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Determination of the magnetic ground states in CeNM Sb, compounds with NM = Cu, Ag, Au
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In the present work, we investigated the magnetic ground state of CeNM Sb, [NM (noble metal): Cu, Ag, and
Au] compounds using electronic-structure calculations while following a full-potential linearized-augmented-
plane-wave method. Due to the lack of mirror symmetry about the ab plane, the two Ce atoms—which are located
at crystallographically equivalent sites—in a unit cell should be treated inequivalently, and, as a consequence,
a 1 x 1 x 2 supercell must be constructed to accommodate the antiferromagnetic (AFM) configuration. The
magnetic configuration of the ground state of AFM CeAuSb; is that the magnetic moments of the two Ce atoms
in a conventional unit cell are aligned ferromagnetically and those of an adjacent cell are aligned oppositely
along the easy axis. The ground states, including ferromagnetic CeAgSb, and AFM CeCuSb,, are understood in
terms of the exchange interaction J of neighboring Ce atoms. Our results clearly confirm a recent experimental
finding, in which, under an external magnetic field (<3 T) along the ¢ axis, a spin-density wave (SDW) with a
wave vector (1, 1, %), where n & 0.136, is observed in an AFM CeAuSb, compound. The Fermi surface (FS) on
the ab plane exhibits nesting along the (110) direction. The nesting vector q = (¢, ¢, 0) (27 /a), with ¢ ~ 0.13,
is very similar to the experimental result aside from % along the ¢ axis. We argue that the modulation along
the ¢ axis is attributed to the period doubling along the ¢ axis due to the lack of mirror symmetry. Although
our calculated generalized susceptibility x (q) exhibits a pair of peaks along the (110) direction at { ~ 0.06 and
0.13, which are related to FS nesting, the peak at ¢ ~ 0.06 can hardly be observed in the experiment because of
the negligible oscillator strengths of interband transitions at a low q value. This implies that the observed SDW

can be attributed to strong Fermi-surface nesting.

DOI: 10.1103/PhysRevB.109.054431

I. INTRODUCTION

The available knowledge on the ground state of quantum
materials guides the understanding of a variety of phenomena
in condensed-matter physics. For example, it is very important
to investigate the ground state of heavy-fermion systems—
wherein the effective mass of electrons is often hundreds or
even thousands times larger than that of the bare electrons—to
elucidate various quantum phenomena, such as non-Fermi-
liquid behavior, quantum phase transition, quantum-critical
points, etc. [1-6].

CeNMSb, [NM (noble metal): Cu, Ag, and Au] com-
pounds belong to a family of Ce-based heavy-fermion
compounds that exhibit interesting phenomena, such as
Kondo-lattice, non-Fermi-liquid, and quantum-critical behav-
iors under the influence of various nonthermal fluctuations,
such as pressure, the external magnetic field, and so on
[7-17]. It crystalizes in a ZrCuSi,-type tetragonal structure
(space group P4/nmm). CeCuSb, exhibits antiferromagnetic
(AFM) ordering along the [100] direction below Ty ~ 6.9K,
Kondo-lattice behavior, and small magnetic and strong elec-
trical anisotropy [9,10,18]. CeAgSb, is a ferromagnet with
an easy axis along the [001] direction below ~9K, and
it also has strong magnetic anisotropy, anomalous mag-
netic behavior, and a field-tuned quantum-critical point
[10,13,14,19]. CeAuSb, also exhibits AFM ordering along
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the [001] direction below 7y ~ 6.3 K, strong magnetic and
electrical anisotropy, pressure-induced phase transition, and
a temperature- or magnetic-field-tuned quantum-critical point
[10,15-17,20].

When working with these compounds, it is necessary to
include both the spin-orbit coupling (SOC) and the so-called
local density approximation (LDA) -+ U method in spin-
polarized calculations to predict the correct magnetic easy
axis [18,21,22]. It has also been shown that the effects of
SOC of Ce 4f electrons play a crucial role in determining
the magnetic easy axes of these compounds. In particular,
it is necessary to treat the two Ce atoms in a unit cell of
CeAgSb, inequivalently—even though the compound is fer-
romagnetic (FM) and not AFM—because of the lack of mirror
symmetry about the ab plane. It should be noted here that
the noble metals do not play a significant role in determining
the magnetic easy axes. Intuitively, it is tempting to explain
that the differences in the magnetic easy axes among the three
compounds originate from different noble metals because they
are isoelectronic and because their different strengths of SOC
seem to be the only source of difference. However, our prior
research has shown that the differences in SOC of noble
metals play an insignificant role; instead, SOC of Ce plays
a fundamental role [21].

It was recently reported that a single-q spin-density wave
(SDW), whose wave vector is q = (1, 1, %), with n = 0.136,
was maintained up to puoH; = 2.78 T and that above H the
single-q SDW was replaced by a coupled harmonic at q; +
qz2 = (21,0,0) + ¢* until puoH, = 5.42T in AFM CeAuSb,
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[23]. There was an attempt to explain the physical origin
of this incommensurate SDW as the Fermi-surface nesting
(FSN), but it was not successful. Independently, Yumnam
et al. [24] carried out a similar investigation and observed
a similar SDW. They also calculated the Fermi surface and
found that some nesting surfaces were separated by the exper-
imentally obtained propagation vector.

We examine the ground state of CeNMSb, compounds
using the electronic-structure calculations with a full-potential
linearized-augmented-plane-wave (FPLAPW) method. Be-
cause of the lack of mirror symmetry about the ab plane, it
would be necessary to construct a 1 x 1 x 2 supercell and
a 2 x 2 x 1 supercell for the AFM CeAuSb, and CeCuSb,
compounds, respectively. These results, including the findings
regarding FM CeAgSb,, are understood by the spin-exchange
interaction J between neighboring Ce atoms. Our results
clearly explain the experimental finding in which the wave
vector of the SDW is (1, , 1), with & 0.136, for the AFM
CeAuSb, compound. The Fermi surface perpendicular to the
ab plane exhibits strong nesting along the (110) direction
with the nesting vector q = (¢, ¢, 0) (2 /a), with ¢ ~ 0.13,
which is very close to the results obtained experimentally.
The z component, g, = %, should not be considered as a real
modulation because it is commensurate and can be attributed
to the period doubling, which originates from the lack of
mirror symmetry about the ab plane. To confirm the relation
between this FSN and SDW, we calculated the generalized
susceptibility x(q). As a result, we found that a pair of peaks
along the (110) direction at ¢ ~ 0.05 and 0.13 are related
to FSN. The peak at ¢ ~ 0.05 is difficult to see because
of negligible interband oscillator strengths in the region of
low q.

II. CALCULATIONAL DETAILS

We used the WIEN2K package [25] implemented with the
FPLAPW method. The generalized-gradient approximation
(GGA) of Perdew, Burke, and Ernzerhof [26] was chosen
as the exchange-correlation functional. The muffin-tin radii
were 2.5 a.u. for all atoms. We used RK,,x = 7, resulting in
~92 augmented plane waves for the basis functions. For self-
consistent-field cycle and Fermi surface plots, we respectively
generated 3000 and 50 000 k points in the whole Brillouin
zone (BZ), which respectively correspond to 724 and 12127 k
points in an irreducible wedge of BZ. To calculate the general-
ized susceptibility, the whole reciprocal unit cell was divided
into 88 x 88 x 18 parallelepipeds, where each parallelepiped
was further cut into six tetrahedra. The k-space integration
was done using the linear-energy-tetrahedron method [27].
We also included the orbital-dependent potentials, i.e., the
so-called LDA + U method [28] and SOC. When including
the LDA + U method for the Ce 4f orbital, we set the on-
site Coulomb interaction to be U ~ 6.5eV and the exchange
parameter J = O for the effective potential Uy = U — J. For
volume optimization the c/a ratio (for the tetragonal structure)
was kept constant and also the atomic positions. The total
energies of various unit-cell volumes were calculated and then
fitted with the equation of state outlined by Birch-Murnaghan
[29]. The experimental lattice constants were taken from
Refs. [7,19,30].

III. RESULTS AND DISCUSSION

CeNMSb, compounds do not exhibit mirror symmetry
about the ab plane. Our previous results [21] indicate that this
means that the two Ce atoms in the conventional unit cell are
inequivalent, once the magnetic easy axis is determined to be
along the c axis, and that this remains the case even if a com-
pound is ferromagnetic [22]. According to our calculational
results, the two Ce atoms in a conventional unit cell of the
CeAgSb, compound have different orbital occupations. For
the Cel atom only m = —3 and m = 1 orbitals are occupied,
while m = £3 and m = =£1 orbitals are occupied for the Ce2
atom. This different 4 f-orbital character of the two Ce atoms
in a conventional unit cell clearly manifests the different local
electronic environment and the validity of treating the two
Ce atoms inequivalently. Therefore, the 1 x 1 x 2 supercell
is necessary to accommodate the AFM configuration of the
whole crystal. The total magnetic moment is dominated by
the Ce atoms, and NM and Sb atoms contribute negligibly,
as expected. Furthermore, the SOC of Ce 4f electrons plays
a crucial role in determining the magnetic easy axes of these
compounds and that of NM atoms does not play a significant
role [21]. Therefore, we can safely conclude that the magnetic
structure is mostly determined by Ce atoms. As discussed in
detail in the Supplemental Material [31], for the 1 x 1 x 2
supercell construction there are four different AFM config-
urations that can be used: UDUD (4] 1), DUDU ({1 1),
UDDU (14{1), and UUDD (11 {) (Fig. S1). Two of these
have an AFM configuration in the conventional unit cell and
do not require the magnetic unit cell to be doubled along
the ¢ axis. By contrast, the other two have ferromagnetically
coupled bilayers of Ce, and these bilayers are antiferromag-
netically coupled with adjacent Ce bilayers. The sequence of
spins for Ce atoms is displayed in Fig. 1(a). It should be noted
here that those four configurations are all physically distinct
from each other because of the lack of mirror symmetry about
the ab plane. To identify the correct magnetic configuration
we performed volume optimizations using the conventional
unit cell (1 x 1 x 1) and a 1 x 1 x 2 supercell with four dif-
ferent magnetic configurations. Figure 1(b) shows that the
total energy per formula unit for the first two configurations
inal x 1 x 2 supercell is lower than the corresponding value
for a 1 x 1 x 1 unit cell, although period doubling is not
required to accommodate the AFM configuration, because a
conventional unit cell is already in the AFM configuration.
The DUDU and UDUD configurations are almost indistin-
guishable from each other. As shown in Fig. 1(c), the total
energy of UUDD (11 ) is the lowest, which means that
in the ground state the two Ce atoms in a conventional unit
cell are coupled ferromagnetically. These results are consis-
tent with those that have been obtained experimentally, which
show the presence of Q = 2q; — ¢*, which requires that the
two Ce3" sites within a unit cell contribute in phase [23].
For AFM CeCuSb,, the total energy of the 1 x 1 x 1 unit
cell is lower than that of the 1 x 1 x 2 supercell. However,
for AFM CeCuSb,, the construction of the supercell should
be considered along the ab plane because the direction of the
magnetization is not along the c axis, but along the in-plane
direction. According to our results, the total energy of the 2 x
2 x 1 supercell is lower than that of the 1 x 1 x 1 unit cell and
the 1 x 1 x 2 supercell. However, in the case of the 2 x 2 x 1
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FIG. 1. (a) Crystal structure of CeNMSb,. (b) Volume optimiza-
tion of two different spin arrangements in the conventional unit
cell and corresponding arrangements for a simple period-doubled
1 x 1 x 2 supercell of AFM CeAuSb;. (¢) Volume optimization of
four different AFM spin configurations for the 1 x 1 x 2 supercell.
Here, the total-energy differences relative to a certain value are
plotted. The inset of panel (c) shows the “UUDD” or 11| | spin
configuration.

supercell, there are more magnetic configurations to consider,
so the correct magnetic ground state requires additional cal-
culations for AFM CeCuSb,, which are absent here.

To more deeply understand the different ground states
of CeNMSb, compounds, we consider the spin-exchange
interaction. Based on the Heisenberg-like model, the spin
Hamiltonian can be represented as

HZ—Z]US,"SJ', (1)
ij

where J is the spin-exchange interaction. Here S; - S; is the
total spin of the Ce atoms, having only two values, +1 or —1.
There are three different exchange terms between Ce atoms,
as shown in Fig. 1(a); we denote them as J;, J,, and J3. Here,
we did not consider the exchange interactions between the
nearest-neighbor and next-nearest-neighbor Ce atoms, which
are in the same ab plane as the central Ce atom, because
they contribute equally to all magnetic configurations and,
therefore, the total-energy differences among various spin
configurations can be determined without including these in-
teractions. In calculating the J values, we followed procedures
similar to those described in Refs. [32,33]. In comparing total
energy, we consider the ground state to be determined by
the spin-exchange interaction J and the spin configuration.
Figure 2 shows the spin-exchange interaction J as a function
of the interatomic distance between neighboring Ce atoms.
Here, a positive (negative) sign of J reflects the FM (AFM)
configuration. The signs of the J values are consistent with
the spin configuration of the ground state, and they exhibit
oscillating behavior as the interatomic distance increases. It is

=
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FIG. 2. Exchange interaction J as a function of Ce-Ce inter-
atomic distance », with the solid line as a guide to the eye only.

clear that this variation of signs with respect to the interatomic
distance between Ce atoms is responsible for the different
spin configurations, although it does not explain the different
magnetic anisotropy.

To investigate the SDW of AFM CeAuSb,, we plotted
FS for the 1 x 1 x 2 supercell. Figure 3 shows the Fermi
surfaces on the ab plane with different k, values. The nesting,
which is denoted by a red arrow, is quite robust along the z
direction, q = (¢, ¢,0) (27 /a), and ¢ is about 0.13; taken
together, these results are very similar to the experimental one
obtained for n & 0.136. Yumnam et al. [24] also calculated the
electronic structures and plotted the Fermi surface, and conse-
quently found a nesting vector very close to the experimental
value. There are several important points to note here. First,
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FIG. 3. Fermi surfaces of 1 x 1 x 2 AFM CeAuSb, along the
z direction. Dashed line denotes the first BZ. The nesting vector is
denoted by the red arrow, q = (¢, ¢, %)(27‘[/61), and ¢ is about 0.134.
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in their calculation, a 1 x 1 x 2 supercell was used to ac-
commodate various spin configurations. However, their study
provided no explicit reasoning for the period doubling along
the ¢ axis, and more importantly, there was no discussion
of different spin configurations. Although the authors of that
study argued that the nesting occurred between two majority-
band Fermi surfaces, there should be no difference between
the majority bands and the minority bands because CeAuSb,
is in the AFM configuration. Further, the spin-resolved density
of states (DOS) shows that the compound is in the FM config-
uration, not the AFM configuration, because the majority-spin
DOS is completely different from the minority-spin DOS. We
suspect that the calculations in that study were done for the
FM spin configuration. Finally, the Ce 4 f bands were located
at the Fermi level despite the use of the so-called GGA + U
method.

Moreover, in the experiment described above, there is a z
component of q, (%)c*. We speculate that this z component
of q is not due to the modulation that originates from FSN.
Although Yumnam et al. [24] claimed that their calculations
showed almost exactly matching nesting vectors because they
found two parallel sheets of FS along the ¢ axis, there is no
reason to pick up a particular value of % for the z component

of q. Instead, we argue that the obtained value of % for the z
component of q is attributable to the period doubling along
the ¢ axis owing to the lack of mirror symmetry about the ab
plane. To check that the z component of the propagation wave
vector is due to the period doubling, we plotted and compared
the FS of the 1 x 1 x 1 unit cell and the 1 x 1 x 2 supercell
(see Ref. [31], Fig. S3). As shown in Fig. S3, the nesting
effect, which was not seen clearly at k, =0 of the 1 x 1 x 1
unit cell, is more clearly visible at k, =0 of the 1 x 1 x 2
supercell. Since we doubled the unit cell in the z direction, we
would expect the FS at k;, = 0 of the 1 x 1 x 2 supercell to
be equal to the overlap of those at k, = 0 and k, = 0.5 of the
1 x 1 x 1 unit cell. However, in this case, one cannot ignore
the effects of band overlap and accidental degeneracies due
to unit cell doubling [34]. Consequently, our results show that
these effects act to make the FSN more robust at ¢ in the case
of the 1 x 1 x 2 supercell (see Ref. [31], Fig. S5).

It is generally believed that the existence of density waves
in solids, both charge- and spin-density waves, is closely re-
lated to the existence of parallel sheets of Fermi surfaces [35].
Therefore, to confirm the relation between FSN and SDW for
our results, we calculated the generalized susceptibility x(q)
[27] of AFM CeAuSb,. The following is used to calculate

x(q),

o el — flenk + @)1}
x@= 2 ek + q) — (k)

Mnk,n’k’ (q)v (2)

n,m,k

where f(€) is the Fermi-Dirac distribution function, €,,(Kk) is
the mth band energy at k, and M is the oscillator-strength
matrix elements (MEs). The result of x(q) for q along the
(110) direction is shown in Fig. 4. Within the resolution of
our calculation, it exhibits two peaks at ¢ ~ 0.06 and 0.13.
The peak at 0.13 is very well matched with the experiment
results. The existence of parallel sheets of Fermi surfaces by
nesting results in a large peak in x (q) if MEs are assumed to
be constant. When nesting features are important, a common
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FIG. 4. Generalized susceptibility of AFM CeAuSb,. The solid
lines are only meant to serve as visual guides.

method is to regard the MEs,
M, (q) = (n, Kle 9|0’ K'), 3)

as constant [36-39]. When q is large the interband matrix
elements are dominant, whereas the intraband matrix elements
are small. However, in the ¢ — 0 limit, the intraband matrix
elements almost exhibit unity, while the interband matrix el-
ements vanish. For this reason, in an experiment, it may be
difficult to observe the peak at q &~ 0.06 because the contri-
butions from interband transitions are dominant for the whole
range of ¢, as shown in Fig. 4. As shown in Fig. S5 [31],
in the case of the 1 x 1 x 1 unit cell, the peak at 0.13 is
much weaker than that at 0.06; meanwhile, in the case of the
1 x 1 x 2 supercell, the peak at 0.13, which is very close to
the experimental result, is significantly enhanced compared to
the case of the 1 x 1 x 1 unit cell. Therefore, we can argue
that the finding of ¢, = % for the SDW wave vector can be
attributed to period doubling owing to the lack of mirror
symmetry about the ab plane.

IV. CONCLUSION

In summary, we performed electronic-structure calcula-
tions for CeNMSb, compounds to elucidate the magnetic
ground state. Volume-optimization calculations show that the
ground state is in the 1 x 1 x 2 supercell construction with
the 11| spin configuration for AFM CeAuSb, and in the
2 x 2 x 1 supercell for AFM CeCuSb, along the magnetic
easy axes. These different ground states are attributed to dif-
ferences in the spin-exchange interaction J and the distance
of neighboring Ce atoms. The experimental SDW vector q of
AFM CeAuSb; is well matched with our FS nesting vector
¢ ~ 0.13 along the in-plane direction. Although there is a
z component in the SDW wave vector, g, = %, in the ex-
periment, we argue that this can be attributed to the period
doubling stemming from the lack of mirror symmetry. Within
the resolution of our calculated generalized susceptibility, we
can see a pair of peaks along the (110) direction at ¢ ~
0.06 and 0.13; the peak at ¢ ~ 0.06 can hardly be observed
in the experiment because of negligible interband oscillator
strengths.
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