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Abstract

®

CrossMark

We present a phenomenological analysis of the magnetoelastic properties of CeCog gsFeg 1551
at temperatures close to the Néel transition temperature 7x. Using a Landau functional we
provide a qualitative description of the thermal expansion, magnetostriction, magnetization
and specific heat data. We show that the available experimental results (Correa ef al 2016 J.
Phys.: Condens. Matter 28 346003) are consistent with the presence of a structural transition
at Ty 2 Ty and a strong magnetoelastic coupling. The magnetoelastic coupling presents a

~

Janus-faced effect: while the structural transition is shifted to higher temperatures as the
magnetic field is increased, the resulting striction at low temperatures decreases. The strong
magnetoelastic coupling and the proximity of the structural transition to the onset temperature
for magnetic fluctuations, suggest that the transition could be an analogue of the tetragonal to

orthorhombic observed in Fe-based pcnictides.

Keywords: magnetism, magnetostriction, Landau functional, phase transitions

(Some figures may appear in colour only in the online journal)

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
Ce’* orbital to the conduction band and on the dimension-
ality. The crystalline environment of the Ce*" 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, CeMIns (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

1361-648X/18/295803+7$33.00

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 CeCoqgsFe( 15Si compound, a strong signature in the
thermal expansion (AL/L ~ 10~*) was observed at the magn-
etic transition [13], indicating the presence of a significant
magnetoelastic coupling.

CeCoj_,Fe,Si 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 Ty, 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

© 2018 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Magnetic contribution to the specific heat C,, for CeCoSi and for CeCog gsFe( 15Si at B = 0. (b) Evolution of the Néel
temperature Ty and the specific heat anomaly temperature T4 as a function of the Fe concentration y in CeCo _,Fe,Si compounds. The
lines are a guide to the eye. Data taken from [14]. (c) Linear thermal expansion AL/L as a function of the temperature for different external
magnetic fields. (d) Linear thermal expansion coefficient oy . (¢) Magnetostriction at different tempertures. (f) Uniform magnetization as a

function of the external magnetic field, for different temperatures.

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 T > Ty was identified in [14] which was interpreted as
an onset of large magnetic fluctuations in the paramagnetic
phase near the Néel transition.

Inthe 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 ~ T, 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 Ty
shifts to lower temperatures as the magnetic field is increased,
the peak at ~T 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 CeCoggsFe 1551 [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 Ty ~ Tx 2 Tn.

2. Landau theory

For the doping y = 0.15 the material shows a clear Néel
transition at Ty >~ 6.5 K. The anomaly in the specific heat
evolves continuously from a textbook transition in the y =0
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compound until it vanishes at a doping y ~ 0.23. The linear
thermal expansion coefficient oy presents a wide peak ranging
from T ~ Ty 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 = my — mp and a uniform mag-
netization M = my + mp, where my and mp correspond to two
sublattices which are coupled antiferromagnetically. We also
include an order parameter 6 to describe a structural trans-
ition. The structural transition produces a lattice striction that
for simplicity we assume proportional to § (AL/L = §). 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 Ey = 50 J mol~! can
be written as

cb:q)m+q)8+q)x+q)xm’ (1)
where the magnetic transition is described by
1

— M2
2xu
(2)

Here the first two terms, where a,, >0 and b,, > 0, cor-
respond to the standard functional to describe a mean field
second order transition. The third term with ¢; > 0 is the
competition between the staggered and uniform magnetiza-
tions and the last term is the energy associated with a uniform
magnetization.

T
b, = —apy (1 — T) m? + b,m* + cl(mM)2 +
N

&y = kym*B> — MB, 3)

with k; > 0, describes the lowest order coupling terms of the
magnetic field to the magnetizations®.
The structural transition is described by

o, = —a, <1 - TT> 5% + 8% + bo* )

where a, > 0, b, > 0 and a finite c, sets the sign of the deforma-
tion 6, ¢, > 0 corresponding to a contraction (6 < 0) below the
transition temperature. For finite 0 < ¢, < b, the transition is
weakly first order with a jump in the order parameter ~c,/by.
Finally, for the magnetoelastic coupling we expect terms of
the form *y,;t(Mz +m?)6", for n = 1,2,..., where the posi-
tive sign corresponds to a local coupling oc(m3 + m3), and
the negative sign to a non-local coupling xmymp. As we will
describe below, n =2 terms with 724' +, <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 ’yj' ~ 7, 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

3 The coupling term between the staggered magnetization and the magnetic
field is expected to depend on the angle  between them as cos” 6 (see e.g.
[16]). For a polycrystalline sample we consider here, for simplicity, this
coupling term as the result of an average over 6.

Dy = Y2(m* + M?)8? + qauM?6* + i’ (5)

where Yy, = 'yj = LM = vj + 74 - We have taken
here «v,” = 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 6, m, and M that minimize the Landau functional
of equation (1). To that aim we consider the solutions of the
nonlinear set of equations 9®/96 =0, 9®/0m =0, and
0®/0M = 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 > Ty > Tx) we have m =0, § = 0, M — 0, and the mag-
netization M is simply given by M = xyB. The experimental
data shows an approximately linear behavior of M at low fields
and constant xy in the temperature range where the trans-
itions take place. We measure the magnetization per atom M
in terms of its saturation value g;ugJ and set xy = 1/80 T~
which is consistent with the saturation field obtained extrapo-
lating the experimental data®.

The structural transition temperature T, ~ 12.5 K is deter-
mined by the high temperature peak in the linear thermal
expansion coefficient (« ) in the absence of an external magn-
etic field. Guided by the behavior of oy (T) as the magnetic
field is increased, we assume that the broad peak observed in
ay(T) for B = 0 is composed by two peaks, one at Ty and the
other at 7.

The structural transition temperature 7y is defined as
the temperature such that for 7' < T the global minima in
the free energy have finite distortion d # 0 . Assuming a
weak effect of the structural order on the uniform magneti-
zation M, the structural transition temperature reads (for
< ab,)

M? 2
7,B) = (122 ¢ T,
a, 32a,(by + yapuM?)
2 p2
Y2 Xy B
~ (1 — aU) T, (6)

which for 7, < 0 leads to an increase of the transition
temperature with increasing magnetic field. The observed
positive shift of 3K in 7 for B =16 T (see figure 1(d)) indi-
cates 2 ~ —9a,. For temperatures larger than the magnetic
transition temperature, the structural order parameter can be
described by a functional
O(T > Tn) = —ay(B) (1 -

r 2 3 4
& (B)) 6% 4 ¢x6> + b(B)6
@)

4Hund’s rules applied to Ce®*’s 4f electron result in J = 5/2 and a Landé
factor g; = 6/7. The lowest lying multiplet is however a doublet due to the
presence of a crystal field.
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Table 1. Landau functional parameters.

Parameter Value
Global energy scale Ey 50 J mol~!
Uniform susceptibility XU 1/80 T~
Temperature scale (magnetic) Ty 75K
Temperature scale (structural) 7 125K
Functional term Value
71’)12(1 — T/TN) am 0.5
m* by 0.35
m2M? c 0.625
m?h? ki 2.93 x 107
—8(1 = T/Ty) a, 3000
53 Cy 10000
5t by 7.5 % 10°
(m? + M?)8? Y2 —27000
M*5* Vam 1.875 x 102
m?§* Yam 3.75 x 10'°
where
_ 2 2
ax(B) = ax — Xy B, ®)
by(B) = by + auxyB’, ©)

and the mean field solution for the order parameter is

3 ¢ a
S(In<T<T)~—=—— — s T.(B) —T).
(In<T<T)==3775 \/be(B)Tx( s(B)=1)

(10)
For Tn<T<T, we have Mx>~x;B where

X5 = Xu — 2726% — 274 d* is the effective magnetic sus-
ceptibility. For T — T,(B), 6 < 1 and there is an increase of
the susceptibility as 72 < 0. L.e. the magnetization increases
as the temperature decreases below T,(B) in a fixed external
magnetic field.

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

BX(cixy” + ki) + ’7252(TN)) Tu
am

Tn(B) ~ (1 - (1D
The observed reduction of Ty of ~1.5 K at B=16 T
imposes the constraint a,, ~ ¢1/5 4+ 1280k, on the functional
parameters.

At the Néel transition, the magnetoelastic coupling pro-
duces a kink in 6 due to the onset of m. For T < Ty and B=0
we have

by (1 - Tl) e (1 - T%)
2onby — 22 | 202 — 2buby

(12)

T STn) ~—

where we considered the lowest order tems in the coupling
and dropped terms of order ¢, /b,.

Since there is no signature in the specific heat of
the structural transition, the jump in the specific heat
at the magnetic transition AC™ ~ a’Tn/2b, must be
much higher that the corresponding one at the structural
AC* ~ a’T,/2b, transition. We also require the latent

9a, cf
6402

AQ, < TyAC™. This sets the constrains a?/b, < a /by,
and ¢, < apub;/+/ab, on the parameters. Additionally, we
set the parameters to satisfy m(T — 0) ~ +/a,/2b,, ~ 1 and
(T — 0) ~ +/a,/2b, ~ 0.0005.

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

heat at the structural transition AQ, ~ to be small

4. Numerical resulis

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 9 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 6
acquires a nonzero value) increases. Note, however, that as a
consequence of the M>§* term in the free energy, the rate of
increase of |d| 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 oc* 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 M? than to the squared staggered mag-
netization m>. As mentioned above this indicates a non-local
magnetoelastic coupling oxmampd®.

At the Néel transition, ¢ presents a kink and a faster abso-
lute value increase for decreasing temperature, as a conse-
quence of the magnetoelastic coupling y2m?d? (with 72 < 0)
and the increase of m? for T < Tx. The mean-field solutions
for d§/dT present a divergent behavior oc(Ty — T)~'/? (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 ) (T) = (6 * G)(T) with a
Gaussian function G(T) of width o = 1.7 K.

Figure 3 presents the numerical results for § where, to ease
the comparison with the experimental data, the values of §
are shifted to make them equal to zero at 7 = 0 in figure 3(a),
and for B =0 in figure 3(b). The thermal expansion coeffi-
cient &y, = dé /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 transition®. Due

3 We are assuming here the same distribution for the magnetic and the
structural transitions.

Tt 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 d§/dT near the transition and not by the original height
of the peaks.
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Figure 2. (a) Staggered magnetization m, (b) structural order parameter 6, (c) specific heat C, and (d) linear distortion parameter do/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.

to the asymmetry of dj/dT near the transitions, the peaks in
doé /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 AO[L
ap "IN A
we can calculate it from the unit cell volume V,, ~ 110 A3
[17], the change of the thermal expansion coefficient at the

(13)

transition Aoz ~ 1.0 x 1073 K~! and the change in the spe-
cific heat AC ~ 2 J mol~' K~!, which leads to %’j ~ 75K
GPa~ .

On the other hand, from equation (11) we have

dTn BdTN  2B720st

4P 3dd 3a,

3do In.

(14)

where 5 ~ 65 GPa is the bulk modulus (we use here the calcu-
lated value for CeScSi reported in [17]), and dst ~ —3 X 104
is the dilation at the magnetic transition. This results in
% ~ 1.7 K GPa~!, 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 Ty using the measured jump of OM/OT at the
transition in a field B = 1 T. This results in a good agreement
between the model (%Lg ~ —0.007 K T7') and the exper-
imental estimations (92 ~ —0.011 K T~1).
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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 CeCog gsFe( 1551 polycrystalline
samples. We find that the available experimental data are com-
patible with the presence of a structural transition at a temper-
ature Ty(B) and a magnetic transition at 7x(B) < Ty(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 7, follows the
same doping behavior as the specific heat anomaly 7» which
could be associated with the onset of magnetic fluctuations.
In the Fe pnictides, the magnetic fluctuations for temperatures
T 2 Ty drive a nematic transition which is concomitant with
a structural transition [18-21]. It would be particularly inter-
esting to determine if CeCo;_,Fe,Si 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 ¢
(this can be obtained dropping the c,d> 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 AL/L 2 (see e.g. [22]), but would not oth-
erwise change the main conclusion of this work.
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