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Room temperature quantummetric effect in
TbMn6Sn6

Weiyao Zhao 1,9, Kaijian Xing2,9, Yufei Zhao 3,9, Lei Chen4, Min Hong 4,
Yuefeng Yin 1, Yang Liu5, Dang Khoa Le6, Jacob Gayles 6, Fang Tang7,
Yong Fang 7, Binghai Yan 3,8 & Julie Karel 1

Quantum geometry, including Berry curvature and the quantummetric, of the
electronic Blochbands has been studied via nonlinear responses in topological
materials. Naturally, these material systems with intrinsic strong nonlinear
responses also form the key component in nonlinear electronic devices.
However, the previous reported quantum geometry effects are mainly
observed at cryogenic temperatures, hindering their application in practical
devices. Here we report a tuneable strong room-temperature second-harmo-
nic transport response in a quantummagnet, TbMn6Sn6, which is governed by
the quantum metric and can be tuned with applied magnetic fields. We show
that around room temperature, which is close to the spontaneous spin-
reorientation transition, the magnetic configurations, and therefore the rela-
ted symmetry breaking phases, are easily controlled via magnetic fields. Our
results also show that manipulation of the symmetries of the magnetic struc-
ture presents an effective route to tuneable quantum-geometry-based devices.

Nonlinear responses, e.g., high-harmonic electric/optical generation,
in quantum materials have been employed to trigger promising
applications such as rectification and terahertz detection1–4. Non-
linear transport also provides valuable insight into the intricate
quantum geometry in condensed matter physics5–7. In momentum
space, the real and imaginary part of the quantum geometry defines
the metric and curvature of Bloch wavefunctions, respectively. For
example, in non-magnetic WTe2 flakes, the nonlinear anomalous Hall
effect is caused by the Berry curvature dipole (DBC)

8; in anti-
ferromagnetic MnBi2Te4 thin flakes, the quantum metric
dipole (Dmetric) gives rise to both transverse and longitudinal
nonreciprocal responses below 24 K9,10. The electric magneto-chiral
anisotropy (eMChA) in chiral crystals11, described by
R I,Bð Þ=R0 1 +μ2B2 + γ ±B � I

� �
, also has a Dmetric contribution12. The

nonlinear response is commonly characterized by the second-
harmonic voltage V2ω (Fig. 1A). Because DBC is even under time-

reversal symmetry (T), the resultantV2ω remains unchangedwhen the
magnetic order reverses. In contrast, the T -odd Dmetric -induced V2ω

changes sign if magnetic order flips. Figure 1A shows a generic non-
linear V2ω dependence on I2ω when DBC and Dmetric coexist.

The nonlinear transport is sensitive to inversion symmetry (P)
-breaking and T -breaking and provides an excellent tool to probe
hidden symmetry-breaking phases. One prime example is the charge-
ordered kagome metal CsV3Sb5, which is generally viewed with a
centrosymmetric lattice distortion (charge density wave temperature
TCDW = 94K) but exhibits chiral and T -breaking quasi-particle
interference13–15. The eMChA was observed below 35K13, indicating
the possible presence of orbital loop currents, which spontaneously
reduces symmetry. In MnBi2Te4 and CsV3Sb5, while the nonlinear
response can be manipulated by an external magnetic field, it only
survives at low temperatures9,10, which is of limited use in practical
device applications.
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In this work, we report unexpected second order nonlinear elec-
tronic transport at room temperature in the centrosymmetric
magnet TbMn6Sn6, which holds rich magnetic interactions. The
response has a complicated temperature dependence driven by the
spin-reorientation transition around room temperature (e.g.,
270–330K)16–19. More importantly, we show that the field-dependent
Dmetric is tuneable via controlling the magnetic configuration and is
accompanied by a relatively-large field-independent response. Our
results pave the way for nonlinear device design based on quantum
magnets operating at room temperature.

Results and discussion
Modifying the crystal symmetry in a quantum material is one of the
most important routes tomanifesting sizeableDBC andDmetric -induced
nonlinear physics, such as that observed in artificially corrugated
bilayer graphene20–23. An alternative approach in nonlinear responses
is to introduce magnetic order to break symmetries. The kagome
magnet system, such as the RMn6Sn6 family, where R is a rare earth
element, is a promising candidate for locating thismagnetism-induced
symmetry-breaking behaviour. RMn6Sn6 compounds crystallize in a

HfFe6Ge6-type structure (centrosymmetric space group P6/mmm),
which possesses Mn kagome layers stacked along the c axis. In each
unit cell, the R atoms occupy the honeycomb centres between twoMn
layers. Except for the case of a nonmagnetic R (Y and Lu) atom, the
competing magnetic interactions, namely direct Mn-Mn exchange,
indirect 4f-3d type R-Mn exchange and Ruderman-Kittel-Kasuya-
Yosida (RKKY) type R-R interactions, contribute to rather compli-
cated magnetic structures, offering a rich field for nonlinear physics.
Among thesemagnetic interactions, intralayerMn-Mn interactions are
the strongest, and therefore ferromagnetic coupling within the
kagomeplanes dominates. The hybridizationbetweenMn3 d andR 5 d
orbitals always favours antiparallel alignment, thus yielding a negative
exchange coupling betweenMn and R24. In RMn6Sn6, variousmagnetic
structures have been observed, such as an easy-ab-plane anisotropy in
GdMn6Sn6, an easy-c-axis anisotropy in TbMn6Sn6 and conical order in
DyMn6Sn6 and HoMn6Sn6

25. Particularly, in TbMn6Sn6, the ferrimag-
netic ordering forms below TC ~ 420K, with both Tb and Mnmagnetic
moments aligned parallel/antiparallel to the a-axis, and, a spin
reorientation18,19 occurs at TSR ~ 315 K, where the moments rotate into
the c-axis with a slight canting angle, as shown in Fig. 1B, (more SR
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Fig. 1 | The nonlinear electronic transport. A The nonlinear magnetoelectric
responses, in (top) first order, e.g., a chiral conductor showing electric magneto-
chiral anisotropy in applied magnetic fields (B), and (bottom) second order, e.g.,
the parabolic second-harmonic I-V curves show magnetic field dependence due to
the quantum metric and Berry curvature dipole contributions. The second-order
conductivity induced byDBC andDmetric have even and odd time-reversal symmetry
(T) dependence, respectively, therefore will contribute to different parabolic I-V
responses. B In the quantum magnet TbMn6Sn6, alternative stacking of kagome
lattice Mn layers and honeycomb lattice Tb layers form ferrimagnetic (FiM)
ordering. The temperature dependent ferrimagnetic orders are sketched in solid-
line box between two sublattices, which is the well-known magnetic configuration.
Note that, the middle configuration in the solid box shows room-temperature
magnetic moments’ orientation for Mn and Tb, in which the tilting angle is slightly

exaggerated [~13° at 300K29] for a clearer demonstration of the tilting effect. The
“hidden” local spin texture of the Mn-kagome plane are sketched in the dash-line
box, which are the possible local structures as verified by INS17, in which the so-
called “flat-band antiferromagnetic” in-plane components break the inversion
symmetry in the Mn-kagome plane. Thus, the quantum metric dipole is nonzero
due to the broken T and inversion (P) symmetries. C The left schematic shows
relative orientation of the Hall bars, as well as the measurement settings for long-
itudinal voltage (Vxx) and transverse voltage (Vxy) responses. The two samples have
current flowing along the a axis, while the orientationof applied fields are along the
out-of-plane (c axis) direction and within the basal plane ([�1�20] direction),
respectively. The patterned TbMn6Sn6 crystal region in the secondary-electron
images is highlighted by light-blue shade (Sample 1) and light-orange shade
(sample 2).
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transition sketch and related magnetization measurements are avail-
able in Figures S1, S2). The canting effect is supported by magnetiza-
tion measurements shown in Figure S2. The magnetization does not
saturate at high magnetic field, and the in-plane and out-of-plane
magnetic moments at B = 5 T at 300K are different, e.g., 5.25 µB/f. u.
and 5.19 µB/f. u., respectively. These results confirm the robust canted
ferrimagnetic order and in-plane antiferromagnetic components at
room temperature. The magnetic ordering in the kagome lattice
contributes to large Berry curvature in the material, which leads to a
giant anomalous Nernst effect26,27 and anomalous Hall effect25,28 at
around room temperature16,19,25–27,29–37. On top of this, inelastic neutron
scattering (INS) results16,17,19 indicate that the Mn in-plane spin config-
uration of the kagome lattice has magnetic excitation features of
ferromagnetism, flat-band antiferromagnetism, and chiral anti-
ferromagnetism (Fig. 1B). Importantly for this work, the flat-band type
antiferromagnetic spin structure in the Mn kagome lattice, with an
inversion-symmetric pair of Mn moments canting along opposite
directions, result in breaking P and T, satisfying conditions to observe
the quantum metric physics.

The anisotropic magnetotransport properties of TbMn6Sn6 with
applied field along the c axis or the basal plane ([�1�20] direction) for

Sample 1 and Sample 2 (see Fig. 1C for sample orientation), respec-
tively, have been studied (Figures S3, S4), indicating the excellent
crystal quality of the studied devices. Figure 2A, B demonstrates the
first-order transport results at 300K. The negative magnetoresistance
(MR) in Sample 1 is sharper at low fields, where the moments are not
fully aligned, and shows linear dependency with fields above the
alignment, indicating spin-disorder-scattering and electron-magnon
scattering, respectively38. With applied in plane fields, a field-induced
SRoccurs, and shows aU-shape positiveMR in the SR region, similar to
the reports in the Fe3Sn2 kagome magnet39. A giant anomalous Hall
effect arising from the large Berry curvature in the band structure27,28,37

is also observed in Samples 1 & 2, as shown in Fig. 2B. The anomalous
Hall conductivity σA

xy (=
ρA
xy

ρ2
xy +ρ

2
xy
) is ~ 210 S·cm−1 in sample 1, which con-

verts to ~ 0.122 e2/h (quantum conductance) per kagome plane, com-
parable with top-quality TbMn6Sn6 crystals in literature. In Sample 2,
the similar result (0.13 e2/h) is also observed at room temperature,
implying the Berry curvaturemay also contribute to an out-of-kagome
plane giant anomalous Hall conductivity. The observed similar linear
transport behavior in Sample 1 and Sample 2 also suggests that the
electronic properties in TbMn6Sn6 are not affected by the FIB fabri-
cation process. Similar behavior can be found in the 290–320K region,
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as demonstrated in Figure S3; the calculated anomalous Hall con-
ductivity values are summarized in Fig. 2G. The anomalous con-
ductivity is roughly a constant, and independent with the longitudinal
conductivity, also suggesting the intrinsic origin from the Berry
curvature.

A frequency doubling effect was observed in the FIB-fabricated
Hall bar samples by the application of an alternating current (a.c.), as
shown in Fig. 2C–F for Sample 1, and Figure S5 for Sample 2. Figure 2
C&D show both longitudinal and transverse second harmonic
responses V2ω

xx , V
2ω
xy . Note that, the second harmonic transport beha-

vior contains two parts: 1) a magnetic-field-independent offset, and 2)
the magnetic-field-dependent ΔV2ω which can be obtained via sub-
tracting a constant offset value at B =0T. Based on these different
contributions, the nonlinear response signals have different T -
dependence, e.g., the Berry curvature dipole is a T - even term while
the Drude and quantum metric are T - odd terms40. Therefore, the
Dmetric-induced term can be, in principle, obtained via analysing the
magnetic field dependence of the second harmonic transport prop-
erties. After subtracting the T - even term of each measured curve in
Sample 1,ΔV 2ω

xx , ΔV
2ω
xy are obtained and plotted in Fig. 2E, F.ΔV2ω

xx and
ΔV2ω

xy show nonlinear behavior with magnetic field, which are odd
functions and appear to saturate at sufficiently large fields. Hence, it is
highly possible that both DBC and Dmetric contribute to the nonlinear
transport behavior. Further, we summarize the longitudinal and
transverse nonlinear response at B =0, ± 1 T values as functions of the
a.c. density (I-V) in Fig. 2H, I, for Sample 1. The parabolic fitting curves
show the current dependency of the second harmonic transport sig-
nals and clearly indicate the signature of a second-order electronic
transport response. The splitting at different fields shows the tune-
ability in the (DBC and Dmetric) co-contribution model.

In the co-contribution model of the DBC and Dmetric, symmetry
breaking is present and is induced by the in-kagome-plane anti-
ferromagnetic alignment. As shown in Fig. 1B, with flat-band type
antiferromagnetism, P and T symmetries are both broken, and with
chiral antiferromagnetism, the T and C3 symmetries are broken. A
nonzero quantum metric dipole Dmetric may therefore give rise to the
odd-with-magnetic-field nonlinear responses, on top of the magnetic-
field-even components contributed by DBC. In contrast with sample 1,
the responses in Sample 2 are substantially weaker and exhibit a dif-
ferent field dependence (Figure S5), implying these nonlinear
responses originate from the magnetic configurations. Before moving
on to further discussion, extrinsic effects should be considered. First,
we employed a scaling analysis6,9,10 to reveal that the second harmonic
Hall conductivity (in the high-field plateau area of Fig. 2F) is not pro-
portional to the relaxation time squared (τ2) in the Drude model,
excluding non-linear Drude scattering as the main contribution to the
signal. Our analysis clearly showed a primary Dmetric contribution to
the T-odd response as well as a contribution from another
extrinsic mechanism e.g., second-order skew scattering, side-skew
scattering41,42. (See details in Supplementary Information Figure S11,
S12) Finally, the current density applied in this study is also smaller
than other nonlinear transport research in FIB-based devices13,43–45;
considering the comparable resistivity in these metallic materials, the
Joule heating effect contribution is negligible. Then to understand
thesenonlinear transport behaviors near the spin reorientation region,
the temperature, magnetic field and a.c. density dependent measure-
ments are conducted in both samples.

The SR is triggered by an increase in the Tb single ion anisotropy
energy with cooling16,19, which favours the c axis and consequently
forces the Mn moments to rotate in the antiparallel (-c in this case)
direction. Since the spontaneous TSR is near room temperature, an
appliedmagneticfieldwill also easily alter the spin configuration in this
temperature range. Moreover, in this region, the energies of different
magnetic configurations are comparable, thus offering the potential
for skyrmion formation, which also contributes to the nonlinear

transport responses. Although the nonlinear transport is insignificant
when the magnetic field is applied in the basal plane (Sample 2)
comparedwith B along the c-axis, peaks inΔV2ω

xy with ~ 40% intensity of
Sample 1maximumareobserved around thefield-induced SR region in
sample 2 (Figure S5). To directly compare, the field-dependent second
harmonic Hall effect components (see Supplementary Figs. S6, S7 for
details) are plotted into a four-dimensional color map in Fig. 3A. Low
field features (indicatedwith a purple arrow), which are approximately
the same intensity appear in both sample 1 and 2 (e.g. B applied out of
basal plane and in basal plane, respectively). These features appear at
different temperatures depending on the sample and are consistent
with a field-driven spin reorientation.

To further study the nonlinear response from the spin reorienta-
tion, Fig. 3B shows a plot of V2ω

SR , which is the SR-related second har-
monic Hall component (see SI for V2ω

SR calculation and its temperature,
magnetic field and a.c. density dependency). As shown in Fig. 3B, the
“peak” values (~ 4.5 µV for Sample 1 and ~ 3.5 µV for Sample 2) at 305 K
for both samples are comparable, indicating a similar underlying 3D-
like mechanism. In Fig. 3A, a naïve model demonstrates the nominal
spin configuration. Moreover, from the phase diagram shown in
Fig. 3A, the quantummetric effect and skyrmion related eMChA can be
isolatedbelow300K.Namelywith thefield applied along the c axis and
along the a axis, only one effect is detected in each case (quantum
metric and skyrmion eMChA, respectively).

To interpret these results, it is useful to consider the rich
magnetism presented in TbMn6Sn6. Recent neutron scattering
experiments17,19,46 suggest that on top of the long-range ferromag-
netic ordering in the Mn kagome layers, antiferromagnetic chiral
magnons exist. Our magnetic study (Figure S2) also suggests the
existence of in-kagome-plane Mn moment components in the stu-
died region, which is necessary for the presence of in-plane
antiferromagnetism. Moreover, Lorentz transmission electron
microscope experiments33,47 have confirmed the existence of sky-
rmions in TbMn6Sn6 at room temperature, which can bemanipulated
by the physical environments, e.g., temperature, magnetic fields and
focused electron beam. The observed peaks in Fig. 3A are in com-
parable temperature and field range, which further suggests its
relationship with topological spin textures. Skyrmions can be also
driven by applied electric current, e.g., in the topological magnet
MnSi48, which leads to the deformation of skyrmions and therefore,
the real-space Berry phase. Thus, the a.c. density induced peak shifts
in the Fig. 3B and Figures S6, 7 can be understood using this frame-
work. The current-induced skyrmions dynamics shows clear “turn-
on” effect, e.g., with 0.2×109 A/m2 applied current, there are no
obvious skyrmion peaks; while in the same condition, the Dmetric

induced plateaus are robust. Further, the antiferromagnetic chiral
magnons contain in-plane and out-of-plane components19, which
support 3D skyrmion dynamics, and thus contribute to the 3D-like
behaviour in Fig. 3B. Therefore, TbMn6Sn6 is a chiral magnet near the
spin-reorientation region which could give rise to a strong eMChA
effect in the second harmonic Hall response.

Based on these results, there are clearly two distinct mechanisms
that contribute to the large field-dependent nonlinear response near
room temperature. The first is the eMChA effect arising from the field-
induced spin reorientation of the chiralmagnetic structure around the
spin reorientation temperature. Due to the three-dimensional nature
of the skyrmions (real-space topology) in this material, the effect is
observed with both out-of- and in-kagome plane applied fields. The
second contribution is from the electronic band structure (Dmetric and
DBC), which arises only when B // c (Figure S9). After ruling out the
current heating contribution, Drude contributions, the intrinsic ani-
sotropic nonlinear transport result can be understood by considering
the symmetry in the material.

The quantum metric can arise in a material with broken P and
broken T symmetry. The symmetry breaking depends on in-plane

Article https://doi.org/10.1038/s41467-025-62096-z

Nature Communications |         (2025) 16:6837 4

www.nature.com/naturecommunications


antiferromagnetism, and is supported by a slight canting of the
moments (~13o)29. Therefore, this broken P and broken T symmetry is
only present when B // c-axis. When B // basal plane, the parallel
alignment of the Mn moments in the kagome lattice will no longer
break P symmetry, and thus only skyrmion-induced components are
observed in Sample 2. In this scenario, the nonlinear response can be
easily controlled via changing temperatures or applied fields in room
temperature region. The magnetic structure induced symmetry
breaking phase is an important starting point to realize nonlinear
electronicproperties in quantummaterials. A goodexample is intrinsic

magnetic topological insulator MnBi2Te4, in which Mn moments are
out-of-plane ferromagnetically coupled in each layer, and anti-
ferromagnetically between adjacent layers belowNéel temperatureTN.
Below TN, odd-layer MnBi2Te4 breaks both P and T symmetries, how-
ever preserves PT symmetry, offering suitablematerial system to study
quantum metric physics6. Experimentally10, Dmetric induced nonlinear
transport has been observed below TN. While another group shows
additional symmetry manipulation via van de Waals engineering
boosts the Dmetric contribution to nonlinear responses. The anti-
ferromagnetism in MnBi2Te4 orders at cryogenic temperatures, and
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has high defect density level that may reduce the efficiency in
symmetry manipulation. TbMn6Sn6 has above-room-temperature
magnetism, and high crystalline quality, thus it can be an ideal plat-
form for quantum metric physics. Recently, the studies of quantum
metric induced physics at room temperature in WTe2

49, Mn3Sn
50 and

Cs2Ni3S4
51 are attracting significant attention, indicating a promising

stage for implementing quantum geometry in electronic devices.
A substantial room temperature nonlinear response is a key

requirement in designing highly-efficient nonlinear devices. Recently,
a large DBC has been demonstrated using second harmonic transport
at room temperature in topological materials such as the Weyl semi-
metal TaIrTe4

52, the massive Dirac semimetal BaMnSb2
45, and Bi thin

films53. In addition to room temperature operation, another key
requirement for emerging devices is tuneability, which has been
reported in a symmetry breaking phase in the kagome CsV3Sb5 com-
pound, although only at cryogenic temperatures13. In Fig. 3C, the
coefficient of eMChA, γ =4V 2ω=ðVωBja:c:Þ in some popular materials
are summarized, together with our work on TbMn6Sn6. Among all of
the materials, TbMn6Sn6 is the only one which demonstrates giant,
tuneable second harmonic transport behavior at room-temperature.

We have shown that in TbMn6Sn6, the Berry curvature dipole,
quantum metric dipole and skyrmion induced second harmonic
transport behavior coexist at room temperature, and can be tuned via
control of the magnetic configurations. The giant and tuneable effect
is confirmed in multiple samples, thus promoting a room temperature
controllable response of the nonlinear physics for device design. The
rich physics of kagome materials may prove a fertile playground to
identify other quantum metric driven non-linear responses, which
could open a new direction in practical nonlinear device design for
next-generation electronics and spintronics.

Methods
The high quality TbMn6Sn6 single crystals grown from Sn-flux
method following the same procedure in ref. 37 are employed as
startingmaterials. Using a focused ion beam technique equipped on
a dual beam scanning electron microscope (SEM, Thermofisher FEI
Helios 5), Hall-bar shape samples in micron size are prepared for
electronic transport measurements. During preparation, single
crystal is mounted on SEM stub with the c axis along electron beam
direction, and the obtained Hall bar samples are cut along certain
axes, e.g., the Hall bar is patterned from a c-oriented thick lamella
with current flowing along the a axis (B out of plane, Sample 1); and
B in plane lamella with current flowing along the a axis (Sample 2),
as sketched in Fig. 1C. Lock-in technique (Stanford Research SR 830)
is employed in the electronic transport measurements, with low
frequency (17 Hz) AC current flowing in the channel. The sample
environment (temperature and magnetic fields) is provided by a
physical property measurement system (Quantum Design PPMS
7 T). Magnetization measurements are conducted using a Vibrating
Sample Magnetometer mounted on a physical property measure-
ment system (Quantum Design PPMS 9 T).

Data availability
All data supporting the findings of this study are available within the
article and the Supplementary Informationfile. Sourcedata in themain
text are provided with this paper.
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