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CaMn,Al;y: Itinerant Mn magnetism on the verge of magnetic order
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We report the discovery of CaMn,Al;y, a metal with strong magnetic anisotropy and moderate electronic
correlations. Magnetization measurements find a Curie-Weiss moment of 0.83 1.5 /Mn, significantly reduced from

the Hund’s rule value, and the magnetic entropy obtained from specific heat measurements is correspondingly
small, only ~9% of R In2. These results imply that the Mn magnetism is highly itinerant, a conclusion supported
by density functional theory calculations that find strong Mn-Al hybridization. Consistent with the layered nature
of the crystal structure, the magnetic susceptibility x is anisotropic below 20 K, with a maximum ratio of
X101/ Xoo1] & 3.5. A strong power-law divergence x(T) ~ T~'2 below 20 K implies incipient ferromagnetic
order with a low Curie temperature 7¢ < 2 K. Our experiments indicate that CaMn, Al is a rare example of a
system where the weak and itinerant Mn-based magnetism is poised on the verge of order.
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Manganese compounds are generally marked by their
strong magnetic character, which is the consequence of Hund’s
coupling [1]. For instance, the complex crystal structure
and phase diagram of elemental Mn results from competing
tendencies to maximize the magnetic moment according to
Hund’s rule coupling and to maximize the metallic bond
strength, where shorter Mn-Mn distances are energetically
favorable but tend to quench the magnetism [2,3]. If the
effective Coulomb interactions are sufficiently strong, Mn
compounds can be robust insulators like the manganites or the
Mn pnictides LaMnPO [4,5], CaMn;Sb; [6,7], and BaMn, As;
[8]. Even in metallic hosts, the Mn moments can be weakly
hybridized, leading to the pronounced magnetic character of
systems like MnX (X =P, As, Sb,Bi) [9-12], MnB [13],
and RMn,X; (R = La, Lu, Y; X = Si, Ge) [14-16]. There
are very few compounds where Mn moments are so strongly
hybridized with the conduction electrons that a much reduced
moment results from correlations. Examples of this rare class
are metallic MnSi [17], YMn, [18], and HfMnGa, [19],
where the electronic fluctuations are so strong that there is
no definite moment or valence state. Here, the moment results
from correlations in a fully delocalized electronic medium, and
magnetic order ensues from a collective instability of the Fermi
surface, either a ferromagnetic (FM) Stoner instability [20] or
an antiferromagnetic (AFM) spin density wave [21]. When
the ordering temperature approaches 0 K, spin fluctuations
with pronounced quantum character play an increasing role
in measured quantities [22,23]. Magnetic systems in this
extreme limit can host a number of intriguing phenomena,
from non-Fermi-liquid behavior to emergent collective phases
like magnetically mediated superconductivity [24].

The scarcity of itinerant systems with weak magnetic
order has limited progress towards understanding the role of
these quantum critical fluctuations in stabilizing exotic ground
states. Most itinerant FM have very high Curie temperatures
T¢, and there is only a handful of special systems, such as Sc;In
[25], URhGe [26], UGe; [27], Ni3Al [28], and ZrZn, [29-31],
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where T¢ is small enough to be tuned to zero by an external
variable such as doping, pressure, or magnetic field, forming
a possible quantum critical point (QCP) T¢ = 0. In clean
itinerant FM, such a QCP is generally preempted by a first-
order transition [32], as demonstrated in pressure- and doping-
dependent studies of MnSi [33] and ZrZn, [34]. However, there
is mounting evidence that continuous 7¢ = 0 phase transitions
can be realized in clean systems such as YFe,Aljy [35]
and YbNisP, [36,37], where low dimensionality apparently
enhances the strength of quantum fluctuations. The discovery
of new itinerant magnets with small ordering temperatures that
can be tuned to instability at a QCP would be transformative,
especially if they also foster unconventional superconductivity
as in UGe, [27], URhGe [26], Ulr [38], and UCoGe [39].

Here, we report the discovery of CaMn;Al;o, which could
potentially fulfill these needs for both new low-dimensional
magnetic systems with strong quantum fluctuations and for
itinerant magnets with low ordering temperatures. CaMn, Al
is a metallic compound with a small fluctuating Mn mo-
ment. At low temperatures, the magnetization is strongly
anisotropic, evidencing a pronounced quasi-two-dimensional
(2D) character. The ac susceptibility x’ shows a strong
divergence x’ ~ T~!? in the magnetically easy plane, paired
with an upturn in the imaginary susceptibility x” suggestive of
ferromagnetism. Peaks near 2 K in x’, the specific heat C, and
the resistivity p could signal a low-lying energy scale where
a gap opens for the critical fluctuations associated with this
incipient magnetic order. The unusually weak and itinerant
magnetism in CaMn,Al;y appears to derive from strong
Mn-Al hybridization, as revealed by density functional theory
calculations. With 7, < 2 K, CaMn,Al, is the least stable
itinerant Mn magnet known to date [40], and a prospective
candidate to look for magnetically mediated superconductivity
in a non-uranium-based material. We note that there are
very few known Mn-based superconductors, for instance,
pressurized MnP [41] and UgMn [42].

Single crystals of CaMn,Al;y were grown from self-flux,
forming as square rods as large as 1 x 1 x 10 mm?, where
the crystallographic ¢ axis coincides with the rod axis. The
crystal structure was determined from single crystal x-ray
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FIG. 1. (Color online) (a) A simplified picture of the crystal
structure of CaMn,Al;( that shows only the Mn lattice. Square
plaquettes of Mn atoms (red) form in two planes (red and blue)
separated by a distance of ¢/2 along the [001] direction. (b) The
coordination polyhedron of Mn (red) with Al (teal) and Ca (gray) as
indicated.

diffraction using a Bruker Apex II diffractometer, and the com-
position was verified by energy dispersive X-ray spectroscopy
(EDS) using a JEOL 7600 F analytical scanning electron
microscope. The temperature dependencies of the magnetic
dc susceptibility x(7) and ac susceptibility x'(7) of an
oriented single crystal were measured in the temperature range
from 1.8 K < 7' < 300 K using a Quantum Design Magnetic
Properties Measurement System. The specific heat C(T') and
electrical resistivity p(7") were measured in a Quantum Design
Physical Properties Measurement System, down to 0.07 or
0.4 K, respectively.

The crystal structure of CaMn, Al is visualized in Fig. 1,
consisting of two Mn sublattices that form square plaquettes
displaced along the ¢ axis. Our x-ray structure analysis, de-
scribed in detail in [43], rules out the appreciable site disorder
reported in other compounds forming in this and related
structure types [44—46]. Like YFe,Alj( [47,48], CaMn, Al is
stoichiometric and highly ordered. All Mn sites are equivalent,
as shown in Fig. 1(a), with a nearest-neighbor Mn-Mn distance
of 4.7 A along the [110] direction, and 5.1 A along [001].
These minimum Mn-Mn spacings in CaMnyAl;y are well
above the critical distance of 2.7 A needed to suppress Mn
moments, for instance, in Laves phase compounds [18,49,50].
One would therefore expect localized Mn moments produced
by strong Hund’s interactions, although our results will show
this is not the case.

Our measurements of the magnetic properties paint a rather
different picture of the magnetism in CaMn, Aljo, with strongly
suppressed Mn moments and considerable low-T anisotropy.
Figure 2(a) shows the T dependence of (x — xo)~' in a dc
field H = 1000 Oe applied along the ¢ axis or in the ab
plane, respectively, where xo = 3.2 x 10~* emu/mol Mn. In
both cases, x(T') obeys the Curie-Weiss (CW) law between
30 and 300 K. The CW moments obtained from linear
fits to (x — xo)~' are pwew = 0.83 £ 0.005.5/Mn for both
orientations, while the Weiss temperatures are indistinguish-
able from zero. x’ [Fig. 2(b)] reveals a sizable anisotropy
below 10 K, X{001/ X{oo1) = 3-S5 for ac fields along [100] and
[001]. We as well observe a peak in x'(T) that is centered
between 2 and 3 K [inset, Fig 2(b)], accompanied by a sharp
increase in the imaginary susceptibility x  [Fig. 2(c)]. The
dc magnetization M(H), measured at 1.8 K with dc fields
along these same directions, is nonlinear below 4 T and also
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FIG. 2. (Color online) (a) The T dependence of (x — xo)!
measured with a 1000 Oe dc field H || ¢ (red filled circles) and H L ¢
(blue open squares). The solid black line is a fit to the CW law.
(b) The T dependence of x’ with a 4.17 Oe ac field and a dc field
H | ¢ of O T (red filled circles) and also H L ¢ of O T (blue open
squares) and 0.5 T (blue filled squares). The inset shows a close-up
of the maximum in the H 1 ¢ = 0 T data. The solid lines serve as
guides for the eye. (c) The temperature dependence of the imaginary
part of the ac magnetic susceptibility x”; colors as in (b). (d) The H
dependence of the dc magnetization M ; colors as indicated. The solid
lines are guides for the eye.

displays a pronounced anisotropy that persists up to H =7
T [Fig. 2(d)]. The Mn-moment pcy = 0.8345/Mn obtained
from CW fits is less than half of the moment 1.73up expected
for the lowest-spin s = 1/2 configuration of Mn ions [51].
The magnitude of wcw and the pronounced anisotropy in
M(H,T) argue that their origin is intrinsic. These results
are quantitatively reproduced in multiple samples, and both
EDS and powder x-ray measurements show no indication
of magnetic contaminants [43]. We therefore interpret this
small but sizable oW as a signature of itinerant magnetism in
CaMn,Aly, supported by the slow approach to saturation ob-
served in M (H) [Fig. 2(d)]. The observed magnetic anisotropy
is unexpected in itinerant moment systems where single ion
anisotropy is generally weak, and may reflect instead a 2D
magnetic character with strong fluctuations in the magnetically
easy ab plane.

The peak in x'(T) at 2 K and the steep increase in x"(T)
suggest a new energy scale at low temperatures, possibly
related to magnetic order, which is evident in other physical
properties as well. To clarify the origin of these anomalies, we
measured the specific heat C(T"), shown in Figs. 3(a) and 3(b).
Above T =~ 20 K, C(T) is well described by a Debye model
with Debye temperature 6 = 450 K, representing the lattice
contribution C(T), and a Sommerfeld coefficient yg7 = 40
mJ/mol K? for the electronic component. A different model is
required for T < 20 K, where a reduced y,r =5 mJ/mol
K? gives a better estimate of the electronic specific heat
[Fig. 3(b)]. Below 0.5 K, C(T) is increasingly dominated
by a diverging contribution that we attribute to a nuclear
Schottky effect Cn(T) of the Mn atoms. Accordingly, this
tail is well fitted by the expression Cy(T') = a/T2 [Fig. 3(b)].
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FIG. 3. (Color online) (a) The temperature dependence of the
specific heat C. The lines correspond to fits to the Debye model
with yyr = 40 mJ/mol K? (orange solid) and y;; = 5 mJ/mol K?
(blue dotted) as described in the text. (b) Plots of C/T (open black
circles) and Cy /T (filled black circles; see text) versus 7. The
nuclear Schottky contribution Cy (green dashed line) and Debye
contributions with yy7 (orange solid line) and y, r (blue dotted line)
are overplotted. The entropy S (see text) is shaded gray. (c) The
temperature dependence of the resistivity p, with current flowing
along the ¢ axis. (d) A semilogarithmic plot of p(T').

The magnetic specific heat is obtained as Cy(T) = C(T) —
Cn(T)—=Cr(T)—yrrT. Cy(T)/T approaches a constant
value of 80 mJ/mol K? at the lowest temperatures, much
higher than y;7 = 5 mJ/mol K 2. If this large specific heat
at low T stems from the conduction electron system, it
indicates a significant change in the Fermi surface volume and
strong correlations below 2 K. The most prominent feature
of C(T) is a broad peak, whose maximum occurs near the
same temperature ~2 K as the peak found in x’ [inset,
Fig. 2(b)]. Integrating Cy(T)/T over T yields an entropy of
S =1.01£0.02 J/K mol formula unit. This corresponds to
only 9% of the entropy difference AS = R In2 = 5.76 J/mol
Mn K [52] expected for full ordering of localized moments
on the Mn sites with the smallest possible spin s = 1/2. This
small entropy is consistent with itinerant magnetism inferred
from the magnetic properties.

Further evidence for a new energy scale emerging at the
lowest temperatures comes from the electrical resistivity po(T),
which is metallic with a linear 7T dependence above ~20 K
[Fig. 3(c)]. A close-up [Fig. 3(d)] reveals a weak peak in
p(T) around 2-3 K, coinciding with the anomalies in x'(T)
[Fig. 2(b)] and C(T) [Fig. 3(b)]. Meanwhile, the minimum and
upturn in p around 20 K, shown in Fig. 3(d), is concurrent with
the apparent reduction of the Sommerfeld coefficient below
20 K, also suggesting a Fermi surface instability.

The strongest evidence for incipient magnetic order comes
from x'(T) and x”(T), measured with the field in the
magnetically easy ab plane. Figure 4(a) shows a double-
logarithmic plot of x'(T) at low temperatures. Two different
regimes can be distinguished: a CW-like behavior above 30
K, and a stronger divergence for 3.5 K < T < 20 K. While
this range of temperatures is limited, due to the apparent
saturation at the lowest 7', Fig. 4(a) and the analysis in Fig. 4(b)
show that these data diverge more strongly than the CW
expression, consistent with a power law x'(T) ~ (T — T¢)™Y
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FIG. 4. (Color online) (a) The temperature dependence of the
real part of the ac susceptibility x’ (blue open squares). The solid
red line is a fit to x' ~ (T — T¢)™7 as described in the text. The
dashed black line corresponds to the CW fit in Fig. 2(a). (b) The
mean square deviation x 2 for fit parameters y and T¢.

withy = 1.19 £0.07and 7¢ = 0.1 £ 0.3 K. This observation
of y > 1 is significant, as it implies that we can exclude
impurities as the origin of the diverging susceptibility [53,54],
as well as disorder driven mechanisms such as a Griffiths phase
[55], where C(T) and x'(T) both diverge as T lasT — T,
and where 0 < A < 1. While it is clear that the susceptibility
upturn signals proximity to magnetic order, most likely with
a FM component, the unknown impact of magnetocrystalline
anisotropy [35,36,56] cautions against attributing it entirely
to the critical fluctuations associated with a T = 0 magnetic
transition. However, it is intriguing that the value of y ~ 1.2
taken from the least squares fit is rather close to y = 4/3,
which is the value given by the Hertz-Millis-Moriya mean field
theory of the 2D metallic FM [22,57,58]. Since the divergence
of the susceptibility is cut off for T < 2 K, CaMn,Al;y may
still need to be tuned compositionally or by applying pressure
to become truly critical at T = 0.

Hund’s rule leads to local moments as large as Sup in the
3d> Mn** state, so why is the magnetic moment in CaMn, Al o
so small? To address this question, we have calculated the
density of states using density-functional theory with general-
ized gradient approximation potential [59] implemented in the
WIEN2K all-electron scheme [60]. Spin polarized calculations
for the FM state reveal a magnetic moment of 0.9 .5 on the Mn
site, which is close to the observed CW moment of 0.83ug.
As shown in Fig. 5(a), the Fermi surface is associated with
bands derived predominantly from Mn 3d electrons. These
are strongly hybridized with Al 3s and 3p states, effectively
quenching the majority of the Mn moment. The hybridization
opens a pronounced pseudogap at the Fermi surface, which has
been shown to be responsible for the stabilization of complex
Mn-Al alloys [61]. This stabilization mechanism favors a
Mn-Mn spacing of 4.7 A [62]—just as in CaMn,Aljg. Despite
the long Mn-Mn distance, we conclude that the weak itinerant
magnetism in CaMn; Al is the consequence of strong Mn-Al
hybridization.

The emerging picture of CaMn,Aljg is as a system on the
verge of itinerant moment order, and the strong divergence of
x'(T) suggests that FM, or at least a FM component, is most
likely. Accordingly, we tentatively place CaMn,Al;y on the
phenomenological Rhodes-Wohlfarth (RW) curve [63] for FM
[Fig. 5(b)], which relates the ratio of fluctuating and saturation
moments pcew /s to Te. Since our measurements constrain
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FIG. 5. (Color online) (a) The total (black), Mn (red), Al (teal),
and Ca (gray) density of states N(E) as indicated. (b) A Rhodes-
Wohlfarth plot of wew/pms versus T for FM materials, with Mn-
based compounds shown in red. The placement of CaMn,Al;, on the
dashed line (as a guide for the eye) is described in the text. Data from
[10,11,17,19,25-27,31].

T¢ to be less than 2 K, CaMn, Alj( appears on the extreme left
of the RW curve, where it is neighbored mostly by itinerant
U-based compounds with pcw > us. CaMn, Al appears to
be distinct, however, from many of these previously known
FM, since our susceptibility measurements infer a fluctuating
moment that is even more reduced from the free ion value. With
Tc constrained to < 2 K, the RW curve predicts wew /s = 8
for CaMn, Aljy. If it does indeed order ferromagnetically, this
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ratio, combined with the small fluctuating moment we calcu-
late from x(T), yields a spontaneous moment pg < 0.1ug,
some two orders of magnitude smaller than the high spin
Hund’s rule value and consistent with the value of M (H)at7 T.
Perhaps CaMn, Al is most comparable to ScsIn, which has an
ordered moment of only 0.04— 0.05up [64]. Considering that
Mn-based compounds are generally strongly magnetic, while
those based on Sc are nearly always nonmagnetic, both Sc;In
and CaMn,Al;( appear as remarkable and extreme members
even among weak itinerant magnets. The strong hybridization,
which suppresses the magnetic moments and limits magnetic
order to a vanishingly low temperature, makes CaMn;Alq
unique for a magnetic Mn-based compound. While we cannot
yet say for certain if the experimental features we observe
are the hallmarks of magnetic order or only impending
magnetic order, in either case the ordering temperature would
be remarkably low, and quantum critical fluctuations may
potentially be present, as in the related 2D quantum critical
FM YFe, Al [35].
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