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Effect of high pressure on charge density wave formation and magnetic structure in the cubic
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In this paper the charge density wave (CDW) and magnetic ordering for the high-pressure phase of TbGe, g5
with the AuCujs structure have been studied by means of electrical resistivity and neutron powder diffraction at
pressures up to 3 and 5 GPa, respectively. The electrical resistivity measurements showed that the charge density
wave transition temperature Tcpw decreases with increasing the external pressure and the CDW transition in
TbGe, g5 is suppressed at P > 2.6 GPa. The Néel temperature Ty is approximately independent of the pressure.
The neutron powder diffraction at low temperatures and high pressures reveals the appearance of the second
magnetic commensurate phase at P = 1.2 GPa with wave-vector k = (1/2,0,0). The calculation of the electronic
structure of the TbGe; (AuCus-type structure) compound was also performed. The high value of the electronic
states at the Fermi level confirms the instabilities of the stoichiometric compound TbGes.
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I. INTRODUCTION

Recently, the question about the formation of the charge
density wave (CDW) in intermetallic compounds has drawn
new interest, especially in relation with the superconductivity
or/and magnetic structure. The charge density wave is a spatial
modulation of the density of conduction electrons. Usually
the CDW is formed in low-dimensional systems (quasione
dimensional and quasitwo dimensional) [1]. CDW can also
arise in three-dimensional systems [2-5]. Besides that, it is
observed in superconductors [3,6].

It is commonly assumed that the crucial factor in CDW
formation is the Fermi-surface nesting [1,7]. The nesting of
the Fermi surface arises when large fragments of the Fermi
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surface are parallel to each other in reciprocal space. In other
words, one fragment of the Fermi surface can be translated
to another fragment by vector Q. The Fermi-surface nesting
produces the divergence or a local maximum in the real part of
the electronic susceptibility function x (q,w) for q = Q, which
determines the instability of the electronic system (CDW) [7].

However, recent experimental and theoretical data collected
for different compounds with CDW transition show that in
many cases the Fermi-surface nesting is not the main factor
in CDW formation [7,8]. Therefore, synthesis and studying
of novel compounds with the CDW can be helpful in our
better understanding of all mechanisms responsible for CDW
formation.

Another much debated problem in solid-state physics is
the competition between CDW and magnetic ordering. It is
known that the Fermi-surface nesting with wave-vector et
can drive a magnetic structure with the same wave vector [9].
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In some rare-earth-based compounds, it has been shown that
the ferromagnetic ordering of rare-earth moments (SmNiC,)
completely suppresses the CDW [10], whereas the antifer-
romagnetic (AFM) one (NdNiC,, Erslr4Sijg) suppresses the
CDW only partially [11,12]. Although the precise mechanism
of the relation between the CDW and the magnetic properties is
currently under debate, in Ref. [11] a simple assumption about
this coupling is put forward. It is based on the mechanism
of the pair electron interaction when the CDW and FM/AFM
structures are formed.

Many rare-earth compounds with the AuCus structure
and the Pm3m space group (No. 221) have commensurate
AFM structures. For example, TmGaz [13]; ErPds;, TmPd;
[14]; RInz (where R =Nd, Tb, Dy, Ho, and Er) [I5];
RSn3; (R =Sm, Eu, and Gd) [16] are characterized by
wave vectors belonging to the star (1/2,0,0) or (1/2,1/2,0).
However, despite the simple crystallographic structure, some
compounds have incommensurate magnetic structures. For
example, in TbPd; an incommensurate AFM helical structure
hasbeen found (T ~ 4 K) [14]. In ErGaj the incommensurate
magnetic order was described by the wave-vector k = (1/2 +
7,1/2,0), where v = 0.042 [17]. In NdIn; the magnetic
moments also were found to be rectangularly modulated
with the periodicity, incommensurate with the crystallographic
order [18].

In this paper we discuss the interplay between the CDW
and the magnetic ordering for the high-pressure phase of
TbGe, g5 which has the AuCus structure [19]. Temperature
dependencies of the electrical resistivity, heat capacity, and
magnetic susceptibility reported earlier in Ref. [20] have
shown two peculiarities. The first peculiarity at Tepw = 145 K
was related with the charge density wave transition, whereas
the second at Ty = 19 K was related with AFM transition.
Time different perturbed angular correlations measurements
showed that the CDW modulation period becomes com-
mensurate (locks in) below T = 19 K. On the other hand,
the neutron diffraction at 10 K indicated that the AFM
structure is an incommensurate helix with the wave-vector
k = (1/2,0,0.165).

It was suggested [20] that the CDW suppresses the local
inversion center in TbGe,gs and the AuCus cubic phase
transforms into a “quasicubic” structure (i.e., without the
inversion center). This leads to the appearance of a finite
Dzyaloshinskii-Moriya interaction (DMI). The antisymmetric
exchange DMI results the spin canting and the formation of
an incommensurate antiferromagnetic helical structure below
19 K at ambient pressure.

The temperature dependence of electrical resistivity indi-
cated the appearance of the CDW at T = 14.3 K in TbPds.
This confirms the assumption of the relation of the CDW with
an incommensurate magnetic structure in TbPdj3 [20].

In the present paper we study the CDW and the magnetic
structure of TbGe, g5 further by considering the effect of exter-
nal pressure. In Ref. [20] it has been shown that the application
of 0.9 GPa led to a decrease in the CDW temperature. The
same behavior was observed for example in work by D. A.
Zocco et al. [21]. Here we will show that the external pressure
suppresses the CDW state making the magnetic structure of
TbGe, g5 commensurate. In addition, we present ab initio
calculations of the electronic structure of TbGes.
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II. EXPERIMENT AND THEORY

Polycrystalline samples of TbGe; g5 were synthesized at a
pressure of 8 GPa as described in Ref. [19].

The crystal structure was examined by x-ray diffraction [19]
and neutron powder diffraction [20] at normal temperature and
ambient pressure. The refinements of the diffraction data have
shown that the polycrystalline samples of TbGe; gs have the
AuCus-type structure [ Pm3m space group (No. 221)] with the
lattice constant a = 4.287 A at T = 300 K.

The electrical resistivity was measured by the four-probe
method. The sample and the pressure sensor (Pb) were placed
in a teflon ampoule filled with a pressure-transmitting liquid.
The clamped toroid-type cell was used to generate high
pressures [22].

Neutron powder-diffraction measurements at high pres-
sures up to 5.1 GPa were performed at low temperatures
with the DN-12 spectrometer [23] at the IBR-2 high-ux pulsed
reactor [Frank Laboratory of Neutron Physics, Joint Institute
for Nuclear Research, Dubna, Russia] using the sapphire anvil
high-pressure cell [24]. A neutron beam passed through one
anvil of the high-pressure cell and scattered on the sample. The
detector ring at 90° collected the scattered neutrons that passed
through the aluminum gasket but the level of absorption was
low. The diameter of the gasket was D = 4 mm, the thickness
of the plate was 0.8 mm, and the sample hole was 2.2 mm.

The scattered neutrons detected at 45.5° passed through
the sapphire anvil, not through the gasket. The wavelength
depended absorption in single-crystal sapphire was low [25].

The pressure was determined by the ruby fluorescence
technique. Diffraction patterns were collected at scattering
angles of 45.5° and 90° with the resolutions Ad/d = 0.022
and 0.015, correspondingly.

Spectra from different detectors were collected and
summed. The final pattern was normalized on the initial
beam profile, which was the vanadium spectrum. The sample
background was considered small in comparison with the
background of the empty pressure cell and environment. Ex-
perimental data of the neutron powder-diffraction experiments
were analyzed by the Rietveld method using the FULLPROF
software [26].

The calculations of the electronic structure of TbGes
were performed using the FLAPW-MOSCOW program [27]. The
program realizes the linearized augmented plane-wave method
with the potential of the general shape for calculations of
solids including semicore electron states [28]. For TbGes
257 plane-wave basis functions were used determined by the
cutoff parameter Ry Kmax = 9. The 5p(semicore) + 654 f
electron shells of terbium and the 4s4p electron shells of
germanium were treated as valence electron shells. The spin-
orbit interaction was taken into account as a perturbation.

III. EXPERIMENTAL AND THEORETICAL RESULTS

Temperature dependencies of electric resistivity p(T) for
TbGe, g5 at different pressures are shown in Fig. 1. The
temperature of the CDW formation was determined from the
condition of the minimum of dp/dT as a function of tempera-
ture. Transition at Tcpw becomes broader with increasing the
pressure. In the paper [29] a similar broadening for NbSe; was
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FIG. 1. Resistivity of TbGe,gs versus temperature at different
external pressures. The arrows indicate the temperatures of the
CDW and antiferromagnetic transitions. The inset: Plots of dp/dT
versus temperature used for the determination of the CDW transition
temperature.

associated with fluctuations. With the application of pressure,
the temperature of the CDW transition decreases with the
speed of dTcpw/dP ~ —48 K/GPa (the dependence is not
strictly linear) and vanishes at P & 2.6 GPa. In this pressure
region the Néel temperature exhibits a weak linear dependence
dTy/dP = 1.7 K/GPa (see Fig. 2).

The neutron powder diffraction of TbGe,gss has been
measured at various pressures (P) and temperatures (7): at
P =1.2 GPa (for T = 300, 18, and 10 K), at 3.1 GPa (for
200 and 10 K), and at 5.1 GPa (for 10 K). The obtained
diffractograms and their refinements are shown in Fig. 3. The
refinement of the magnetic peaks of the diffraction patterns

160

—&—Tepw
—o—Ty

120

g 80
=
40
C AFM
0
0 | 2 3
P (GPa)

FIG. 2. Antiferromagnetic transition temperature Ty (red points
and line) and CDW transition temperature Tcpw (black squares
and line) of TbGe, g5 versus pressure. The colors indicate different
magnetic and structural phases (IC stands for the incommensurate
CDW phase, C stands for the commensurate CDW phase, PM stands
for the paramagnetic phase, and AFM stands for the antiferromagnetic
phase).
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FIG. 3. Refined neutron powder-diffraction patterns of TbGe; gs.
Experimental points (red points) and calculated profiles (black lines)
are shown. Tick marks at the bottom represent the calculated positions
of nuclear peaks for the Pm3m space group (upper row, pink color)
and magnetic peaks for the commensurate phase with wave-vector
k; = (1/2,0,0) (medium row, blue color) and the incommensurate
phase with wave-vector k, = (1/2,0,1/6 + ) (lower row, turquoise
color).

was performed for two different magnetic structures: the
first with commensurate wave-vector k; = (1/2,0,0) and the
magnetic moments pur, ~ 9.3up of Tb ions directed along
the [1, 0, O] direction and the second with incommensurate
wave-vector k, = (1/2,0,1/6 4 §), lying close to the value
given in Ref. [20]. Here é is an incommensurability parameter,
which slightly increases with pressure. We have not observed
a symmetry change in the AuCus crystallographic structure
found at normal conditions in paramagnetic or magnetically
ordered states of TbGe, s under pressure, so we found no
structural modulations in the CDW state. However, probably
the pressure induces the appearance of crystallographic tex-
ture. The lattice constant slightly decreases with pressure. We
have also performed x-ray diffraction at room temperature of
TbGe, g5 after releasing the external pressure. No difference
with the diffraction data reported in Ref. [19] has been found.

Figure 4 presents the suppression of the intensity of the
magnetic peak of the incommensurate magnetic structure of
TbGe, g5 under pressure.
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FIG. 4. The intensity of the (0,0,0) + k, magnetic peak versus
the interplanar d spacing at 10 K.

The results of ab initio electron band-structure calculations
of TbGej taking into account the spin-orbit coupling are shown
in Figs. 5 and 6. The partial occupation of the 4 f states at the
Tb site is 8.51. The Fermi level is found to lie in a very narrow
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FIG. 5. The electron band structure of TbGe; along high-
symmetry directions. Upper panel: in the 4s(Ge)4p(Ge)4f(Tb)
valence-band energy region; lower panel: in the vicinity of the Fermi
energy. The Fermi level corresponds to the zero energy.
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FIG. 6. The density of states (DOS) of TbGe; versus energy
(Er = 0). The inset: partial DOS of 45,4 p states of Ge and 4 f states
of Tb with a magnified scale.

peak of the density of the 4 f7, states of Tb (see Fig. 6), which
results in the very large density of states at the Fermi energy
n(Er) = 58.8 states/eV. The main partial contribution to this
value is due to the 4 f7,, levels of Tb (95%). The 4 f states
can clearly be seen in the band structure (see Fig. 5). They
are distinguished by approximately horizontal (nondispersive)
electron bands. An abnormally high value of n(Er) implies an
instability of the electron structure of this compound, which
is confirmed by experimental magnetic and structure changes
discussed in the present paper. Both structural and magnetic
transitions lead to a decrease in the value of n(Er), thereby
effectively reducing the degeneracy of electron states near
the Fermi level. Another feature of the density-of-state plot
clearly seen in Fig. 6 is the minimum of the density of states
around —5 eV, which corresponds to the separation of s- and
p-electron bands of germanium. The separation between these
bands can also be found between —8 and —4 eV in the band-
structure plot in Fig. 5. Notice that in correspondence with the
space symmetry there are no quadrupole components of the
full potential at the terbium, but they are allowed at the sites
of germanium. The calculated electric-field gradient (EFG) at
the Ge site is V,, = 11.4 x 10'7 V/sm?. This value is about
five times larger than the EFG measured experimentally [20]
in TbGe, gs. The difference is accounted for by the fact that
the experimental compound is nonstoichiometric and that the
experimental value of the EFG is obtained at probe '''Cd
atoms inserted in the Ge sublattice. In comparison with the
Ge atom, the Cd probe having completely filled the d and s
shells is expected to experience only a reduced quadrupolar
component (and EFG) of the crystal potential.

IV. DISCUSSION

From Figs. 1 and 2 for the temperature data of the electrical
resistivity of TbGe, g5 at various pressures it follows that the
CDW transition temperature decreases with applied pressure
and the CDW peculiarity at the temperature dependence of
electrical resistivity is absent if the external pressure is above
P = 2.6 GPa. We then conclude that the CDW sets in under
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applied pressures below P = 2.6 GPa while the temperature
of the CDW transition Tcpw(P) decreases with pressure. To
investigate the change in the magnetic structure of TbGe; gs
with applied pressures after the suppression of the CDW
transition, the neutron powder diffraction has been carried out
(Figs. 3 and 4). The refinement of neutron powder-diffraction
data shows that already at P = 1.2 GPa the incommensurate
magnetic structure with the wave-vectork, = (1/2,0,1/6 + §)
is partially suppressed. This finding is further supported by the
d ~ 8-A magnetic peak data given in Fig. 4, whose intensity
decreases with pressure. Notice also that at high pressures
new magnetic peaks appear, which can be indexed with the
wave-vector k; = (1/2,0,0). (The peaks are absent at P =
3.1 GPaand T = 200 K.) This indicates that at P > 1.2 GPa
and T < Ty, in TbGe, g5 two different magnetic phases are
formed: The first is the incommensurate phase with the wave
vector close to the vector found at atmospheric pressure, and
the second is the commensurate phase with the wave-vector
k; = (1/2,0,0), which is typical for the RSn3 compounds with
the AuCuj structure [30]. (It is worth mentioning that the Néel
temperature 7y demonstrates a weak continuous growth with
increasing pressure, Fig. 2.) We assume that the suppression
of the CDW effectively enables the inversion symmetry in
TbGe,; g5 broken by the CDW, which leads to the disappear-
ance of the asymmetric interaction of Dzyaloshinsky-Moria
responsible for the incommensurate magnetic structure [20].
However, we were not able to estimate accurately the ratio
between the volume of the commensurate high-pressure phase
and the volume of the incommensurate magnetic structure
which is realized at normal pressure. This is partly due to a
large width of the diffraction peaks, Fig. 3. The broadening of
the diffraction peaks can be caused by several reasons. In our
case deformations arise from the effect of nonhydrostaticity of
pressure in the neutron-diffraction experiment, which amounts
to £15% [31]. Second, under external pressure vacancies in
the Ge sites of the nonstoichiometric TbGe; s compound
result in inhomogeneous strains and lead to a high background
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level of the diffraction pattern [32]. The results of electron
band-structure calculations for TbGes (Figs. 5 and 6) show
that the Fermi level lies in a narrow peak of the density of the
4 f7,2 states of Tb, which leads to the high value of the density
of states at the Fermi energy n(Er) = 58.8 states/eV. This
is an indication of the structural instability of TbGes; which
manifests itself in the formation of the nonstoichiometric
composition of TbGe,gs and the charge density wave. The
measured EFG in TbGe, g5 at T = 4 K is smaller in order in
comparison with the calculated EFG in TbGes [20]. This fact
can be related with the high value of DOS at the Fermi level
n(EFg).

V. CONCLUSIONS

The formation of the charge density wave in the high-
pressure cubic phase of TbGe,gs is suppressed by external
pressure. The observed pressure suppression of the CDW
is accompanied by the change in the magnetic structure
from incommensurate to commensurate at P > 1.2 GPa. The
similar magnetic structure with wave-vector k = (1/2,0,0)
is observed in the RSn3 compounds without the CDW. It is
conceivable that this behavior of the magnetic order is related
with the transition from a quasicubic structure to the AuCus
cubic structure with a center of inversion. The instability of
the cubic phase of the stoichiometric TbGe; compound (the
AuCus lattice) is associated with a high density of states at the
Fermi energy level formed by the f electrons.
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