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The magnetocaloric effect (MCE) is known as an adiabatic
change or an isothermal entropy change observed in mag-
netic materials when those are exposed to the external
magnetic field. Since magnetic compounds displaying the
giant MCE can be considered as candidate materials for the
magnetic refrigeration application, the discovery of the giant
MCE in Gd5Si2Ge2 near room temperature in 1997 by
Pecharsky and Gshneidner1 triggered extensive worldwide
investigations for the Gd5Si2Ge2-related phases having a
general formula of RE5Tt4 (RE = rare-earth metals, Tt =
tetrels) from experimental and theoretical perspectives.2,3

Since it has been known that the giant MCE observed in
Gd5Si2Ge2 originates from the reversible bond breaking and
formation process of interslab Ge-Ge dimers and the corre-
sponding magnetic characters of rare-earth metals,4 compre-
hensive substitution chemistry has been conducted via the
cation or anion replacements in the RE5Tt4 family to optimize
the correlation between crystal structures and magnetic pro-
perties.2b,3c 

During our systematic investigation for the cation sub-
stitution in the RE4LiGe4 (RE = early-to-mid rare-earth
metals) series using the smallest monovalent element Li,
we found a very narrow homogeneity-range in the Sm
analogue leading to a non-stoichiometric chemical formula
of Sm3.98(1)Li1.02Ge4.5 The iso-structural compounds with a
very narrow homogeneity-range were also recently reported
by Suen et al. for the RE4-xLixGe4 (RE = Nd, Sm, and Gd; x ≈
1.03) series.6 However, these recent observations are incon-
sistent with the previous articles by Pavlyak et al. (1990)7

and Peter et al. (2012)8 reporting only stoichiometric com-
positions for the RE4LiGe4 series. Since these recently
observed homogeneity-range is confirmed only for several
members including early-to-mid rare-earth metals in the
RE4LiGe4 series and the earlier reports6 were mostly based
on the powder X-ray diffraction data, we attempted to verify
the possibility of having the homogeneity-range in the series
containing the late rare-earth metals using single-crystal X-
ray diffraction data. Therefore, in this work, we report syn-
thesis, crystal structure including the disorder of Li at the
rare-earth metal site and electronic structures of Er3.93(1)-
Li1.07Ge4.

Experimental

The stoichiometric mixture of elements (Er, Li, and Ge
from Alfa Aesar; 99.9%) was added in the Nb-ampoule (ca.
4 cm), and both ends of the ampoule were sealed using arc-
welding under the partial argon atmosphere. Then, the Nb-
ampoule was sealed again in a fused-silica jacket to prevent
oxidation at the elevated temperature in a tube-furnace. The
reactants were heated up to 1080 °C by 200 °C/h, held there
for 5 h, then cooled down to 750 °C by 5 °C/h and annealed
there for 2 days. After then, the furnace was turned off, and
the reactants were cooled down to room temperature natural-
ly. The products were needle or block shape metallic silver
lustered crystals and were stable for more than two months
under ambient condition. 

Table 1. Single-crystal crystallographic data and structure refinement
result for Er3.93(1)Li1.07Ge4

Crystal system Orthorhombic

Space group Pnma

Unit cell dimensions (Å) a = 7.0376(4) 

b = 14.5260(7) 

c = 7.6171(4) 

V (Å3) 778.68(7)

Z 4

ρ (cald), mg m−3 8.114

μ (Mo Ka), mm−1 56.928

Crystal size (mm3) 0.08 × 0.06 × 0.06

θ range for data collection (°) 3.02 to 39.38

Index ranges -12 ≤ h ≤ 12, -22 ≤ k ≤25, 
-13 ≤ l ≤ 13

Reflections collected 17755

Independent reflections 2388 [Rint = 0.0706]

Data / restraints / parameters 2388 / 0 / 48

Goodness-of –fit on F2 1.071

Final Ra indices [I > 2σI ] R1 = 0.0307, wR2 = 0.0586

Ra indices (all data) R1 = 0.0416, wR2 = 0.0618

Min., Max. p/e Å−3 3.713 and -2.674
a

R1 = Σ||Fo| − |Fc||/Σ|Fo|; wR2 = [Σ[w(Fo
2
 − Fc

2]/Σ[w(Fo
2)2]]1/2, where w =

1/[σ2
Fo

2+(A·P)2+B·P], and P = (Fo
2+2Fc

2)/3; A and B – weight coeffi-
cients.
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Single-crystal X-ray data was collected at room temper-
ature using Bruker SMART APEX2 CCD-based diffracto-
meter equipped with Mo Kα1 radiation (λ = 0.71073 Å). The
selected crystal was mounted on a glass fiber, and data
collection was carried out using the Bruker’s APEX2 soft-
ware.9 The structure was solved by direct method and refined
to full convergence by full matrix least-squares method on
F2 using SHELXL.10 During the initial structure refinement,
we observed ca. 3.5% of under-occupancy at the Er2 site
when the site was freed from the occupancy factor. Thus, the
site was refined as a mixed-site with Er and Li, and this
resulted in the composition of Er3.93(1)Li1.07Ge4. In the last
refinement cycle, atomic positions were standardized using
STRUCTURE TIDY.11 Important crystallographic data are
displayed in Tables 1-3. Crystallographic data for the struc-
ture reported here has been deposited with FIZ, Eggenstein-
Leopoldshafen, Germany (Deposition No. CSD-425755). 

The series of tight-binding, linear-muffin-tin-orbital (TB-
LMTO) calculations12 were carried out using the LMTO47
program.13 This program package exploits the atomic sphere
approximation (ASA) method, in which space is filled with
overlapping Wigner-Seitz (WS) atomic spheres.14 The used
WS radii are listed here: Er = 1.803-1.953 Å, Li = 1.668 Å,
and Ge = 1.526-1.594 Å. The basis sets included 6s, 6p, 5d

and 5f orbitals for Er; 4s, 4p and 4d orbitals for Ge; and 2s,
2p, and 3d orbitals for Li. The Er 6p, Ge 4d, and Li 2p, 3d

orbitals were treated by the Löwdin downfolding techni-
que.14 The 4f wavefunctions of Er were treated as core func-
tions. The k-space integration was conducted by the tetra-
hedron method15 using 216 irreducible k-points in the Brillouin
zone, 

Results and Discussion

Er3.93(1)Li1.07Ge4 adopts the orthorhombic space group
Pnma (No. 62, Z = 4) with Pearson code oP36 and can be

considered as a ternary derivative of the RE5Tt4 (RE = rare-
earth metals; Tt = tetrels) family generated by Li substitution
for rare-earth metals. There exist six crystallographically
independent asymmetric atomic sites: one Er site, one mixed-
site of Er and Li, one Li site, and three Ge sites. 

The overall crystal structure of the title compound (Figure
1) consists of two basic structural components: 1) the 2-
dimensional (2D) layered structure of the imaginary Er2LiGe2

slab adopting the Mo2FeB2-type structure and propagating
along the ac-plane, and 2) the dumbbell-shape interslab Ge2

dimers located between two such neighboring Er2LiGe2 slabs
and connecting them through the central Li in a distorted
cube formed by eight Er1 and Er2/Li1 sites. In particular,
each 2D Er2LiGe2 slabs can further be considered as a 1:1
intergrowth of the ErGe2 and ErLi moieties adopting the AlB2-
type and the CsCl-type structures, respectively (Figure 2).

Table 2. Atomic coordinates, occupancy and equivalent isotropic displacement parameters (Ueq
a) from single-crystal structure refinement for

Er3.93(1)Li1.07Ge4

Atom Site Occ. x y z Ueq
a

Er1 8d 1 0.01355(3) 0.597039(16) 0.18611(3) 0.00524(6)

Er2/Li1 8d 0.964(2)/0.036 0.32958(3) 0.127895(15) 0.17635(3) 0.00423(7)

Li2 4c 1 0.161(2) 1/4 0.521(3) 0.024(4)

Ge1 8d 1 0.16781(7) 0.03633(4) 0.46548(7) 0.00580(10)

Ge2 4c 1 0.01852(10) 1/4 0.08638(11) 0.00525(13)

Ge3 4c 1 0.28434(10) 1/4 0.86313(10) 0.00498(13)

Table 3. Selected interatomic distances (Å) for Er3.93(1)Li1.07Ge4

Atomic pair Distance Atomic pair Distance

Er1-Li2 3.378(13) Ge2-Ge3 2.5281(11)

3.428(15) Ge1-Li2 3.133(3)

Er2/Li1-Li2 3.295(17) Ge2-Li2 2.646(16)

3.386(15) Ge3-Li2 2.74(2)

Ge1-Ge1 2.6400(10) 2.793(16)

Figure 1. Crystal structure of Er3.93Li1.07Ge4 illustrated by a combi-
nation of ball-and-stick and polyhedral representations, viewed down
from the c-axis. A unit cell is outlined, and interslab Ge2 dimers are
highlighted in magenta-color. Color code: Er1-gray, Er2/Li1-dark
gray, Ge-magenta, and Li2-gold.
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It has been known that the crystal structure of the RE5Tt4
family can be categorized in one of three major structure
types,16 which are differentiated by the interatomic distance
between two interslab Tt atoms: 1) for the orthorhombic
Gd5Si4-type structure, all interslab Tt-Tt distances fall within
a single-bond dimer distance, 2) for the monoclinic Gd5Si2Ge2-
type structure, only a half of the interslab Tt-Tt dimers are
considered within a single-bond dimer distance, and 3) for
the orthorhombic Sm5Ge4-type structure, all interslab Tt-Tt

dimers exceed the van der Waals distance (> 3.5 Å), which
are considered as nonbonding. In Er3.93(1)Li1.07Ge4, the inter-
slab Ge2 dimer distance is 2.64 Å, which is considered as a
single-bond, and is very well comparable to the recently
reported related compounds adopting the Gd5Si4-type struc-
ture: 2.58-2.62 Å for RE5-xCaxGe4 (3.4 ≤ x ≤ 3.8 for RE = La,
3.0 ≤ x ≤ 3.3 for RE = Ce),17 2.46-2.57 Å for Gd5-xMxSi4 (M
= Zr, Hf; 0.25 ≤ x ≤ 0.5),18 2.60 Å for Yb4MgGe4,19 2.64-
2.70 Å for RE5-xMgxGe4 (RE = Gd-Tm, Lu, and Y),20 and
2.62-2.63 Å for RE5-xLixGe4 (RE = Nd, Sm, Gd; x ≈ 1.03).6 

In addition, the c/a ratio, which is another indicator of the
formation of interslab Ge2 dimers,4,16 increases up to 1.08 in
title compound as comparing to 1.01 in Er5Ge4 (Sm5Ge4-
type) without the Li substitution. Therefore, Er3.93(1)Li1.07Ge4

can be categorized in the orthorhombic Gd5Si4-type struc-
ture.21 

There exist three symmetrically independent cationic
sites: the RE1 and RE2 sites occupied, respectively, by Er1
and Er2/Li1 are located on the “surface” of the 2D slabs,
whereas the RE3 site occupied by Li2 is situated at the
center of a distorted cube formed by eight RE1 and RE2 sites
(Figure 2). The RE1 and RE2 sites show the total coordi-
nation numbers (CN) of 18 and 16, respectively, whereas
RE3 site displays CN of 14. Thus, based on the local CN and
interatomic distances between the central and surrounding
atoms (Table 3), the volume of each cationic site can be

estimated in the following order: RE1 > RE2 > RE3 site.22

Interestingly, the particular site-preference is observed bet-
ween Er and Li over three cationic sites: Li prefers to occupy
the RE3 site, whereas Er prefers to be situated at the RE1 and
RE2 sites. This phenomenon can surely be explained by the
size-factor argument indicating that the site-preference bet-
ween cationic elements was mostly governed by the cationic
size rather than the electronic-factor in this case though it
cannot be ignored.22 

As briefly mentioned earlier, during the initial structure
refinement, we allowed the RE2 site be free of the occupancy
factor and observed ca. 3.5% of under-occupancy with
Er atom. Thus, we treated the RE2 site as a mixed-site with
Er and Li, and this resulted in the final composition of
Er3.93(1)Li1.07Ge4. The Li disorder at the RE2 site was similar
to those previously reported in the RE5-xLixGe4 (RE = Nd,
Sm, and Gd) series,6 but the amount was slightly higher with
x = 1.07 in our compound than others with x = 1.02-1.03.
The increased Li content at the RE2 site can be attributed to
the smaller ionic radii of Er than early-to-mid rare-earth
metals (rEr

3+ = 0.89 Å vs r(Nd
3+-Gd

3+
) = 0.94-0.98 Å)23 indicat-

ing that the ionic radius of replacing elements and rare-earth
metals may influence the amount of disorder or even the
possibility of replacement. The similar observation related to
the cationic size was also reported in the RE5-xMgxGe4 (RE =
mid-to-late rare-earth metals) series,20 in which the series
could not even be synthesized using early rare-earth metals
due to the large size difference between RE and Mg. In
addition, the rationale for the mixing only at the RE2 site
rather than the RE1 site should be provided by the relative
site-volume of cationic sites as mentioned earlier.21 

The observed content of Li disorder in this work is not
neglectful, but still quite small. Thus, in order to verify the
statistical significance of our mixed-occupancy of Er and Li,
we performed the Hamilton test.24 The result proved that our
refinement with the mixed-occupancy (Er3.93(1)Li1.07Ge4) is
better than one without the mixed-occupancy (Er4LiGe4).
More detail procedure and result of the Hamilton test is
provided in the Supporting information (Scheme S1). There-
fore, we confirmed that there exists a narrow homogeneity-
width in the Er5-xLixGe4 system. 

Theoretical investigations were conducted using the TM-
LMTO-ASA method to study various chemical bonding and
electronic structure of title compound. Due to the practical
reason, calculations were carried out using an idealized com-
position of Er4LiGe4 without any mixed-site. DOS curves
(Figure 3(a)) display significant valence orbital mixing among
components throughout the whole energy range. In parti-
cular, the region below the Fermi level (EF) can be divided
into three sectors. The region between −10.7 and 9 eV con-
tains major contributions from σs bonding interactions of
interslab and intraslab Ge2 dimers (2.640 and 2.528 Å), and
the region between −8 and −7 eV also includes major contri-
butions of those two types of Ge2 dimers, but from σ

*
s

antibonding interactions. In addition, the region between −5
and 0 eV shows a strong orbital mixing of Er 6s and 5d, and
Ge 4p with a small contribution of Li 1s states. The local

Figure 2. The 2D layered structure of an imaginary Er2LiGe2 slab
displayed as a combined polyhedra of the ErLi and ErGe2 moieties.
The local coordination environment surrounding Li is also shown.
Color code: Er1-gray, Er2/Li1-dark gray, Ge-magenta, and Li2-
gold.
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DOS minimum (also known as pseudogap) is observed at EF

corresponding to 29 valence electrons (ve−) indicating the
Gd5Si4-type structure is energetically favorable for title com-
pound. 

Two Li-Ge COHP curves (Figure 3(b)) corresponding to
interactions along either the axial- or the equatorial-direction
prove two different interatomic distances of Li-Ge: the shorter
Li-Ge2/Ge3 bond (2.70 Å) being nearly optimized at EF, and
the elongated Li-Ge1 bond (3.13 Å) having a weak anti-
bonding character around EF. COHP curves of interslab and
intraslab Ge2 dimers (Figure 3(c)) both show small unfavor-
able antibonding characters around EF, but those are com-
pensated by strong bonding characters of Er-Er interactions
(Supporting information S1). These favorable interatomic
interactions provide the overall structural stability. Based on
the Zintl-Klemm electron counting formalism, the chemical
formula of title compound can be re-written as (Er3+)3.93-
(Li+)1.07(Ge2)6−

2(0.86e−) with nearly one extra valence elec-
tron, which participates in Er-Er bonding or Ge-Ge anti-
bonding states. 
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Figure 3. DOS and COHP curves of Er4LiGe4. (a) Total DOS
(solid black line), Er PDOS (gray-region), Ge PDOS (magenta-
region), and Li PDOS (gold-region). COHP curves represent the
interatomic interactions for (b) the Li-centered octahedral environ-
ment and (c) interslab and intraslab Ge2 dimers. EF (solid vertical
line) is the energetic reference (0 eV). The region with the “+” sign
represents bonding interactions, whereas the region with “−” sign
represents antibonding interactions.


