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Spin Fluctuations in (Yy.97S¢o.03)Mn3: A Geometrically Frustrated, Nearly Antiferromagnetic,
Itinerant Electron System
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Inelastic neutron-scattering experiments have been performed on a single cry3tah&c o;)Mn,.
The spin fluctuation spectrum is broad in energy and strongly correlated in wave vector, with maximum
intensity at the Brillouin zone boundary. There is no magnetic scattering for Brillouin zones centered at
the origin and at certain reciprocal lattice points, suggesting the existence of short-lived 4-site collective
spin singlets. The unusual features of the dynamical susceptibility discovered in this experiment
result from geometrical frustration and give new insight into the heavy-fermion-like behavior of the
compound.

PACS numbers: 71.27.+a, 75.40.Gb, 75.50.Ee

Geometrical frustration of antiferromagnetic interac-which the sum of the spins on each Mn tetrahedron cancel
tions in a crystal is inherent to exchange loops involving[6]. Additional long-wavelength distorted helical compo-
odd numbers of spins, and leads to degenerate manifoldents were revealed by high resolution neutron diffraction
of spin configurations differing from each other by local measurements [7]. The magnetic order is suppressed by
spin transformations. A basic outcome is that shortapplying a rather weak hydrostatic pressure (of the order
wavelength spin fluctuations are enhanced and the formaf 0.1 GPa), or by substituting a small amount of Sc for Y
tion of local spin singlets is favored, which may inducethat creates a chemical pressure. At low temperature, the
novel magnetic phases. Quantum spin liquid states [1§ompound then shows a behavior typical of heavy-fermion
are thus expected in localized spin systems, and it hasystems with a linear contributiopT to the specific heat
been suggested that non-Néel magnetic order may exist Bnd a quadratic contributiod7? to the electric resis-
itinerant electron systems [2]. So far, however, the effectsivity, both strongly enhancedy(=~ 160 mJK 2mol !
of geometrical frustration have not been considered exterf8,9] andA/y? =~ 107> x«Q cm(K mol/mJ? [10]) to val-
sively in itinerant magnets, and in particular not close toues quite unexpected for nearly antiferromagnetic metals
a magnetic-nonmagnetic instability. Experimentally, this[11]. A large magnetic contribution to the thermal expan-
has become possible since the discovery of Mn itinerangion was reported and attributed to thermally excited spin
magnetism in thekMn, intermetallic compounds, where fluctuations [12]. The latter have been directly observed in
R stands for Y, Sc, Th, or a lanthanide element [3]. Aneutron-scattering experiments on powder samples, using
mixed phase, where magnetic and nonmagnetic Mn aton®larized neutrons to separate the magnetic scattering from
coexist, was discovered in some compounds of the seridhe scattering of nuclear origin (phonons) [13—15] or by
[4] and interpreted in terms of a frustration-induced van-time-of-flight technique for unpolarized neutrons, where
ishing of moments [5]. Unusual behaviors are also obthe Q dependence of the scattering was used to separate
served in the paramagnetic phase, in particular, in ¥ Mn magnetic from nuclear contributions [16,17]. In all these
[3]. In this Letter, we report on new experimental find- measurements a thermal increase of the mean square local
ings about the Mn spin fluctuation spectrum in this phaseamplitude of the spin fluctuations has been reported.

YMn, crystallizes in the cubic C15 Laves phase struc- When no magnetic order sets in, the spin fluctuations
ture (space grougd3m), where the Mn atoms form a are observed down to the lowest temperature, which has
lattice of corner sharing tetrahedra: a three-dimensionded to the speculation that the ground state could be a
analog of the kagomé net, which is at the origin of thequantum spin liquid stabilized through the geometrical
geometrical frustration of the antiferromagnetically cou-frustration [18]. According to this interpretation, the ther-
pled nearest-neighbor Mn spins. Complex magnetic ordemal excitation of low energy spin fluctuations from this
sets in through a first-order transition at a Néel temperasinglet ground state should lead to a fast increase of the
tureTy of about 100 K. It may be described as a doufle- magnetic entropy and of the electron collision rates, in
structure, with propagation vectofs 0 0) and(0 1 0), in  agreement with the heavy-fermion-like behavior observed
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in the specific-heat and resistivity measurements. In order T

1 1 1
to further the understanding of the role of the spin fluctua- (Y 475¢5,0Mn, T=9K

(1.25,1.25,0)

e Q=
tions, we have performed neutron-scattering measurements  400[ o Q=(1.50,1.50,0)
A Q=(1.75,1.75,0)

on single crystals starting wittY ¢ 97SG 03)Mn,, which re-
mains paramagnetic down to the lowest temperatures.
The single crystals were grown under argon atmosphere
by the Czochralski method, using a high-frequency in-
duction technique with a water-cooled copper crucible.
The obtained ingots were analyzed by x rays and scan-
ning electron microscopy to check for phase purity and
homogeneity, and to isolate single grains. A single crys-
tal of (Y(.975G.03)Mn, about 0.6 g was selected. A small
sample was extracted for low-temperature specific heat 0 10 20
measurements. We found for the coefficientof the Energy (meV)
linear contribution a value of abo@00 mJK 2 mol™! FIG 1 E . . .
L : . . . 1. Energy response of the magnetic scattering at dif-
[19], which is considerably higher than reported previ-torent wave vectorsQ for E; — 348 meV. The lines are

ously [8,9]. quasielastic Lorentzian fits.
Neutron inelastic scattering measurements were

performed on the 1 T thermal-beam triple-axis spec-

trometer at the Orphée reactor of the Laboratoire Léonvidth (HWHM) I'q = 8-10 meV at7 = 10 K. Mea-
Brillouin. Most measurements were performed withsurements at other wave vectors and symmetry directions
a vertically focusing PG(002) monochromator and ashow that there is no significant dispersion of the mag-
horizontally focusing PG(002) analyzer with a fixed final netic scattering withQ in the 1-20 meV energy range.
energy E; of 34.8 meV, giving an energy resolution Figure 2 shows a2 scan in the [110] direction at
of AE = 3.5meV. A PG filter in the scattered beam an energy transfer of 10 meV. The two peaks are
was used to suppress higher-order contamination. Othéocated at two identical points in the same Brillouin
configurations were also used for complementary meazone, but at opposite sides of the reciprocal lattice vector
surements, e.gE; = 147meV with AE = 09 meV, as (22 0). Their intensity scales with the square of the
well as measurements using full polarization analysis [20Jmagnetic form factor, giving further strong evidence that
The sample was mounted in a closed-loop helium refrigthe signal atQq is of magnetic origin. Similar scans
erator, with either the [110] and [001] or the [100] and performed at both smaller and larger energy transfers
[010] axes in the horizontal scattering plane. The mea¢between 5 and 15 meV) show the same structure, after
surements presented here were performed at a tempemrrection for phonons. These scans are well described
ture of 10 K, but measurements at higher temperaturely two Lorentzians (after correction for the magnetic
have also been done [20].

In order to locate the magnetic signal in recipro-
cal space, we performed a wide rocking scan of the
(Y0.97SG.03)Mn, single crystal, mounted with the [110]
and [001] axes in the horizontal scattering plane, for a
spectrometer setting @ = 1.5 A~! and/iw = 10 meV,
where a maximum in the magnetic scattering has been’
found in powder samples [13-17]. A broad maximum
was observed at a wave vecQy = (1.25 1.25 0) (in re-
ciprocal lattice units). The energy response of the mag-
netic scattering aiQ, is shown in Fig. 1, where the
data have been corrected for nuclear scattering (phonons
and incoherent elastic scattering) and background. The
phonon contribution was obtained from an energy scan 0 L
atQo + (4 4 0), where the phonon structure factor is the 0 1 2
same as &, except for a factop?, and where the mag- €50 (lu)
netic scattering is negligible due to the rapidly decreasFIG. 2. Q scan in the [110] direction at an energy transfer
ing Mn** magnetic form factor [21]. The validity of this of 10 meV. The line is a fit with two Lorentzian functions of
phonon subtraction procedure was confirmed by measur%itg?m_e”:’é'di;hs’erp‘;'rt]'g\ll:lesdabéggﬁ ?ﬁ‘f{ﬁ;e [gfothe d?:g%erf";gotrhrg
ments using full pOIa”Z"?‘t'On ana!ySIS [20]. The ENETgYmaximum of the magnetic signal. In both plots, the horizontal
response of the magnetic scattering can be approxmat&

f - - 2 r shows the projection of the resolution ellipsoid in the scan
by a quasielastic Lorentzia$(Q, w) * w/(w? + T'g) of  direction.
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form factor) of the same width located & = £ 2 =  ¢'s belonging to the star of(0 0 1). Consequently,
£ 0), with ¢ = 0.70(3). The intrinsic width (HWHM) the short-time spin dephasing between neighboring Mn
of these Lorentzians i = 0.30 reciprocal lattice unit tetrahedra is different in the two phases. A subsequent
(0.35 A=), which is much larger than the instrumental inelastic neutron-scattering experiment, performed in the
resolution (see Fig. 2). Thus, the correlation lengthhigh temperature paramagnetic phase of a single crystal
is k! =2.8(2) A, which corresponds to the distance of YMn,, demonstrated this conclusion to be independent
between two neighboring Mn atoni.72 A). of the substitution of Sc for Y. This is not inconsistent
Since the magnetic signal observed in energy scans favith a first-order transition, all the more as a large volume
severalQ’s was always rather flat, the magnetic correla-discontinuity (AV/V = 4.7%), driven by a substantial
tions were studied by performin@ scans,(¢ ¢ [) and  jump of the Mn spin amplitude upon ordering, is observed
(h h &) on a rectangular grid, at an energy transfer ofat Ty. Therefore the magnetoelastic interactions should
10 meV, with scans separated vk or Al of about certainly play a relevant role in inducing the magnetic
0.3 A=! and with a step sizA & of about0.1 A~!. These transition and selecting a different magnetic state.
steps are close to tH@ resolution, which is approximately =~ Second, we observe that the signal is extended along
0.22 (0.09) A~ in directions perpendicular (parallel) to the directions of the Brillouin zone boundary. This is
the scattering wave vectd). Figure 3 shows the im- illustrated in Fig. 2: The magnetic signal is broader in the
age reconstructed from these data. A flat background, d¢001] than in the [110] direction. As mentioned above,
termined from measurements at negative energy transféine inverse correlation length in the [110] directiorxis=
and by rotating the analyzer %, was subtracted from 0.35 A~!, while itis x = 0.58 A~ in the [001] direction,
the raw data and a smoothing [22] was performed. Focorresponding to a real space distance much smaller than
the low temperatures and sm&)'s for which the data the interatomic distance. The magnetic scattering in the
were measured, the contamination from phonons is neglplane containing the [100] and [010] axes is extended in
gible. This is rather clear from Fig. 2, and has been conthe same way, with nearly the same maximum intensity
firmed by complementary measurements of the phononn practically the whole Brillouin zone boundary around
dispersion and structure factors at higher temperatures amaktice points of typeK = (2 2 0). The signal is always
largerQ’s. We are thus convinced that Fig. 3 shows pre-comparably narrower in directions perpendicular to the
dominantly the magnetic signal 6¥(¢7SG03)Mn; inthe  Brillouin zone boundary [20]. We believe that this quite
[110]-[001] scattering plane. Several interesting featuresinusualQ dependence of the magnetic scattering (and
emerge immediately. therefore of the susceptibility) is due to the existence of
First, the maximum of the magnetic signal occursa degeneracy of states associated with the geometrical
at wave vectorQ) = K *= ¢, whereK is a reciprocal frustration, as in localized spin systems [23], and that it
lattice vector andy = (3/4 3/4 0). This is in contrast prevents any second-order Néel transition. It has been
to the low temperature ordered magnetic phase of YMninvoked to be the origin of the large linear contribution
[7], where the magnetic Bragg peaks are observed fato the specific heat [24]. A physical analogy witli and
5f heavy-fermion materials would relate to the fact that
Kondo fluctuations are localized in real space, which also
400 leads to a flat dynamical susceptibility ¢h space.
A last important feature of the map shown in Fig. 3
is that the magnetic signal is observed in the Brillouin
300 zone around only certain reciprocal lattice points. It
reflects the fact that there are four Mn atoms in the
elementary unit cell, and hence the magnetic scattering
200 has a structure factor, similar to that for phonons. This
provides additional information on the spin correlations
within the Mn tetrahedra: The absence of any magnetic
signal in the Brillouin zone around the origif® 0 0)
and reciprocal lattice vectors of tyge 0 4), (2 2 2),...,
implies that the self-time correlation of the sum of the
spins within each tetrahedron is zero. This suggests the
formation of strong 4-site collective spin singlets. As
given from the energy width of the magnetic scattering,
FIG. 3 (color). Wave vector dependence of the spin fluctuathe lifetime of these spin singlets is short, of the order of
tion amplitude in the [110]-[001] scattering plane, measured a X 10714 s. Hence, for short times, the nearest neighbor

10 K for an energy transfer of 10 meV. The black lines repre-_ . ithi h tetrahed t | lated
sent the intersections of the Brillouin zones with the scattering's'p'nS within each tetrahedron are strongly correfate

plane. Color bar units are in counts per 8 min. The uniformand form singlets, while for longer times the _spins_ are
area around the origin was not accessed experimentally. uncorrelated. Although the exchange energy gives rise to
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