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1.  Introduction

Ce based compounds have attracted considerable attention 
over the years due to their wide range of physical properties 
which include unconventional superconductivity [1], heavy 
fermion behavior [2], magnetism, non-Fermi liquid behavior 
and quantum phase transitions [3]. In these compounds the 
properties depend strongly on the hybridization of the 4f 
Ce3+ orbital to the conduction band and on the dimension-
ality. The crystalline environment of the Ce3+ ions determines 
the degree of localization of the 4f electrons and the magn
etic interactions between them. As a result, these systems can 
present magnetic ground states with ordered local magnetic 
moments or heavy fermion behavior where the magnetic 
moments are Kondo screened. External pressure or chemical 
doping may induce a transition between these phases. The role 
of the dimensionality manifests itself in, e.g. the layered 115 
compounds, CeMIn5 (M  =  Rh,Co, Ir) where decreasing the 
coupling between layers leads to an increase in the supercon-
ducting transition temperature [4–7]. These compounds share 

a number of common features with the cuprate superconduc-
tors that have made them a proxy in the quest to understand 
high temperature superconductivity [8].

The rich variety of behavior presented by Ce-based com-
pounds seems to be, in general, dominated by electron–
electron correlations. In Ce mono-pnictides, however, strong 
signatures of the coupling between the magnetic and elastic 
degrees of freedom have been reported [9–12]. More recently, 
in the CeCo0.85Fe0.15Si compound, a strong signature in the 
thermal expansion (∆L/L ∼ 10−4) was observed at the magn
etic transition [13], indicating the presence of a significant 
magnetoelastic coupling.

CeCo1−yFeySi compounds range from CeCoSi, which pre-
sents a second order transition to an antiferromagnetic state at 
TN = 8.8 K, to CeFeSi which is a paramagnetic Fermi liquid. 
As the concentration of Fe ( y ) increases, the Néel temper
ature TN, as deduced from the peak in the specific heat at 
the transition, decreases and the peak becomes weaker (see 
figure 1(a)). The behavior of the specific heat [14] suggests 
a chemical pressure effect due to the substitution of Co by 
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We present a phenomenological analysis of the magnetoelastic properties of CeCo0.85Fe0.15Si 
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orthorhombic observed in Fe-based pcnictides.
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Fe. This leads to a suppression of the Néel transition and the 
development of a bump in a way that resembles a dimensional 
crossover from 3D to 2D magnetism [15]. The antiferromag-
netism is completely suppressed (see figure 1(b)) for y � 0.23 
[14]. Interestingly, an anomaly in the specific heat at a temper
ature TA > TN was identified in [14] which was interpreted as 
an onset of large magnetic fluctuations in the paramagnetic 
phase near the Néel transition.

In the y  =  0.15 compound a strong dependence of the longi-
tudinal linear expansion on the magnetic field was also observed 
(see figure 1(c)). A peak in the thermal expansion coefficient, 
which was interpreted as stemming from a structural trans
ition, is obtained at a temperature T ∼ Ts while another peak 
is observed at the Néel transition (see figure 1(d)). Both peaks 
show a strong magnetic field dependence, while the peak at TN 
shifts to lower temperatures as the magnetic field is increased, 
the peak at  ∼Ts shifts to higher temperatures. Figure 1 sum-
marizes the main experimental observations for the y  =  0.15 
Fe doping concentration [13]. The magnetostriction presents 
perhaps the more puzzling behavior (see figure  1(e)). The 
shift to higher temperatures of the structural transition with 

increasing magnetic field would seem to imply an enhanced 
structural distortion at low temperatures as the magnetic field 
is increased. The experimental results present precisely the 
opposite behavior at low temperatures.

Motivated by these recent experiments on the magne-
toelastic properties of polycrystalline CeCo0.85Fe0.15Si [13] 
that show a strong magnetostructural coupling and suggest the 
presence of a structural transition, we analyze the possibility 
of the presence of such structural transition to explain the 
observed experimental data. To that aim we propose a Landau 
free energy to describe a magnetic transition and a structural 
transition including a magnetoelastic coupling. The qualita-
tive agreement obtained with the available experimental data 
indicates that the latter is consistent with the presence of a 
structural transition at a temperature Ts ∼ TA � TN.

2.  Landau theory

For the doping y  =  0.15 the material shows a clear Néel 
transition at TN � 6.5 K. The anomaly in the specific heat 
evolves continuously from a textbook transition in the y  =  0 

Figure 1.  (a) Magnetic contribution to the specific heat Cm for CeCoSi and for CeCo0.85Fe0.15Si at B  =  0. (b) Evolution of the Néel 
temperature TN and the specific heat anomaly temperature TA as a function of the Fe concentration y in CeCo1−yFeySi compounds. The 
lines are a guide to the eye. Data taken from [14]. (c) Linear thermal expansion ∆L/L as a function of the temperature for different external 
magnetic fields. (d) Linear thermal expansion coefficient αL. (e) Magnetostriction at different tempertures. (f) Uniform magnetization as a 
function of the external magnetic field, for different temperatures.
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compound until it vanishes at a doping y ∼ 0.23. The linear 
thermal expansion coefficient αL presents a wide peak ranging 
from T ∼ TN  to T ∼ 13 K that in the presence of an external 
magnetic field it splits into two peaks (see figure 1(d)).

To describe the magnetic transition under an external 
magnetic field we propose a Landau functional in terms of the 
staggered magnetization m = mA − mB and a uniform mag-
netization M = mA + mB, where mA and mB correspond to two 
sublattices which are coupled antiferromagnetically. We also 
include an order parameter δ to describe a structural trans
ition. The structural transition produces a lattice striction that 
for simplicity we assume proportional to δ (∆L/L = δ). As 
usual we consider that it is possible to make a series expan-
sion of the free energy in terms of the order parameters close 
to the transitions and consider the lowest order terms allowed 
by symmetry. The free energy in units of E0  =  50 J mol−1 can 
be written as

Φ = Φm +ΦB +Φx +Φxm,� (1)

where the magnetic transition is described by

Φm = −am

(
1 − T

TN

)
m2 + bmm4 + c1(mM)2 +

1
2χU

M2.

� (2)
Here the first two terms, where am  >  0 and bm  >  0, cor-
respond to the standard functional to describe a mean field 
second order transition. The third term with c1  >  0 is the 
competition between the staggered and uniform magnetiza-
tions and the last term is the energy associated with a uniform 
magnetization.

ΦB = k1m2B2 − MB,� (3)

with k1  >  0, describes the lowest order coupling terms of the 
magnetic field to the magnetizations3.

The structural transition is described by

Φx = −ax

(
1 − T

Tx

)
δ2 + cxδ

3 + bxδ
4� (4)

where ax  >  0, bx  >  0 and a finite cx sets the sign of the deforma-
tion δ, cx  >  0 corresponding to a contraction (δ < 0) below the 
transition temperature. For finite 0 < cx � bx the transition is 
weakly first order with a jump in the order parameter  ∼cx/bx . 
Finally, for the magnetoelastic coupling we expect terms of 
the form γ±

n (M2 ± m2)δn, for n = 1, 2, . . ., where the posi-
tive sign corresponds to a local coupling ∝(m2

A + m2
B), and 

the negative sign to a non-local coupling ∝mAmB. As we will 
describe below, n  =  2 terms with γ+

2 + γ−
2 < 0 are crucial 

to describe the shift to higher temperatures of the structural 
transition as the magnetic field is increased, while the n  =  4 
term with γ+

4 ∼ γ−
4  allows to explain the magnetostriction 

results at low temperature. The minimal magnetoelastic cou-
pling terms that allow to describe qualitatively the available 
experimental data read

Φxm = γ2(m2 + M2)δ2 + γ4MM2δ4 + γ4mm2δ4,� (5)

where γ4m ≡ γ+
4 − γ−

4 � γ4M ≡ γ+
4 + γ−

4 . We have taken 
here γ−

2 = 0 because it revealed unnecessary for a qualitative 
description of the experimental data.

3.  Determination of the Landau free energy 
parameters

In this section  we obtain analytical solutions for the order 
parameters δ, m, and M that minimize the Landau functional 
of equation (1). To that aim we consider the solutions of the 
nonlinear set of equations  ∂Φ/∂δ = 0, ∂Φ/∂m = 0, and 
∂Φ/∂M = 0. To set the functional parameters we make use of 
the main features of the available experimental data.

For small external fields (B → 0) and high temperatures 
(T > Ts > TN) we have m  =  0, δ = 0, M → 0, and the mag-
netization M is simply given by M = χUB. The experimental 
data shows an approximately linear behavior of M at low fields 
and constant χU in the temperature range where the trans
itions take place. We measure the magnetization per atom M 
in terms of its saturation value gJµBJ and set χU = 1/80 T−1 
which is consistent with the saturation field obtained extrapo-
lating the experimental data4.

The structural transition temperature Ts ∼ 12.5 K is deter-
mined by the high temperature peak in the linear thermal 
expansion coefficient (αL) in the absence of an external magn
etic field. Guided by the behavior of αL(T) as the magnetic 
field is increased, we assume that the broad peak observed in 
αL(T) for B  =  0 is composed by two peaks, one at TN and the 
other at Ts.

The structural transition temperature Ts is defined as 
the temperature such that for T  <  Ts the global minima in 
the free energy have finite distortion δ �= 0 . Assuming a 
weak effect of the structural order on the uniform magneti-
zation M, the structural transition temperature reads (for 
c2

x � axbx)

Ts(B) =
(

1 − γ2M2

ax
+

9c2
x

32ax(bx + γ4MM2)

)
Tx

�
(

1 − γ2χ
2
UB2

ax

)
Tx

�

(6)

which for γ2 < 0 leads to an increase of the transition 
temperature with increasing magnetic field. The observed 
positive shift of 3K in Ts for B  =  16 T (see figure 1(d)) indi-
cates γ2 ∼ −9ax. For temperatures larger than the magnetic 
transition temperature, the structural order parameter can be 
described by a functional

Φ(T > TN) � −ax(B)
(

1 − T
Ts(B)

)
δ2 + cxδ

3 + bx(B)δ4

� (7)

3 The coupling term between the staggered magnetization and the magnetic 
field is expected to depend on the angle θ between them as cos2 θ (see e.g. 
[16]). For a polycrystalline sample we consider here, for simplicity, this 
coupling term as the result of an average over θ.

4 Hund’s rules applied to Ce3+ ’s 4f electron result in J  =  5/2 and a Landé 
factor gJ  =  6/7. The lowest lying multiplet is however a doublet due to the 
presence of a crystal field.
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where

ax(B) = ax − γ2χ
2
UB2,� (8)

bx(B) = bx + γ4Mχ
2
UB2,� (9)

and the mean field solution for the order parameter is

δ(TN < T < Ts) � −3
8

cx

bx(B)
−
√

ax

2bx(B)Tx
(Ts(B)− T).

� (10)
For TN < T < Ts  we have M � χ�

UB where 
χ�

U = χU − 2γ2δ
2 − 2γ4Mδ

4  is the effective magnetic sus-
ceptibility. For T → Ts(B), δ2 � 1 and there is an increase of 
the susceptibility as γ2 < 0. I.e. the magnetization increases 
as the temperature decreases below Tx(B) in a fixed external 
magnetic field.

An external magnetic field and the presence of a distortion 
shifts the magnetic transition to lower temperatures:

TN(B) ∼

(
1 − B2(c1χ

�
U

2 + k1) + γ2δ
2(TN)

am

)
TN.� (11)

The observed reduction of TN of  ∼1.5 K at B  =  16 T 
imposes the constraint am ∼ c1/5 + 1280k1 on the functional 
parameters.

At the Néel transition, the magnetoelastic coupling pro-
duces a kink in δ due to the onset of m. For T � TN  and B  =  0 
we have

δ(T � TN) ∼ −

√√√√ambx

(
1 − T

TN

)

2bmbx − 2γ2
2

+
γ2ax

(
1 − T

Tx

)

2γ2
2 − 2bmbx

,� (12)

where we considered the lowest order tems in the coupling 
and dropped terms of order cx/bx .

Since there is no signature in the specific heat of 
the structural transition, the jump in the specific heat 
at the magnetic transition ∆Cm ∼ a2

mTN/2bm must be 
much higher that the corresponding one at the structural 
∆Cx ∼ a2

xTx/2bx transition. We also require the latent 

heat at the structural transition ∆Qx ∼ 9axc2
x

64b2
x
 to be small 

∆Qx � TN∆Cm. This sets the constrains a2
x/bx � a2

m/bm 
and cx � ambx/

√
axbm  on the parameters. Additionally, we 

set the parameters to satisfy m(T → 0) ∼
√

am/2bm ∼ 1 and 
δ(T → 0) ∼

√
ax/2bx ∼ 0.0005.

Table 1 lists the parameters used to obtain a qualitative 
description of the experimental data.

4.  Numerical results

Figures 2(a) and (c) present the staggered magnetization m 
and specific heat C data. The antiferromagnetic transition is 
shifted towards lower temperatures when the magnetic field 
is increased as it can be seen in the staggered magnetization 
m and specific heat C data. The structural order parameter δ is 
shown in figure 2(b) as a function of the temperature for dif-
ferent values of the external magnetic field. As the magnetic 
field increases, the structural transition temperature (where δ 
acquires a nonzero value) increases. Note, however, that as a 
consequence of the M2δ4 term in the free energy, the rate of 
increase of |δ| decreases as B increases. This term in there-
fore necessary to explain the behavior of magnetostriction at 
low temperatures (see figures  1(e) and 2(e)). The magneto-
elastic coupling ∝δ4 hardens the lattice as the magnetization 
increases. The qualitative behavior of the experimental data 
can be accounted including a much larger coupling to the 
squared magnetization M2 than to the squared staggered mag-
netization m2. As mentioned above this indicates a non-local 
magnetoelastic coupling ∝mAmBδ

4 .
At the Néel transition, δ presents a kink and a faster abso-

lute value increase for decreasing temperature, as a conse-
quence of the magnetoelastic coupling γ2m2δ2 (with γ2 < 0) 
and the increase of m2 for T < TN . The mean-field solutions 
for dδ/dT  present a divergent behavior ∝(Ts − T)−1/2 (see 
(10)) at the structural transition and a discontinuity at the Néel 
transition (see figure 2(d)). The experimental results, however, 
are obtained for polycrystalline samples where a distribu-
tion of transition temperatures is expected. To take this into 
account in an approximate way we performed a convolution 
of the structural order parameter δ̃(T) = (δ ∗ G)(T) with a 
Gaussian function G(T) of width σ = 1.7 K5.

Figure 3 presents the numerical results for δ̃ where, to ease 
the comparison with the experimental data, the values of δ̃ 
are shifted to make them equal to zero at T  =  0 in figure 3(a), 
and for B  =  0 in figure 3(b). The thermal expansion coeffi-
cient α̃L = dδ̃/dT  presents a broad asymmetric structure at 
zero field which splits as the magnetic field is increased into a 
low temperature peak associated with the Néel transition and 
a high temperature peak due to the structural transition6. Due 

Table 1.  Landau functional parameters.

Parameter Value

Global energy scale E0 50 J mol−1

Uniform susceptibility χU 1/80 T−1

Temperature scale (magnetic) TN 7.5 K
Temperature scale (structural) Tx 12.5 K
Functional term Value

−m2(1 − T/TN) am 0.5

m4 bm 0.35

m2M2 c1 0.625

m2h2 k1 2.93 × 10−4

−δ2(1 − T/Tx) ax 3000

δ3 cx 10 000

δ4 bx 7.5 × 109

(m2 + M2)δ2 γ2 −27 000

M2δ4 γ4M 1.875 × 1012

m2δ4 γ4m 3.75 × 1010

5 We are assuming here the same distribution for the magnetic and the 
structural transitions.
6 It may seem surprising that the peak associated with the structural trans
ition has a lower height than the one associated with the Néel transition.  
After the Gaussian convolution, however, the height of the peaks is deter-
mined by the area of dδ/dT  near the transition and not by the original height 
of the peaks.
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to the asymmetry of dδ/dT  near the transitions, the peaks in 
dδ̃/dT  are shifted to lower temperatures than in the raw data.

The theory describes the main features observed in the 
experimental data. A large peak is obtained in the specific heat 
at the magnetic transition and a very small one at the struc-
tural transition (see figure 2(c)). The weakness of the latter 
could explain why it was not observed experimentally as it 
would fall below the resolution of the experiments in [13]. 
The Landau theory also reproduces correctly the temperature 
and magnetic field dependence of the thermal expansion coef-
ficient, including the position and height of the peaks.

As a consistency test of the theory we calculate below the 
rate of change of the Néel transition with external pressure. 
On the one hand, using Eherenfest’s thermodynamic relation

dTN

dP
= 3VmTN

∆αL

∆C
,

�
(13)

we can calculate it from the unit cell volume Vm � 110 Å
3
 

[17], the change of the thermal expansion coefficient at the 

transition ∆αL ∼ 1.0 × 10−5 K−1 and the change in the spe-

cific heat ∆C ∼ 2 J mol−1 K−1, which leads to dTN
dP ∼ 7.5 K 

GPa−1.
On the other hand, from equation (11) we have

dTN

dP
∼ −β

3
dTN

dδ
=

2βγ2δST

3am
TN,� (14)

where β ∼ 65 GPa is the bulk modulus (we use here the calcu-
lated value for CeScSi reported in [17]), and δST ∼ −3 × 10−4 
is the dilation at the magnetic transition. This results in 
dTN
dP ∼ 1.7 K GPa−1, which is in the same ballpark as the esti-
mated value from Eherenfest’s relation.

A similar analysis can be done with the magnetic field 
dependence of TN using the measured jump of ∂M/∂T  at the 
transition in a field B  =  1 T. This results in a good agreement 

between the model (∂TN
∂B ∼ −0.007 K T−1) and the exper

imental estimations (∂TN
∂B ∼ −0.011 K T−1).

Figure 2.  (a) Staggered magnetization m, (b) structural order parameter δ, (c) specific heat C, and (d) linear distortion parameter dδ/dT , as 
a function of the temperature for different external magnetic fields applied. (e) Structural order parameter and (f) uniform magnetization M, 
a function of the external magnetic field.
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5.  Conclusions

We developed a Landau theory to describe phenomenologi-
cally the thermal expansion, magnetostriction, magnetiza-
tion and specific heat data of CeCo0.85Fe0.15Si polycrystalline 
samples. We find that the available experimental data are com-
patible with the presence of a structural transition at a temper
ature Ts(B) and a magnetic transition at TN(B) < Ts(B). The 
system presents a strong magnetoelastic coupling which leads 
to an increase in the structural transition temperature with an 
increasing external magnetic field, and allows the observation 
of a signature of the magnetic transition in the thermal expan-
sion data. Additional experimental data would be necessary to 
determine the nature of the structural transition. In particular, 
it would be important to determine the type of magnetic 
order and whether the lattice distortion breaks the tetragonal 
symmetry. A magnetoelastic analysis of additional samples 
with Fe concentrations y  <  0.2 would allow to determine 
whether the structural transition temperature Ts follows the 
same doping behavior as the specific heat anomaly TA which 
could be associated with the onset of magnetic fluctuations. 
In the Fe pnictides, the magnetic fluctuations for temperatures 
T � TN  drive a nematic transition which is concomitant with 
a structural transition [18–21]. It would be particularly inter-
esting to determine if CeCo1−yFeySi compounds have a magn
etic and elastic behavior analogous to the one observed in the 
Fe pnictides. If this is the case, the structural transition would 
not break the symmetry in the sign of the order parameter δ 
(this can be obtained dropping the cxδ

3 term on (7), which was 
small in our calculations). An anharmonic elastic coupling 
between atoms would lead to a change in the volume of the 

sample given by ∆L/L ∝ δ2 (see e.g. [22]), but would not oth-
erwise change the main conclusion of this work.
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