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Abstract

®

CrossMark

Results are reported for Mn intercalated Zr, Te; P, where x-ray diffraction , energy dispersive
spectroscopy, and transmission electron microscopy measurements reveal that the van der Waals
bonded Te—Te layers are partially filled by Zr and Mn ions. This leads to the chemical formulas
Zrg 0721, Te; P and Mg geZrg p3Zr2 Te, P for the parent and substituted compounds, respectively.
The impact of the Mn ions is seen in the anisotropic magnetic susceptibility, where Curie—Weiss
fits to the data indicate that the Mn ions are in the divalent state. Heat capacity and electrical
transport measurements reveal metallic behavior, but the electronic coefficient of the heat
capacity (ymn = 36.6 mJ (mol-K?) ') is enhanced by comparison to that of the parent
compound. Magnetic ordering is seen at Ty = 4 K, where heat capacity measurements
additionally show that the phase transition is broad, likely due to the disordered Mn distribution.
This transition also strongly reduces the electronic scattering seen in the normalized electrical
resistance. These results show that Mn substitution simultaneously introduces magnetic
interactions and tunes the electronic state, which improves prospects for inducing novel
behavior in Zr,Te,;P and the broader family of ternary tetradymites.

Keywords: topological metal, magnetism, single crystal synthesis

(Some figures may appear in colour only in the online journal)

1. Introduction

Electronic band structure calculations, angle resolved photo-
electron spectroscopy (ARPES), scanning tunneling spectro-
scopy, and quantum oscillation measurements have shown that
the tetradymite materials M>Te,X (M = Ti, Zr, or Hf and
X = P or As) exhibit unusual combinations of conventional

* Author to whom any correspondence should be addressed.

1361-648X/22/485501+8$33.00 Printed in the UK

and topological electronic bands [1-5]. This includes Dirac
points (above the Fermi energy at the I'-point) and Dirac node
arcs (below the Fermi energy at the M-point), where recent
spin-ARPES measurements clarified that the Dirac node arcs
have nontrivial spin textures for all three of the chemical vari-
ants [6]. Under certain conditions these combined features
might produce novel electronic states, but here they are hun-
dreds of meV away from the Fermi energy Er and the elec-
tronic properties are dominated by the conventional bands.
Thus, it is appealing to search for strategies to move the Fermi
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energy into their vicinity. Chemical tuning also has the poten-
tial to induce interesting electronic/magnetic states such as
magnetic order or supercondutivity. Earlier work studying the
tetradymite topological insulators Biy(Se,Te); provides some
guidance for how to do this, where chemical intercalation and
substitution have been used to produce a variety of behaviors:
e.g. Cu and Sr intercalation induce superconductivity [7—12]
while other transition metal substitution produces magnetic
ordering [13-15]. Chemical tuning using magnetic ions also
has the potential to produce intriguning behaviors that result
from time reversal symmetry breaking: e.g. where Dirac nodes
are split into Weyl points. The presence of magnetic ions
could also produce nontrivial magnetoeletric coupling such as
a topological Hall effect [16, 17].

This motivated us to focus on chemical tuning in Zr,Te,P
that might (a) preserve the band structure but change the Fermi
energy, (b) introduce interactions between the electrons in
the non-trivial bands with other order parameters or (c) intro-
duce other ordered states (e.g. magnetism). An earlier effort
was made for Cu,:Zr,Te,P (x < 0.1), showing that chem-
ical tuning is feasible, but the electronic behavior was not
substantially modified [1]. Zr;, sTe,P with 0 < 6 < 1.5 was
also previously reported, where the excess Zr ions occupy the
weakly bonded layer between the van der Waals bonded Te-Te
atoms [18]. Here we introduced Mn into Zr, Te, P, which would
be expected to introduce magnetism, as well as to result in
possible charge tuning. X-ray diffraction (XRD), energy dis-
persive spectroscopy, and transmission electron microscopy
(TEM) measurements show that (a) even for the parent com-
pound, excess Zr ions are present between the Te-Te layers
and (b) that the Mn ions are randomly distributed in the same
position. Based on these data, we find the chemical formulas
ng_erzTegP and MHO_OGZI‘O‘ergTegP.

Temperature and magnetic field dependent magnetiza-
tion, heat capacity, and electrical transport measurements
for Mnyg osZr 0321, Te,P reveal significant differences from
the parent compound, where local moment magnetism due
to divalent Mn is observed. Heat capacity measurements
uncover Fermi liquid behavior with a Sommerfeld coefficient
Yumn & 36.6 mJ (mol-K?) ! that is enhanced by comparison to
the value of the parent compound v = 5.3 mJ (mol-K?) .
At low temperatures the Mn containing specimen exhibits
magnetic ordering at Ty ~ 4K with easy ab-plane aniso-
tropy, although the broadness of the transition in heat capa-
city measurements suggests that it is strongly disordered. The
ordering also removes magnetic scattering of the conduction
electrons, resulting in a decrease of the normalized electrical
resistance. While these results do not explicitly address the
impact of Mn intercalation on the Fermi surface or the topo-
logical states of the parent compound, they (a) reveal that the
electronic and magnetic states are modified by Mn intercal-
ation and (b) open opportunities for probes such as ARPES
to quantify these changes. They also suggest that novel elec-
tronic or magnetic behaviors might be induced in this fam-
ily of materials: e.g. either in the analogues Ti,Te,P and
Hf,Te,P or through chemical substitution of other transition
metal ions.

2. Experimental methods

Single crystal specimens of the parent compound were
grown using the iodine vapor transport method as previously
described [3]. In order to produce the Mn intercalated spe-
cimens, an identical process was followed except that Mn
was added to the polycrystalline precursor with the ratio
0.25Mn:Zr;Te,P. Similar to earlier results, crystals form as
hexagonal shaped plates with the c-axis perpendicular to the
plate. Crystalline structures were determined by XRD meas-
urements and energy dispersive spectroscopy was used to
quantify the elemental composition. Powder XRD measure-
ments were done using a Rigaku SmartLab SE x-ray dif-
fractometer with a Cu Ko source and EDS measurements
were done using an FEI NOVA 400 nanoSEM scanning elec-
tron microscope (SEM) with energy dispersive spectroscopy
(EDS) capabilities using an Oxford UItimMAX SDD (silicon
drift detector). For single crystal XRD measurements, suit-
able pieces were cut from larger crystals and were mounted
in Dual-Thickness MicroLoopsTM (MiTeGen Loop/Mount)
using Parabar oil. Single-crystal XRD data were collected
at 200K, using a Rigaku Xtal. AB Synergy-S diffractometer
equipped with a HyPix-6000HE Hybrid Photon Counting
detector and dual Mo and Cu microfocus sealed x-ray source.
Absorption corrections were applied to the data sets using the
SADABS program. Data collection and initial cell refinement
was conducted using CrysAlis PRO (Agilent, 2013). Final
refinements of the structure were performed using SHELXT
through the ShelxLE graphical interface package [19-22].

Specimens were prepared for TEM measurements by cut-
ting lamella from a single crystal using focused ion beam in a
Thermofisher Scientific DualBeam Helios G4 UC SEM. The
single crystal was prealigned using an Enraf-Nonius CAD-4
diffractometer. The TEM sample was studied by atomic resol-
ution high-angle-annular dark field scanning TEM (HAADF-
STEM) and elemental composition mapping in a probe-
corrected cold emission JEOL JEM-ARM200cF at 200kV.
The imaging resolution is 0.078 nm. The elemental EDS map-
ping was acquired using oxford Aztec EDS SDD detector. The
HAADF-STEM imaging was acquired using a probe 7cm,
and camera length 8 cm, which corresponds to a convergent
angle of 21 mrad and a collection inner angle of 74 mrad. TEM
sample thickness was measured by electron energy loss spec-
trum (EELS) via Log-ratio method.

Temperature dependent magnetic susceptibility x(7) =
M/H measurements were performed at 7 = 1.8-300 K under
magnetic fields of H = 50 Oe and H = 5 kOe applied both
parallel (||) and perpendicular (L) to the crystallographic ¢
axis using a Quantum Design vibrating sample magnetometer
(VSM) Magnetic Property Measurement System. Heat capa-
city C(T) measurements were performed for 7 = 0.4 K-
20 K using the *He option in Quantum Design Physical Prop-
erty Measurement System. Normalized electrical resistance
R/R(300K) measurements were carried out using the four
wire method for temperatures 7 = 0.4 K—300 K using the same
system. All specimens used for these measurements had lateral
dimensions on the order of 2 mm and thickness near 0.1 mm.
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Figure 1. Comparison between the powder XRD patterns of Zr,Te,P and Mn,:Zr, Te, P single crystals. (b) Two dimensional energy
dispersive spectroscopy data showing the uniform distribution of Zr, Te, P and Mn in the substituted specimens.

3. Crystalline structure and chemical substitution

Results from powder XRD measurements are consistent
with earlier reports, and show that Zr,Te,P crystallizes in
the space group R3m (#166) with the lattice parameters
a=3.81193)A and ¢ = 29.189(3)A (V = 367.3A%) [3]
(figure 1(a)). The Mn substituted specimens form in the
same structure, with only minor changes in the lattice con-
stants; a Rietveld refinement yields a = 3.778(2) A and
c=29.191(2) A (V =360.8 A%). Semi-quantitative EDS
measurements agree with the expected Zr, Te, P stoichiometry,
and for the chemically substituted samples there is a small
amount of Mn distributed uniformly across the crystal
(figure 1(b)). The two dimensional EDS maps also show that
there is no evidence for inclusions with other stoichiometries.
Based on these data we initially find the chemical formulas
ZryTeoP and Mng o6:Zr2Te, P, although in the latter case it is
unclear where the Mn are located.

Single crystal XRD measurements further confirm that the
ZryTe, P structures refines in the thombohedral space group
R3m, and details about the data collection are found in table 1.
Importantly, an interstitial site (3b WyckofT site) between the
van der Waals bonded Te-Te layers is identified by analyzing
residual electron density peaks on the Fourier difference maps.
When assigned as Zr, this site refines to 7% occupied, yielding
an overall stoichiometry of Zrg g7;Zr,Te;P. This is consistent
with previous reports of Zry, sTe;P where excess Zr is loc-
ated within the interstitial layer between the Te—Te ions [18].
For the substituted specimen, the occupancies of all sites were
allowed to refine in order to locate the Mn ions. The parent

Table 1. Crystallographic data of Mng 0sZro.03Zr2Te2P compiled
from single crystal x-ray diffraction measurements performed at
200K.

Mng g6Zs0,03Zr2 Te2P
Crystal system rhombohedral
Space group R-3 m(#166)
a(A) 3.8266(3)
c(A) 29.325(3)
zZ 3
V (A%) 371.88(8)
Density, calc (gcm ) 6.346
Index ranges —6<h<4,-6<k<6,
—45 <l <51
Reflection collected 1736
Temperature 200K
Radiation Mo Ka (A =0.7107A)
Unique data/parameters  303/12
u (mm 1) 16.054
R1/wR2 0.0337/0.0962
R1/wR2 (all data) 0.0380/0.0967

structure sites all refined as being 100% occupied, indicating
the Mn is not mixing on these positions. This leaves the par-
tially occupied Zr interstitial site as the most likely position
for the Mn ions. The possibility of Mn mixing on this intersti-
tial site is difficult to analyze, given its inherent partial occu-
pancy. Since elemental analysis confirms the incorporation of
Mn at 1.2 atomic %, this value was used to fix the Mn occu-
pancy on this 3b Wyckoff site to 6%. The Zr occupancy was
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Figure 2. (a) Atomic resolution HAADF-STEM image of the pristine crystal looking down [210]. (b) Schematic of the crystal structure of
Zr:7ZrTeoP. (c) Atomic resolution HAADF-STEM image of the Mn doped crystal looking down [210].

then allowed to vary to account for the total electron density
on the site. Refining the site as a Mn/Zr mixed site leads to a
Zr occupancy of 3(1)%; i.e. Mng gsZro o3 Zra Te, P.

In order to further clarify the structures, figures 2(a) and
(c) show the atomic resolution HAADF-STEM images for the
parent and substituted compounds along the [210] direction.
Within the experimental images, the intensity of the atomic
columns is proportional to Z2, where Z is the atomic num-
ber [23]: i.e. the atoms that show highest contrast are the Te
atomic columns; the medium bright layers are the Zr atomic
columns; while P atoms that in between Zr layers have the
weakest intensity. For both specimens, this reveals that the
atomic structure is well ordered and agrees with XRD meas-
urements. We also find that there is excess electron density
between the Te—Te layers (indicated by red boxes) due to the
presence of intercalation atoms.

In order to determine the identity of these atoms independ-
ently from the XRD measurements, we carried out quantitative
image intensity analysis for the parent compound by compar-
ing the theoretical image simulations with the experimental
image using the Dr Probe software [24]. In particular, we built
a supercell that has the same atomic arrangement as the [210]
projected view, with lattice parametersa  15.28 A b 1637
A andc 6.6 A. The atomic column intensity increases with
the number of atoms in the column, i.e. with the sample thick-
ness (not shown). For our experiment, the sample thickness
was measured to be 28.6 2.4nm by electron energy loss
spectroscopy. However, the sample was prepared by focused-
ion-beam milling, which typically produces a thin amorphous
surface layer with a thickness of 5-10nm. Based on this, the
estimated thickness of the crystalline sample that was used for
this measurement is near 20 nm.

To compare the experimental image intensity with the
simulated image intensity, we normalize the image intensity
using the equation,

Jirraw Jir\fac't:ﬁ (1)
jrdet Jr\fac ie

I image
where I, is the measured atomic column intensity of the
experimental image intensity, I4e and Iy,. are the measured
detector intensity and intensity in vacuum, ip is the beam cur-
rent for detector imaging and i is the current for sample ima-
ging [25]. By using the Zr column as an internal reference, we
find that the simulated image intensity ratio for the P atoms
(3a Wyckoff site) in between the Zr layers (6c Wyckoff site)
is Ip/Iz,  0.22 at a thickness of 19.8 nm, which corresponds
to 30 P atoms. In order to compare to the experimental image
for these sites, the atomic column intensity was determined by
integrating the image intensity of anareaof 1 31 031 A2 for
the Zr atoms and 09 0 9 A? for the P atoms. From this, we
find that the experimental averaged intensity ratio for P atoms
between the Zr layers is 0.22, which is consistent with sim-
ulated intensity. In comparison, the measured intensity ratio
for the excess atoms that are found between Te layers is 0.21.
The near atomic resolution EDS map excludes the possibility
that these excess atoms are phosphorous, making it more likely
that they are zirconium. This is consistent with there being 4
to 5 Zr atoms in the extra atomic column and agrees with the
sXRD measurements [18]. However, for the chemically sub-
stituted specimens, it difficult to locate the Mn ions via these
STEM image intensity measurements due to the weak intens-
ity change that results from replacing heavy ions with light
ions.

Taken together the XRD and TEM results are understood
by considering that Zr,Te, P has a layered structure comprised
of Te—Zr—P—Zr—Te slabs (with Zr cations coordinated by P and
Te anions in slightly distorted octahedra) and a van der Waals
gap between the Te layers that is large enough to incorporate
interstitial atoms. Previous reports indicate excess Zr incor-
porates in these interstitial sites, leading to stoichiometries of
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Zry45Te,P with 0 < 6 < 1.5 [18]. The very small amount of
interstitial Zr indicated by the SC-XRD and TEM measure-
ments is in agreement with the fact that these samples were
synthesized without any excess Zr present, and the EDS data
does not show an elevated amount of Zr. It is also in agreement
with the observed unit cell parameters. Previous studies on the
Zry, 5TesP system with 0 < 6 < 1 showed a Vegard’s law beha-
vior of unit cell parameters with amount of interstitial Zr. In
particular, the c-axis expanded from 29.35(4) A (for 6 =0) to
29.70(4) A (for § = 1)[18]. The c-axis observed in our study
(29.325(3) A) is consistent with the very small amount of inter-
stitial incorporation that we observe experimentally.

4. Magnetism and electronic behavior

Temperature and field dependent magnetization measure-
ments for the Mn substituted specimens are compared to
that of the parent compound in figure 3. As shown in
panels b and c, the magnetic susceptibility x(7) shows
paramagnetic behavior at elevated temperatures with easy ab-
plane anisotropy. Fits to the data using the modified Curie—
Weiss expression x(7) = xo + C/(T — 0) yield the parameters
xo = —0.00024cm*mol ', C=0.27cm’mol !, =1.96K
(H || ¢), and 8§ =—-5.63K (H L ¢). This behavior can be
understood as representing a summation of the Pauli paramag-
netic component that originates from the Zr,Zr,Te,P sublat-
tice (xo &~ —0.0001 was reported previously [2]) and the local
moment paramagnetism of the Mn ions. The effective mag-
netic moment per Mn is calculated from the expression pierr =
2.82y/C=6.0 ps/Mn, which indicates that the Mn ions adopt
the divalent state (per = 5.92 ,uBan”). The & values also
show that there are weak ferromagnetic interactions between
the Mn ions in the ab-plane and antiferromagnetic interactions
along the c-axis.

At temperatures below T =~ 20K there is an anisotropic
deviation from the Curie—Weiss behavior, which indicates the
presence of magnetic fluctuations preceding a magnetically
ordered state. For H 1 c, this evolves towards ferromag-
netic alignment of the spins, as evidenced by the increase in
x that is stronger than the Curie—Weiss behavior, saturation
near Ty =~ 4K and hysteretic behavior in low fields for T
< Tm (figure 3(d)). As shown in figure 3(e), the hysteresis
is removed for H = 5000 Oe. In contrast, x(7) for H || ¢
shows a weak suppression for T < Ty, consistent with there
being antiferromagnetic alignment of spins in this direction.
Isothermal magnetization curves (figures 3(b)) also reveal a
ferromagnetic ‘s’-shape for H L ¢ and a linear evolution for
H || c. The H | c curve extrapolates towards a saturation value
M; ~ 0.285/FE.U., which is consistent with expectations for
the partial Mn filling: i.e. My = 5ug/Mn?+ for a completely
filled divalent Mn lattice, whereas our measurement yields
4.6pp/Mn.

Figure 4 shows the heat capacity divided by temperature
C/T for both the parent compound and the substituted spe-
cimens. At elevated temperatures, both compounds follow a
Fermi liquid temperature dependence given by the expres-
sion C/T =« + BT. Fits to the data are shown in figure 4,

T T T '
1000 - 0.08 ~ el MNg 06216 0321, TEe,E.
2 0.08 Zryo72r,Te,
{;‘; °
BOO _80.04 - o 0O HL 7]
o002 7 :
F =l oo:o;;xr Sy, 7 O Hlillc
1]

o
o
(=]

20 %% 5 10 15 20
T(K)

0 5 10 15
T(K)

Figure 3. (a) Temperature dependent inverse magnetic
susceptibility (x — xo) !, where xo = —0.00024 cm® mol ! for
Mng psZrp 03Zr> Te, P (b) Magnetization M versus magnetic field H
for temperature T = 1.8 K for magnetic field H applied parallel Il and
perpendicular | to the c-axis for Mg gsZrg 0321, Te, P. (c) Magnetic
susceptibility y = M/H versus T for MnggsZro.03Zr2Te;P and
Zro.07Zr2TesP. (d) Magnetic susceptibility ¥ = M/H versus T for

H = 500¢ applied Il and L to the c-axis for MngeZro.03Zr2TeaP (e)
Magnetic susceptibility ¥ = M/H versus T for H = 50000¢ applied
lland L to the c-axis for Mng gsZrg g3 Zr, Te, P.

where, 3 = 0.58 mJ (mol-K*) ! for both, owing to the fact
that the Mn substitution has little impact on the lattice com-
ponent of the heat capacity. We also find a noteworthy differ-
ence in the electronic component of the heat capacity where
Mn = 36.6 mJ (mol-K?) ! while the parent compound value
is 5.28 mJ (mol-K?) !.Given that  is proportional to the dens-
ity of states at the Fermi energy for a Fermi liquid, this change
suggests that the presence of Mn modifies the Fermi surface.
Below T = 15K there is also a broad increase in C/T for
the Mn compound that can be attributed to spin fluctuations
from the Mn moments that begin well above Ty. In order
to isolate the Mn contribution to the entropy, the heat capa-
city of the parent compound is subtracted from that the Mn
substituted specimen (figure 4(b)). From this is is seen that
Cumag/T evolves through a maximum near 4K, in agreement
with the magnetic ordering that is observed in x (7). However,
this feature does not resolve into a clear second order phase
transition, suggesting that disorder plays an important role.
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Figure 4. (a) Heat capacity divided by temperature C/T vs T for
Mng gsZiro.03Zr2 Tea P and Zrg g7Zr2 TeoP (b) C/T vs T for Mn ions

which was calculated as described in the text. (c) C/T vs T? for
Mng.06Zr0.03Zr2Tea P and Zrpg7Zr2Tez P with a linear fit to the data,
representing Fermi liquid. (d) Entropy § of the Mn ions vs T which
was calculated as described in the text.

The resulting curve is then integrated to calculate the mag-
netic entropy Smag (figure 4(d)), which reaches a value near
0.9J (mol-K) ! (Sypn = 157 (mol-Mn-K) ') at the upper limit
of the transition. This value is consistent with expectations for
divalent Mn, where Sy, = 14.9J (mol-Mn-K) ! [26-28].
Room temperature normalized electrical resistivity data
R/R3yk for the Mn substituted and parent compound are com-
pared in figure 5. Both exhibit metallic behavior, but even from
room temperature the value of the Mn specimen is enhanced.
This suggests the presence of additional scattering mechan-
isms for the conduction electrons, which could either be attrib-
uted to static disorder or scattering though interactions with
the Mn d-states. Similar trends extend to low temperatures,
where both compounds tend to have saturating values below T
~ 20K but the Mn compound additionally exhibits an abrupt
decrease near Ty. This shows that although the ferromag-
netic state is disordered, it nonetheless strongly impacts the
electronic behavior. Following the transition, the normalized
residual resistance reaches values that are similar to that of

T T T T T
e 111 6 3 22 TP a
— T 07ela 1 8P

0 50 100

150
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Figure 5. (a) Room temperature normalized electrical resistance
R/[Rg,um- vs T for both ZFO‘OTZI'QTEQP and M]’lu_uﬁZl’o_{]},Z{'zTezp.
(b) Zoom in at low temperature of room temperature normalized
electrical resistance R/Rsgox vs T.

the parent compound, suggesting that the electronic scattering
above Ty is dominated by the Mn ion d-states.

5. Discussion

Our results show that chemical tuning is readily achieved
in Zrgg7ZroTe,P at levels that are comparable to the bin-
ary topological insulator analogues Biy(Se,Te); [26]. This
was earlier seen for Cu,:Zr,Te;P [1] and now is shown for
Mnyg g6 Zrp 03212 Te, P, where the presence of additional Zr ions
between the Te—Te layers suggests that a reexamination of
earlier electronic band structure calculations [3] may provide
additional insights into previous results. Given that Mn and
Cu are located on opposite extremes of the transition metal
series, it appears that it will be possible to substitute many
other d-electron elements into this structure and the related
compounds Ti,Te;P and Hf,Te;P. This also invites efforts
to modify the growth conditions to increase the intercalant
concentrations.

In the particular case of MnggsZrgg3Zr2Te;P, we find that
the Mn ions adopt a divalent electronic shell configuration,
as evidenced by Curie—Weiss behavior that is seen in the
magnetic susceptibility, the saturation magnetic moment, and
the magnetic entropy. The Mn ions appear to be randomly
distributed within the Te-Te layers, with their density being
sufficient to support magnetic interactions that are likely
mediated through the Ruderman—Kittel-Kasuya—Yosida inter-
action [29-31]. This results in a ferromagnetic exchange
within the ab-plane and an antiferromagnetic interaction along
the c-axis, culminating in magnetic order at T ~ 4 K. These
results are similar to what is seen when Mn is introduced into
Bis(Se,Te);, where ferromagnetic ordering is seen at similar
concentrations [26].
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We also find that the introduction of Mn impacts the
electronic state, as seen in the enhanced value of the electronic
coefficient of the heat capacity ym,. From a naive perspective,
this might indicate that the charge carrier masses are enhanced
(e.g. through s—d hybridization [32, 33]), but it is unclear is
whether it might instead be due to charge doping which reposi-
tions the Fermi energy into a region of the band structure with
a larger density of states. Further studies that directly assess
the Fermi surface topography and the charge carrier effective
masses (quantum oscillation or ARPES measurements) will
be needed to clarify this point and are key factors as we move
forward towards understanding the evolution of the electronic
state in this material. It is also seen that the Mn ions modify
the electrical transport, although it is not yet clear whether
any part of this relates to modification of the nontrivial elec-
tronic bands. In principle, the divalent Mn ions introduce time
reversal symmetry breaking that would split the Dirac bands
into Weyl points [34, 35]. This might induce novel topolo-
gical behavior, but we note that there also are many conven-
tional bands to consider and it is not yet clear whether the
Fermi energy is substantially moved in these specimens. Fur-
ther work to investigate the magnetoresistance and to search
for an anomalous quantum Hall effect will be useful to clarify
this point.

6. Conclusion

We have reported results for Mn substituted Zr,Te,P, where
measurements show that it crystallizes in the expected tetra-
dymite structure with Mn randomly positioned in the inter-
stitial sites between the tellurium layers. Single crystal XRD
and TEM measurements also reveal that, even for the parent
compound, the Te-Te layers are partially filled by Zr. Based
on this, we propose the chemical formulas Zrg o7Zr2Te;P and
Mnyg g6 Zro 03 Zr2 Te,P. For the substituted specimens, the Mn
ions are found to be in the divalent state, which produces aniso-
tropic Curie-Weiss behavior that culminates in disordered
magnetic order seen in the magnetic, heat capacity, and elec-
trical transport. This transition is not a simple long range
ordering and additional studies such as neutron scattering are
needed to further clarify the role of disorder. Similar to the
parent compound, heat capacity and electrical transport meas-
urements show metallic behavior, but the electronic coefficient
of the heat capacity (yma = 36.6 mJ (mol-K?) !) is strongly
enhanced. Based on this, we conclude that Mn substitution
simultaneously introduces magnetic interactions and tunes the
electronic state. This opens a path towards inducing novel
behavior in Zr,Te,P and the broader family of ternary tetra-
dymite materials.
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