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Abstract. We present a phenomenological analysis of the magnetoelastic properties
of CeCog.g5Feq.1551 at temperatures close to the Néel transition temperature Ty . 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 [Journal of Physies: Condensgd Matter 28 346003 (2016)] are
consistent with the presence of.a structural transition at 7y > Tn 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 therproximity of the structural transition to the onset
temperature for magnetic fluctuations, suggest that the transition could be an analogue
of the tetragonal to,orthorhombie observed in Fe-based pcnictides.

Keywords: Magnetism, Magnetostriction, Landau functional, Phase transitions

N
1. Introduction

Ce based compounds have attracted considerable attention over the years due to their
wide range of physieal, properties which include unconventional superconductivity [1],
heavy fermion behavior {2], magnetism, non-Fermi liquid behavior and quantum phase
transitions [3]..Ju these compounds the properties depend strongly on the hybridization
of the 4f Ce3* orbital torthe conduction band and on the dimensionality. The crystalline
environment of the Ce?" ions determines the degree of localization of the 4f electrons
and the/magnetie 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
itselfimye€.g., the layered 115 compounds, CeMIns (M=Rh,Co, Ir) where decreasing
the coupling between layers leads to an increase in the superconducting transition
temperature [4, 5, 6, 7]. These compounds share a number of common features with the
cuprate superconductors that have made them a proxy in the quest to understand high
temperature superconductivity [8].
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The rich variety of behavior presented by Ce-based compounds seems to be, in
general, dominated by electron-electron correlations. In Ce mono-pnictidesgsthowever;,
strong signatures of the coupling between the magnetic and elastic degrees of freedem
have been reported [9, 10, 11, 12]. More recently, in the CeCog gsFeq 1551, compound, &
strong signature in the thermal expansion (AL/L ~ 10~%) was observediat the magnetic
transition [13], indicating the presence of a significant magnetoelastie'éoupling.

CeCoy_yFe,Si compounds range from CeCoSi, which presents a sécond order
transition to an antiferromagnetic state at Ty = 8.8K, to CeFeSi which is a paramagnetic
Fermi liquid. As the concentration of Fe (y) increases, the Néel tem\perature Ty, as
deduced from the peak in the specific heat at the transitiony, decreases and the peak
becomes weaker [see figure 1(a)]. The behavior of the specifiesheat [14] suggests a
chemical pressure effect due to the substitution of Co by Fe;This leads to a suppression
of the Néel transition and the development of a bumprin a way that resembles a
dimensional crossover from 3D to 2D magnetismiy[15]. The antiferromagnetism is
completely suppressed [see figure 1(b)] for y = 0:23:{14]s Interestingly, an anomaly in
the specific heat at a temperature Ty > Ty was identified n [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 linear expansion on the
magnetic field was also observed [see figurerl(c)]s A peak in the thermal expansion, which
was interpreted as stemming from a struetural transition, is obtained at a temperature
T ~ T, while another peak istebserved atthe Néel transition [see figure 1(d)]. Both
peaks show a strong magneticfieldidependence, while the peak at Ty shifts to lower
temperatures as the magnetic field isincreased, the peak at ~ T shifts to higher
temperatures. Figure 1 summarizes the main experimental observations for the y = 0.15
Fe doping concentration [13]. /Theanagnetostriction presents perhaps the more puzzling
behavior [see figureql(e)]. The shift to higher temperatures of the structural transition
with increasing magnetie 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 thesé recent experiments on the magnetoelastic properties of
polycrystalline GeCopgsFep, 1551 [13] that show a strong magnetostructural coupling and
suggest thepresenceof 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
tramsition including a magnetoelastic coupling. The qualitative agreement obtained
with, the awailable experimental data indicates that the latter is consistent with the
presence of a structural transition at a temperature Ty ~ Ty = T .
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43 Figure 1. (a) Magnetic contribution to the specific heat C,, for CeCoSi and for
44 CeCoplgsFep 4551 at B = 0. (b) Evolution of the Néel temperature T 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 ar,. (e) Magnetostriction at different
50 tempertures. (f) Uniform magnetization as a function of the external magnetic field,
51 for different temperatures.

54 2. Landau theory

56 For the doping y = 0.15 the material shows a clear Néel transition at Ty ~ 6.5K.
The anomaly in the specific heat evolves continuously from a textbook transition in the
59 9= 0 compound until it vanishes at a doping y ~ 0.23. The linear thermal expansion
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coefficient «;, presents a wide peak ranging from T ~ Ty to T ~ 13K that in the
presence of an external magnetic field 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 = m 4 —mpgeand a,uniform
magnetization M = m4 + mp, where m4 and mpg correspond to two sublattices which
are coupled antiferromagnetically. We also include an order parameter o to describe
a structural transition. The structural transition produces a lattice striction that for
simplicity we assume proportional to § (AL/L = 6). As usual’we consider that it is
possible to make a series expansion 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 Fy=50J mol~! can be written as

where the magnetic transition is described by

b, = —a,, (1 — %) m? + b,m*F cl(me + QXLUM% (2)
Here the first two terms, where a, >£0 and b, >/0, correspond 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 magnetizations and the last term
is the energy associated with a uniformimagnetization.

Oy = kym2B* — MB, (3)

with k; > 0, describes the lowest, order coupling terms of the magnetic field to the
magnetizationsi.
The structural transition is\described by
b, = —a, (1 - 2) 6% + 6% + b6t (4)
T

where a, > 0, b, > 0,and a finite ¢, sets the sign of the deformation ¢, ¢, > 0
corresponding to & contraction (6 < 0) below the transition temperature. For finite
0 < ¢, < b, the transition is weak first order with a jump in the order parameter
~ ¢;/b,. Eimally, forsthe magnetoelastic coupling we expect terms of the form
VE(M? £ m?%)o", for m=11,2, ..., where the positive sign corresponds to a local coupling
o (m?% +.am%); and/the negative sign to a non-local coupling oc mamp. As we will
describé below,an = 2 terms with 75 + 75, < 0 are crucial to describe the shift to
higher temperatures of the structural transition as the magnetic field is increased,
while the 7 = 4 term with v, ~ 7, allows to explain the magnetostriction results
at low temperature. The minimal magnetoelastic coupling terms that allow to describe
qualitatively the available experimental data read

Qo = Y2 (m? + M?)6? + g M28* + yam®S, (5)

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

Page 4 of 11
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where Yim = 74 — Vi < Yam = 75 +7; - We have taken here v, = 0 because it Fevealed
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®ym, and M that
minimize the Landau functional of Eq. 1. To that aim we consider thedolutions of
the nonlinear set of equations 0®/99 = 0, 0®/Im = 0, and 0@FOM.= 0: To set the
functional parameters we make use of the main features of thie available experimental
data.

For small external fields (B — 0) and high temperatures (10> T, > Ty) we have
m =20,6 =0, M — 0, and the magnetization M issimply given by M = xyB.
The experimental data shows an approximately linear behawvior of M at low fields
and constant yp in the temperature range where the tramsitions take place. We
measure the magnetization per atom M in termgsofits saturation value g;upJ and set
xv = 1/80 Tesla™! which is consistent with theé satdration’field obtained extrapolating
the experimental datag§.

The structural transition temperature Ty ~ 12.5 K is determined by the high
temperature peak in the linear thermal expansion, (o) in the absence of an external
magnetic field. Guided by the behaviorof o, (1) as the magnetic field is increased, we
assume that the broad peak observed'im oy (T') for B = 0 is composed by two peaks,
one at T and the other at T%.

The structural transition temperature T is defined as the temperature such that
for T' < T the global minima/(in the free,energy have finite distortion 6 # 0 . Assuming
a weak effect of the structuraliorder on the uniform magnetization M, the structural
transition temperature reads (for ¢2 < a,b,)

o M2 9¢c?
T (B)=[1— T,
( ) ( Ay + 32ax(bz + ")/4MM2)
2 12
~ (1 _ M) T, (6)
Qg

which for v9/< 0 leads"to an increase of the transition temperature with increasing
magnetic field. £Thel observed positive shift of 3K in Ty for B=16T [see figure 1(d)]
indicates®s ~ —=9az. For temperatures larger than the magnetic transition temperature,
the structural order parameter can be described by a functional

~ _ T 2 3 4
O(T > Ty) ~ —a.(B) (1 TS(B)) 0% + €,0° + b (B)d (7)
where
ag(B) = az — Y2x0 B, (8)
bo(B) = by + yamxp B, (9)

§ Hund’s rules applied to Ce3*’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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and the mean field solution for the order parameter is

§(Ty <T <T,) z—gﬁ—\/%w:ﬁ (To(B) —T). (10)

For Ty < T < T, we have M ~ x§B where x}; = xu — 2720 - 2v40%is the
effective magnetic susceptibility. For T — T,(B), 6> < 1 and there is an increase of the

susceptibility as v < 0. i.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:

TN(B) ~ (1 o B2<01X62 + kl) + 7262(TN)) TN (11)

Qm,
The observed reduction of Ty of ~ 1.5K at B=16T"imposeés the constraint a,, ~

¢1/5 + 1280k, on the functional parameters.
At the Néel transition, the magnetoelastic coupling produces a kink in § due to the
onset of m. For T'< Ty and B = 0 we have y

bz (1 - Tl> Vol (1 — Tl)
ST < Twn) ~ — v - 12
(TS Tv) Yombs — 292 T20Z — by (12)

where we considered the lowest order temsuin the coupling and dropped terms of order
Ce /by

Since there is no signature,in the speeific heat of the structural transition, the
jump in the specific heat atthe magnetic transition AC™ ~ a2 Ty/2b,, must be
much higher that the corresponding one at the structural AC* ~ a2T,/2b, transition.

We also require the latentrheatsat, the structural transition AQ, ~ 9: Zbéi to be small

AQ, < TyAC™. This sets the constrains a2 /b, < a2, /b, and ¢, < amby/v/azby, on the
parameters. Additiénally, weset‘the parameters to satisfy m(T — 0) ~ /@, /20, ~ 1

and 6(T — 0) ~ +/az /26~ 0.0005.

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

experimental data.

4. Numerical results

Figures 2(a) and 2(c) present the staggered magnetization m and specific heat C
data. The amtiferromagnetic transition is shifted towards lower temperatures when
the magnetic field is increased as it can be seen in the staggered magnetization m
and spegific heat C' data. The structural order parameter 9 is shown in figure 2(b) as
a-function of the temperature for different values of the external magnetic field. As
the magnetic field increases, the structural transition temperature (where ¢ acquires
a nonzero value) increases. Note, however, that as a consequence of the M?2§? term
in the free energy, the rate of increase of |0| decreases as B increases. This term in

Page 6 of 11
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Table 1. Landau functional parameters
Parameter value
Global energy scale Ey | 50 J mol™!
Uniform susceptibility xv | 1/80 Tesla™t
Temperature scale (magnetic) | Ty 7.5 K
Temperature scale (structural) | 7, 125 K
Functional term value
-m*(1 —T/Tx) A 0.5 -
m* b, 0.35
m2M? a1 0.625
m2h? ki | 293 x 1074
-0%(1-T/T,) ay 3000
53 Cy 10000
5 by 7.5 x 107
(m? + M?)5? Yo —27000 D
M?5* yan | 1.875 x10%
m25* Vam | (3575 x 1010

therefore necessary to explain the behawvior of magnetostriction at low temperatures
[see figures 1(e) and 2(e)]. The magnétoelastic coupling o< §* hardens the lattice as
the magnetization increases. The qualitative behavior of the experimental data can be
accounted including a much largersecoupling to the squared magnetization M? than to
the squared staggered magnetization m2 As mentioned above this indicates a non-local
magnetoelastic coupling ocmumipd*.

At the Néel transition, d/presents a kink and a faster absolute value increase for
decreasing temperature, asia consequence of the magnetoelastic coupling y,m?§? (with
72 < 0) and the incréase of m? for T < Ty. The mean-field solutions for dd/dT
present a divergent'behavioroc (T, — T)~'/2 [see (10)] at the structural transition and a
discontinuity atghe Néel transition [see figure 2(d)]. The experimental results, however,
are obtained ferpolyerystalline samples where a distribution of transition temperatures
is expected. [To take thisinto account in an approximate way we performed a convolution
of the structural order parameter 6(T) = (6 * G)(T) with a Gaussian function G(T)) of
width g=1.7 K.

Figure 3 presents the numerical results for 5 where, to ease the comparison with
thelexperimental data, the values of § 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 é; = do/dT
presentsia 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 to the asymmetry of do/dT

|l We are assuming here the same distribution for the magnetic and the structural transitions.
€ It may seem surprising that the peak associated with the structural transition has a lower height
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Figure 2. (a) Staggered magnetization m, (b) structural order parameter 4, (c)
specifie heat/C', and (d) linear distortion parameter dé/dT, as a function of the
temperature for different external magnetic fields applied. (e) Structural order
patameter andy(f) uniform magnetization M, a function of the external magnetic field.

near the transitions, the peaks in do /dT are shifted to lower temperatures than in the
raw/data.

The theory describes the main features observed in the experimental data. A large
peakiis,obtained in the specific heat at the magnetic transition and a very small one at
the structural transition [see Fig. 2c)]. The weakness of the latter could explain why it
than the one associated with the Néel transition. After the Gaussian convolution, however, the height

of the peaks is determined by the area of dd/dT near the transition and not by the original height of
the peaks.

Page 8 of 11
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was not observed experimentally as it would fall below the precision of the experiments
in Ref. [13]. The Landau theory also reproduces correctly the temperature andimagnetia
field dependence of the thermal expansion coefficient, including the position and height
of the peaks.

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

dTy Aa
—5 =Wl R AC < (13)

we can calculate it from the unit cell volume V;, ~ 110483,[17], thie change of the
thermal expansion coefficient at the transition Aoy ~ 1.0 x 107K~ and the change
in the specific heat AC' ~ 2 J mol™" K~! which leads to dTN ~ 7.5 K/GPa.
On the other hand, from Eq. (11) we have

dTn Bdly — 20v0sr

P35 T B Y ) (4
where  ~ 65 GPa is the bulk modulus (we use here the calculated value for CeScSi
reported in Ref. [17]), and dgr ~ —3 x 1071 is the dilation at the magnetic transition.
This results in dTN ~ 1.7 K/GPa, which is in the same ballpark as the estimated value

from Eherenfest S relatlon.

A similar analysis can be done with the'magnetic field dependence of T using the
measured jump of M /0T at_the transition in a field B =1T. This results in a good

agreement between the model (42 ~ —0.007K/T) and the experimental estimations
(9 ~ —0.011K/T).

5. Conclusions 2

We developed a ‘handau »theory to describe phenomenologically the thermal
expansion, magnetostrietion, magnetization and specific heat data of CeCoqgsFeq 1551
polycrystalline samples.»We find that the available experimental data are compatible
with the presen@e of a structural transition at a temperature T5(B) and a magnetic
transition at/I'y(B) < T,(B). The system presents a strong magnetoelastic coupling
which leadsto an intreaseyin the structural transition temperature with an increasing
external magnetic field, and allows the observation of a signature of the magnetic
transition in the thermal expansion 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 T follows the same doping behavior as the specific heat anomaly T4 which
could be associated with the onset of magnetic fluctuations. In the Fe pnictides, the
magnetic fluctuations for temperatures 7' 2 Ty drive a nematic transition which is
concomitant with a structural transition [18, 19, 20, 21]. It would be particularly
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Figure 3. Gaussiameonvoluted ordeér parameter 6 (a) as a function of the temperature
and (b) magnetic field. (e) Linear distortion parameter dé/dT. (d) Structural Ty and
magnetic T transition temperatures as a function of the external magnetic field.

N

interesting to determine if CeCeo;_,Fe,Si compounds have a magnetic and elastic
behavior analogousstosthe one observed in the Fe pnictides. If this is the case, the
structural transitionwould not break the symmetry in the sign of the order parameter o
(this can be obtained drepping the c,6* term on (7), which was small in our calculations).
An anharmonicselastic coupling between atoms would lead to a change in the volume
of the sample@iven by AL/L o 6% (see e.g. [22]), but would not otherwise change the
main conclusion/of this work.
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