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Electrical transport under extreme conditions in the spin-ladder antiferromagnet TaFe, ,sTe;
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We report the electrical transport of the layered, spin-ladder antiferromagnet TaFe, »sTes (Ty ~ 167 K) under
intense magnetic field (up to 60 T) and high pressure (up to 50 GPa). In high magnetic field, TaFe, ,sTe;
undergoes two metamagnetic transitions, manifested in both the magnetoresistance and the Hall resistivity.
Synchrotron x-ray diffraction reveals no obvious structural transition up to ~50 GPa. However, the application
of a small pressure (~0.7 GPa) fosters a sizable anomalous Hall conductivity and a negative magnetoresistance,
possibly arising from the competing ferromagnetic exchange interaction in this antiferromagnet. Both the
anomalous Hall conductivity and the negative magnetoresistance culminate at a pressure of ~4 GPa. With further
increase of pressure, both physical quantities diminish. The Hall coefficient and the magnetoresistance change
sign above ~20 GPa, presumably due to the cessation of ferromagnetic spin fluctuations in this high pressure

regime.

DOLI: 10.1103/PhysRevB.107.115156

The study of the interplay between itinerant conduction
electrons and the localized moments is one of the central
themes in condensed matter physics, exemplified by the long-
standing heavy-fermion problem [1,2]. This interplay may
induce many novel phenomena in electrical transport, such
as the logarithmic resistivity upturn, colossal magnetoresis-
tance (CMR), and even unconventional superconductivity
[3-7]. Due to this correlation, the subtle change of magnetic
structure in a magnetic field, generally referred to as the meta-
magnetism [8], can reflect itself in the electronic transport,
e.g., as a resistivity kink. A notable example is lightly doped,
insulating cuprates, where a metamagnetic or spin-flop tran-
sition of the Cu moments induces an ensuing change in the
hopping conductivity of the doped holes [9,10]. In turn, the
itinerant electrons can also influence the magnetism through
the Rudermann-Kittel-Kasuya-Yosida (RKKY) interactions
[11,12]. In this regard, antiferromagnetic metals serve as an
ideal playground to unveil the intricate interplay between the
charge and spin degrees of freedom of a given system.
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On the other hand, the discovery of iron-based high-
temperature superconductors has inspired immense scientific
interest in Fe-based pnictides and chalcogenides [13]. Al-
though the iron tellurides TaFe;,,Te; were first discovered
over three decades ago [14], they only garnered renewed
interest in recent years, with the desire to search for high-
temperature superconductivity in this series [15,16]. In spite
of the fact that no superconductivity has as yet been observed
in these spin-ladder compounds at ambient pressure, they
constitute an intriguing platform to study novel magnetism
and the interplay with conduction electrons [17]. TaFe;,Tes
possesses a layered structure with two-leg zigzag Fe ladders
extending along the b axis and the excess amounts of Fe y
fill the interstitials [18]. It undergoes an antiferromagnetic
transition at Ty ~ 160-200 K, depending on the variation in
the iron content y [15]. The elastic neutron scattering further
revealed that the intraladder iron spins and the neighboring
interstitial Fe are both coupled ferromagnetically along the
FeTe chains, forming quasi-one-dimensional ferromagnetic
chains, whereas their interladder coupling is antiferromag-
netic essentially [17]. More interestingly, due to the existence
of disordered Fe interstitials, a reentrant spin glass state was
recently seen below Ty, which is responsible for the large
exchange bias observed at low temperatures, arising from the
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synergetic effect of spin glass and antiferromagnetic orders
[18]. In ARPES (angle-resolved photoemission spectroscopy)
measurements, a large energy scale reconstruction of the band
was observed below Ty owing to the interactions between lo-
cal moments and itinerant electrons, highlighting the possible
role of Hund’s coupling in determining its magnetic ground
state [16].

Despite these concerted efforts in revealing the mecha-
nism of its magnetism, the charge transport properties of
this layered iron telluride, in particular when coupled to
the local magnetic moments, are largely unexplored [19].
In this paper, we study in detail the electrical transport of
TaFe;,Tes (y = 0.25) in high magnetic field and under high
pressure. The electrical transport in the high magnetic field
reveals two metamagnetic transitions associated with the Fe
moments. The pronounced change of the Hall resistivity at
these metamagnetic transitions indicates its anomalous Hall
origin [20,21]. The synchrotron x-ray diffraction, however,
resolves no obvious structural transition up to ~50 GPa.
When pressurized, the resistivity kink associated with the
antiferromagnetic transition is quickly suppressed and the
anomalous Hall conductivity explicitly arises, accompanied
with a negative magnetoresistance [22]. Both the anomalous
Hall conductivity and the negative MR reach maximum values
around ~4 GPa, above which they start to diminish. Above
~20 GPa, no anomalous Hall effect is observable, and both
the normal Hall effect and the MR change sign. The intimate
correlation between the anomalous Hall and the negative MR
points to the same origin, i.e., the ferromagnetic coupling in
this antiferromagnetic (AFM) system, which is strongest in
the pressure regime of ~4 GPa and becomes negligibly small
above ~20 GPa.

Single crystals of TaFe) ;s Te; were grown by the chemical
vapor transport method as described in our earlier report [18].
The crystals were checked by x-ray diffraction (XRD) and
energy dispersive x-ray spectroscopy (EDS) on a PANalytical
x-ray diffractometer (model EMPYREAN) and a scanning
electron microscope (Hitachi S-3700N) equipped with an
Oxford Instruments X-Max spectrometer, respectively. For
convenience, we define two new axes a' and ¢’ such that
the a' axis (pointing along [101]) is lying on the plane
and is perpendicular to the b-axis chain direction, and the
¢’ axis (pointing along [10—1]) is normal to the sample
top facet (see schematic inset of Fig. 1 for the orienta-
tions). The magnetization measurements were carried out on a
SQUID (superconducting quantum interference device) mag-
netometer. The MR measurements were conducted with the
four-electrode method under a pulsed magnetic field up to
~60 T at the National High Magnetic Field Center, Wuhan.
The Hall resistivity measurements were performed on a steady
high magnetic field facility with fields up to ~31 T in the High
Magnetic Field Laboratory of Chinese Academy of Sciences,
Hefei. The Hall voltage was antisymmetrized by changing
the field polarities. High-pressure transport experiments were
conducted in a nonmagnetic Be-Cu diamond anvil cell with
a pair of anvil culets of 300 um using a homemade multi-
functional measurement system [23]. A single crystal with
dimensions of ~130 x 50 x 10 um? was loaded together
with some ruby powder. Resistivity and Hall effect measure-
ments under pressure were performed using the five-probe
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FIG. 1. (a) Zero-field intrachain resistivity from room tempera-
ture down to 1.8 K. The upper inset shows the schematic of the axes
defined in the paper. The lower inset enlarges the low-T" resistivity
upturn and the fit to the Kondo effect. (b) The derivative of the
resistivity with respect to temperature d p/dT shows Ty = 167 K and
the resistivity upturn at 12 K.

method with the electric current flowing in parallel to the
crystalline b axis and the magnetic field pointing along the ¢’
axis. High-pressure angle-dispersive synchrotron XRD exper-
iments were carried out at room temperature with TaFe | 55 Tes
powder crushed from single crystals, at beamline BL15U1
of the Shanghai Synchrotron Radiation Facility (SSRF) (A =
0.6199 A). Pressure was calibrated by the ruby fluorescence
method at room temperature for all experiments [24,25].
Figure 1 presents the zero-field in-chain resistivity p,(7T")
from 300 K down to 1.8 K. On cooling from room tempera-
ture, p,(T) shows a broad kink around ~170 K and is metallic
down to ~12 K, followed by a well-defined, moderate upturn
at low temperatures. The resistivity kink temperature, as de-
fined using the maximum in d p/dT shown in the lower panel,
occurs at 167 K. This corresponds to the antiferromagnetic
transition temperature 7. As demonstrated in the inset, the re-
sistivity upturn below 12 K can be well fitted by a logarithmic
scaling (@ — b x InT). This logarithmic scaling suggests that
the Kondo screening is responsible for the resistivity upturn
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FIG. 2. The electrical transport in a high field. (a) The longitudinal intrachain MR at 4.2 K shows a metamagnetic transition at H,. (b) H,
as a function of temperature. (c) The transverse intrachain MR at 4.2 K shows two metamagnetic transitions at H, and H,. (d) H, and H,
as a function of temperature. (e) The Hall resistivity at 100 K. The inset shows dp,/dT to visualize the transitions at H; and H,. (f) The
temperature variation of H; and H, determined from the Hall effect. In panels (b), (d), and (f), the orange color indicates the paramagentic

phase and the blue color is the antiferromagnetic state.

at low temperatures [26]. The interchain resistivity shows
similar behaviors (see Fig. S1 in Ref. [27] for more details).
The intrachain longitudinal and transverse MR in the
pulsed field up to ~60 T is demonstrated in Figs. 2(a) and 2(c)
for T = 4.2 K, respectively. The longitudinal MR, as shown
in Fig. 2(a), is negative in the whole field range measured.
Clearly, there exists a kink in the MR curve around ~30
T, marked as H, here. Likewise, as shown in Fig. 2(c), the
transverse MR is small and positive in the low fields and
displays a sharp drop to negative values at H; [15,19]. In
the higher fields, the MR curve also manifests an inflection
point at H,. The MR curves in other temperatures are given
in Ref. [27] (Figs. S3 and S4) and the extracted H; and H,
values are illustrated in Figs. 2(b) and 2(d) for these two con-
figurations, respectively. As shown, both H; and H, become
zero above Ty, indicating that they are correlated with the
Fe spins. Indeed, the magnetization measurements up to 7 T
indicate that H; is associated with the metamagnetic transition
(see Fig. S2 in Ref. [27]), possibly due to the spin flop of
Fe moments when H || ¢. So it is conceivable to associate
H, with another metamagnetic transition in the high field.
In our previous study [18], we inferred that the Fe spins are
predominantly aligned in the ac plane, with only a small
component along the chain (b axis). Therefore, the absence
of features at H, in the I || b, H || b configuration [Fig. 2(a)]
can be understood. These two metamagnetic transitions at H,
and H, are reflected in the Hall resistivity, too. As exemplified
in the Hall resistivity at 100 K [Fig. 2(e); see also Fig. S5
in Ref. [27] for other temperatures], H; and H, manifest as
kinks in p,,, which is more clearly seen from the derivative

dpy,/dT in the inset. The H; and H, with their error bars
extracted from the Hall effect are summarized in Fig. 2(f) and
they are found to be consistent with those extracted from the
MR [Figs. 2(b) and 2(d)], in terms of both the absolute values
and their temperature dependence. They both become zeros
above Ty.

We further performed high-pressure synchrotron XRD
measurements on pulverized single crystals of TaFe; ;5Tes,
as shown in Fig. 3 for the two representative pressures of
3.0 and 50 GPa. The data for the other pressures are plotted
in Ref. [27] (Fig. S6). In this experiment, the angle range
was limited to 20 = 6°-24° and the Le Bail refinement was
used to analyze the underlying phases [25]. The data in the
whole pressure range can be well indexed with the monoclinic
P2;/m space group. The lattice parameters are summarized in
Fig. 3(c). As noted, the pressure has little bearing on the lattice
parameters a, b and c, but only varies the 8 angle smoothly.
The unit-cell volume extracted from the above analysis shows
a monotonic decrease with increasing pressure [Fig. 3(d)],
although its slope changes evidently above ~18 GPa. It is
worth noting that, however, the good fitting of the data with
the monoclinic P2;/m space group does not necessarily ex-
clude other space groups that may fit the data equally well.
Therefore, we cannot rule out the possibility that the sub-
tle phase transition may actually take place in this pressure
regime.

The zero-field intrachain resistivity p,(7) under various
pressures up to ~51 GPa is encapsulated in Fig. 4(a). As
shown, the application of a pressure increases Ty to ~250 K
at 0.7-4.2 GPa, while above that the resistivity kink at
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FIG. 3. (a) and (b) show the synchrotron XRD and the Le Bail refinement at 3.0 and 50 GPa, respectively. (c) The extracted lattice
parameters a, b, ¢, and B under pressure. (d) The unit cell volumes at different pressures.

Ty becomes smeared out. Overall, with increasing pressure,
the resistivity is increased and no superconductivity can be
observed in the pressure range studied. The MR at 5 K is neg-
ative in field under pressure below 21 GPa [Fig. 4(b)]. Above
24 GPa, it becomes overall positive [Fig. 4(c)]. Although
the Hall resistivity at ambient pressure does not show any
hysteresis loop in the low field associated with the anomalous
Hall effect [Fig. 2(e)], it unambiguously shows the hysteresis
loop under pressure, a hallmark of the anomalous Hall effect,
as seen in Figs. 4(d) and 4(e). As noted, the anomalous Hall
conductivity is the largest at 4.2 GPa, above which it starts to
decrease. At pressure larger than 24 GPa, this anomalous Hall
effect disappears altogether and the Hall resistivity becomes
linear in field [Figs. 4(f) and 4(g)]. The ordinary Hall coeffi-
cient Ry, extracted from the slope of py, above the hysteresis,
is plotted as a function of pressure in Fig. 4(h). As shown,
Ry also changes sign above ~20 GPa. The contour plot of
the intrachain resistivity under different pressures, along with
the MR and the anomalous Hall conductivity ny (= —U;}C =
Py
the negative MR and ofy reach a maximum value at ~4.2 GPa.
With further increasing pressure, they starts to decrease; above
~20 GPa, the anomalous Hall effect disappears and the MR
evolves from negative to positive.

) at 5 K, is presented in Fig. 4(i). Remarkably, both

A plausible scenario for the anomalous Hall effect and
the negative MR seen in this AFM system under pressure is
as follows. Although the antiferromagnetic exchange interac-
tions dominate in this iron telluride, FM coupling also exists,
evidenced from the spin glass state at low temperatures arising
from the competition between FM and AFM interactions [18].
The FM fluctuations in this system are not surprising given
that the Fe spins are ferromagnetically coupled along the
chains [17]. Under pressure, the FM interactions (possibly
also the AFM interactions) are further enhanced, leading to
pronounced anomalous Hall effect and the large negative MR,
both of which attain the maximum at ~4 GPa. With further
increasing pressure, the FM coupling starts to decline. Above
~20 GPa, both the FM and AFM are weak and the positive
MR and the ordinary Hall effect take over.

To summarize, we have investigated the electrical transport
properties of the spin-ladder antiferromagnet TaFe; 5Tes in a
high magnetic field and under high pressure. A large negative
MR is observed in both the longitudinal and transverse fields,
which may be attributed to the suppression of the spin fluc-
tuations in field. Two metamagnetic transitions are resolved
in its MR and Hall responses. Although the pressure induces
no structural transition up to ~50 GPa, both the anomalous
Hall effect and the negative MR reach maximum values at ~4
GPa, suggestive of the strongest FM fluctuations in this AFM
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FIG. 4. (a) The zero-field resistivity under various pressures. (b) and (c) show the MR in the low field at different pressures (7= 5 K).
(d)—(g) The Hall resistivity at different pressures (T = 5 K). (h) The ordinary Hall coefficient as a function of pressure. (i) The contour color
plot of resistivity under different pressures, overlaid with the curves of the anomalous Hall conductivity and the MR at 5 K.

system in this pressure regime. These findings thus raise an
exciting prospect to investigate how the itinerant electrons can
be coupled with the magnetism to ultimately introduce novel
transport properties.
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