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Stability of antiferromagnetism at high magnetic fields in Mn3Si
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We report on low-temperature measurements of the specific heat, resistivity, and magnetization of the
itinerant antiferromagnet Mn3Si. The stability of the magnetic state up to 14 T inferred from the invariance of
these bulk properties is incompatible with the itinerant magnetism expected for a conventional Fermi liquid.
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Weakly magnetic transition-metal compounds with sm
ordered moments and low transition temperatures are usu
well described as a Fermi liquid with weakly exchange-s
Fermi surface, where special topological features of
Fermi surface are ignored.1 Recent experimental studies o
weakly ferromagnetic metals shed doubts on the validity
this assumption.2,3 It is also an open issue if magnetic meta
with large ordered moments and small ordering temperat
that are more akin to local-moment insulators, may also
described on the basis of Fermi-liquid theory. Insight in
this question may be sought in the dominant energy sc
controlling the magnetic ordering temperatureTN of an itin-
erant antiferromagnet. In a Fermi liquid low ordering tem
peratures result from strong coupling of the magnetizatio
ordering wave vectorQ with heavily damped spin fluctua
tions.1 On the other hand, in the isotropic Heisenberg mo
low ordering temperatures result from weak exchange c
pling of localized magnetic moments. The energy scale
nature of the magnetic ordering compared to the mode-m
or local-moment coupling, respectively, are hence fundam
tal to magnetism in solids.

The polarization of a magnetic state in a magnetic fi
allows to probe the relevant coupling strengths. In fact
very large number of transition-metal compounds are kno
in which ordering temperatures of the order of 20 K are
lated to a high sensitivity to magnetic field of a few tes
regardless of whether they are better described in term
Fermi-liquid theory or the Heisenberg model.4–6 In this pa-
per, we report on an experimental investigation in which
employ the effect of high magnetic field (mBH'kBTN) on
the bulk magnetizationM, specific heatC, and electrical re-
sistivity r of a cubic metallic antiferromagnet Mn3Si, to
study the strength of the coupling of the uniform mo
~q50! with the ordering wave vectorQ. The observed com
plete absence of a field dependence is surprising, becau
either suggests an isotropic Fermi liquid in which the mo
mode coupling is absent or an isotropic Heisenberg mag
in which the moment coupling is exceptionally strong, d
spite low TN . From either point of view the simplicity o
Mn3Si in terms of its crystallographic structure and magne
order challenges the present day understanding of met
antiferromagnetism.

Recent years have witnessed an increased interest in
magnetic and metallic properties of Heusler transition-me
compounds7–10 to which Mn3Si belongs. Ternary member
of this class of materials display a wide variety of differe
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behaviors such as disorder induced non-Fermi liquid,9,10

half-metallic magnetic8 and semiconducting ground states7

High ferromagnetic ordering temperatures of several hund
kelvin are also frequent.

Mn3Si crystallizes as MnIMnII,2Si, DO3 ordered Fe3Al,
and with space groupFm3m.11–13The crystal structure may
be described in terms of four fcc sublattices located at~0,0,0!
for MnI , ~1/4,1/4,1/4! and ~3/4,3/4,3/4! for the MnII and
~1/2,1/2,1/2! for Si. The MnI sites are hence surrounded b
eight MnII nearest neighbors and have anOh point symme-
try. The MnII are on the other hand surrounded by four MI
nn and four Si nn, respectively. The structural symmetr
encountered in Mn3Si are extremely simple, so that studie
of polycrystalline samples already supply key information

Mn3Si is metallic and develops incommensurate antif
romagnetic order belowTN'25 K along Q50.425 a*111,
where a*111 denotes the reciprocal lattice vector alon
~111!.12,13The magnetic order is best described as a seque
of ferromagnetic planes MnII-MnI-MnII , separated by a S
plane, all equidistant atd53.304 Å. The ordered moment
m I51.7mB andm II50.19mB are oriented in-plane, so that th
sequence of planes form a short-wavelength double he
The ordering wave vectorQ is weaklyT dependent without
hint for a further change of magnetic structure.13 The T de-
pendence of the MnI moment follows a Brillouin function
(S51/2) for T,TN , i.e., the transition is second order, th
magnetic state essentially isotropic and a sizeable ord
moment forms already closely belowTN .13 The key features
of the magnetic structure are that~i! the order is essentially
antiferromagnetic,~ii ! there is no magnetic site frustration
~iii ! there is no appreciable magnetic anisotropy, and~iv! the
amplitude of the moments varies strongly by nearly an or
of magnitude alongQ.

Inelastic neutron scattering in Mn3Si shows excitation
spectra that are unusual in a number of ways. ForT.TN
large amplitude, large coherence length antiferromagn
spin fluctuations are observed.14,15These fluctuations exhibi
a q dependence that is nearly three orders of magnit
stronger betweenq50 andQ than the conventional Lorent
zian dependence as expected for an isotropic Fermi liq
For T,TN very slow antiferromagnetic spin waves with v
locity cl'37 meV Å'85 km/s aroundQ below 6 meV con-
trast fast antiferromagnetic spin waves near the zone bou
ary above 6 meV, wherech@cl .14 We note, however, tha
neither of these excitations qualify properly as propagat
©2002 The American Physical Society04-1
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spin waves, due to their extreme broadening ofdv/v'1,
which contrasts the spin-wave broadening convention
observed in itinerant magnets havingdv/v'0.00120.1.16

For our studies polycrystalline samples were synthesi
from stoichiometric amounts of high-purity starting materia
(5N Mn,6N Si) by Ar arc-melting. Samples were melte
several times to promote homogeneity and subsequently
nealed at 700 °C for 7 days. No measurable weight loss
observed.Q22Q powder diffraction suggested that th
samples were single phased where the lattice constaa
55.722 Å agreed with the published value. Careful sc
across polished faces of the polycrystals using micropr
analysis eventually revealed,1% of a second phase o
Mn5Si3. This Si-rich phase may be related to a peritec
decomposition of Mn3Si above 850 °C. Neither the polycrys
talline nature of the samples nor tiny contributions from t
second phase of Mn5Si3, for which antiferromagnetic orde
is very sensitive to magnetic field,4 alter the key observation
and conclusions reported here.

Shown in Fig. 1 is the magnetizationM as a function of
magnetic fieldB as measured in a conventional vibratin
sample magnetometer. Up to 12 T, the highest field stud
only a tiny portion of the ordered moment of less than 3%
recovered. The magnetic response is linear inB and charac-
teristic of a simple Pauli paramagnetic state over the entirB
and T range investigated. The associated susceptibility
measured by a low-frequency technique is low even in
immediate vicinity ofTN ~inset of Fig. 1!. This contrasts the
T dependence of the ordered MnI moment forT,TN , which
reaches;70% already a few K belowTN , i.e., a large in-
crease ofM is anticipated for a field induced change
moment orientation just belowTN where the ordering energ
is low as compared to the field energy.

The specific heatC(T) is dominated by a pronounce
anomaly just belowTN ~Fig. 2!. For T→0 we observe
C(T)'gT1bT3, where g'69 mJ/mol K2 and b'1.5
31023 J/mol K4 is consistent with the zero-field behavio
reported before.11 The rounding of the anomaly inC(T) may

FIG. 1. Isothermal magnetization of Mn3Si as function of mag-
netic field. The inset displays theT dependence of the ac suscep
bility at B51 T and 12 T. The average magnetic moment at 12
is nearly two orders of magnitude smaller than the ordered magn
moment. The linear field dependence underscores the apparen
of a coupling between the uniform magnetic field and the order
wave vectorQ.
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be due to the polycrystalline nature of the samples stud
here. Up to a field of 14 T we do not observe any variation
C(T) within the resolution of the experiment, apart from
slight increase aboveTN . Any anisotropy would broaden th
anomaly ofC(T) considerably sinceTN would change much
less for the hard direction compared with the easy directi
Moreover, neither the specific heat nor the neutron-scatte
spectra14 show evidence of an antiferromagnetic gap over
experimental range, i.e., if there is a gap it is well below 1
and much smaller than our field range, thus underscoring
isotropic nature of the magnetic state.

The T3 dependence ofC(T) may not be accounted fo
by lattice contributions, which are negligibly small up
30 K as estimated from the Debye temperatureQD5454 K,
wherebD'2.131025 J/mol K4.17 More surprisingly, an es-
timated contribution of local-moment antiferromagne
spin waves toC(T) given by DCsw(T)5bswT3(bsw'1.65
31025 J/mol K4) is two orders of magnitude smaller tha
experiment, where a conservative estimate of an averagJ
'1.9 meV, derived from the experimentally measur
low-T spin-wave velocitycl ,14,18 corresponds to a mean
field ordering temperatureTN'30 K, in broad quantitative
agreement with experiment. This highlights the presence
strong dynamics in the metallic state challenging conv
tional models.

The total entropyS(T) ~inset of Fig. 2! of the normal
metallic state aboveTN and the magnetic order are comput
from the experimental data ofC(T). Near TN the entropy
reachesR ln 2 per Mn3Si formula unit, i.e.,S is at most one
third of the entropy expected of three localized spins of 1
where the lattice contribution is less than 5%. On the ot
hand, S(T) exceeds that of typical weakly ferromagnet
transition-metal compounds by at least an order
magnitude.1,19 This property fundamentally questions th
consistency of the metallic state with conventional sp
fluctuation theory in which paramagnons essentially acco
for the entropy.1

We finally turn to the resistivityr(T) ~Fig. 3!, which dis-
plays a broad shoulder near 50 K.11 The maximum indr/dT

tic
ack
g

FIG. 2. Specific heat as a function of temperature at finite fi
up to 14 T. The inset displays the entropy as calculated from
measured specific heat. No magnetic-field dependence is obse
apart from a very weak increase of the order of 3% aboveTN . The
entropy significantly exceeds that of typical weak itinerant magn
4-2
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BRIEF REPORTS PHYSICAL REVIEW B 65 172404
near TN ~inset of Fig. 3! corresponding to the shoulde
in r(T) shows that it is of electronic origin and close
related to the antiferromagnetic spin fluctuations seen in n
tron scattering well aboveTN . For T,10 K,r(T)5r0
1AT2 (r0'11 mV cm,A'0.115mV cm/K2) enters a qua-
dratic dependence, where the residual resistivityr0 is low,
corresponding to a low level of defects. The Kadowa
Woods ratio A/g2 is empirically consistent with othe
materials.20 As for C(T) andx(T), the features ofr(T) are
not sensitive to magnetic fields up to 12 T, even in the i
mediate vicinity ofTN where the magnetic field energy
very large versus the energy gain of the magnetic order.

Although numerous itinerant electron magnets disp
large ordered moments, e.g., SrRuO3,21 one needs to con
sider the possibility that Mn3Si has in fact localized mo
ments for the MnI sublattice. However, our estimate o
J'1.9 meV given above predicts a large response of theI
moments in a magnetic field, contrary to what is observ
These considerations and the specific heat clearly rule o
Heisenberg model as being even remotely suitable to exp
the properties observed here.

The strong interplay of the resistivity and the magneti
and the small change of entropy atTN as well as the inelastic
neutron-scattering spectra14 unambiguously show that th
magnetic order in Mn3Si is indeed intimately connected wit
the metallic state. Moreover, electronic structure calculati
indicate that thed electrons form the conduction electro
bands.8,22,23However, the magnetization of Mn3Si is excep-
tional because it islinear over the entire field and tempera
ture range studied. This shows that there is no mode-m
coupling betweenq50 and Q despite the low ordering
temperature.24 The invariance ofC(T) andr(T) with B sup-
ports the latter point. Yet, the absence of mode-mode c
pling in an itinerant antiferromagnet drastically contrasts
basic assumptions of a spin-polarized Fermi liquid, nam
that the mode-mode coupling isq independent.1

Measurements ofr(T) as function of pressure show th
TN increases asdTN /dp'0.4 K/kbar, in agreement with th

FIG. 3. Temperature dependence of the electrical resisti
r(T) at zero magnetic field andB512 T. The broad shoulde
around 50 K indicates the loss of a dominant scattering mechan
associated with the antiferromagnetic ordering temperatureTN

'23 K. The inset displays the derivative of the resisitivitydr/dT,
where the maximum falls just belowTN .
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Ehrenfest relation11,17 and many other Heusler compounds26

This contrasts the majority of weakly magnetic transiti
metal, actinide, and lanthanide compounds.25 The p depen-
dence suggests a possible link with two further unsett
condensed-matter problems:~i! the magnetic and metallic
state related to the quantum phase transition on the ‘‘l
hand side’’ of the Doniach phase diagram, i.e., for low e
change couplingJ and nearly localized moments27 and ~ii !
the metallic state on the underdoped side of the supercon
tivity dome of the cuprates.28 Our study suggests that thes
regimes are not compatible with Fermi-liquid theory.

For the remainder we consider the possible origin of
viations from Fermi-liquid behavior in Mn3Si. To date, spe-
cial features of the Fermi-surface topology have not be
considered in a phenomenological, quantitative evaluation
this model.1 But electronic structure calculations show th
the Fermi surface of Mn3Si is exceptional in two ways:~i! it
is strongly nested so that the magnetic order may be un
stood as highly anharmonic spin-density wave~SDW!22,23

and ~ii ! in the spin-polarized state the minority density
states of the MnI and the MnII are strongly gapped and near
gapped, respectively, as for half-metallic magnetism.8 Con-
sideration of these features suggest fundamental differe
of metallic magnetism in Mn3Si with conventional theory.

For a SDW state with a nested, multisheeted Fermi s
face an abundance of interband excitations is expected.
would be consistent with many features of the unusual
elastic neutron scattering spectra of Mn3Si as noted before,14

including a damping mechanism other than the particle-h
continuum and spin-wave interactions, e.g., aq-dependent
mechanism in the vicinity ofQ.14,15 First-principles calcula-
tions of excitation spectra in metals support this point
general, as they are extremely sensitive to details of the b
structure giving way to interband transitions.29 Further, it is
possible to show that the imaginary part of the experim
tally measured dynamical susceptibility of the low-ener
modes corresponds to an equation of motion that descr
retarded, nonlocal diffusion.30 This behavior is far removed
from a propagating spin wave and classical spin-wave m
els are clearly not applicable.

It has long been pointed out that the antiferromagne
order and the excitation spectra of Mn3Si share many fea-
tures with Cr,14 where a SDW competes with the charg
density wave instability and lattice instability.31,32 The am-
plitude variation of the ordered moment in Mn3Si by one
order of magnitude may be a strong hint at the vicinity to
charge-density wave instability. We, therefore, speculate i
abundance of charge-density fluctuations suppressesTN . The
metallic state may then be ultimately better described fr
the point of view of incipient spin-charge separation co
mon to low-dimensional systems,33 which, however, in our
case would occur in a three-dimensional state. In this res
our experiments may also provide an important clue to
long-standing issue of magnetic ordering in Cr, whereTN is
so large that the complete lack of field dependence does
seem a surprise for the highest field strengths of the orde
20 T studied to date.34

The second important topological feature of the electro
structure of Mn3Si is that the minority bands in the spin
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BRIEF REPORTS PHYSICAL REVIEW B 65 172404
polarized state are gapped at the Fermi level.8 Thus low-
energy particle-hole excitations do not involve a spin flip a
are hence insensitive to magnetic field. Quasiparticle exc
tions involved here carry charge but no spin alongside n
quasiparticle excitations.35 This state is referred to as hal
metallic magnetism, for which the absence of a magne
field dependence, as observed here, is the key evide
Besides the electronic structure calculations for Mn3Si the
class of Heusler and semi-Heusler systems such as Fe2MnSi
~Ref. 8! have long been suspected to supply prime candid
for half-metallic magnetism.35 However, Mn3Si represents
the first experimental candidate of an antiferromagnetic h
metal.36

The highly unusual combination of magnetic, structur
-
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and metallic properties of Mn3Si allows us to conclude tha
the microscopic underpinning of the overall spectrum
low-lying excitations is radically different from that conven
tionally assumed in the Fermi-liquid theory or the Heise
berg model. This calls for an alternative theoretical inp
possibly related to incipient spin-charge separation or h
metallic magnetism.
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