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Correlations and incipient antiferromagnetic order within the linear Mn chains of metallic Ti;MnBi,
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We report measurements on Ti;MnBi,, where a crystal structure involving linear chains of Mn ions suggests
one-dimensional magnetic character. The electrical resistivity is metallic, consistent with the results of electronic-
structure calculations that find a robust Fermi surface albeit with moderate electronic correlations. A Curie-Weiss
fit to the magnetic susceptibility suggests that the Mn moments are in the low-spin S = 1/2 configuration.
Neutron diffraction measurements detect weak antiferromagnetic order within the Mn chains, with further
evidence for the small staggered moment coming from the entropy associated with the ordering peak in the
specific heat as well as from the results of spin-polarized electronic-structure calculations. The antiferromagnetic
moments are apparently associated with the d,»_,» and d,, orbitals of Mn while the remaining Mn orbitals are
delocalized and nonmagnetic. Strong quantum fluctuations, possibly related to an electronic instability that forms

the Mn moment or to the one-dimensional character of Ti;MnBi,, nearly overcome magnetic order.
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I. INTRODUCTION

Low-dimensional magnetic systems continue to excite
since strong quantum fluctuations suppress magnetic order,
showcasing quantum effects at the lowest temperatures [1].
Of particular importance is the extensive body of theoretical
results on one-dimensional (1D) systems that can be directly
tested by experiments like inelastic neutron scattering [2,3]
and resonant inelastic x-ray scattering [4]. To date, most ex-
periments have been carried out on spin § = 1/2 systems like
KCuF3 [5-8], SrCuO; [9], Sr,CuO3 [10], and CuS0O4.5D,0
[3], which are strongly correlated insulators. Inelastic neutron
scattering experiments demonstrate that the fundamental ex-
citations are not the spin waves expected in three-dimensional
(3D) systems, but rather spinons, demonstrating that the elec-
tron spin and charge have become separated [6,11,12].

It is less clear what happens to this scenario when elec-
tronic correlations are not strong enough to sustain an insulat-
ing gap. The first examples of metallic spin chains were the
organic conductors [13—15], where the ratio of the Coulomb
interaction U and the electron bandwidth 4¢ are approximately
equal, i.e., U/4t >~ 1. Angle-resolved photoemission spec-
troscopic (ARPES) measurements found that the fundamental
excitations are gapless spinons and holons in the organic
conductor tetrathiafulvalene tetracyanoquinodimethan (TTF-
TCNQ) [16], confirming theoretical expectations that 1D
metals are Tomonaga-Luttinger liquids [1]. Although elec-
tronic interactions and interchain coupling can be sufficiently
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strong in organic conductors [13—15] to drive many-body
ground states like superconductivity, magnetic order, or even
metal-insulator transitions, these materials are mechanically
fragile and are only available in small quantities. As a result,
it is problematic to utilize the most powerful spectroscopic
tools, in particular, inelastic neutron scattering measurements,
on these materials. There remains a pressing need to identify
new families of compounds with metallic spin chains where
the impact of intermediate electronic interactions may be as-
sessed. In particular, the near absence of suitable 1D materials
has meant that the interplay of magnetic correlations and
Kondo compensation of the underlying moments, central to
the rich physics of the 3D heavy fermions, remains virtually
unexplored by experiments in their 1D counterparts [17-21].
We report here measurements on an unexplored metallic
system TisMnBi, that suggest the 1D character implied by
its unique crystal structure may control its fundamental prop-
erties.

TisMnBi, has a remarkable crystal structure [22,23] with
well-separated linear chains of Mn ions. Electrical resistivity
measurements demonstrate that TizMnBi, is a metal and
electronic-structure calculations (ESC) confirm that there is
a robust Fermi surface with moderate mass enhancement. The
magnetic susceptibility measurements lead to a Curie-Weiss
(CW) magnetic moment with a magnitude of 1.79 up/Mn
and also suggest antiferromagnetic (AFM) order near 2 K.
However, the ordered moment is much smaller than the CW
moment, indicating that quantum fluctuations are likely quite
strong in TiyMnBi,, possibly due to its 1D character or,
alternatively, to proximity to an electronic instability that
produces the magnetic moment itself. Our measurements
suggest that d-electron-based intermetallic compounds like
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TisMnBi, are likely a productive direction to explore, in
which robust magnetic chains are embedded in metallic hosts.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Single crystals of Ti;MnBi, were grown using the solution
growth technique. High purity Ti (99.99%), Mn (99.98%),
and Bi (99.999%) in the molar ratio of 4:2:10 were placed
in an alumina crucible and sealed inside an evacuated quartz
tube. The assembly was heated to 1150 °C in 10 h, kept there
for 30 h, and then cooled down to 800 °C in 100 h. At this
temperature, the excess Bi-flux was decanted and needle like
crystals of typical size 0.5 x 0.5 x 3 mm? were obtained.

Structural characterization of the compound was per-
formed using single crystal and powder x-ray diffraction
(XRD). The single-crystal diffraction intensity data were
collected at room temperature using a Bruker D8 Quest
diffractometer with Mo-K,, radiation (A = 0.71073 A). Data
integration/reduction and an absorption correction using a
multiscan method were performed with the BRUKER APEX2
software suite. The structure was solved by the direct method
and refined by a full matrix least-squares method against
F2 using the SHELX package. Room-temperature powder
XRD data were obtained on a few crushed crystals using a
Bruker D8 Advance Powder Diffractometer employing Cu-
K, radiation. Rietveld refinement was carried out using the
FULLPROF [24] package, keeping the occupancies at each
lattice site fixed at 100%. A satisfactory refinement of the
room-temperature powder XRD data, as shown in Fig. Sl
of the Supplemental Material [25], confirms the single phase
nature of the material, the integral site occupancies, and the
absence of any measurable site disorder. A similar conclusion
was reached by refinement of the single-crystal XRD data.

Magnetic measurements at different temperatures
0.45 K< T <300 K and magnetic fields H < 70 kOe
(1 Oe = 1000/4r A/m) were carried out using a Quantum
Design Inc. Magnetic Properties Measurement System fitted
with a *He option as well as a vibrating sample magnetometer
installed in a Physical Properties Measurement System
(PPMS) of the same manufacture. Measurements of heat
capacity C,(T') and c-axis electrical resistivity p.(T') were
performed using the He option of PPMS. In the latter
experiment, contacts were made using silver-filled epoxy and
the measuring current was 500 ©A.

Neutron powder-diffraction data were collected on a 4 g
powder sample prepared by crushing single crystals of
TisMnBi,. The data were obtained with a neutron wavelength
of 2.359 A using the double focusing triple-axis spectrometer
BT-7 at the NIST Center for Neutron Research [26], which
is equipped with position-sensitive detectors and a dilution
refrigerator with a base temperature of 0.05 K. Rietveld
refinement of these data was performed using the software Z-
RIETVELD [27,28]. The residual value of Ry, was below 10%.
In addition, single-crystal neutron diffraction measurements
were performed on BT-7 using 2 g aligned single crystals
of TiyMnBi, mounted in a closed-cycle refrigeration unit
that obtains temperatures below 2.5 K. Uncertainties, where
indicated, represent one standard deviation.

The electronic structure of TisMnBi, was calculated us-
ing first-principles density-functional theory [29,30] as im-

TABLE I. Room-temperature crystallographic parameters esti-
mated from x-ray powder diffraction data of tetragonal Ti;MnBi,,
which crystallizes in a V4SiSb,-type structure with 14/mcm
(No. 140) space-group symmetry and Z = 4 formula units/cell.

Wyckoff
Atom Position X y z
Ti 16k 0.0804(3)  0.1977(4) 0
Mn 4a 0 0 !
Bi 8h 0.1390(1)  0.6390(1) 0
Lattice parameters
a(A) 10.4946(4)
c(A) 4.9860(2)
c/a 0.47510(4)
Veen (A%) 549.14(4)
dyinvn (A) 2.4930(1)
dchain (A) 74208(3)

plemented in the VIENNA AB INITIO SIMULATION PACKAGE
[31] with the projector-augmented wave method [32]. We
employed the Perdew-Burke-Ernzerhof exchange-correlation
functional [33], a plane-wave basis with an energy cutoff of
200 eV, and a Monkhorst-Pack k-point sampling of 4 x 4 x
4 for Brillouin zone integration [34] as well as spin-orbit
coupling. A Hubbard U correction [35] of Uy = 3.9 eV was
applied to treat the strong Coulomb interactions of localized
d-electrons on the Mn atoms.

II1. RESULTS

A. Structural properties

TiuMnBi, has been previously reported to form in the
V,4SiSb;,-type tetragonal structure (space group /4/mcm, No.
140) [22,23], and the structural parameters obtained from our
XRD refinements (Table I) are in good agreement with the
published results. The crystal structure of Ti4yMnBi, depicted
in Fig. 1 emphasizes its 1D character. Linear chains of Mn
atoms with a Mn-Mn spacing of dyinmn = 2.4930(1) A ex-
tend along the tetragonal c-axis. The Mn chains are encased
along the ¢ direction in concentric tubes with an inner tube of
Ti atoms and a larger diameter tube of Bi atoms [Fig. 1(a)].
The distance between Mn chains dgpa, = 7.4208(3) A is sub-
stantially larger than dyi,vn [Fig. 1(b)], suggesting a possible
one-dimensionality of the Mn subsystem. The Mn ions are
centered in square-antiprism coordination polyhedra of Ti-
ions [Fig. 1(c)].

B. Electrical resistivity

We begin by establishing that Ti4MnBi, is intrinsically
metallic. The temperature dependence of the c-axis elec-
trical resistivity p.(T) measured for temperatures between
0.5-300 K is presented in Fig. 2. Similar results were
obtained on multiple crystals, with little variation in the
residual resistivity pp, which was found to vary between
100—120 p2 cm. The overall good quality of our single
crystals and the lack of significant sample dependence suggest
that disorder is unlikely to be solely responsible for the large
value of pg, implying that other sorts of scattering processes
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FIG. 1. Crystal structure of tetragonal Ti;MnBi,. (a) A view of the crystal structure in the basal plane, depicting the central Mn ion
surrounded by an inner ring of eight Ti ions and an outer ring of eight Bi ions. The respective rings of Ti and Bi ions are formed by two sets
of four coplanar ions occupying the corners of square-planer lattices that are separated by d = c¢/2 along the c-axis and are at an angle of 45°
with respect to each other. Extending along the c-axis, these rings constitute tubelike structures of Ti and Bi that surround the linear chains of
Mn ions. (b) A view of the two unit cells of Ti4yMnBi, stacked on the top of each other along the c-axis. It is evident from (a) and (b) that the
Mn ions form linear chains running along the c-axis of the tetragonal unit cell. The interchain distance between the two nearest Mn ions within
the ab-plane is depain = a/ V2 = 7.4208(3) A and the intrachain distance between the two neighboring Mn ions is dyy,vn = ¢/2 = 2.4930(1)
A. (c) The Mn ions centered in a square-antiprism coordination polyhedra of Ti ions. Two nearest-neighbor Mn ions capping the respective

square faces are also shown.

including quantum fluctuations may be present at 7 = 0. A
metallic temperature dependence was found at all tempera-
tures 0.5 K < T < 300 K, with p.(T) increasing monotoni-
cally with increasing temperature. Fermi liquid behavior was
found for T < 75 K [inset, Fig. 2], where the resistivity data
were fitted by p. = po +AT?, withA = 1.103(3) x 1073 uQ
cm/K2 (Table II). This value of A is enhanced relative to
values found in simple metals and is similar to those found
in correlated d-electron compounds like La; 7Sry3CuQO,4 and
SroRuQy [36]. This is our first indication that the conduction
electrons in TisMnBi, are significantly correlated.

At higher temperatures, p.(7") does not approach the lin-
ear temperature dependence that is expected in the Bloch-
Griineisen model of conduction carrier scattering from acous-
tic lattice vibrations. A pronounced downward curvature is
observed and a satisfactory fitting of the data is obtained by
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FIG. 2. Temperature dependence of the electrical resistivity
pe(T) of TiyMnBi, measured along the crystallographic c-axis. The
solid black curve is a fit by the Bloch-Griineisen model with an
additional term —DT? ascribed to Mott sd-scattering (see text). Inset:
o plotted as a function of temperature squared 72 for T < 75 K.
Solid black line is a linear fit to the data.

TABLE II. Parameters deduced from electronic structure calcu-
lations as well as magnetic, thermal, and electrical transport mea-
surements performed on TisMnBi, single crystals, where C is the
Curie constant, fi is the effective paramagnetic moment, 6, is the
paramagnetic wise temperature, J. is the nearest-neighbor exchange
constant along the c-axis, xo is the temperature independent suscep-
tibility estimated from the CW fit, xp,; is the Pauli susceptibility
estimated from the experimental value of the Sommerfeld coefficient
y, B is the coefficient of lattice heat capacity at low temperatures,
D, (states/eV f.u.) for both spin directions is the density of states
(DOS) at the Fermi level Er deduced from the y value, Dy
(states/eV f.u.) for both spin directions is the DOS at Eg calculated
by electronic-structure calculations, ®p and ®f are Debye and Ein-
stein temperatures estimated from heat capacity data, respectively, u
is the fraction of Debye contribution to the heat capacity, A is the
coefficient of 72 term in of the resistivity data at low temperatures,
D is the coefficient of Mott sd-scattering term in the resistivity data,
Ryw (m$2 cm mol? J72K?) is the Kadowaki-Woods ratio, and Ry is
the Wilson ratio.

Parameter Estimated value
C (cm® K/mol) 0.41(2)
Metr (14B) 1.79(4)
6 (K) —-9(3)
J.(K) 18(6)
¥o (107* cm? /mol) 4.8(5)
Xpaui (107* cm? /mol) 7.3(9)

y (mJ/mol K?) 57(5)

B (mJ/mol K*) 0.94(6)
D, (Er) (unit in the caption) 24(3)
Drana (E) (unit in the caption) 7.4(1)
Op, ur (K) 381(15)
@p, 11 (K) 355(2)
O (K) 110(22)
u (unitless) 0.73(7)
A (1073 uQ cm/K?) 1.103(3)
D (1078 uQ cm/K?) 2.43(3)
Rxw (unit in the caption) 3.4 x 107
Ry (unitless) 0.6(2)
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adding a Mott-sd scattering term —DT3 with D = 2.43(3) x
1078 uQ cm/K3 (Fig. 2). This is another piece of evidence
for the presence of electronic correlations that originate with
d-electrons.

C. Heat capacity and magnetic entropy

The temperature dependence of the specific heat C,(T') for
0.45 K < T <266 K is presented in Fig. 3(a). The value of
C, at 266 K is 161(1) J/mol K, which is ~8% smaller than
the Dulong-Petit limit of heat capacity at constant volume
Cy = 3nR = 174.6 J/mol K, where R is the gas constant and
n =17 is the number of atoms per formula unit. The most
likely explanation for this shortfall is that the Debye tem-
perature ®p of TiyMnBi, is significantly larger than 266 K.
Using the Debye model to fit C,(T) data was only partially
successful, and it was necessary to add an Einstein term with
a fraction (1 — u) = 0.27(7) of the total C,(T') to fit the data
(Table II), where u is the fractional contribution of the Debye
term. With the above addition, we were able to satisfactorily fit
the C,(T') data [Fig. 3(a)] with the fitting parameters ©p,_ g =
381(15) K, the Debye temperature equivalent of the Einstein
mode O = 110(22) K, u = 0.73(7), and ygr = 7(2) mJ/mol
K2. As expected, the estimated value of ®p_gr is significantly
higher than room temperature.

The magnetic contributions to C,(T') are most evident
below =~ 15 K, where the high-temperature fit discussed above
shows a deviation from the measured data [Fig. 3(b)]. It is best
isolated by comparing C,/T to the low-temperature phonon
contribution that is estimated by fitting C, /T =y + BT? over
the temperature range 10 K <7 < 18 K. This yields the
Sommerfeld constant y = 57(5) mJ/mol K? and g = 0.94(6)
mJ/mol K* (Table II). The value of the low temperature y is
nearly an order of magnitude larger than the value yy7 that
is inferred at high temperature, suggesting the gradual onset
of a correlated electron state with decreasing temperature in
TisMnBi,. The value of ®p 11 deduced from the fitted value
of B is 355(2) K, in reasonable agreement with the value
Op, Hr-

At the lowest temperatures, a broad peak centered at
~1.9 K emerges in C,/T [Fig. 3(b)]. It is possible that the
peak corresponds to the onset of magnetic order, although the
breadth of the peak suggests that the correlations associated
with this putative order would be weak and short ranged. We
have plotted in Fig. 3(c) the entropy Sy associated with the
magnetic part of the specific heat Cp,, which is obtained by
subtracting the low-temperature phonon contribution 873 and
electronic contribution yT from the measured specific heat,
i.e., Cmag = Cp — BT> — yT. The Spy saturates to 0.09RIn2
around 10 K. If the peak in the specific heat C,(T') at 1.9 K
is associated with magnetic ordering, then it is clear that the
ordered moment is significantly smaller than the spin 1/2
moment whose entropy would be RIn2.

D. Electronic-structure calculations

The total and atom-decomposed electronic density of states
(DOS) of TiyMnBi, are shown in Fig. 4(a). The compound
is definitively metallic, having a sizable DOS Dy (EF) =
7.4(1) states/(eV f.u.) for both spin directions at the Fermi
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FIG. 3. (a) Temperature dependence of the molar heat capacity
C,. The solid curve is the fit including both the Debye model as
well as a single-frequency Einstein oscillator, as described in the text.
(b) Temperature dependence of C,(T')/T for temperatures 0.45 K <
T < 15 K. Solid line is the fit C,/T = y + BT?, while the dashed
curve is the difference of the experimental C,, /T and the fitted values.
(c) Temperature dependence of the entropy Sy (T) = fOT %dT
extracted from the C,(T") data for T < 10 K. Horizontal dashed line
represents 9% of the magnetic entropy RIn2 contained in a spin
S = 1/2 system.

energy Ep. To understand the contribution of the specific
atoms to the DOS, we transformed the Kohn-Sham eigenstates
of ESC into a set of highly localized quasiatomic orbitals.
The eigenvalues of the Kohn-Sham wave functions were
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and Bi as well as the total DOS, which clearly demonstrates that Ti

contributes most of the DOS at the Fermi level. (b) Orbitally differentiated Mn states that are mostly centered around £2.5 eV. The breadth
of these states is comparable to their energies, indicating their pronounced itinerant character. To further understand the magnetic ordering,
(c) and (d) show the the spin- and orbital-resolved DOS for two intrachain neighboring Mn atoms represented as Mnl and Mn2, respectively,
where o, indicates spin moment of the orbitals along the x direction. Only the d, and d,>_,» orbitals lying in the ab-plane have significant
spin polarization. Antiferromagnetic order is predicted, since the spin polarization of these orbitals is opposite on neighboring Mnl and Mn2

atoms.

transformed into a first-principles tight-binding Hamiltonian
[37,38] which was subsequently used for computing the re-
sults. Figure 4(a) demonstrates that the Ti atoms contribute
most of the DOS close to Eg, while the Mn and Bi atoms have
much smaller shares. Within the accuracy of the ESC, none
of the Mn d-orbitals makes a substantial contribution to the
DOS at the Ep, which is instead dominated by the Ti states
that appear to hybridize much more strongly with each other
than with the Mn states.

Our measurements of the electrical resistivity and spe-
cific heat both suggest that the conduction electrons have
significant electronic correlations at low temperatures. To
further test this point, we estimated the DOS at Er from the
experimental value of y,

272
kg

Dy(EF)Z 3)/ s

ey

that includes the many-body enhancement effects such as
electron-electron and electron-phonon interactions. From the
estimated y of Ti4gMnBi, (Table II), we calculate D, (Ef) =
24(3) states/(eV f.u.) for both spin directions. The estimated
D, (Ef) is significantly larger than the Dyynq(Er) = 7.4(1)
states/(eV f.u.) obtained from the ESC, confirming the pres-
ence of many-body enhancement effects in this material. We

get Dy (EF)/Dband(EF) = y/yband =(1+ )"el—ph)m*/mband =
3.2(5), where ypang and mpag are band theory values of the
Sommerfeld coefficient and conduction carrier effective mass
and A._py is the electron phonon coupling constant. A factor
of 3 enhancement in electron mass is in line with values
computed and experimentally deduced for iron pnictides and
chalcogenides [39] and also their Mn analogs [40—42].

The orbitally differentiated density of Mn states [Fig. 4(b)]
is centered at >~ 2.5 eV from Ep, reflecting the strength of
the Coulomb and Hund’s interactions that stabilize magnetic
moments within the correlated Mn-based bands. Hybridiza-
tion produces a substantial breadth to these states, extending
from about —3 to +3 eV, indicating that charge and spin
excitations are strong in TisMnBi,. Apparently, the Mn states
are not fully localized and lack a stable valence, which is a
defining characteristic of metals with strong correlations and
of insulators.

Calculation of the spin-polarized DOS reveals that
Ti4MnBi, may be magnetically ordered. The spin- and
orbital-resolved DOS for the two Mn atoms are plotted in
Figs. 4(c) and 4(d). A hidden magnetic ordering is revealed,
in that only the d,>_,» and d,, states are able to sustain spin
polarization. Comparing the same d orbitals in Figs. 4(c) and
4(d), it is seen that the sign of the spin magnetic moments
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FIG. 5. (a) Temperature dependence of the magnetic susceptibility x = M/H of Ti;MnBi,. The red data are for a 10 kOe field applied
perpendicular to the c-axis, while the green data are for the same field applied along the c-axis. Inset: An expanded view of x(7) at low
temperatures highlighting its anisotropy. (b) Temperature dependence of x ~! at 10 kOe field applied parallel to the c-axis. Solid curve is the
CW fit as described in the text. (c) Temperature dependencies of x.(7') measured at six different fields between 1 and 50 kOe, as indicated. All

fields were applied parallel to the c-axis.

of the two intrachain neighboring Mn atoms, represented as
Mn-1 and Mn-2, is reversed. Although the total spin magnetic
moment on each Mn is small compared to the overall Mn mo-
ment, the ESC predicts that AFM ordering will be established
on the d,>_y» and d,, orbitals.

E. Magnetic properties

The temperature dependence of the magnetic susceptibil-
ity x(T) of Ti4MnBi, measured with a 10 kOe magnetic
field oriented both perpendicular and parallel to the c-axis is
plotted in Fig. 5(a). In both field orientations, broad maxima
are observed that are centered near 1.9 K. Above >~ 15 K,
Xap(T) and x.(T) data are nearly identical. The inverse of the
susceptibility x ~!(T') data is well fitted by the CW expression
augmented by a temperature-independent contribution ¥,

x(T) = + Xos @)

C
T -6,
where C is the Curie constant and 6, is the paramagnetic
Weiss temperature. The fitted values of the parameters are as
follows: C = 0.41(2) cm® K/mol, 6, = —9(3) K, and xo =
4.8(5) x 10™* cm?/mol (Table II). The estimated value of
the effective paramagnetic moment s = +/8C (assuming
g=2) is 1.79(4) ug/Mn, which is close to the 1.73 ug
expected for a spin § = 1/2 system. This reduction of the Mn
moment from its maximal Hund’s rule value can be taken as
evidence for an intermediate degree of itineracy of the Mn
magnetism in Ti;MnBi,. The negative value of 6, establishes
that the dominant interaction in this material is of AFM
nature. Within the Heisenberg model of crystallographically
equivalent localized spins, the exchange constant(s) can be
estimated using 6, = —S(fljl; D 3 j Jij [43]. Assuming that the
dominant exchange J. couples magnetic moments along the
chains where the distance between Mn moments is smallest,
we estimate 6, = —J./2kg for S = 1/2, which leads to J. =
18(6) K.

The Pauli susceptibility of Ti;MnBi, is estimated using
XPauli = /,LZBD(E]:) =7.8(09) x 10~* cm3/mol for D, (Er) =
24(3) state/eV f.u. is similar to the value of x, (Table II), sug-

gesting the same origin for both. The fact that both D, (Ef) =
14.8 states/eV f.u. and D, (Ep) show a substantial enhance-
ment over Dy,nq(Er) further suggests the presence of sizable
electron correlation effects in TiyMnBi,. The inset of Fig. 5(a)
shows that at low temperatures, x,, measured with the field
in the basal plane (H L ¢) has a much stronger temperature
dependence compared to x, when the field is along the c-
axis (H || ¢). xo is subtracted from the measured anisotropic
susceptibilities to isolate their temperature-dependent parts,
which demonstrates that the anisotropy approaches ~2 at
1.9 K. The measurements with H || c are reported for different
fields between 1 and 50 kOe in Fig. 5(c). An abrupt slope
change in x.(7) measured with H = 1 kOe indicates the
onset of AFM order at Ty = 1.9 K. Increasing magnetic fields
broaden and weaken the peak in x.(7"), suggesting that the
magnetic correlations become progressively short ranged as
the field destabilizes AFM order.

The field dependence of the magnetization M provides fur-
ther information about the magnetic correlations and moment
in TiyMnBi,. Isotherms of the magnetization M (H ) are shown
in Fig. 6(a) for seven different temperatures from 2 to 100 K.
The M(H) plots are nonlinear and the nonlinearity becomes
more pronounced as the temperature decreases. Isothermal
magnetization normalized to the saturation magnetization
M /Mg, is plotted as a function of the scaled magnetic energy
wH/kgT (where Mg, = gSug = 1 up considering S = 1/2
and g = 2) at four different temperatures between 1 and 10 K
[Fig. 6(b)]. For comparison, we have also plotted the simu-
lated Brillouin function (BF) for S = 1/2, which represents
the behavior of localized spins in the paramagnetic regime. It
is evident from the plot that the magnitude of M /M, at any
measured value of wH /kgT is significantly reduced compared
to the expectations of the BF [Fig. 6(b)]. Apparently, there is
a nonsaturating contribution to the magnetization data at low
temperatures that results in the positive gradient in the M (H )
curves even at the high fields of our measurement. A plausible
reason for the observed reduction is the emergence of AFM
correlations that also show their signature in the C,(T") and
in the x (T') measurements at the low temperatures. To inves-
tigate this scenario, we fitted the M (H) data taken in close
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FIG. 6. (a) Isothermal magnetization M (H) measured with the
field H | c-axis at seven different temperatures, as indicated.
(b) Normalized M /M, plotted as a function of wH/kgT at low
temperatures, as indicated, where M, = gSup. Simulated Brillouin
function with § = 1/2 and g = 2 is shown by the dashed line. Inset:
The fit of the M (H ) data at 2 K as described in the text.

proximity (7 = 2 K) to the magnetic transition temperature
(Ty = 1.9 K) using the expression

gusH
kgT

where f is a prefactor to the BF and xapv represents the
susceptibility of the antiferromagnetically coupled spins [44].
The BF can be described as [45]

M(T,H) = statBS|: i| + xarvf, (3a)

Bs(x) = %{(25 + l)coth[(ZS + 1)%“] — coth()—zc)}, (3b)

where x = gugH /kgT and Mg = NagSup. The M(H) data
of TiuMnBi, measured at 7 = 2 K were fitted satisfactorily
[inset, Fig. 6(b)] to this expression by varying only two
parameters f and xapm and keeping g =2 and S =1/2.
As anticipated from Fig. 6(b), the weighting factor f is
much smaller than one [/ = 0.146(2)] and xapm = 9.8(2) X
1073 cm?/mol.

This analysis suggests an intermediate degree of local-
ization in Ti4uMnBi,. The appearance of the term in M (H)
that can be described by the BF attests to the presence of
reasonably well-defined Mn moments. Unlike an insulator

where f = 1 and each moment is localized by correlations
into a well-defined and long-lived valence state, the observa-
tion in Ti4MnBi, that f <« 1 is consistent with the breadth in
energy of the Mn states [Fig. 4(b)] where the valence is poorly
defined and the Mn d-electrons have a pronounced itinerant
character due to hybridization effects. While it is a matter for
future work, it is possible that quantum fluctuations associated
with either the one-dimensionality of Ti4MnBi, or alterna-
tively to proximity to an electronic localization instability that
produces a magnetic moment from a correlated band could
contribute additional breadth to the Mn states at the lowest
temperatures. One may wonder if the second term xapmH
could possibly be associated with the Pauli susceptibility of
the conduction carriers. However, xapm is nearly an order of
magnitude larger than the value of xp,y; (Table II), suggesting
that xapm likely reflects the presence of AFM correlations or
even long-ranged order that affects the partially localized Mn
moments.

Neutron diffraction measurements have been used to
search for the presence of magnetic order in Ti4MnBi,.
Figure 7(a) shows the neutron powder pattern obtained at
0.05 K, where the data were fit using Rietveld refinement.
The estimated agreement factor of the fit is Ry, = 4.85%,
and the diffraction peaks can all be indexed as the nuclear
peaks of the crystal structure. Furthermore, as shown in the
Fig. S2 of the Supplemental Material [25], there is no indi-
cation of additional peaks or temperature dependencies that
might suggest the onset of magnetic order between 6.5 and
0.05 K. Neutron diffraction scans were carried out at 2.5 K
along selected directions of reciprocal space, using an aligned
collection of single crystals. Several weak and broad peaks
were observed near the 001 [Fig. 7(b)] and 111 [Fig. 7(c)]
positions. Since these data were obtained above the apparent
AFM ordering temperature of 1.9 K deduced from the max-
ima in C,/T and x(T'), these moments are only correlated
over small length scales, poised to turn into true magnetic-
diffraction peaks when the temperature drops below Ty. Since
these reflections are forbidden in the /4/mcm space group of
TiyMnBiy, it is concluded that the propagation wave vector
of the implied magnetic order is either (1,1,1) or (0,0,1). A
symmetry analysis was performed using the program SARAh
[25,46]. Of the eight irreducible representations appropriate
for TisMnBi,, only one can reproduce the relative intensities
of the (001) and (111) diffraction peaks.

The basis vectors imply that the ordered Mn moment lies in
the ab-plane, as do the lobes of the associated d., and d,>_,»
orbitals. As shown in Fig. 7(d), this magnetic structure has
Mn moments that are perpendicular to the c-axis. The Mn
moments are antiferromagnetically aligned along the c-axis
but ferromagnetically correlated within the ab-plane. Thus,
the dominant feature of the magnetic structure of TisMnBi,
is the presence of AFM order that doubles the chemical unit
cell along the c-axis, with the FM order between the chains.
The ratio of the structure factors obtained for the (001) and
(002) diffraction peaks provides the normalization for the
AFM peaks and in this way we obtained an ordered moment
of ~ 0.05 ug/Mn. The small ordered moment explains its
apparent absence in the powder-diffraction experiment, which
would typically only be sensitive to ordered moments p ~
0.1 wp. It is significant that the ordered moment 0.05 ug/Mn

014406-7



ABHISHEK PANDEY et al. PHYSICAL REVIEW B 102, 014406 (2020)
3 1 1 1 1 I
8x10 8.5x10" [F 1.2x10
—~ _ 1.0
g2 6 280 5
= S 0.8 o
8 4 8 2
> 3‘75 0.65\
5 D o
c 2 c 049
= =70 =1
£, < 028
6.5 0.0
-0.10 -0.05 0.00 0.05 0.10
H (r.l.u)
. I I I I I
6.2x10 [ (c) (d)
£ so% + . T
LTY AV RS S
S s8fF - | -
> -0 |
‘B | _ ‘ ==
ch 5.6 EHJ _‘-0; —Q- —
£, T=25K ! ¢ e ~
A g HHA % e
| | | |
090 095 1.00 105 1.10 b\]_, a
H (r.l.u)

FIG. 7. (a) Rietveld refinement of the neutron powder-diffraction data of TisJMnBi, measured at 0.05 K. Experimental data points are
shown by solid symbols, the black curve through them is a Rietveld analysis fit, green vertical bars indicate nuclear Bragg reflections (space
group /4/mcm), and the blue curve is the difference between the experimental and the calculated profiles. (b) Single-crystal neutron diffraction
data obtained at 2.5 K showing the existence of a weak magnetic peak at (001). The nuclear reflection (002) is also shown for comparison.
(c) Another weak magnetic peak (111) is observed in the single-crystal neutron diffraction experiments. Both (001) and (111) reflections are
forbidden by the crystal structure of Ti;MnBi,. (d) Magnetic structure for Ti;MnBi, determined from representation analysis [25], showing
Mn moments with antiferromagnetic alignment along the c-axis and ferromagnetic alignment within the ab-plane. Error bars when indicated

are statistical in origin and represent one standard deviation.

is only 3% of the 1.79 pup/Mn CW moment, suggesting that
the magnetic fluctuations are very strong in Ti;MnBij, to the
point that they are almost overwhelming magnetic order.

IV. DISCUSSION

The specific heat [Fig. 3(b)] and the magnetic susceptibility
[Fig. 5(a)] measurements have broad peaks centered near
1.9 K that provide corroborating evidence for the magnetic
order that has been found in the neutron diffraction mea-
surements. The entropy contained in the specific heat peak
[Fig. 3(c)] is about 9% of RIn2/Mn, providing a measure of
the staggered moment that is possibly more accurate than that
found in the single-crystal neutron diffraction measurements,
which were obtained for T =~ Ty where the staggered mo-
ment would not yet be fully developed as at T < Tn. The
qualitative conclusion is unaffected, that the ordered moment
is much smaller than the CW moment of 1.79 ug/Mn. The
breadth of the peaks in the single-crystal neutron diffraction
measurements as well as in the temperature dependencies of
the specific heat and magnetic susceptibility are suggestive
that true long-ranged order does not occur in Tiy;MnBi,,
rather the correlations remain finite ranged due to strong

fluctuations. These fluctuations could potentially be the re-
sult of magnetic frustration that originates with the low di-
mensionality implied by the chainlike crystal structure of
Ti4MnBi,. However, the ESC raise the alternative possibility
that Ti4MnBi, could be naturally tuned to an instability of the
Fermi surface itself, leading to the emergence of a tiny Mn
moment from a correlated band of Mn states.

Resistivity and heat capacity measurements establish that
Ti4MnBi, is inherently metallic and this conclusion is con-
firmed by the ESC. The calculations find that the DOS at
the Er is dominated by Ti states, which are substantially
hybridized. The comparison to experiment indicates that these
Ti-based states have moderate electronic correlations. The
DOS at the Er determined from the Sommerfeld coefficient
D, (Ep) = 24 states/(eV f.u.) is enhanced by a factor of
3.2 relative to that determined from the ESC Dyuq(Ef) =
7.4 states/(eV f.u.), suggesting substantial electronic correla-
tions that are not captured by the ESC. The Kadowaki-Woods
ratio Rgw = 0.34 uQ2cm mol?J~2K2 is much smaller than the
value of 10 £ cm mol?J~2K? that is typical of the highly cor-
related heavy electron compounds, but is similar to the value
of 0.3 Qcm mol?J~2K? that is reported for Pd and other
transition-metal-based compounds [36]. The Sommerfeld-

014406-8



CORRELATIONS AND INCIPIENT ANTIFERROMAGNETIC ...

PHYSICAL REVIEW B 102, 014406 (2020)

Wilson ratio Ry is given by Rw = m?/3(ki/13)(xo/y)s
where kg is Boltzmann’s constant and up is the Bohr mag-
neton. In an uncorrelated Fermi liquid Rw = 1, but Ry is
greater than 1 if FM correlations are present. Using the values
y = 57mJ/molK? and xo = 4.8 x 10~* cm?/mol, we find
that Rw = 0.6(2), ruling out appreciable FM correlations in
Ti4MnBi2.

There are two intertwined scenarios that have emerged
in our study of the metallic TiyMnBi,. The first is whether
the Mn moments are spatially localized or itinerant. If the
latter, then we could interpret the weak magnetic order to
be the consequence of a magnetic moment that has emerged
from a band with a critical degree of correlations. The second
consideration is whether the one-dimensionality implied by
the crystal structure with its chains of Mn atoms confers
a 1D character to the magnetic and electronic structures.
These two themes will next be discussed at some length.
Our conclusion, however, will be that more investigations are
needed to scrutinize the relevance of these two themes to the
underlying physics of TisMnBi,.

Our analysis of the electronic correlations described above
allows for the possibility that Mn moments are not only
itinerant in Ti4MnBi,, but they may also be critical in that
the bandlike states from which they emerge have just enough
correlations to produce a long-lived Mn moment, albeit a
small one. A range of magnetic characters is possible for
Mn in metals that reflects the interplay of local Hund’s
and Coulomb interactions, which tend to localize magnetic
moments on the Mn sites, with the hybridization of the Mn
states, reflected in an effective bandwidth. When the on-
site interactions are very strong and the hybridization weak,
robust insulators like LaMnPO [42], CaMn,Sb, [47], and
BaMn;As; [40,48,49] occur where nearly full Hund’s rule
moments are found. When the hybridization is strong as
in metallic MnX (X =P, As, Sb, Bi) [50-52], MnSi [53],
YMn, [54], and HfMnGa, [55], residual on-site interactions
can induce a Mn moment within the correlated electron
bands that can be substantially weaker than the Hund’s rule
values. Assuming that the bandwidth reflects only Mn-Mn
hybridization, a Mn moment emerges from the band for a
critical value of hybridization that occurs for Mn-Mn spacings
near 2.5 A, antiferromagnetism and growing Mn moments
are found for intermediate values of Mn-Mn spacing between
2.5—2.8 A, while fully localized moments and strong FM
character are found for well-separated Mn ions with Mn-Mn
spacings larger than 2.9 A [56]. The nearest Mn-Mn spacing
in TisMnBi, is 2.5 A along the chain direction and, in this
scheme, Ti;MnBi, might be expected to be on the verge
of an electronic transition that would produce a somewhat
localized moment, possibly leading to weak AFM order.
These expectations are upheld by the ESC, where the sim-
ilarity of the Mn state energy and bandwidth attests to a
modest level of correlations, with just sufficient localization
to provide a CW moment of 1.79 ug/Mn. The observations
of weak AFM order and staggered moments that are much
smaller than the Hund’s rule moments are suggestive that
Ti4MnBi, naturally forms close to the instability that leads
to the formation of an AFM quantum critical point, where
moments form and simultaneously order at 7 = 0. The ESC
support this finding, where the Mn DOS is found to be spin

polarized, supporting a small staggered moment, in qualitative
agreement with the value inferred from the entropy Smag asso-
ciated with AFM order and from the staggered moment found
in neutro diffraction measurements. It is interesting to note
that the staggered moment found by ESC is associated only
with the d\>_,> and d,, orbitals, while the remaining spectral
weight associated with the Mn d-electrons forms a broad band
centered near —2.5 eV, with a band width of approximately
3 eV. The lobes of these orbitals lie in the plane perpendicular
to the Mn-chain axis, in agreement with the magnetic struc-
ture deduced from the neutron diffraction measurements. The
central question is where to place Ti4JMnBi, on the spectrum
of itineracy that is possible for magnetic moments in metals.
Electron spectroscopy techniques will address this question
by testing the results of the DFT calculations and will assess
whether the Mn moments are itinerant and contained in the
Fermi surface or localized and thus excluded from the Fermi
surface.

The crystal structure of TigMnBi, features well-separated
chains of Mn atoms, suggesting that 1D physics may be rel-
evant to our understanding of this remarkable material. How-
ever, it is not yet known whether the electronic and magnetic
structures bear the fingerprints of one-dimensionality, such
as pronounced anisotropy of the electronic structure or the
observation of fractionalized excitations. The experimental
work carried out so far in TizMnBi, is consistent with the
presence of strong fluctuations that limit the magnitude of
the ordered moment and suppress AFM order to a lower
temperature relative to the Weiss temperature. At this stage,
it is difficult to establish whether those fluctuations originate
from a 1D character of Ti4yMnBi,, or from emerging moments
in a correlated band, or from a mixture of these two effects.
Nonetheless, it is interesting to consider the ways in which
electronic correlations, familiar to us in 3D systems, may af-
fect the lowest energy excitations in 1D systems. By analogy,
it seems likely that the ESC in 1D systems provide essential
information regarding the states that are involved in bonding,
the stability of magnetic moments, and whether there is an
insulating gap or not. Similarly, there is a separation in scales
between these high-energy states where dimensionality plays
little role and the fundamental excitations that are found at
the lowest energies, where the 1D character is of paramount
importance. In most spin chain systems studied so far
[3,5-10], their insulating character implies that onsite Hund’s
and Coulomb interactions are very strong compared to hy-
bridization. It follows that charge excitations are profoundly
gapped at high energies and temperature, although any
spinons or holons present at low energies can be gapped
or not, depending on the anisotropy of the underlying XXZ
Hamiltonian or the strength of the interchain coupling [1].
In this case, we expect two different Fermi surfaces for the
spinons and holons.

Alternatively, if the bandwidth of states with mobile charge
is comparable to the strength of the Coulomb interactions
in organic 1D conductors, as is potentially the case for
Ti4MnBi,, they are rendered metallic in the sense that the 3D
ESC carried out in these compounds predict that there is no
insulating gap. Organic 1D conductors such as TTF-TCNQ
are examples of Tomonaga-Luttinger liquids, where the fun-
damental excitations are not electron-like quasiparticles but
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gapless and fractionalized excitations of spin and charge.
ARPES measurements carried out on TTF-TCNQ accordingly
find that the lowest energy excitations are spinons and holons
[16] and not the electronic quasiparticles of the Fermi liquid
state expected in 3D metals. Multiple bands may be important
in Ti;MnBi, and this raises the possibility that there may
be multiple Fermi surfaces for the spinons and holons, as
well as quasiparticles, depending on the strength of interband
coupling.

The role of interactions in 1D systems remains a matter
of debate. Residual interactions in the Tomonaga-Luttinger
state of the 1D organic conductors are sufficient to drive
spin-density-wave order, Peierls instabilities and even un-
conventional superconductivity [14,15]. Long-ranged order
necessarily results from interchain coupling, but we are inter-
ested mainly in the possibility that these interactions could be
sufficiently strong and sufficiently short ranged that Mott-like
physics can be realized in 1D systems, where the application
of nonthermal variables like pressure, doping, or magnetic
field can drive zero-temperature electronic instabilities that
are analogous to the Mott-Hubbard transition found in 2D
[13] and 3D [57] systems. In 3D systems, the stabiliza-
tion of moments in metals is described within two different
paradigms and we ask whether aspects of these scenarios
are appropriate for understanding interacting 1D systems in
general, and Ti4MnBi, in particular. In the delocalized case,
magnetic moments are induced by interactions in a band of
delocalized states, and the moment bearing electrons continue
to be included in the Fermi surface. The results reported
here suggest that the magnetic character of Ti4sMnBi, can be
understood in this way, although we concede that accurately
reproducing local interactions is notoriously difficult in ESC.
If this conclusion is correct, then Ti4gMnBi, is a more strongly
interacting analog of TTF-TCNQ and its 1D relatives. In the
localized case, the Coulomb interactions are strong enough to
localize moment-bearing electrons, which are not contained in
the Fermi surface. The coexistence of a 1D chain of moments
with spinon and holon excitations, coexisting with a separate
Fermi surface associated with the conduction electrons would
be a more exotic outcome for Ti4MnBiy, likely to already have
been realized in the metallic spin chain compound Yb,Pt,Pb
[11]. It is fair to say that it is uncertain at this point whether
the Mn d-electron states responsible for the magnetism in
TiysMnBi, are localized or delocalized, how many Fermi
surfaces are present, and of what type (spinon, holon, or
quasiparticle). Although the crystal structure of Ti;MnBi,
with its Mn chains is evocative, it is only the observation
of fractionalized excitations from ARPES, resonant inelastic

X-ray scattering or inelastic neutron scattering measurements
that will determine whether Ti4uMnBi, is truly a 1D system.
In any case, it is certain that Ti4MnBi, is a unique sys-
tem that demands further exploration, possibly as a bridge
between localized moment spin chains and 1D metals with
correlations.

V. CONCLUSION

We have investigated the structural, magnetic, electrical
transport, and thermal properties of a previously unexplored
compound TiysMnBi, that contains 1D chains of Mn spins
running along the crystallographic c-axis. Our experimental
results, along with the results of ESC, establish that this
material has a ground state with moderately strong electronic
correlations, leading to Fermi liquid behavior at low tempera-
tures. AFM order with small staggered moments is observed
at 1.9 K, signaling that spatial and temporal fluctuations nearly
overwhelm the tendency to order. These fluctuations may re-
flect proximity of TisMnBi, to an electronic instability where
correlations lead for moment formation itself or they may be
the consequence of weak interchain interactions among 1D
chains of Mn moments that just barely outweigh the fluc-
tuations. Future investigations will address the pertinence of
these scenarios and may likely provide determination whether
the 1D character implied by the crystal structure controls the
electronic and magnetic behaviors or chains of Mn moments
do not carry much relevance to the physics of this exciting
material. Even at this relatively early stage of understanding,
TisMnBij, is of importance as one of only a few 1D systems
that are metallic while being the first member of a potentially
larger and previously unexplored family of 1D systems.
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