar and for different conditions of applied magnetic field. a, Ap on a linear
temperature scale up to 8K. The curves shown are for 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.55,
0.6,0.65,0.7and 0.8 T. For 0.4 T and below, the curves fall almost exactly on top of each
other. The shoulder in the resistivity for 0.5 T and above signals a transition to a spin-
polarized state at low temperatures, as known from magnetic susceptibility
measurements'®, The temperature associated with this transition increases with field. The
zero-temperature critical field H . associated with this field-induced ferromagnetic phase
is between 0.4 and 0.5 T. b, Ap on ascale of 72 up to about 6 K and for 0, 0.1, 0.2, 0.3
and 0.4 T, that is, for H< H,. ¢, Ap on a scale of T2 up to 2K for 0.5, 0.6, 0.65 and
0.8T, that is, for H> H. Above H and at low temperatures, the resistivity assumes a
quadratic form similar to that seen in the zero-field ferromagnetic phase below p ..

596

suppressed below about 12K, that is, for pressures above 12 kbar
(refs 14-17). Crucially, there is no singularity in the magnetic
susceptibility at T as it tends to absolute zero, and therefore p.
cannot be classified as a strict quantum critical point"".

Here we report a high-precision study of the electrical resistivity
of MnSi at pressures up to 27.5kbar, nearly twice the critical
pressure, and from room temperature down to typically 50 mK.
Our main finding, shown in Figs 1 to 3, is the observation of a low-
temperature electrical resistivity of the form p = pg +AT>/? in the
paramagnetic phase above p.= 14.6kbar and up to the highest
measured pressure of 27.5 kbar. Whereas the coefficient A is nearly
halved over that pressure range (Fig. 1b), the exponent above p. is
weakly dependent on pressure and temperature and remains fixed at
a value close to 3/2 (Fig. 3a). The quadratic exponent normally
associated with a Fermi liquid is observed only when MnSi is in a
spin-polarized state, either in the zero-field ferromagnetic phase at
low pressures below p. (Figs la and 3a), or in the field-induced
ferromagnetic state above p.. (Figs 2c and 3b). We note that the range
in resistivity Ap over which an exponent close to 3/2 is observed is
large compared to p, with the ratio Ap/p in excess of 17 and 14 at
15.0 and 27.5 kbar, respectively. This suggests that the T/ resistivity
is an intrinsic property of the pure electronic system rather than the
manifestation of the effect of impurities. In addition, this anom-
alous resistivity is found to be robust against at least an order of
magnitude increase in pg near p. (see Methods).

The observed resistivity exponent is in conflict with the quadratic
behaviour expected in Fermi-liquid theory and thought to be
applicable even near p. at low temperatures in cases where the
quantum phase transition is first order. The remarkable stability of
this anomalous exponent from p. up to nearly 2p., and below a
critical field, is unexpected: crucially, it suggests that at low
temperatures MnSi may be described in terms of a conventional
spin-polarized phase in which MnSi exhibits Fermi-liquid proper-
ties and a new paramagnetic phase characterized by a non-Fermi-
liquid resistivity (Fig. 3d). This is expected to be followed at
sufficiently high pressures by a conventional metallic phase (not
yet seen). We interpret our observation as an unusual breakdown of
the scheme normally associated with ferromagnetic quantum criti-
cality in which only a narrow crossover regime, and not a phase, is
predicted. It is in this crucial sense that the present work goes
beyond—but is consistent with—the previous low-temperature
studies of MnSi, which were restricted to pressures only in the
immediate vicinity of p. and below'. The extensive experimental
and theoretical background of this system provides us with the
means to quantify the degree to which this peculiar finding is in
conflict with our current understanding.

Over the past several decades, the low-temperature properties of
magnetic metals such as MnSi have been described with consider-
able success in terms of an extension of the Fermi-liquid model in
which the magnetic interactions between quasiparticles are domi-
nant and become long range in space and time as a quantum critical
point is approached. This weakly or nearly ferromagnetic Fermi-
liquid (NFFL) model leads to properties that may differ strikingly
from that of a normal Fermi liquid, but strictly above a character-
istic temperature T* which vanishes only at the quantum critical
point itself'®??. This crossover temperature T* may be estimated in
a simple way by examining the form of the relaxation frequency
spectrum associated with spin fluctuations'”. For an isotropic
NFFL model, the natural rate of relaxation (I';) for a spontaneous
spin fluctuation of wavevector g in the paramagnetic state takes the
form I'y = 0q(£7 %+ ¢*), where £ = (ex)'/? is the magnetic corre-
lation length, x is the magnetic susceptibility, and 6 and c are
material-specific constants>. For the particular case of MnSi, this
form for I, is extensively supported by inelastic neutron scattering
experiments®.

The relaxation rate I', is characterized by a linear term, g/ °, that
represents Landau damping in a Fermi liquid, and a cubic term, f4°,
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that becomes progressively more important as the quantum critical
point is approached and £ diverges. These two components cross at
a frequency 6/£° that turns out to measure the characteristic
temperature T* (if frequencies are expressed in temperature
units). The breakdown of the conventional Fermi-liquid form of
the resistivity may be expected to arise only for T, and thus
frequencies, well above T* where the relaxation rate is dominated
by the cubic term. As the magnetic transition near p. is first order, &
is not expected to be very large in MnSi and therefore T* is not
expected to be very low (see below).

T* can be estimated from (1) inelastic neutron scattering data® at
ambient pressure that define the constants 6 and ¢, and (2) bulk
susceptibility measurements'® as a function of temperature, mag-
netic field and pressure that, together with ¢, define £. For MnSi, we
find 6 =~ 600KA> and at Po £=6A (ref. 23). This leads to an
estimate of T* of the order of 2 K and 10 K for pressures near p. and
2p., respectively. We stress that this estimate is in agreement with the
results of direct numerical calculations of the temperature depen-
dence of the resistivity based on the Boltzmann equation formal-
ism'. Our estimate of T* as a function of pressure up to 2p, is
represented by the dashed line in Fig. 4. So in the millikelvin range
explored here (see Methods and Fig. 5), the NFFL model predicts a
T? resistivity in essentially the entire experimental pressure and field
region, in stark disagreement with our observations. This discre-
pancy becomes particularly difficult to ignore at the highest pressure
studied here, where the non-Fermi-liquid form of the resistivity is
observed down to temperatures over two orders of magnitude lower
than T*.

In an attempt to understand our observations some issues may be
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Figure 3 Low-temperature resistivity exponent as a function of pressure and magnetic
field. The values are extracted from a least-squares fit to the resistivity data as a function
of temperature. FM and PM denote the ferromagnetic and paramagnetic phases,
respectively. a, Exponent as a function of pressure as observed between 0.5 and 4.0K
and in zero applied field. b, Exponent as a function of field as observed at 15.0 kbar
between 0.5 and 2.0 K. For the data point at 0.5 T the range is 0.5 to 1.0 K because of the
low transition temperature to the spin-polarized state (see Fig. 2c). ¢, Same as b but for
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raised, and here we briefly discuss two of them. First, the long-
wavelength helical modulation of the ferromagnetic order is
expected to lead to a modified relaxation rate of the form I', =
0q(¢7 >+ ¢* — 29Q), where Q is the wavevector of the helical
modulation. But for MnSi, Q is 0.033A™" (ref. 12) and thus
much smaller than 1/¢ in the paramagnetic state above p; that is,
within the correlation length ¢ the electrons are unaware of the
helical modulation. This suggests that the latter leads in this case
only to small corrections to the resistivity in our experimental
range. In cases where Q and 1/¢ are comparable, however, the helical
modulation may give rise to interesting and exotic behaviour (ref.
25 and M. Turlakov, personal communication).

Second, as for the effect of frozen-in disorder, the relevant length
scale is the quasiparticle mean free path . This is expected to lead to
amodification of I'; for ¢ < 1/l'and hence of the thermal properties
for T < 0/(1£?) (ref. 26). For the sample used here, this temperature
scale is over three orders of magnitude smaller than T* and there-
fore below the experimentally accessible range'®. The conclusion on
the ineffectiveness of disorder scattering for our pure sample is not
greatly altered if we consider the relaxation rate associated with
charge fluctuations rather than spin fluctuations®. We also note
that the low values of p, both in the ferromagnetic and para-
magnetic state and the weak dependence of Ap on p, suggest that the
T3% resistivity cannot be explained in terms of frozen-in spin
disorder due to the effect of impurities as in a conventional spin
glass phase.

The theory of metals has thus far been based on the concept of
elementary excitations, or in the context of the present problem, on
magnetic fluctuations that are well behaved and in some sense
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19.6 and 27.5 kbar where no spin polarization is observed in our experimental field range
up to 0.9T. Taken together, a—¢ may be seen as defining an anomalous phase in the
temperature—pressure—magnetic field phase diagram with p. and H, for boundaries in
the pressure—field plane. d, lllustration of the temperature—pressure—magnetic field
phase diagram of MnSi supported by earlier studies'®'*'7* and by our findings. The
details that arise from the helical structure have been omitted.
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Figure 4 lllustration of the temperature-pressure phase diagram of MnSi predicted by the
weakly or nearly ferromagnetic Fermi-liquid model (NFFL). In the ferromagnetic (FM) state
at low temperatures and in the paramagnetic state below the crossover temperature 7%,
the NFFL model reduces to the Fermi-liquid (FL) model characterized by a T? resistivity.
Above T* near the ferromagnetic boundary, the NFFL model reduces to the marginal
Fermi-liquid (MFL) model described in our earlier work'®'®, which, in the ideal case of a
continuous ferromagnetic transition where 7* vanishes, predicts a T3 resistivity in the
low-temperature limit®. In MnSi, however, the ferromagnetic transition is first order, and
hence T* remains finite at all pressures. In the ferromagnetic state and in the
paramagnetic state above 7* or in high magnetic fields, the NFFL model provides a
consistent quantitative description of the known properties of MnSi. Below 7 in the
paramagnetic phase, however, our measurements conflict in a profound and crucial way
with this phase diagram, in that no resistivity consistent with a Fermi-liquid description is
observed anywhere below 7*, from p up to 27.5 kbar and down to 50 mK, that is, up to
two orders of magnitude below 7*. We note that in calculating 7* we have assumed the
parameters 6 and ¢ to be constants independent of temperature, magnetic field and
pressure. We find, however, that within the NFFL model, no simple or plausible variation of
these parameters can consistently account for the overall behaviour of the resistivity and
of the magnetic susceptibility over the entire temperature, field and pressure ranges
investigated.

smooth'. However, on the border of a first-order phase transition
one might expect, in addition to these smooth fluctuations, the
emergence of sudden large-amplitude fluctuations representing the
spontaneous formation of droplets of local order. These highly
anharmonic quantum and thermal fluctuations may not be
described simply in terms of elementary excitations. Normally,
such anharmonic fluctuations are frozen out by a high-energy
barrier between the paramagnetic and locally ferromagnetic state,
and lead to the well-known supercooling phenomenon and hyster-
esis associated with conventional first-order transitions”. In
materials such as MnSi, however, the first-order transition may be
weak enough to permit anharmonic fluctuations to play a new role
in the quantum statistical mechanics of a metal at low temperature
(T. V. Ramakrishnan and C. M. Varma, personal communication)?.
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Figure 5 Dependence on temperature of the electrical resistivity of MnSi at subkelvin
temperatures. In this range and for high-purity specimens, we have observed an exponent
between 1.5 and 1.7. For this particular trace at 25.3 kbar and measured with a dilution
refrigerator, p varies as 7%
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Evidence of anomalous behaviour on the border of first-order phase
transitions that may support this view has recently been reported in
other contexts®. The relevance of our findings in MnSi to other d-
metal ferromagnets is the subject of several independent investi-
gations (C. Pfleiderer, J. Flouquet, P. Niklowitz and D. Jaccard,
personal communications). O

Methods

Samples

The single-crystal samples were grown by radio-frequency induction melting of zone-
refined high-purity starting materials on a water-cooled copper crucible in an ultrahigh
vacuum. The resulting ingots were annealed for two weeks near the melting point. Single-
crystal samples were oriented by Laue X-ray diffraction, and cut to typically

2.0X0.5% 0.5 mm® using low-power spark erosion. Four electrical contacts were made
immediately after etching the samples for 20 min in a solution of glycero:HFE:HC:HNO;
40:25:25:10. At ambient pressure, the elastic mean free path found in quantum oscillations
measurements is in excess of 5,000 A, in agreement with py=0.17 pQ cm.

Experimental procedure

The high-pressure experiment was performed using a 4-mm piston-and-cylinder clamp
cell made exclusively of non-magnetic materials®. To achieve a high degree of
hydrostaticity we employ as pressure medium an equal mix of iso-pentane and n-pentane
known to remain liquid at room temperature in the experimentally relevant pressure
range. The pressure cell is gold-plated for optimum thermal contact and to reduce the
absorption of thermal radiation.

The use of ultra-low-noise a.c. detection based on cryogenically cooled electronics
eliminates common problems related to, for example, thermal noise or drift effects, and
allows measurements at very low excitation levels, even in the millikelvin range.

Measurements were performed and repeated on three different experimental systems,
one conventional dilution refrigerator with a base temperature of 15 mK, and two
demagnetization refrigerators reaching typically 50 mK. The slow sweep rate, of the order
of 1 mK min ™" at low temperatures, ensures thermal equilibrium between the samples and
the thermometry.

We stress that in the present work measurements were systematically performed on a
number of samples and on all three experimental systems. Despite focusing here on the
findings related to our purest sample, the observations reported here were also seen near p.
in samples of varying quality with residual resistivities as high as 2.4 pQ cm.
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The different degrees of freedom of a given system are usually
independent of each other but can in some materials be strongly
coupled, giving rise to phase equilibria sensitively susceptible to
external perturbations. Such systems often exhibit unusual
physical properties that are difficult to treat theoretically, as
exemplified by strongly correlated electron systems such as
intermediate-valence rare-earth heavy fermions and Kondo insu-
lators, colossal magnetoresistive manganites and high-transition
temperature (high-T.) copper oxide superconductors. Metal
fulleride salts'—metal intercalation compounds of Cg—and
materials based on rare-earth metals also exhibit strong elec-
tronic correlations. Rare-earth fullerides thus constitute a par-
ticularly intriguing system—they contain highly correlated
cation (rare-earth) and anion (Cg,) sublattices. Here we show,
using high-resolution synchrotron X-ray diffraction and mag-
netic susceptibility measurements, that cooling the rare-earth
fulleride Sm, ;5Cq induces an isosymmetric phase transition
near 32K, accompanied by a dramatic isotropic volume increase
and a samarium valence transition from (2 + ¢)+ to nearly 2+.
The negative thermal expansion—heating from 4.2 to 32K leads
to contraction rather than expansion—occurs at a rate about 40
times larger than in ternary metal oxides typically exhibiting
such behaviour’. We attribute the large negative thermal expan-
sion, unprecedented in fullerene or other molecular systems, to a
quasi-continuous valence transition from Sm’* towards the
smaller Sm®*9™, analogous to the valence or configuration
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transitions encountered in intermediate-valence Kondo insula-
tors like SmS (ref. 3).

The transition between superconducting and antiferromagnetic
insulating behaviour of C4p-based fullerides is sensitively controlled
by the ratio (U/W) between the on-site Coulomb repulsion energy,
U, and the conduction bandwidth, W (ref. 1). Whereas intense
efforts in the last decade have exhaustively mapped the electronic
and superconducting properties of intercalated alkali and alkaline-
earth fullerides*, little is known about the electronic properties of
other metal fullerides, especially those of rare-earth elements, Ln,
which present the possibility of strong coupling between two
electronically active sublattices, w(Cgo) and 4f,5d(Ln). The most
prominent examples of rare-earth fullerides are the Yb, ;5Cq
(T.=6K)” and Sm;;5Csy (T.=8K)* superconductors, whose
complex orthorhombic structures are related to those of primitive
cubic sodium fullerides’ and arise from the long-range ordered
arrangement of tetrahedral rare-earth metal vacancies,
accompanied by orientational ordering of Cgo units about local
three-fold symmetry rotational axes’.

First, we found no evidence in Sm, -5Cq, for a transition to a
superconducting state down to 2K in contrast to ref. 8 and in
agreement with other explorations of the Sm—Cg, phase field'’. We
then probed the temperature evolution of the structural properties
of the Sm, ;5Cqo fulleride by high-resolution synchrotron X-ray
diffraction, and examined the diffraction profiles collected over a
restricted angular range of 3.3° to 25° (d-spacing, 13.9 to 1.85A) at
various temperatures between 4.2 and 295K. Inspection of the
diffraction profiles readily reveals the appearance of superlattice
peaks at low angles that index to the enlarged orthorhombic unit
cell (space group Pcab) proposed before”''. However, a striking
feature of the data is that the diffraction peaks at low temperatures
continuously shift to higher angles on heating, implying an anom-
alous structural behaviour whereby the material rapidly contracts as
the temperature increases above 4.2 K (Fig. 1). The trend is reversed
above 32K and normal behaviour is restored with the lattice
smoothly expanding on heating to 295K. Besides the shifts in
peak positions, no changes in relative peak intensities are apparent
in the diffraction profiles throughout the whole temperature range,
implying the absence of a phase transition to a structure with
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Figure 1 Selected region of the diffraction profile of Sm, 75Ceo Showing the temperature
evolution of the (444) Bragg reflection (A = 0.79980 A). Tracea, 4.2K;b, 10K; ¢, 16K; d,
21K; e, 32K; and f, 200K. The peak shifts monotonically to higher angles (lattice
contraction) on heating from 4.2 to 32K and then to lower angles (lattice expansion) on
further heating to room temperature. Its width remains essentially constant in the
temperature range in which the negative thermal expansion is observed. Then it sharpens
continuously on heating to 150K (by ~45%) with little further change to room
temperature. Such behaviour could reflect the presence of a structural phase transition
undetectable even with the ultrahigh resolution of the present measurements. More likely
it could be the signature of precursor effects to the valence transition and the existence of
local structural inhomogeneities accompanying the transformation.
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