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Interplay of structure and magnetism in LuFe,Ge, tuned by hydrostatic pressure
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LuFe,Ge, crystallizes in the ZrFe4Si,-type structure, hosting chains of Fe tetrahedra giving rise to geometric
frustration and low dimensionality. The compound orders antiferromagnetically at around 36 K accompanied by
a simultaneous structural transition from a tetragonal phase to an orthorhombic phase. The hydrostatic pressure
dependence of the magnetic and structural transitions is investigated using electrical transport, AC magnetic
susceptibility, AC calorimetry, Mossbauer, muon-spin relaxation («SR), and x-ray-diffraction measurements.
External pressure suppresses the first-order transition to the antiferromagnetic phase (AFM1) around 1.8 GPa.
The structural transition is largely unaffected by pressure and remains between 30 to 35 K for pressures
up to 2 GPa. A second antiferromagnetic phase (AFM2) is observed at higher pressures. The transition
from the paramagnetic to the AFM2 phase is of second-order nature and appears to be connected to the
structural transition. The magnetic volume fraction obtained from @SR and Mossbauer measurements reveal that
the entire sample undergoes magnetic ordering in both magnetic phases. In addition, similar low-temperature
muon-precession frequencies in AFM1 and AFM2 phases point at similar ordered moments and magnetic
structures in both phases. Our results further indicate enhanced magnetic fluctuations in the pressure-induced
AFM?2 phase. The experimental observations together with density functional theory calculations suggest that
the magnetic- and structural-order parameters in LuFe,Ge, are linked by magnetic frustration, causing the

simultaneous magnetostructural transition.

DOI: 10.1103/PhysRevB.107.125136
I. INTRODUCTION

Compounds with competing ground states have attracted
tremendous attention in condensed-matter research. This is
because novel properties, such as quantum criticality and un-
conventional superconductivity are often observed in regions
of competing energy scales in a variety of material classes
[1-6]. In such compounds the interplay of magnetic, elec-
tronic, and structural degrees of freedom dictates the emerging
phenomena. A prime example is the unconventional supercon-
ductivity observed in iron pnictides where the role of magnetic
and nematic fluctuations are crucially debated [7—11]. In this
regard, compounds with low-dimensionality and magnetic
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frustration are of particular interest due to enhanced quantum
fluctuations. Therefore, identifying new systems and detailed
investigations by tuning their ground-state properties are im-
portant for improving our understanding of unconventional
phenomena.

Intermetallic AFe4X, (A = rare-earth, X = Si, Ge) com-
pounds are ideal candidates for studying unconventional
phases and the effect of magnetic frustration on their proper-
ties. These compounds crystallize in the ZrFe4Si,-type struc-
ture (space-group P4, /mnm) consisting of a slightly distorted
tetrahedral arrangement of Fe atoms, a geometry well-known
for exhibiting magnetic frustration [12]. Moreover, the Fe
tetrahedra are edge shared to form chains along the crystallo-
graphic c axis, resulting in a quasi-one-dimensional structure
(see Fig. 1). These quasi-one-dimensional chains of geomet-
rically frustrated Fe tetrahedra form a very different type of
magnetic lattice compared to the 122 Fe pnictides where the
magnetic frustration is caused by competing exchange inter-
actions. In that way, the intermetallic AFe,X, materials offer a
new perspective on the entanglement of crystal structure and
magnetism.

Previous investigations on the isostructural compound
ZrFe,Si, using chemical substitution and external pressure
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FIG. 1. (a) Crystal structure of LuFe;Ge, viewed along the
¢ axis. In the low-temperature orthorhombic phase (Pnnm), the Fe
sites split in to two sites marked as Fel and Fe2 [14]. (b) The
chainlike arrangement of edge-shared Fe tetrahedra viewed along the
b axis.

revealed that this compound is close to a lattice-volume-tuned
quantum critical point [13]. Furthermore, significantly large
electronic heat capacity observed at low temperatures has
been ascribed to the effect of magnetic frustration. The combi-
nation of magnetic frustration and low dimensionality in these
compounds draws the attention for a detailed investigation on
other materials in the family.

Earlier studies on LuFe,Ge, showed an antiferromagnetic
(AFM) transition at 32 K with first-order character accom-
panied by a structural transition from tetragonal P4,/mnm
to orthorhombic Pnnm [14]. The results pointed at a canted
arrangement of Fe moments on the ab plane yielding a com-
mensurate antiferromagnetic phase with propagation vector
q = 0. Moreover, the size of the ordered Fe moment of 0.44 g
appeared to be highly reduced, which is attributed to the
presence of magnetic frustration. However, a detailed study
on the physical properties and the interplay of structure and
magnetism is lacking.

In this article, we report a detailed investigation on the
pressure evolution of the magnetic and structural transitions
in LuFesGe,, carried out using electrical transport, mag-
netic susceptibility, AC calorimetry, Mossbauer spectroscopy,
muon-spin relaxation, and x-ray diffraction experiments un-
der external pressure. The nature of the phase transitions
and the details of the various magnetic phases are discussed.
Furthermore, our experimental findings together with theo-
retical calculations based on density functional theory (DFT)
elucidate the role of magnetic frustration in the interplay of
magnetic and structural degrees of freedom in LuFe,Ge,.

II. RESULTS AND DISCUSSION
A. Ambient pressure characterization

The temperature dependence of the DC magnetic sus-
ceptibility x = M/H of LuFe,Ge, at ambient pressure is
shown in Fig. 2(a). Here, the ferromagnetic contribution in the
magnetization from a small amount of Fe;Ge phase (<4%)
in the sample is estimated by measuring magnetization at
different fields, which is then subtracted from the data mea-
sured at 1 T to obtain the intrinsic magnetic susceptibility
of LuFe,Ge,. High-temperature x (7') follows a Curie-Weiss
(CW) behavior x(T) = C/(T — 6yw) with an effective mo-
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FIG. 2. (a) Temperature dependence of the DC magnetic suscep-
tibility x of LuFe,Ge,. The inverse susceptibility x ~'(T') is plotted
on the right axis along with a Curie-Weiss fit to the data (red curve)
in the temperature interval between 100 and 300 K. (b) Tempera-
ture dependence of the electrical resistivity p(7") (left axis) and the
temperature derivative dp(T)/dT (right axis). (c) Heat-capacity C,
of LuFe,Ge, as a function of temperature. The upper inset displays
the thermal hysteresis in C,,(T) obtained from the analysis of heating
and cooling parts of the thermal-relaxation cycle. The lower inset
shows C,/T vs T* where the straight line is a fit to the data for
2K < T <20Kusing C,(T) = yT + BT>.

/3KsC/Napoug) of 2.2(2)up/Fe and a Weiss

temperature Oy = —95(1) K. These CW parameters indicate
relatively large Fe moments in the paramagnetic phase (PM)
with dominant antiferromagnetic interaction among them. At
low temperatures, a sharp drop in susceptibility is observed
at Ty = 36 K corresponding to the antiferromagnetic tran-
sition. It should be noted that the observed Ty differs from
the earlier reported value of 32 K [14]. This may be due
to a difference in sample quality where a large amount of
impurity phases could have affected the precise determination
of the ordering temperature using neutron-diffraction studies.
We note that the powder x-ray diffraction (PXRD) pattern of
the sample used in this paper does not show any additional
peaks corresponding to a Fe;Ge impurity phase within the
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resolution of the data (see Appendix A). This suggests that
the impurity volume fraction is rather small. In addition, using
scanning electron micrograph on samples from different parts
of the polycrystalline ingot, we obtain an upper estimate of
the impurity volume fraction of 4%.

Figure 2(b) shows the temperature dependence of the elec-
trical resistivity p(T") of LuFesGe,. p(T') reveals a metallic
behavior upon cooling followed by a sudden drop in the resis-
tivity at 36 K coinciding with the magnetostructural transition.
The decrease in the resistivity at the transition temperature can
be understood as the reduction in the scattering contribution
due to the transition from the disordered paramagnetic to the
antiferromagnetically ordered phase. Upon further cooling,
the resistivity decreases with a higher slope, indicating a fur-
ther reduction of the scattering in the antiferromagnetic phase.
The resistivity ratio is determined as p3pok / 1.8k ~ 11 for the
investigated sample.

Heat-capacity C, of LuFe;Ge, as a function of tem-
perature is presented in Fig. 2(c). A very sharp peak in
C,(T) is observed at T = 36 K, consistent with Ty obtained
from magnetic-susceptibility and resistivity data. The low-
temperature part of C,(T') is fitted with C,(T) = yT + BT3
in the interval between 2 and 20 K [see the lower inset of
Fig. 2(c)]. The fit yields an enhanced value for the Som-

merfeld coefficient y = 94(1) mJ mol~! K which indicates
strong electron correlation effects. C,(T") upon heating and
cooling, obtained by analyzing the thermal-relaxation curves
recorded in a standard relaxation-type measurement setup fol-
lowing a method outlined by Lashley e al. [15], is plotted
in the upper inset of Fig. 2(b). A thermal hysteresis observed
between heating and cooling curves confirms the first-order
nature of the magnetostructural transition.

B. Expetiments under hydrostatic pressure
1. Electrial rsistivity

To investigate the evolution of the magnetostructural tran-
sition upon application of hydrostatic pressure, we first turn
to electrical-resistivity measurements. Figure 3(a) presents
the evolution of the temperature dependence of the electri-
cal resistivity p(7T) under external pressure. Under pressure,
initially, the anomaly in the resistivity shifts to lower tem-
peratures with increasing pressure whereas the sharp nature
of the anomaly changes to a gradual decrease. The anomaly
becomes much weaker and moves to around 12 K at a pressure
of 1.7 GPa. Above 1.7 GPa, the feature becomes too small and
not traceable within the resolution of our data. However, the
resistivity isotherms plotted as a function of pressure [see the
inset of Fig. 3(a)] display clear jumps at the phase boundary.
These data suggest that the first-order-like antiferromagnetic
transition (AFM1) is suppressed to zero temperature by the
application of a pressure of p. ~ 1.8 GPa. In addition, a weak
shoulderlike anomaly in p(T) develops around 7 = 35 K,
which becomes more prominent at higher pressures. This
anomaly is better visible in the temperature derivative of
the electrical resistivity dp/dT presented in Fig. 3(b). With
increasing pressure, this feature slowly shifts to higher tem-
peratures, reaching about 40 K at p = 2.52 GPa, suggesting
a phase boundary from the PM phase to a pressure-induced
phase. Furthermore, for p > 1.86 GPa, two additional features
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FIG. 3. (a) Electrical resistivity of LuFe,Ge, as a function of
temperature for several applied pressures. The inset: Resistivity
isotherms as a function of pressure. The arrows indicate the phase
boundary to a pressure-induced phase. (b) Temperature derivative
of electrical resistivity dp/dT vs T for several pressures. Various
anomalies are marked by symbols. (c) Temperature dependence of
the real part of the AC magnetic susceptibility (x") of LuFe,Ge,
for selected applied pressures (data shifted vertically). The pressure
dependence of the anomalies are traced by the dashed lines and
additional low-temperature anomalies at higher pressures are marked
by * and # symbols.

are clearly seen in dp/dT at low temperatures around 20 K
and 10 K (marked by * and # symbols, respectively). We note
that the residual resistance above p., in the pressure-induced
phase, is considerably larger than that in the AFM1 phase at
low pressures.

2. Magnetic susceptibility

The results from p(7) measurements are corroborated by
AC magnetic susceptibility, which further confirms their mag-
netic origin. The results of the AC magnetic-susceptibility
measurements on LuFe,Ge, for several applied pressures are
presented in Fig. 3(c). The susceptibility data at each pressure
were normalized by the jump height of the superconducting
transition of the Pb manometer in order to compare the data
taken at different pressures. At p = 0.1 GPa, the real part of
ac susceptibility (x’) shows a sudden decrease at the antifer-
romagnetic transition. Upon increasing pressure the drop in
x' shifts to lower temperatures whereas the sharpness of the
jump is reduced. A broad humplike feature develops around
40 K and shows a slight shift to higher temperatures with
a further increase in pressure. These observations are in ex-
cellent agreement with the resistivity data. Above 1.8 GPa,
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FIG. 4. (a) Temperature dependence of the magnetic-volume
fraction V., of LuFe;Ge, obtained using SR at different pres-
sures. The solid lines are fits to the data using a phenomenological
equation provided in the text. (b) Temperature dependence of the
muon-spin precession frequency under different applied pressures.
(¢) Vinag obtained from time-domain STFe Mossbauer spectroscopy
under several pressures. (b) Energy-domain >’Fe Mdssbauer spectra
measured at p = 2.9 GPa, T = 3 K, and an external magnetic field
of 6 T. The solid lines are fits to the spectra by exact line-shape site
analysis using RECOIL software.

the nature of the x'(T) curve is significantly different from
that in the low-pressure region. In the high-pressure region
(p > 1.8 GPa), an additional humplike feature and a sharp de-
crease in the susceptibility are observed at about 20 and 10 K
coinciding with the low-temperature anomalies observed in
dp/dT. The origin and the nature of these anomalies are not
fully understood, however, their implication in other physical
properties are discussed later.

3. Mossbauer and muon-spin spectroscopy

In order to get a microscopic understanding of the nature of
the different magnetic phases of LuFe,Ge,, we have carried
out muon-spin relaxation (4SR) and >’Fe Mossbauer spec-
troscopy measurements under several pressures below and
above p. &~ 1.8 GPa. uSR measurements in a weak trans-
verse field of Brp = 50 Oe were performed to determine
the magnetic-volume fraction (Vpma) and the transition tem-
peratures. In Fig. 4(a), Vi, of LuFesGe, as a function of
temperature for three different pressures is shown. Vi (T)
shows a sharp steplike increase at the magnetic-ordering
temperature for all pressures, a characteristic feature of long-
range magnetic order. It is also important to note that the
entire sample volume undergoes magnetic ordering at all pres-
sures. The data confirm that the pressure-induced phase is also
long-range magnetically ordered. The transition temperature
Ty is extracted by fitting the magnetic-volume fraction with
the phenomenological equation Vi, = W where w is
the transition width. Here, the magnetic-ordering temperature
seems to be nearly independent of pressure and coincide

with the weak p-independent anomalies in the resistivity
and susceptibility data. A 100% magnetic volume fraction
in both phases is also confirmed by Mossbauer data [see
Fig. 4(c)]. Furthermore, the Mossbauer spectrum obtained
at p=12.9 GPa, T =3 K, and an external magnetic field
of 6 T [see Fig. 4(d)] suggests that the pressure-induced
phase is antiferromagnetically ordered (AFM2). The fit to
the spectrum by exact line-shape site analysis using RECOIL
software revealed contributions from Fe moments parallel and
antiparallel to the external magnetic field. The fraction of
magnetic moments on the Fe parallel to the external field is
about 66% with a hyperfine magnetic field of By = 11.8 T.
This value is higher than that of the 34% of magnetic moments
on Fe antiparallel to the external field with By = 3.6 T. This
is presumably because of the rotation of some part of the
moments to the direction of the applied magnetic field. Such
an observation is consistent with the metamagnetic transition
seen in the magnetoresistance data (see Appendix B). In the
magnetoresistance (MR) data, the spin reorientation appears
to occur at external fields as low as 5 T at high pressures.
Further information regarding the strength of the local
magnetic-field By, at the muon site in the magnetically
ordered phases is obtained from zero-field ©SR measure-
ments. The temperature dependence of the muon-precession
frequency w, for three different pressures is displayed
in Fig. 4(b). At ambient pressure, the spontaneous precession
occurs at T' ~ 36 K with a slight enhancement in w, upon
further decreasing temperature. This sharp steplike behavior
of w, (T') is consistent with the first-order nature of the phase
transition at ambient pressure. At p = 1.39 GPa, the preces-
sion starts at 7 &~ 34 K. The frequency gradually increases
upon cooling followed by a sudden jump at T =~ 26 K. These
features can be well ascribed to the two consecutive phase
transitions upon lowering temperature: The first from the
paramagnetic to the pressure-induced AFM2 phase at 34 K
and the second from the AFM2 to the AFM1 phase at 26 K.
The gradual increase in w), at the first phase transition implies
that this transition is of the second-order type. The sharp jump
in w,, around 26 K arises from the transition from the AFM2
to the AFM1 phase and the sharpness points at a first-order-
type phase transition. At p = 2.26 GPa, the precession starts
around 35 K where the compound undergoes the transition
from the PM to the AFM2 phase. Upon further cooling, w,,
increases gradually until the lowest temperature in our exper-
iment. We note that the w,, (T) curve for p = 2.26 GPa shows
noticeable slope changes at temperatures around 20 and 10 K.
These features occur at the same temperatures as the low-T
anomalies in the dp(T)/dT and x’'(T) data discussed earlier
and suggest the possibility of multiple-order parameters as-
sociated with the phase transition from the paramagnetic to
the high-pressure AFM2 phase. It is worth noting that, at the
lowest temperature, the muon-precession frequencies for the
three pressures have similar values. This indicates that, at low
temperatures, both the AFM1 and the pressure-induced AFM2
phase have similar local magnetic fields at the muon sites.

4. X-ray diffraction

We now turn to the evolution of the structural transition in
LuFe,Ge, under external pressure. The structural transition
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FIG. 5. Representative peaks in the x-ray diffraction patterns
of LuFe;Ge, at different temperatures and applied pressures. The
structural transition from the tetragonal to the orthorhombic phase is
evidenced by the splitting of the diffraction peak around 26 ~ 15.5°.

from tetragonal to orthorhombic symmetry is characterized
by the splitting of certain peaks in the diffraction pattern.
For example, the [310] peak splits in the orthorhombic phase
whereas the [200] peak does not. Therefore, the evolution
of these peaks with varying conditions of temperature and
pressure provides a straight forward determination of the
structural transition in the phase diagram. Figure 5 presents
the [200] and [310] diffraction peaks obtained at various tem-
peratures and pressures. Remarkably, the splitting of the [310]
peak occurs between 30 and 35 K in the entire pressure range.
This confirms that the structural transition temperature does
not significantly change with pressure and it remains between
30 and 35 K. The lack of a more precise determination of the
structural transition temperature is due to the limited temper-
ature sampling available in our experiment.

C. Phase diagram

The temperature—pressure phase diagram of LuFe,Ge, is
established using the results from the different high-pressure
studies, see Fig. 6(a). The results from bulk measurements
as well as from microscopic probes are in excellent agree-
ment. Ty; corresponding to the transition from the PM to the
AFMI1 phase is continuously suppressed toward zero tem-
perature upon increasing pressure at a critical pressure of
p. ~ 1.8 GPa. A second antiferromagnetic phase (AFM2)
is confirmed by Mossbauer and ©SR measurements. The
structural transition temperature, which coincides with the
AFM1-ordering temperature at ambient pressures does not
significantly change with application of pressure and remains
at about 35 K, i.e., the AFMI transition decouples from
the structural transition. Moreover, the onset of the mag-
netic ordering from the PMto the AFM2 phase appears to
be connected to the structural transition, i.e., its transition
temperature Ty, is also almost independent of pressure.

The nature of the transitions between the various phases
have been studied in detail. As described earlier, the mag-
netostructural transition at ambient pressure is of first-order
type. The application of pressure decouples the Ty; and the
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FIG. 6. (a) T — p phase diagram of LuFe;Ge,. The transition
temperatures obtained from p(7) (circle), x'(T) (square), uSR
(star), and Mossbauer (sphere) data are indicated. The * and # sym-
bols stand for the low-temperature anomalies observed in p(7) and
x'(T) data. (b) Thermal hysteresis in C(T ), measured using an AC-
calorimetry technique under pressure, confirms the first-order nature
of the transition at 7y;. The arrow points at a very weak feature at Ty,.
(¢) MR(B) = [p(B) — p(B = 0)]/p(B = 0) of LuFe;Ge, measured
atT =2K.

structural transition. Figure 6(b) depicts heat-capacity data
(measured using an AC-calorimetry technique) taken upon
heating and cooling cycles under selected pressures of 0.29
and 0.76 GPa. The peak in C(T') associated with the transition
from the AFM2 to the AFMI1 phase shows a thermal hys-
teresis, confirming the first-order character of the transition.
We note that the thermal hysteresis was measured with a
very slow temperature sweep rate in order to minimize the
effect of the relatively slow thermalization of the pressure
cell. A similar hysteresis is also observed in resistivity and
AC magnetic-susceptibility data (not shown). The first-order
nature of the transition is also consistent with the sharp jump
in w, at this phase boundary. The transition from the PM
to the AFM2 phase appears as very weak features in C(T),
o(T), and x'(T) without any observable thermal hysteresis.
Moreover, @, shows a gradual increase at this phase bound-
ary, confirming that the transition from the PM to the AFM?2
phase is of second order.

The magnetoresistance and the magnetic-susceptibility
data provide insights into the relative strength of magnetic
fluctuations in the two antiferromagnetic phases of LuFe,Ge;.
In the AFM1 phase, the MR = [p(B) — p(B = 0)]/p(B = 0)
exhibits a monotonous increase with a quadratic dependence
on the magnetic field [see Fig. 6(c)]. This is the typical behav-
ior expected for metallic systems and is due to the cyclotron
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motion of the conduction electrons in the transverse magnetic
field. However, in the AFM2 phase, MR(B) shows an opposite
behavior displaying negative values. These observations can
be taken as an indication for stronger magnetic fluctuations
in the AFM2 phase compared to the AFM1 phase. The neg-
ative MR stems from the reduction in the resistivity as the
external magnetic field suppresses the magnetic fluctuations.
The small reduction in the x’ at the magnetic ordering at
the phase boundary to AFM?2 phase compared to the large
drop in x’ at the ordering at the phase boundary to AFM1
phase is also in support of the existence of strong magnetic
fluctuations in AFM2 phase. Moreover, the gradual increase
in the muon-precession frequency, which is a measure of
the local magnetic field, in the AFM2 phase upon deceasing
temperature suggests a strong temperature dependence of the
magnetic fluctuations.

D. Electronic structure calculations

Electronic-structure calculations for LuFe;sGe, based on
DFT have been performed to understand its magnetic and
structural phase transitions. The magnetic properties are de-
termined by the dominating contribution of the Fe-3d related
rather narrow bands near the Fermi level Ep, resulting in a
pronounced peak in the density of states (DOS) near Ep [see
Fig. 7(a)]. With a value of about 3.5 states (per Fe and eV)
at the Fermi level, the Stoner criterion is fulfilled, evidencing
a magnetic instability and the tendency for spontaneous mag-
netic ordering. The magnetic and structural transitions to a
collinear AFM state leads to a strong reduction of the DOS at
EF [compare Figs. 7(a) and 7(b)]. To a large part, this drop
in the DOS(EF) is caused by the band splitting related to
the localized Fe-3d moments and, thus, similar for different
magnetic structures.

A full relaxation of the crystal structure (at the experi-
mental low-temperature volume) yields that the orthorhombic
symmetry is energetically more stable than the tetragonal. In-
terestingly, the resulting equilibrium distortion 2(a — b)/(a +
b) of the lattice is strongly dependent on the size of the
magnetic moment, essentially independent from the choice
of the exchange correlation potential [see Fig. 7(c)]. This
strong and nonlinear dependence indicates that the magnetism
and the crystal lattice are coupled in a nontrivial way. The
energy dependence of the DOS for both the tetragonal and
the orthorhombic experimental crystal structures without spin
polarization reveals that the magnetic ordering can occur
independent of the structural transition since for both symme-
tries we obtain a similarly large DOS near the Fermi level.
Therefore, the reason for the magnetic ordering occurring
simultaneously with the structural transition might not be
directly related to the electronic band structure but rather
due to the change in the strength of the magnetic frustra-
tion due to the lattice distortion. High-field magnetization
measurements on LuFe,Ge, showed that the magnetization
remains small up to high fields and the extrapolated saturation
field is more than 150 T [16]. This corresponds to strong
antiferromagnetic exchange interactions on the scale of more
than 100 K. The strong exchange interaction along with a
relatively low-ordering temperature points at the significance
of the magnetic frustration. It is likely that the magnetic frus-
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FIG. 7. Total and partial density of states of LuFe,Ge, for (a) the
nonmagnetic tetragonal and (b) the antiferromagnetic orthorhombic
cases. The Fermi level is at zero energy. Panel (c) shows the depen-
dence of the lattice distortion (in percentages) on the Fe magnetic
moment for different exchange correlation potentials.

tration, at least, to some extent, is released by the distortion
of the Fe tetrahedra during the structural transition from the
tetragonal to the orthorhombic phase and, thereby, facilitat-
ing the magnetic ordering. This scenario is supported by the
calculations, which predict the structural transition even with-
out involving magnetic polarization. Here, the large magnetic
entropy connected with a fluctuating frustrated paramagnetic
system, which stabilizes the tetragonal phase upon increasing
temperature, might explain why the tetragonal phase is stable
down to such comparatively low temperature. Our results sug-
gest a mechanism where the magnetic- and structural-order
parameters in LuFe,Ge, are linked by the magnetic frustration
causing the simultaneous magnetostructural transition.

The commensurate magnetic ground state proposed by
Schobinger-Papamantellos ef al. [14] is also reproduced by
our calculations. Moreover, a collinear spin structure is found
to be energetically close to the noncollinear ground state. This
points at the possibility that the pressure-induced AFM?2 phase
could be a spin rearrangement from noncollinear to collinear
structure. Such a subtle spin rearrangement is also consistent
with the similar values of low-temperature muon-precession
frequency found in AFM1 and AFM2 phases.
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III. CONCLUSION

To summarize, LuFe,Ge, presents an interesting interplay
of magnetic, structural, and electronic degrees of free-
doms. At ambient pressure LuFe,Ge, undergoes simultaneous
antiferromagnetic and structural transitions at 36 K with first-
order character. The pressure dependence of the magnetic
transition in LuFe,Ge, has been investigated using electri-
cal transport, AC magnetic susceptibility, AC calorimetry,
Mossbauer, uSR, and PXRD measurements. External pres-
sure suppresses the first-order magnetic transition (AFM1) to
zero temperature around 1.8 GPa. The structural transition
is largely unaffected by pressure. A new antiferromagnetic
phase (AFM2) is observed at higher pressures, confirmed
by Mossbauer and SR measurements. The transition from
the paramagnetic to the AFM2 phase is of second order and
appears to be connected to the structural transition. ©SR and
Mossbauer data revealed 100% magnetic volume fraction in
both the magnetic phases. In addition, similar values of muon-
precession frequency at low temperatures in the AFM1 and
AFM?2 phases point at similar ordered moments and closely
related magnetic structures in the two phases. Our results
also indicate enhanced magnetic fluctuations in the pressure-
induced AFM2 phase. The experimental observations are
supported by DFT band-structure calculations, suggesting a
scenario where the magnetic- and structural-order parameters
in LuFe4Ge, are linked by magnetic frustration, causing the
simultaneous magnetostructural transition. Our results reveal
an interesting and unusual interplay of structure and mag-
netism in LuFe4Ge,, which differ from the situation observed
in the AFe; As; pnictides. Therefore, LuFe,Ge; is an attractive
system where further in-depth studies could provide deeper
insight into the interaction between frustrated magnetism and
structural instability, a topic of general interest, which is also
relevant for other classes of quantum materials.

IV. METHODS

Polycrystalline samples of LuFes;Ge, were synthesized
by a standard arc-melting technique on a copper hearth.
Constituent elements (at least, 99.9% purity), taken in the sto-
ichiometric ratio, were melted in an arc furnace under argon
atmosphere, followed by several flipping and remelting of the
resulting ingot to ensure homogeneity. Then, the as-cast sam-
ples were annealed at 1150 °C under a static argon atmosphere
for a week. The phase purity of the annealed samples was
checked by powder x-ray diffraction using Cu K« radiation
(see Appendix A) and a scanning electron micrograph, which
revealed only a small amount (up to 4%) of eutectic phase
Fe3;Ge in our samples. The stoichiometry of the samples was
verified using energy dispersive x-ray analysis.

DC magnetic susceptibility was measured using a su-
perconducting quantum interference device magnetometer
(magnetic properties measurement system, Quantum Design).
The heat capacity at ambient pressure was recorded by a
thermal-relaxation method using a physical property mea-
surement system (Quantum Design). Electrical-transport, AC
magnetic susceptibility, and AC-calorimetry measurements
under hydrostatic pressure were performed using a double-
layered piston-cylinder-type pressure cell with silicon oil as
the pressure-transmitting medium. The pressure inside the

sample space was determined at low temperatures by the shift
in the superconducting transition temperature of a piece of
Pb. The electrical resistivity was measured using a standard
four-terminal method where electrical contacts to the sample
were made using 25-pum gold wires and silver paint. Resistiv-
ity was measured using an LR700 resistance bridge (Linear
Research). AC magnetic susceptibility was measured using
home-made AC susceptometer that fits inside the pressure
cell. The signal was measured using an LR700 mutual-
inductance bridge (Linear Research). A static field Bpc of
0.01 T and a modulation field Bac of 1.3 mT at a frequency
of 16 Hz were used for the measurements. AC calorimetry
measurements were performed using a commercial heater
and Cernox thermometer following the method described in
Ref. [17].

Muon-spin relaxation measurements under pressure were
performed at the nE1 beam line using the GPD spectrom-
eter at the Paul Scherrer Institute (PSI), Switzerland (see
Refs. [18,19] for details of the high-pressure p©SR tech-
nique at PSI). Synchrotron *’Fe Mdssbauer spectroscopy
measurements under pressure were conducted at the Nuclear
Resonance beamline (ID18) of the European Synchrotron Ra-
diation Facility (ESRF), Grenoble [20] and at the beamline
3ID-B of the Advanced Photon Source, Argonne National
Laboratory, USA [21,22]. X-ray-diffraction experiments us-
ing a diamond-anvil cell for generating pressure were
performed at the XDS beamline at the Brazilian Synchrotron
facility LNLS [23].

DFT calculations were performed using the plane-wave
pseudopotential method implemented in the Vienna ab initio
simulation package [24], applying the local density approxi-
mation [25] and the general gradient approximation [26] for
the exchange-correlation functional. We use a plane-wave en-
ergy cutoff of 500 eV and a regular Monkhorst-Pack grid of
8 x 8 x 12 to perform the ionic relaxation and 10 x 10 x 14
to achieve the self-consistent calculations. To obtain the den-
sity of states, the k mesh was increased to 22 x 22 x 24
using the tetrahedron method. The optimization of the struc-
tures was carried out with a force convergence tolerance
of 1 meV/A per atom. The tetragonal (') and orthorhom-
bic (O) structures have P4,/mnm and Pnnm space-group
symmetry, respectively. In order to study the FM and vari-
ous AFM magnetic states and respective structural distortion
of the orthorhombic structure, we carried out collinear and
noncollinear calculations. To perform our studies, we have
considered the structural parameters given in this paper at
10 K and ambient pressure and the structural data given in
the previous work [14].
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FIG. 8. Powder XRD pattern of LuFe,Ge, obtained at ambient
pressure and room temperature. The solid red line is a Rietveld
refined fit of the experimental data. The Bragg positions are indicated
by green vertical bars, and the bottom solid blue line indicates the
difference between the experimental and the calculated intensities.

APPENDIX A: POWDER X-RAY DIFFRACTION
AT AMBIENT PRESSURE

The powder x-ray diffraction pattern of LuFe,Ge, obtained
at ambient pressure and room temperature is presented in
Fig. 8. A Rietveld refinement of the experimental data yielded
structural parameters that are in excellent agreement with pre-
viously reported values [14]. The lack of impurity peaks in the
diffractogram within the resolution of the experimental data
and the goodness of fit of the Rietveld refinement (x> = 1.54),
reflects the improved quality of the polycrystalline material.

APPENDIX B: FIELD-INDUCED METAMAGNETIC
TRANSITION

The transverse magnetoresistance MR(B) = [p(B) —
p(0)]/p(0) of LuFesGe, as a function of magnetic field
measured at different pressures at 7 =2 K is shown in
Fig. 9(a). MR(B) presents evidence for a field-induced
metamagnetic transition under pressure; a tiny kink in MR (B)
at about 5 T at pressures starting from 1.5 GPa [see the
inset of Fig. 9(a)]. This feature becomes much pronounced
upon increasing pressure and continuously shifts to lower
fields. Eventually, a strong steplike decrease in the MR is

LuFe,Ge,
T=2K

LuFe,Ge,

é T=2K
g
<
a 015

0.1 1 S L L ]

0 1 2 3 4 5 6 7
B(T)

FIG. 9. (a) MR(B) of LuFe;Ge, measured at T = 2 K for differ-
ent pressures. The inset shows an enlarged view of the low-pressure
curves. (b) Normalized resistivity p/ps00k as a function of field at
2 K for several pressures.

observed at higher pressures with MR reaching —35% at
7 T for p = 2.35 GPa. We note that high-field magnetization
measurements on LuFe;Ge, at ambient pressure revealed
a weak metamagnetic transition at an applied magnetic
field of 47 T, yet without the tendency of saturation of the
magnetization [16]. Such a metamagnetic transition could be
related to a spin reorientation under the influence of applied
magnetic field. This is also corroborated by the Mossbauer
measurements at high pressure and a magnetic field of 6 T
where some part of the Fe moments seem to reorient in the
direction of the applied field. It is also interesting to note that
the normalized resistivity p/p300x at higher magnetic fields
appears to have similar values for all applied pressures as
displayed in Fig. 9(b). This suggests that the field-polarized
phase could be the same in the entire pressure range, once
again indicating the close similarity between the AFM1 and
the AFM2 phases.
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