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The ferrimagnetic insulator Mn3Si>Tes, which features a Curie temperature 7. at 78 K and a delicate yet con-
sequential magnetic frustration, exhibits colossal magnetoresistance (CMR) when the magnetic field is applied
along the magnetic hard axis, surprisingly inconsistent with existing precedents [1]. This discovery motivates
a thorough single-crystal neutron diffraction study in order to gain insights into the magnetic structure and its
hidden correlation with the new type of CMR. Here we report a noncollinear magnetic structure below the 7
where the moments lie predominantly within the basal plane but tilt toward the ¢ axis by ~ 10° at ambient con-
ditions. A substantial magnetic diffuse scattering decays slowly and persists well above the 7¢. The evolution
of the spin correlation lengths agrees well with the electrical resistivity underscoring the role of spin fluctuation
contributing to the magnetoresistivity near the transition. Application of magnetic field along the c axis, renders
a swift occurrence CMR but only a slow tilting of the magnetic moments toward the c axis. The unparalleled
changes indicate a non-consequential role of magnetic polarization.

Colossal magnetoresistance (CMR), the dramatic change in
electric resistance in response to an applied magnetic field,
has been known over decades and is extensively studied in
the archetypical perovskite manganites and its variants [2]. In
these systems, the simultaneous insulator-metal transition and
the ferromagnetic order of the mixed Mn3*-Mn** network
can be understood in the context of the “double exchange”
mechanism; the electron hopping is enhanced when neighbor-
ing Mn ions have mutually aligned spins [3—5]. The spin order
promotes the electron hopping and increases the effective ex-
change interaction, annealing out the lattice distortion, thus
leading to the insulator-metal transition.

Exploring new classes of materials exhibiting CMR be-
yond the perovskite manganites continues to inspire huge in-
terest, as they expand the option for optimizing magnetore-
sistive properties for applications like spintronic devices with
low dissipation. The discovery of the large enhancement of
magnetoresistance in Sc-doped pyrochlores TloMnsO7 [6-8]
with the same oxidation state of the Mn ion and essentially
unchanged transition temperature 7, suggests a new paradigm
for manipulating magnetoresistance. A theoretical model at-
tributed the CMR phenomena in Tly_Scy,MnsO7 to mag-
netic polarons formed above the 7. as the carrier concentra-
tion is sufficiently low [9]. It is proposed that the magnetic
fluctuations generate an effective static potential that scatters
the carriers and gives rise to electric resistance. The fact that
low-field magnetoresistance scales well with carrier densities
over two orders of magnitude and in materials with different
magnetic models reveals a ubiquitous relationship between
the magnetoresistivity and charge carrier density in ferromag-
netic metals and doped semiconductors [10].

Despite these differences between the perovskite and py-
rochlore manganites, an essential element these materials and
all other CMR materials commonly share is magnetic polar-
ization, which minimizes spin scattering, thus electrical resis-
tance. However, the ferrimagnet Mn3SisTeg is a surprising
exception to this rule. The recently discovered CMR in this
material is realized only when the magnetic polarization is

avoided [1]. The inherent frustration due to competing ex-
change interactions between neighboring Mn ions prevents
the formation of a long-range order until the temperature is
lowered to the T, = 78 K [11, 12, 14]. The large linear term
in the heat capacity confirms critical magnetic fluctuations
arising from the competing exchange interactions, which may
hold the key to understanding the CMR [1]. Mn3SisTeg has
a magnetic easy axis within the basal plane and a magnetic
hard axis along the c axis [12]. The CMR occurs only when
the magnetic field, H, is applied along the c axis and it is
absent when H is applied within the basal plane. This spe-
cific character is later confirmed in a separate study, in which
the CMR is attributed to the formation of the nodal-line struc-
ture of the valence Te band [15]. Nevertheless, an adequate
understanding cannot be established without an thorough mi-
croscopic identification of the spin structure, which is con-
spicuously lacking. In this Letter, we present a comprehen-
sive neutron diffraction characterization of the spin structure
as functions of temperature and magnetic field applied along
the ¢ axis where the CMR takes place. This study uncovers
a noncollinear magnetic structure with the magnetic moments
predominately lying within the basal plane but tilting toward
the ¢ axis by ~ 10° and a strong spin fluctuation persistent
well above T, which the electrical resistivity closely tracks.
Application of magnetic field along the ¢ axis only slowly tilts
the spins toward the c axis but retains the underlying antifer-
romagnetic configuration.

Single crystals of Mn3SisTeg were grown using a flux
method similar to that in Refs. [1, 12, 16]. The structural
information of the crystal was investigated using a Rigaku
XtaLAB PRO diffractometer equipped with a HyPix-6000HE
detector. A molybdenum anode was used to generate X-ray
with wavelength A = 0.7107 A. The samples were cooled by
cold nitrogen flow provided by an Oxford N-Helix cryosys-
tem. A single crystal with dimension of 2 x 2 x 0.5 mm?
was chosen for the diffraction study using the HB1 triple axis
spectrometer at the High Flux Isotope Reactor (HFIR) and the
CORELLI diffractometer at the Spallation Neutron Source,



all at Oak Ridge National Laboratory (ORNL). The sample
was aligned inthe [H, H, L] and [H, 0, L] scattering planes for
the zero-field study using a closed cycle refrigerator, and sub-
sequently in the [H, K, 0] scattering plane to study the field-
dependent evolution of the spin configuration using a 5-Tesla
(T) superconducting magnet. The same single crystal was also
used for the in-situ neutron diffraction studies with in-plane
current applied.

Mn3SizTeg has a layered structure with trigonal symme-
try (SG 163, P31c) [12, 17, 18]. There are two inequiva-
lent Mn; and Mnsy sites in the unit cell. The MnTeg oc-
tahedra is comprised of Mn; ions that form a edge-sharing
honeycomb lattice in the ab plane, while the MnTeg octa-
hedra consisting of Mny sites form a triangular-lattice sand-
wiched between the honeycomb layers [Fig. 1(a)]. This leads
to a magnetically frustrated network of Mn ions with three
dominant antiferromagnetic exchange interactions [12, 14].
The nearest neighbor (NN) exchange interaction .J; is be-
tween the Mn; ion of the honeycomb layer and the Mn; ion
of the triangular layer with bond distance 3.541(1) A, the
next NN neighbor coupling .J; is between the Mn ions within
the basal plane with bond distance 4.056(1) A, and the third
NN exchange interaction (J3) for Mn ions across the plane
withe bond distance 5.401(1) A[all bond lengths measured at
250 K]. Mnj3Si, Teg orders ferrimagnetically below T, ~ 78 K
[11, 12]. There are no structural transition and obvious lattice
constant anomaly across the 7,.. Details are given in Supple-
mentary Material [13].

Although the crystal maintains the same structural sym-
metry across the transition, the magnetic configuration can-
not be described using any of the four maximal magnetic
space groups with the hexagonal lattice. A lower monoclinic
magnetic space group C2'/¢" (#15.89, BNS setting [19]) cor-
rectly describes the spin configuration at base temperature of
5 K. The transformation from the hexagonal to monoclinic
structure is obtained by a,, = —ay,b,, = a; + 2by, and
¢, = —cyp, where m and h denote the monoclinic and the
hexagonal cells. Because the two-fold rotation 2’ acted on
the Mny site results in a magnetic ion at the same position,
this symmetry operation requires a sign change in the b,,-
axis spin component, and thus dictates the in-plane compo-
nent be strictly along the a,, or [1,0, 0] in the hexagonal set-
ting. There is no constraint for the b,,, component for Mn; .
In addition, nonzero c,,, components are allowed at both sites.
The magnetic structure of MnzSip Teg was previously reported
to be a collinear spin order; the moments reside in the basal
plane forming a ferrimagnetic order with strong easy-plane
anisotropy [12]. However, the magnetization measurement
with field H || ¢ shows a continuous growth of the inten-
sity suggesting a rather soft spin component in the c¢ axis,
although the anisotropy field is approximately 13 T [1]. A
strong angular-dependent CMR with seven orders of magni-
tude drops in resistivity in the Mn3SixTeg, which was first
reported in Ref. [1] and later confirmed in Ref. [15], prompt a
thorough reexamination of the spin configuration.

Figure 1(c) shows the temperature (1) dependence of the
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FIG. 1: (a) The refined zero-field magnetic structure of Mn3Si>Teg at
5 K. Two symmetry inequivalent Mn sites are located at (1/3,2/3, z)
with z &~ 0 and 1/4. The spin directions are dominantly along the
[1,0,0] direction and ~ 10° tilting away from the basal plane. The
pathways of the first three antiferromagnetic (AFM) exchange inter-
actions J; ~ —402, J» ~ —73, and J3 ~ —172 K/Mn [12] be-
tween neighboring magnetic ions are also shown in cyan, blue, and
red arrows. (b) The magnetic structure projected in the basal plane.
Gm, bm, and ¢, are the axes in the monoclinic setting. (c) The 7T'-
dependence of the (1,0, 0) peak associated with the canted spin con-
figuration. Inset shows the comparison of the wavevector scan at 10
K and 120 K across the (1,0, 0) Bragg peak. (d) The T-dependence
of dominant (0, 0, 2) magnetic peak for the ferrimagnetic spin order.

(1,0,0) reflection that clearly exhibits an enhancement in am-
plitude below T, ~ 78 K. A detailed comparison of wavevec-
tor scans through the same peak at 10 K and 120 K further
confirms the extra magnetic scattering intensity is about 10%
of the nuclear one. The coherent magnetic scattering intensity
probes the spin component S perpendicular to the momen-
tum transfer Q, S| = Q x (S x Q) The fact that addi-
tional intensity at Q = (1,0, 0) appears below the transition
indicates the presence of spin component perpendicular to the
[1,0, 0] vector. This could suggest a canted spin configuration
which can be quantitatively characterized from the refinement.
To do so, we perform a full 360° map at 5 K, 100 K, 200 K
using the white beam single crystal diffractometer CORELLI
[20]. The crystal was rotated along the vertical axis with 2°
step between runs. Each reflection is collected with averaged
redundancy of 5. Proper Lorentz, time-of-flight spectrum, and
detector efficiency corrections are applied by the method de-
tailed in Ref. [21]. A total of ~ 500 reflections are obtained
for a simultaneous refinement for the magnetic and nuclear
structure using Jana2006 program [22]. Table I shows the
refined parameters; the final spin structure is illustrated in
Fig. 1(a). Both Mn sites form ~ 10° canting angles toward
the c axis. The nearly antiparallel Mn1 and Mn2 spins imply a
considerable AFM interactions in between. Since the in-plane
component of Mn; does not have the same constraint as Mna,
the projected view in the ab plane shows a noncollinearity of



the overall spin configuration [Fig. 1(b)].

TABLE I: Refined magnetic moments of symmetry independent
atoms. Mn; is located at (1/3,2/3, z), Mn at (1/3,2/3,1/4) in
SG 163, P31c. The magnetic space group C'2 /¢’ puts no constraint
on Mn; but my, = 0 for Mna. maq, myp, me, and |m| denote the am-
plitude of spin components along the monoclinic @y, by, ¢m axes,
and the total moment, respectively. Three twin domains are present
with volume ratio of 36:34:30.

Label  Multiplicity Mg my me |m|
Mn; 4 -3.42(9)  1.508)  0.95(3)  4.55(3)
Mn; 2 4.13(8) 0 -0.73(3)  4.20(3)

More details on the magnetic structure are characterized
near and above the transition. In contrast to the long-range
order showing sharp magnetic reflections in the (H, H, L)
plane [Fig. 2(a)], notable magnetic diffuse scattering exists
at the magnetic peaks (0,0, 2), (1, 1,2) and equivalent reflec-
tions where the Miller indices are dominant by L component
[Fig. 2(b)]. This reveals a considerable in-plane spin fluctua-
tion that can only be probed by the momentum transfer per-
pendicular to the spin component. The in-plane magnetic fluc-
tuations are slightly broadened compared to those along the ¢
axis yet maintain a three dimensional character. Surprisingly,
the diffuse scattering is present over a broad range of temper-
ature near the transition. It peaks at the transition and persists
well above T, (Supplementary Material [13]). As shown in
Fig. 2(d), peak intensities collected at Q = (—0.025, 0, 2) ex-
hibit a slow decay as the temperature is raised. The intensity
remains finite at temperatures close ~ 27,.. The wavevector-
dependent susceptibility above the transition can be described
in the Ornstein-Zernike form x(q) = 1/(¢* + k?),where
k = 1/£ is the inverse correlation length. The in-plane corre-
lation length &, (T") displays a similar suppression on warm-
ing from 14.5(5) A at 85 K to 4(1) A at 180 K. These values
are rather small and comparable with the in-plane lattice pa-
rameter, highlighting the confinement of the magnetic clusters
above the transition. Interestingly, the thermal evolution of the
&2 overlaps nicely with that of the electric resistivity, which
has important implications for the magnetoresistance in that
temperature regime as discussed below.

We now turn to the response of the spin structure with mag-
netic field applied along the c axis. The full data sets are col-
lected at 0, 1, and 4.75 T to determine the spin order, while
more detailed field dependence studies are performed focus-
ing on representative reflections of (0,1,1) and (0,1,0). As
shown in Figs. 3(a)-3(b), both peak intensities exhibit abrupt
enhancement in the small field regime (< 1 T). The refine-
ment at 1 T indicates a melting of the domain walls between
three nearly equally-populated magnetic twins, leading to a
single domain with no change in the magnetic structure. More
importantly, the data indicate that the Mn; ion carries the mag-
netic moment of 4.5 pp whereas the Mng ion 4.2 pip. There-
fore, the net magnetic moment, according to the magnetic
configuration in Fig. 3(a), is 1.6 up/Mn (=[2 x 4.5 — 4.2]/3).
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FIG. 2:  (a) The contour plot of the neutron diffraction data in
the (H, H, L) scattering plane collected on CORELLI at 5 K with
200 K data subtracted as background. (b) The similar plot at 100
K. (c) Wavevector scans along the [1,0,0] direction across the mag-
netic (0,0,2) peak at selected temperatures. The solid lines are the
Lorentzian fits to the data points. (d) (left) The 7T-dependence of the
peak intensities at Q = (—0.025, 0, 2). Dashed line is fit to the data
points using exponential decay form I(T) = A;e~T~T0)/t 4 [,
with 7o = 79(1),t1 = 16.3(5), A1 = 3800(20), and Ip =
1720(15). (right) the thermal evolution of in-plane resistivity pqs (1)
(solid purple line) and £2,(T"), where &4 (blue solid square) is in-
plane correlation length.

This is perfectly consistent with the saturated magnetization
of 1.56 p1p/Mn in the basal plane at g H > 0.1 T [1, 15]. We
note there is a slight misalignment of the crystal orientation
where the applied field deviates from the crystalline c-axis by
3°, which translates into a in-plane field sin(3°) - 1 T=0.05 T
(close to 0.1 T) that overcomes the coercive field.

Further increasing H along the ¢ axis systematically sup-
presses the intensity of both (0,1, 1) and (0, 1, 0) reflections
[Figs. 3(a)-3(b)]. Such behavior is distinct from that of the
low-field regime and signals a gradual change in the spin con-
figuration once the system enters the single domain state. In
particular, the refinement reveals a further tilting of all spins
toward the ¢ axis from 10° at 1 T to 33° at 4.75 T (supple-
mentary material [13]). This is illustrated by the solid lines in
Figs.g(a)-3(b) showing evolution of the calculated intensities
with spin moment tilting away from the basal plane, which
capture the trend reasonably well. The in-plane lattice param-
eter a shows a monotonic increase with field applied along
the c axis. An accurate determination of the field dependence
of the c lattice parameter is not possible since the crystal is
oriented with the c-axis aligned out of the plane. We also
measured the thermal evolution of both magnetic reflections
at iofd = 5 T. In contrast to the sharp anomaly observed in
zero field, the transition is significantly broadened. This is ex-
pected for a ferrimagnet, because the applied magnetic field



forces the spins to be aligned with [ above the intrinsic mag-
netic transition.
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FIG. 3: Field dependence of the (a) (0, 1, 1) and (b) (0, 1,0) mag-
netic reflections with field direction parallel to the ¢ axis. Solid blue
and red lines for 104 > 1 T are the calculated intensities with angle
tilting smoothly from 10° to 33°. Inset of (b) illustrates the conver-
sion of three equally populated magnetic twins into a single domain
at field ~ 1 T. (c) The field dependence of the in-plane lattice con-
stant @ at 5 K. The temperature dependence of peak intensity of the
(d) (0,1,1) and (e) (0, 1, 0) peaks at field of 4.75 T. Dashed lines are
guides to the eye.

The magnetic response to the applied magnetic field de-
scribed above make the observed CMR with seven orders of
magnitude drops in resistivity in Mn3SisTeg indeed excep-
tional [1]. Seo et al. propose that the main mechanism driv-
ing an insulator-metal transition is the magnetic valve effect,
where the spin rotation by external fields drastically reduce
the electronic band gap and the charge conduction [15]. In
light of the neutron diffraction data presented in Figs. 1-3,
such a proposal becomes inadequate to explain the observed
CMR. This is because our neutron diffraction results reveal
that Mn3SisTeg already possesses a canted angle of 10° away
from ab plane at ambient condition, and the canting angle
changes merely to 33° at the applied field of 4.75 T along
the c axis. Yet, the CMR abruptly takes place at a critical
field poH. = 3 T, much smaller than the saturation field of
13 T transforming spins to a fully polarized state [Fig. 4(a)].
The lack of a parallel response to H in p,; and the magnetic
canting confirms that the magnetic spins alone cannot account
for the observed CMR. Furthermore, a dramatic change in
the electric conductivity is observed with application of an
in-plane electric current [Fig. 4(b)]. With increasing current
from 0.1 to 4 mA, the resistivity at 6 K drops by half, yet
the in-situ neutron diffraction measurement shows dispropor-
tionally small change in magnetic order. The intensity of the
magnetic (0,0,2) peak reduces by 15% while T. shifts only
slightly to 75 K at 4 mA. More dramatic change in the trans-
port properties and complex phase transitions are observed un-
der small in-plane direct current density [23]. These observa-

tions clearly imply magnetoresistance in Mn3SisTeg is rather
complicated and different mechanisms have to be invoked.
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FIG. 4: (a) Field dependence of the in-plane resistivity pqs (purple)
and canted angle obtained from neutron diffraction and magnetiza-
tion measurements. (b) T-dependence of the (0, 0,2) magnetic re-
flection as function of increasing in-plane electric current. (c) The
in-situ measurement of resistance under the same experimental con-
figuration. Inset shows the setup that performs simultaneous neutron
diffration and electric transport measurement.

In the low carrier density semiconductors Tls_Sc,MnsO7
[6-8] and Euy_GdySe [24], the coupling between itinerant
electrons and the fluctuating magnetic spins are emphasized
as the main source contributing to resistance in the regime
above 7% [9, 10]. According to the model, the magnetotrans-
port in low carrier concentration limit (n < 1/£3, with £ the
magnetic correlation length) ferromagnet is governed the scat-
tering process of the electron gas coupled to spin fluctuation.
The resistivity p, can be derived as p ~ £2/(1 + £2¢?) in the
Ornstein-Zernike approximation, with ¢ being the momentum
transfer of the ferromagnetic fluctuations [25]. It is evident
p ~ &2 for the low electron density situation over a wide range
of temperature above the transition. The strength of the cou-
pling constant C' between the itnerant electrons and local mo-
ment can be estimated from Ap(H)/p = C(m(H)/msat)?,
where m(H) and meg,, are field-induced and saturation mag-
netization, and usually exhibits anomalous large values in the
fluctuation scenario.

Indeed, Mn3Si;Teg displays a number of characteristics
of the magnetic semiconductors exhibiting CMR driven by
spin fluctuation; the charge carrier density is low at 10~% per
formula unit, which is similar to TlyMn,O7 ranging from
0.001 — 0.005 [8], but significantly smaller than in doped
La;_SryMnOg3 [26]. The constant C' is 105 above T [1],
nearly two orders of magnitude higher than those in the metal-
lic manganites [27]. Third, just like the magnetoresistivity that
extends to temperature much higher than the transition, the
magnetic diffuse scattering also persists at high temperature
[Fig. 2(d)] revealing a close connection between the two. The
square of magnetic correlation lengths of the fluctuating spins
follows the thermal evolution of the resistivity. This is in line
with the theoretical model that p ~ &2 even with dp/dT < 0
[9, 10] and the observation of a polaronic transport behavior



above the transition [18]. Finally, the density function the-
ory calculation [12] reveals that the magnetic exchange inter-
actions are dominated by the strongest nearest neighbor cou-
pling J; along the c axis, followed by two weaker terms Jo and
Js perpendicular to the ¢ axis [inset of Fig. 1(a)]. Such cal-
culation was recently verified by spin wave excitation study
using inelastic neutron scattering, which further reveals ex-
change anisotropy due to the spin-orbit coupling at the Mn1
site [14]. The system is frustrated because the first three mag-
netic exchange constants are of the same AFM type. This
explains the rather low transition 7, ~ 78 K comparing to
a much higher Curie-Weiss temperature O¢cy ~ —277 K
and the prevailing magnetic fluctuation. With magnetic field
applied along the c axis, the in-plane lattice constant shows
gradual expansion upon increased field [Fig. 3(c)]. This in-
plane lattice expansion could result from the magnetostriction
effect and shows opposite trend comparing to temperature de-
pendence of lattice constant in zero applied field [12], this
conceivably might lead to modification of existing magnetic
exchange interactions and eventual suppression of the mag-
netic frustration.

In summary, our neutron diffraction study reveals a canted
spin configuration at 5 K that is crucial to understanding the
unconventional CMR in the ferrimagnetic Mn3SisTeg. A slow
and gradual spin rotation toward to the ¢ axis occurs with in-
creasing magnetic field applied along the same direction. Our
results provide direct evidence that the modification in spin
order is not sufficient to explain the giant magnetoresistance
response when the field is applied along the spin hard axis,
and prompt further experimental [28] and theoretical efforts
to describe the novel magnetotransport behavior. On the other
hand, the prominent short-range magnetic diffuse scattering
near T, the close connection between the square of spin-spin
correlation lengths and electric resistivity, strongly suggests
the relevance of fluctuating moments near the magnetic transi-
tion contributing to the transport properties in this low carrier
density semiconductor. A future single crystal magnetic dif-
fuse scattering study under applied field is highly desirable to
provide important insight of the role of the fluctuating spins.
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