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We report thermal-expansion and heat-capacity studies on Li,FeSiO, single crystals which enable us
to investigate critical behavior in magnetically quasi-two-dimensional (2D) material. Pronounced A-shaped
anomalies at the magnetic ordering temperature 7Ty imply significant magnetoelastic coupling. Our analysis
of both the thermal-expansion and the specific heat data implies the crossover from 2D Ising-like behavior
for |(T — 1n)/1Ix| > 0.3 to 3D Ising behavior below =~ 1.3 x Ty. The 2D-like behavior is further supported by
density functional calculations which show minimal dispersion perpendicular to the crystallographic ac planes of
the layered structure, thereby indicating the 2D nature of magnetism at higher temperatures. Our results extend
the available model materials of quasi-2D magnetism to a high-spin § = 2 system with tetrahedrally coordinated
Fe’* ions, thereby illustrating how magnetic order evolves in a 2D Ising-like system with orbital degrees of

freedom.
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I. INTRODUCTION

The evolution of long-range magnetic order in two-
dimensional magnetic materials sensitively depends on the
nature of specific magnetic systems under study, with
spin-orbit coupling being a key parameter [1]. The Mermin-
Wagner theorem rules out magnetic long-range order at
finite temperatures in one- (1D) or two-dimensional (2D)
Heisenberg systems with short-range interactions [2], which
was extended to the XY model and sufficiently decreasing
long-range interactions [3,4]. In 2D XY magnets, Berenzin-
skii, Kosterlitz, and Thouless showed that only quasi-long-
range order can develop at finite temperatures [5—7], while
in 2D Ising systems, true long-range order occurs at a finite
temperature [8]. The presence of long-range magnetic order
at T > 0 K in magnetically anisotropic 2D van der Waals
magnets highlights the relevance of magnetic anisotropy for
the evolution of a magnetic ground state (see, e.g., Refs. [9,10]
and references therein). Short-range interactions can even be
large enough to allow the formation of magnetic order in finite
2D van der Waals magnets without any magnetic anisotropy
[11]. The spin size, e.g., affects the relevance of quantum
fluctuations, and effects of randomness may be relevant and
drive a system into long-range order [1,12].

Measurements of thermodynamic response functions,
namely, the thermal expansion () and the specific heat
(cp), provide sensitive tools to study the evolution of long-
and short-range order. Analyzing the anomalies at the phase
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boundaries yields the critical exponent & describing' the criti-
cal behavior of ¢, or a 1179 (|t] = (T — Tn)/Ix]), thereby
elucidating the qualitative nature of the system under study
[13—-19]. In addition, dilatometric studies on single crystals
yield the uniaxial and hydrostatic pressure dependencies of
ordering phenomena, which in 2D materials is not only tech-
nologically relevant for tuning the materials by appropriate
strain engineering (see, e.g., [20-22]) but also allows one
to separate competing energy scales and to identify short-
range ordering phenomena [23-28]. This also allows study
of the quantum critical nature of phase transitions and has
evidenced 2D quantum critical endpoints in layered Sr3Ru, 07
and Na,Co,TeOg [29,30]. In van der Waals materials which in
several examples have been shown to exhibit true long-range
magnetic order down to the single-layer limit, dilatomet-
ric studies on bulk materials have been successfully applied
to investigate the magnetic phase boundaries, the effect of
uniaxial strain, and to decipher relevant microscopic param-
eters in «-RuCl; [31-34], Cr,Ge,Teg [35,36], Crlz [37], and
CrCl; [38].

In the Li,FeSiOy studied here, high-spin (S = 2) Fe** ions
are arranged in a layered structure, forming a magnetically
quasi-2D system with dominating magnetic exchange cou-
pling within the ac layers, while interlayer couplings are only
weak and partly frustrated (see Fig. 1) [41-43]. In the high-
spin 3d° electronic configuration orbital degrees of freedom
may be relevant, which is confirmed by our numerical stud-
ies. Finite interlayer coupling and magnetic anisotropy yield
long-range antiferromagnetic (AFM) order below Ty = 17 K.

'In this manuscript, the critical exponent is named & in order to
discriminate between it and the thermal-expansion coefficient c.

©2026 American Physical Society


https://orcid.org/0000-0003-4892-6745
https://orcid.org/0000-0002-2357-3325
https://orcid.org/0000-0002-4052-1340
https://orcid.org/0000-0002-8816-9614
https://ror.org/038t36y30
https://ror.org/038t36y30
https://ror.org/023gzwx10
https://ror.org/00engpz63
https://crossmark.crossref.org/dialog/?doi=10.1103/x66l-7vsx&domain=pdf&date_stamp=2026-01-28
https://doi.org/10.1103/x66l-7vsx

W. HERGETT et al.

PHYSICAL REVIEW B 113, 024435 (2026)

FIG. 1. Schematics of the crystal and magnetic structure of
Li,FeSiO,. FeO, tetrahedra are shown in beige, with Fe’' ions
located inside. Blue and green arrows indicate the orientations of
the antiparallel magnetic moments. Small black spheres represent
oxygen. The sketch was made with VESTA software [39] using struc-
tural data from CCDC 1859157 [40].

Both a reduced ordered moment and the observed static hy-
perfine field indicate significant orbital contributions. Here,
we report studies of the thermal expansion and of the specific
heat on Li,FeSiO, single crystals. We report the uniaxial and
hydrostatic pressure dependencies and quantify magnetoelas-
tic effects. Analysis of the anomalies at the phase transition
shows that Li,FeSiO,4 falls into the three-dimensional (3D)
Ising class. In addition, we find a distinct crossover to approx-
imately 2D Ising behavior above Ty. This agrees with the 2D
nature of magnetism in Li,FeSiOy4 suggested by our numerical
study and might be associated with orbital degrees of freedom.

II. EXPERIMENTAL AND NUMERICAL METHODS

Millimeter-sized single crystals of the Pmnb-LiFeSiOq4
polymorph were grown by the high-pressure optical floating-
zone method as described in detail in Refs. [40,44,45].
Oriented single crystals were cut into cuboids with ap-
proximate dimensions 1.1 x 1.1 x 1.0 mm? with respect to
the crystallographic directions. High-resolution dilatometry
measurements were performed using a three-terminal high-
resolution capacitance dilatometer from Kuechler Innovative
Measurement Technology [46], operated inside a variable-
temperature insert in an Oxford magnet system [47]. The
capacitance readout was facilitated by Andeen-Hagerling’s
AH 2550A ultraprecision 1-kHz capacitance bridge. With the
dilatometer, the uniaxial thermal expansion dL,(T)/L; (i =
a,b,c) and the linear thermal-expansion coefficients o; =
1/L; x dL(T)/dT along the crystallographic axes were stud-
ied at temperatures ranging from 2 to 300 K in zero field.

The electronic structure was investigated using density
functional theory as implemented in the FPLO [48] code,
which included either scalar-relativistic corrections for the
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FIG. 2. (a) Linear and volume thermal-expansion coefficients «;
(i =a,b, c,vol) along the three crystallographic axes and for the
volume (solid black line). (b) Magnetic specific heat ¢ obtained by
correcting the measured specific heat by the lattice contribution from
measurements of the nonmagnetic analog material Li,ZnSiO4[43].
The vertical dashed line indicates 7Ty. Black triangles mark the di-
mensional crossover region as discussed in Sec. III B.

Schrodinger equation or solving of the full relativistic four-
component Dirac equation. The crystal structure was obtained
from Ref. [40]. The calculations employed the Perdew-Wang
92 (PW92) local-density approximation (LDA) functional
[49], assuming a paramagnetic state, and the Brillouin zone
was sampled with a 40 x 20 x 40 k-point mesh. Otherwise,
the default settings were used. To confirm the LDA results,
the calculations were repeated using the Perdew—Burke—
Ernzerhof (PBE) generalized gradient approximation (GGA)
exchange-correlation functional [50]. The downfolding to
maximally projected atomiclike Wannier functions [51] was
performed using the inbuilt functionality of FPLO.

III. EXPERIMENTAL RESULTS

A. Anomalies in thermal expansion and heat capacity at Ty

The thermal-expansion coefficients «; (i = a, b, ¢ axis and
the volume) of Li,FeSiO, presented in Fig. 2 are dominated
by sharp anomalies at the long-range magnetic ordering tem-
perature Ty = 17.2(5) K. Their A-like character implies the
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continuous nature of the phase transition. This is resembled
by the anomaly in the magnetic specific heat, ¢j,¢, which has
been obtained as the difference between the measured specific
heat of Li,FeSiO,4 and a background c;g given by its nonmag-
netic analog Li,ZnSi0,4 [43] [Fig. 2(b)]. The contrasting signs
and magnitudes of the thermal-expansion anomalies along the
different crystallographic axes, at Ty, reveal significant and
anisotropic magnetoelastic coupling, manifested in a contrac-
tion of the b and ¢ axes and an expansion of the a axis at Ty.
The volume features a negative anomaly, too, which implies
that hydrostatic pressure will yield the suppression of 7. In
addition to the pronounced anomalies at Ty, there is a wide
temperature regime well above Ty of anisotropic temperature
dependence of the uniaxial thermal-expansion coefficients.
Concomitantly, the specific heat data evidence nonphononic
entropy changes in this temperature regime that we attribute
to short-range magnetic order [43].

B. Analysis of critical behavior

Analysis of the critical behavior at continuous phase tran-
sitions provides key information on the universal nature of
the systems and the ordering phenomena under study. Mea-
surements of the thermodynamic response functions, i.e., the
thermal expansion and the specific heat, are sensitive tools to
study the evolution of long- and short-range magnetic order
in quasi-2D magnets as they reflect the critical behavior of
the system’s energy fluctuations. Among the thermodynamic
quantities that exhibit singularities at phase transitions, the
isobaric heat capacity, c,(T'), is the most commonly studied.
The singularity in ¢p(T'), characterized by the critical expo-
nent & (see footnote 1), is typically described by the following
equation [14,52,53]:

A
cop(t) = -t + B+ Et, (1)
a

for T > T\, where t = (T — In)/1x, and similarly for T <
TN, using the same functional form with primed quantities
(c;,, o, Ty) and parameters (A’, &', B, E’). The first term
represents the critical behavior while the background con-
tribution is captured by B + Et. Both the magnetic specific
heat ¢,*® and the volume thermal-expansion coefficient o
presented in Fig. 2 are evaluated using Eq. (1), as shown in
Fig. 3. The constraints E = E’ and Ty = Ty were imposed
without any significant loss in the quality of the fit. Further-
more, when data points around 7y were excluded from the
analysis, a common best-fit parameter @ = &’ could also be
applied. Evaluation of the thermal-expansion (te) data yields
@' = 0.14(3) for the fit in the temperature range 8.3 K <
T <169K and 18 K < T < 21 K. In the range 224 K <
T < 83.2K, @™ = 0.02(1) is obtained. Similarly, analysis of
the magnetic specific heat ¢, yields @P = 0.11(3) for the fit
in the temperature range 4.9 K <7 < 169K and 17.8 K <
T <20.8K.For21.2K < T <489 K, & = 0.04(1) is ob-
tained. Table I summarizes the results of the critical analyses.

Consistently, around 7y, our analysis yields critical expo-
nents &P of 0.11-0.14. Variations in the choice of Ty lead
to slightly larger critical exponent values, ranging from 0.2
to 0.25, while variation of the fitting range affects the results
only to a minor extent (see [56] for a discussion of the role
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FIG. 3. (a), (b) Semilogarithmic plots of the volume thermal-
expansion coefficient oy and the magnetic specific heat ¢;*¢ vs
the reduced temperature |f| = |(T — Ty)/Tn| for Ty = 17.14 K and
Ty = 17.11 K, respectively. Blue dots (black dots) mark data for
T < Tn (T > 1y). Lines are fits to the data using Eq. (1) for different
values of the critical exponent @ (see text). (c), (d) Experimental
data and obtained fit functions. Triangles mark the crossover region.

of constraints). For temperatures above 22 K, the extracted
critical exponents decrease significantly to near-zero values
(see Table I). The unambiguously positive value of & in the
vicinity of Ty clearly excludes Heisenberg or XY behavior
[52]. It also questions the 2D Ising scenario suggested by the
analysis of the order parameter from Mossbauer (8 = 0.116)
and neutron (8 = 0.185) studies [43]. In contrast, our findings
are in agreement with the predictions of the 3D Ising model
[52,54]. The fact that, near to Ty, both measurements of the
specific heat and thermal expansion are described by the 3D
Ising scenario supports the validity of our analysis.

TABLE I. Critical exponents & obtained by fitting Eq. (1) over
different temperature ranges, along with an overview of theory pre-
dictions of & for various model systems.

Analysis of: a Fit range [K]
Thermal-expansion 0.14(3) 8.3-16.9 & 18-21
coefficient o, 0.02(1) 22.4-83.2
Specific 0.11(3) 4.9-16.9 & 17.8-20.8
heat ¢, 0.04(1) 21.2-48.9
Model & Ref.

3D Ising 0.11 [54]

2D Ising 0 [8]

3D Heisenberg -0.134 [52]

Mean field 0

3D XY -0.014 [55]

024435-3



W. HERGETT et al.

PHYSICAL REVIEW B 113, 024435 (2026)

4
—— Fe 3d
— 0 2p
Li 2s
of | — Si3p|

(a) (b)

i
/1NN
g
%

&(k) (eV)

|

/
=

%
SN\
1
&

&, | —
§'— I~
r zZzU RT Z)Y TIU X]S R

k

/
| _—

A
%Z\

—
||

—]
— |
—

I
W¥ITIN

TR
N

/
) AN A JA

_|
X
(7]
<

FIG. 4. (a) Paramagnetic band structure of Li,FeSiO, as com-
puted with FPLO [48] using the PW92 functional. (b) Projected
density of states for the Fe 3d, O 2p, Li 2s, and Si 3p orbitals.

In both quantities, the behavior above ~22 K implies a
different temperature dependence of o, and ¢, as described
by nearly vanishing values of @. Our findings hence evidence
a change in the critical behavior from nearly vanishing & at
high temperatures to & >~ 0.11 — 0.14 in the vicinity of Ty
(see Table I). We note that the associated changes in the tem-
perature dependencies of the thermal-expansion coefficients
and in the specific heat are clearly visible in the experimental
data presented (see the black filled triangles in Fig. 2). The
divergence of both ¢, and ay, around Ty, is consistent with a
3D Ising behavior. In contrast, very small critical exponents
observed at higher temperatures are within the range expected
for the 2D Ising model [8].? Our data hence suggest a dimen-
sional crossover from 2D to 3D Ising behavior. This change
in dimensionality appears above Ty within the short-range
ordered regime reported in Ref. [43].

IV. NUMERICAL STUDIES

The numerically obtained electronic band structure
[Fig. 4(a)] reveals a set of isolated bands near the Fermi level
which are primarily of iron 3d orbital character [Fig. 4(b)].
These bands are rather flat and energetically well separated
by a gap of approximately 3 eV from the occupied oxygen 2p
bands below and by 2 eV from the unoccupied bands above.
Their isolation in energy around the Fermi energy strongly
suggests that the magnetism in this system is driven by these

*While & >~ 0 in general agrees with the mean-field prediction,
mean-field behavior is excluded by the large temperature regime of
short-range order extending far above Ty.

B N N

€ »)

~

P
*Y’\) . ULY‘\&/( . 1
A A

@ Lithium

® Iron

@ Silicon
Oxygen

X\T/k’\%)\f/k’\ a

FIG. 5. Isosurface plots of the Wannier functions localized on
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density is contained within. The subplots correspond to the (a) 3d,,,
(b) 3dy., (¢) 3d 2, (d) 3d,, and (e) 3d2_,>-like Wannier functions.

AR 0k 0 I e 20k
Ay

localized iron 3d electrons. To further investigate the elec-
tronic structure of Li,FeSiOy, the isolated iron 3d bands were
downfolded to atomiclike Wannier functions [51] centered
around the iron sites (see Fig. 5). The Wannier functions are
highly confined within their respective layers. The only excep-
tion is the 3d,>_,»-like Wannier function displayed in Fig. 5(¢),
which has a small tail crossing into the next layer. This spa-
tial confinement, indicating that hybridization occurs almost
exclusively within the ac planes of the layered structure, pro-
vides strong evidence for the quasi-two-dimensional nature of
the magnetic interactions in LiFeSiO4. This quasi-2D char-
acter is further supported by the band dispersion itself. Along
momentum-space paths perpendicular to the layers (I' — X,
S—=Y,Z — U, and R — T), the iron 3d bands are nearly
flat. This minimal dispersion is in contrast to the dispersion
exhibited along in-plane directions, reinforcing, together with
the shape of the Wannier functions, the conclusion of weak
interlayer magnetic coupling.

The process of downfolding to localized Wannier functions
yields a tight-binding representation of the targeted electronic
bands. By constraining this Hamiltonian to encompass only
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FIG. 6. The energy-level diagram (for PW92) for the 3d-like
Wannier functions localized on iron derived by diagonalizing the
local Wannier tight-binding Hamiltonian. In comparison to the
degenerated 3d orbitals of the free ion (left), the solution of
the scalar-relativistic LDA Hamiltonian, which accounts for the
crystal-field effects (middle), and the effect of incorporating the
full relativistic LDA Hamiltonian, which includes the effects of
spin-orbit coupling, are displayed. Additionally, the crystal-field
eigenfunctions are displayed adjacent to their corresponding energy
levels. The isosurfaces depicted are configured to encompass 90% of
the electronic density within each orbital.

interactions within a local iron 3d shell, one derives the
local crystal-field Hamiltonian. Diagonalization then yields
the local eigenenergies (Table II) and eigenfunctions, which
are illustrated in Fig. 6. At the scalar-relativistic level, the
two lowest eigenfunctions exhibit an approximate degeneracy,
with an energy separation of AEZY®? = 0.8 meV. This de-
generacy is lifted by including spin-orbit coupling in the DFT
calculations by solving the full relativistic Dirac equation,
which increases the energy gap to AESY2,c = 27.9 meV
(~324 K).

To investigate whether the small crystal-field gap is physi-
cal, analogous calculations were conducted utilizing the PBE
functional. The resulting band structure is shown in the
Appendix in Fig. 7 and the associated energy-level diagram
in Fig. 8. The relevant features for the quasi-two-dimensional
nature of magnetism in Li,FeSiOy4, specifically the iso-
lated nature of the iron 3d bands and their flatness along
certain paths through the Brillouin zone, remain largely un-
changed compared to PW92. However, the crystal-field gap is

increased to AEEEE = 10.4 meV and the gap in the full rel-
ativistic case subsequently becomes AE{EE o = 32.9 meV
(~382 K) (see Fig. 8 in the Appendix). The density functional
calculations therefore suggest that the orbital degeneracy is
completely lifted by the combined effect of the crystal-field
and spin-orbit coupling.

V. DISCUSSION AND SUMMARY

The quasi-2D nature of magnetism in Li,FeSiO, that
had been previously found in experimental magnetic sus-
ceptibility, Mdssbauer, and neutron studies is confirmed by
the obtained electronic band structure, which implies highly
confined Wannier functions with the exception of the Fe
3d,>_,»-like orbital. It in particular shows that magnetism is
associated with energetically well isolated Fe 3d electrons.
Hybridization occurs almost completely in the ac planes of the
crystallographic structure and hence confirms the quasi-2D
nature of magnetic interactions. Our results show that the
combined effects of the crystal field and of spin-orbit coupling
completely lift orbital degeneracy of the Fe 3d levels so that
Li,FeSiO,4 provides a natural framework for the observed
crossover from 2D to 3D behavior.

Crossover in the critical behavior of energy fluctuations
is widely studied by means of ultracold gases (see [57] and
references therein) but has been only rarely reported in solid-
state materials. One example is EuTe, where &, obtained from
thermal-expansion and specific-heat data, assumes sizable fi-
nite values only when approaching 7y [14]. In Ga;_,Mn,As,
the critical exponent obtained from thermal-diffusivity data
shows a crossover from 3D Ising-like to 3D mean-field-like
behavior [58]. In this respect, we also note the potential
effect of orbital degrees of freedom. It was shown for per-
ovskite manganites that the Jahn-Teller effect can modify the
system’s dimensionality and interaction range, leading to a
nonstandard universality class [59]. For example, critical be-
havior consistent with the 3D Ising model has been observed
La;_,Sr;1,MnO3 around optimal doping, at the ferromag-
netic transition [17,60]. In Li, FeSiOy, there is no indication of
a cooperative Jahn-Teller transition in the investigated temper-
ature regime up to 400 K, which is in agreement with complete
lifting of orbital degeneracy as predicted by our numerical
studies. However, orbital degrees of freedom may be relevant
well above Ty.

In summary, our detailed studies of thermal expansion and
heat capacity on Li,FeSiOj, single crystals enable us to inves-
tigate in detail critical behavior in the magnetically quasi-2D
material. We find a dimensional crossover from approximately
2D Ising-like behavior for |(T — Ty)/Tn| > 0.3 to 3D Ising
behavior, which is evidenced by our analysis of the critical
behavior of both the thermal expansion and the specific heat.
Our analysis of the DFT band structure and the shape of
the down-folded Wannier functions yields minimal dispersion
perpendicular to the ac planes, indicating the 2D nature of
the magnetic interactions. Our data extend available model
materials of quasi-2D magnetism to a high-spin S = 2 system
with tetrahedrally coordinated Fe?* ions, thereby illustrating
how long-range magnetic order evolves in a 2D Ising-like
system.
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TABLE II. The eigenenergies (E;_s) associated with the local Wannier Hamiltonian are computed utilizing the PW92 and PBE functional
frameworks. Additionally, these computations are carried out with scalar-relativistic corrections and are fully relativistic.

Relativistic treatment

Scalar-relativistic corrections

Full relativistic treatment

Functional PW92 PBE PW92 PBE
E| (meV) —198 —383 —249 —409
E, (meV) —197 —373 —221 —376
E; (meV) -29 —61 —-34 —64
E; (meV) 81 107 85 114
E5 (meV) 300 365 295 366
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The Appendix provides the local eigenenergies obtained
by diagonalization of the local crystal-field Hamiltonian
(Table II) as well as the band structure (Fig. 7) and the asso-
ciated energy-level diagram (Fig. 8) obtained using the PBE
functional.

0.4
b ]
i | -\ 4 ]
0.3 - a .
02| N X ]
o1f .
S ]
o SNgple -
g °°F “ ]
5 i :
2 o1k 2
q) - -
O’ - -
o i ]
-0.2 - 7
—0.3f ’q?‘ .
C .\‘PO ]
-0.4 " P "
- Fe3d +CF +S0C ]

-0.5

FIG. 8. The energy-level diagram (for PBE) for the 3d-like
Wannier functions localized on iron derived by diagonalizing the
local Wannier Tight-Binding Hamiltonian. In comparison to the
degenerated 3d orbitals of the free ion (left), the solution of
the scalar-relativistic GGA Hamiltonian, which accounts for the
crystal-field effects (middle), and the effect of incorporating the
full relativistic GGA Hamiltonian, which includes the effects of
spin-orbit coupling, are displayed. Additionally, the crystal-field
eigenfunctions are displayed adjacent to their corresponding energy
levels. The isosurfaces depicted are configured to encompass 90% of
the electronic density within each orbital.
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