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Lanthanum doping for calcium in CaFezAss results in negative thermal expansion that can be
exceptionally large. The behavior is unusual among Fe-As materials, and is presumably associated
with the close proximity of CaFesAsy to a structural phase instability.

PACS numbers: 65.40.-b, 65.40.De, 63.20.Ry
I. INTRODUCTION

In the absence of thermodynamic phase transitions,
most solids expand upon warming as a result of an-
harmonic contributions to the potential energy of the
atoms.! However, some solids are known to contract
upon warming, or in the case of anisotropic solids, to
contract along some of the principal crystallographic
axes upon warming.? Such behavior can be associated
with unusual contributions to the potential energy or
with atomic vibrational modes that are restricted to
anisotropic solids.?® However, contraction upon warm-
ing, known as negative thermal expansion (NTE), is gen-
erally rather small in magnitude for inorganic solids, and
often occurs over a narrow temperature range. Here
we reveal a solid, CajyLayFeaAss (0.15 < x < 0.25),
that possesses an exceptionally large and negative vol-
ume thermal expansion comprised of an extraordinarily
large and negative expansion along the crystallographic
a-axis. The thermal expansion (TE) along the c-axis can
be negative below ~120 K, depending on the composi-
tion. Omly polymers* and weakly bound solids such as
xenon! exhibit volumetric TEs with comparable or larger
magnitude. The results reveal unusual behavior of the
thermal expansion in a metallic, inorganic solid that ap-
pears to be associated with strong coupling among the
lattice, electronic, and magnetic degrees of freedom in
the vicinity of a structural phase instability.

The tetragonal crystal structure of CaFegAssg
(I4/mmm) is characterized by Ca layers separating each
FesAss layer as shown in Fig. 1. Antiferromagnetic
order is accompanied by a tetragonal-orthorhombic
structural phase transition;® partial substitution of the
rare earth ions La, Ce, Pr, or Nd for Ca suppresses the
antiferromagnetic order and the structural transition.®
Interlayer As-As bonding mediates formation of another
tetragonal phase, known as collapsed tetragonal.®7 Mod-
est external pressure® stabilizes this phase in CaFepAsy.
Pr or Nd substitution stabilize it as well and also lead to
superconductivity® at transition temperatures T, < 47
K. For the La-doped samples, superconductivity occurs
at®? T, < 43 K with no structural collapse.6

II. EXPERIMENTAL METHODS

Single crystals were grown in FeAs flux.!? Analysis
with a scanning electron microscope yielded the chemical
compositions Cag gsLag 15FeaAsy (3.45x1.45x0.2 mm3
along the planar directions and the c¢ axis, respec-
tively), CaovgoLaon()FeQASQ (275)(185)(128 mm3), and
Ca0_75La0_25F€2ASQ (267)(200)(0642 Inrn3). The Crys-
tallographic orientation was confirmed with Laue x-ray
diffraction. Specific heat was measured using a Quan-
tum Design PPMS. Expansion measurements utilized a
fused-quartz dilatometer!'! with sensitivity to changes in
length of 0.1 A. This relative resolution is at least 1000x
more sensitive than possible with diffraction techniques.
Calibration was conducted using a sample of high-purity
copper, which determines the absolute accuracy of the
measured length changes as 0.24%. The samples were
measured along two perpendicular directions in the a-b
plane; both directions yielded identical behavior. Mea-
surements along each axis were repeated 2-3 times. Each
measurement curve consists of 1700 data points acquired
while warming at 0.2 K/min. In calculating the thermal
expansion coefficient along a short sample axis (< 1mm),
a piece-wise Chebyshev polynomial fit of AL/Lspy was
performed before taking the point by point derivative.
The thermal expansion coefficient derived from this fit
was compared to that determined from taking the point
by point derivative of the raw AL/ L3 data to be certain
that no small features were overlooked. AV/V3y was de-
termined by adding twice AL/ Lsg along a to AL/ Lsoo
along c.

III. ELECTRICAL RESISTIVITY, MAGNETIC
SUSCEPTIBILITY, AND HEAT CAPACITY

Electrical resistivity p was measured for the tempera-
ture range 2 K < T < 300 K (see Fig. 2) in the plane
of the platelet-like Ca; LayFesAss (x = 0.15, 0.20, and
0.25) single crystals (i.e. current was applied perpendic-
ular to the c-axis, and the voltage drop was measured
in the same plane). In the case of CaggsLag.15FesAsa,



FIG. 1: (color online) Crystal structure of Cai_xLaxFezAss.

values of p(300K) = 751 pQ) em and p(42.7K) = 142 uQ
cm give a resistivity ratio pspor /pa2.7x = 5.2. Thus, the
temperature dependence is metallic, but the magnitude
of p leads to classification as a poor metal (p is 20 to 300
times larger than in elemental metals). As x increases,
the resistivity at 300 K also increases. All three sam-
ples exhibit a transition to superconductivity, but the
transitions are broad due to an exceptionally small su-
perconducting volume fraction (discussed below).
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FIG. 2: Electrical resistivity p of the CaixLaxFeaAsy single
crystals with x = 0.15, 0.20, and 0.25. Current was applied
perpendicular to the ¢ axis.

The magnetization M in an applied magnetic field of
1 tesla is shown in Fig. 3 for the magnetic field per-

pendicular to the ¢ axis. Cag.gsLag.15FesAss displays a
very weak temperature dependence, and a diamagnetic
transition below 20 K that is associated with supercon-
ductivity. Magnetic susceptibility measurements in an
applied magnetic field of 10 mT were conducted under
field cooled (FC) and zero-field cooled (ZFC) conditions.
The diamagnetic signal confirms superconductivity, but
the superconducting volume fraction obtained from the
FC curve is only 0.02%, which shows that the sample
is not a bulk superconductor. Minimal superconducting
volume fractions were observed for x = 0.20 and 0.25 as
well, and we therefore conclude that none of the sam-
ples studied herein are bulk superconductors. This con-
clusion is in agreement with others who have measured
similar compositions.® M for x = 0.20 and 0.25 is larger
in magnitude than is observed for x = 0.15. The temper-
ature dependence seems to suggest the existence of local
magnetic moments that increase in concentration with x.
However, 1/ is linear only between 25 K and 100 K for
both samples ( is the magnetic susceptibility), which is
not convincing evidence of Curie-Weiss behavior. There
is a slight upturn below 140 K for x = 0.25 for which the
origin is unclear.
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FIG. 3: Magnetization M of Ca;.xLaxFeaAse with x = 0.15,
0.20, and 0.25 measured with magnetic field perpendicu-
lar to the ¢ axis of the single crystals. The inset shows
x under field cooled and zero-field cooled conditions for
Cao_85Lao_15FezASQ.

To further investigate Caj_yxLayFesAso, specific heat
measurements were executed. Example data for
Cag gsLag.15Fea Asy are shown in Figure 4. The specific
heat is a smooth function of T" and reaches approximately
120 J/mol K at 300 K, which corresponds well with the
expectation from classical physics of about 24.9 J/mol K
for each atom in Cag gsLag.15FeaAss. The electronic con-
tribution was found by fitting to Cp = vT + BT> power
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FIG. 4: Specific heat versus temperature (Cp(T)) for
Cag.s5Lao.15Fea Asa. Inset shows the Cp/T versus T? below
20 K.

law for 400 K2 > T2 > 20 K? with y= 32 mJ/mol K? and
= 0.64 mJ/mol K*; these values and our estimate of of
Debye temperature (0p = 249.2 K) are close to those of
similar compounds.'? The behavior of the specific heat
for x = 0.20 and 0.25 is similar.

IV. THERMAL EXPANSION MEASUREMENTS

The linear TE normalized to the length at 300 K,
AL/ Lspp, along the a and ¢ axes is presented in Fig. 5
for Cay_yLayFes Asy with x = 0.15, 0.20, and 0.25. Focus-
ing on panel (b) for x = 0.20 along a, AL/ L3 decreases
dramatically with increasing temperature. The magni-
tude of variation of AL/L3py between 5 K and 300 K
is 6.7 x 1073, which is significantly larger than elemen-
tal metals like Mg (4.6 x 1073), Al (4.1 x 1073) and Cu
(3.2 x 1072), all of which have large but positive TEs.!
Along the ¢ direction, AL/ L3go decreases with increasing
temperature from 5 K to 98 K and thereafter increases
with further increasing temperature. The magnitude of
the maximum in AL/Lzgo along a (6.7 x 1073 near 5 K)
is higher than that of ¢ (4.8 x 1072 near 98 K). The be-
havior of the x = 0.15 sample is similar (Fig. 5(a)), but
x = 0.25 (Fig. 5(c)) exhibits a weaker AL/Lsoo along
a and a remarkably strong expanston along c. Insets in
Fig. 5 display the volume TE, AV/V3q, as a function of
temperature. It is strongest for x = 0.15, with AV/V3p0
exhibiting a dramatic decrease of 14 x 10~ upon heating
from 5 K to 300 K. The effect is weaker, about 10 x 1073
for x = 0.20, with the formation of a minimum near 237
K. In the case of x = 0.25, the minimum has moved
down to 156 K, and the change in AV/V5q is smaller
with nearly identical volumes at the endpoints of 5 K
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FIG. 5: Linear thermal expansion AL/Lsoo along the a and
c axes for CajxLaxFesAss. Data were acquired at 0.2 K
intervals. The insets reveal the volume thermal expansions
AV/V300.

and 300 K.

The c-axis linear TE values reported here are signif-
icantly smaller in the 5 K to 300 K temperature range
than those observed for a x = 0.19 sample.® In that case
AL/ L3 along the c axis was found to be 34 x 1073, This
value is more than 3 times larger than the c-axis thermal
expansion observed in any of our samples. We believe
that the discrepancy is associated with the fact that Ref.
6 determined the c-axis lattice parameter in their tem-
perature dependent measurement from a single diffrac-
tion peak. However, the object in that work was not to
measure the thermal expansion, and as such, no discus-
sion of temperature-dependent calibration or resolution
in determining the lattice parameter was provided.'?

The linear thermal expansion coefficients o, and a.. for
the a and c axes, respectively, are shown in Fig. 6. These
were determined by taking the temperature derivatives
of the data in Fig. 5 (i.e. o = (1/L3oox)(OAL/IT)).
While «, is negative over the entire measured tempera-
ture range for all three samples, its magnitude is signifi-
cantly smaller for x = 0.25. The behavior of a. is quite
similar for x = 0.15 and 0.20, but dramatically different
for x = 0.25 for which no negative TE is observed along



o—r—7——

= o , @
0FE ‘50’\/ .
Z 100t L L
z ]
0 75 150225300

0+

20 -
x=0.15
40 | x=0.15

-100 A
20 - 0 75150225300

B

(=}

T

Bx10°K") |

b

(=)
_
g

a (x10°K™)
(=)

¢ axis

50

-50

B(x10°K™")
<
1

0 75 150225300 T

x = 0.251
L L L Il Il Il L
0 50 100 150 200 250 300
T (K)
FIG. 6: Linear thermal expansion coefficient (o =
(1/Lsoor )(OAL/OT)) along the a and c¢ axes for

Cai.xLayxFesAss.  The insets reveal the volume thermal
expansion coefficients (.

c. The magnitudes of a are extremely large, reaching
values of 41 x 107 K=! at 73 K and 24 x 1076 K~! at
49 K for a and c, respectively for x = 0.20. For all sam-
ples, the magnitudes of a along both axes decrease as
the temperature approaches 0 K, suggesting compliance
with the third law of thermodynamics. The volume ther-
mal expansion coefficient S (insets of Fig. 6) were calcu-
lated by taking the temperature derivatives of AV/V3oo;
[ exhibits minima in all three cases, but the magnitude
of the minimum and the overall magnitude is dramati-
cally smaller for x = 0.25. Normally, discontinuities in «
and 3 at T,, would be expected!* for a superconductor at
the 2nd-order normal-superconductor phase transition.
However, no indication of superconductivity is observed
due to the low superconducting volume fractions.

V. DISCUSSION AND CONCLUSIONS

Narrow regions of large, NTE resulting from phase
transitions are not uncommon in nature, but smooth,
broad regions as revealed in Figs. 5 and 6 are very
unusual.'® Inspection of the electrical resistivity and

magnetic susceptibility data (Figs. 2 and 3) show no in-
dication of a phase transition. Heat capacity was also
measured to search for a phase transition, but none
was observed (see Fig. 4). The Griineisen parameter
Yo = BBV/Cy was estimated for CaggsLag.15FeaAsa,
under the assumption that the constant pressure specific
heat Cp is approximately equal to the constant volume
specific heat Cy. The bulk modulus B was calculated
from measurements of the lattice parameters'®!'” under
pressure at ~45 K and 300 K, and using our 5 and Cp
data for x = 0.15, we found (300 K) ~ 1.0 and v5(45
K) = -22. The large, negative value near 45 K is reflective
of the presence of anomalous phonon modes, which are
the likely source of the unusually large, negative thermal
expansion as well as the peculiar temperature dependen-
cies of a and § in the 50 K to 150 K temperature range.

The TE in the present sample is very unusual com-
pared to the behavior observed in closely-related ma-
terials. For example, « is positive along all crystallo-
graphic directions over the entire temperature range for
CaFegAsg, except for the region including the tetragonal-
orthorhombic phase transition; the same is true'® for
SrFes;Asy; and BaFesAss. For samples where the
tetragonal-orthorhombic phase transition is suppressed
by Co-doping for Fe, o also remains positive except for
the region near and below the superconducting phase
transition, where « is only slightly negative along both
axes.'* Furthermore, the Co-doped samples exhibit the
largest o values along ¢, with a, a factor of ~4 smaller.'4
These comparisons point toward La doping as playing an
important role in the anomalous TE.

Recent experiments® have shown that doping of rare
earth elements La, Ce, Pr, or Nd for Ca in CaFezAs,
suppresses the tetragonal-orthorhombic phase transi-
tion. For Pr and Nd doping, a phase transition to
the collapsed-tetragonal phase occurs near 50 K and
modest pressures of 0.05 GPa and 0.35 GPa are re-
quired to drive Cag.738Ceg.ooFesAss and CaFesAss into
the collapsed-tetragonal phase, respectively;%® this phase
transition in the Pr- and Nd-doped samples is accompa-
nied by a dramatic increase in the number of itinerant-
charge carriers.® Electronic band structure calculations”
for CaFeyAss reveal a dramatic dependence of the c-axis
lattice parameter on the magnetic moment. Further-
more, La doping was recently shown to bring CaFezAss
close to the collapsed-tetragonal phase boundary, but it
does not induce the phase transition as the smaller rare-
earth dopants do.6 These combined observations indicate
that the lattice, electronic and magnetic degrees of free-
dom are strongly coupled in CaFesAss, and that it resides
near a structural phase instability. The observation that
La doping (x = 0.15 and 0.20) leads to unusual behavior
in the thermal expansion, and further doping (x = 0.25)
alters that behavior in a dramatic fashion, lends support
to the existence of a structural instability in CaFesAss.

Since the TE is normally dominated by lattice vibra-
tions through the majority of the temperature range of
our measurements, they must be at the source of the



unusual behavior of « and 8 in Caj_ LayFesAsy. How-
ever, lattice vibrations are directly influenced by the elec-
tronic potentials within which the atoms reside. The
strong coupling among lattice, electronic, and magnetic
degrees of freedom must play a significant role in mod-
ifying these electronic potentials in Caj_yLayFesAss. In
fact, measurements and calculations of phonon dispersion
in CaFeyAs, reveal unusual broadening that is absent
in BaFeyAso, presumably due to the close proximity of
CaFeyAs, to the collapsed-tetragonal phase.?” Since La-
doping for Ca in CaFeyAs, moves this system yet closer®
to the boundary with the collapsed-tetragonal phase, it
is likely to enhance anomalous behavior in the phonon
dispersion. This could lead to the development of anhar-
monic lattice vibrations that are atypical for solids, these
anomalous vibrations would be the consequence of elec-
tronic and magnetic instabilities that are strongly cou-
pled to the lattice. For example, quartic contributions
to the phonon potential® clarify the NTE observed?! in
SCF3.

NTE is observed in a number of inorganic com-
pounds and non-metallic elements. Selenium (o, >
69.8x107°K~!, o, > -134x107¢ K~! and 8 >
+125x1079K=! at 300 K) and Tellurium (o >

20.6x107 K1, a, > -23x10% K-, and 8 >
+57x107K~! at 293 K) exhibit modest NTEs
along one axis.! Below ~100 K ZnO exhibits!

NTE (a, > -0.5x107°K~!, a. > -0.9x1076 K=,
and B > -1.9x1075K™1). Low-frequency optical
modes lead to NTE in the AB>Og materials, such
as the cubic compound!®?2:23 ZrW,0Og, which ex-
hibits AV/Vzgp about 25% smaller in magnitude than
Cag.goLag.ooFeaAss from 5 K to 300 K. The linear ther-
mal expansion coeflicients of the anisotropic compound
LiAlISiOy in the region®* 200 K to 800 K nearly cancel one
another to yield 8 < 1x107% K~ (a, ~ 8.1x107% K~!
and . ~ -15.4x107% K1), Cubic siliceous faujasite?
reaches a value of @ = -4.2x107% K~1. AIPO4-17 ex-
hibits an exceptionally large volume thermal expansion
coefficient?® of 8 = -35x107% K—!, composed of compa-
rable values of a, and «., which is nearly a factor of 3
smaller in magnitude than the value shown in the inset of
Fig. 6b. The ScaW3012 family is known to exhibit NTE,
with the strongest?” volumetric effect of -20x1076 K~ in
LusW3019. This value is composed of ag = -9.9x1076
K™, ap = -22x107% K= and a, = - 8.3x107% K1,
The magnitudes and temperature dependencies of «, .
and B in Caj_yLayFesAss place their TEs among some of
the largest NTEs observed among inorganic materials. In
addition, unlike the aforementioned materials, they are
metallic.

Large and sometimes NTEs are observed in organic
materials. For graphite, § is positive, but it is com-
posed of positive and negative o values! (o, >-1.2x1076
K= and a. < 27x107% K= ). The cubic compounds?®
CdPt(CN)g and Zn(CN)y exhibit a = -10.0x1076 K1
and a = -17.4x107% K1, respectively. Molecular frame-
work materials exhibit large volumetric NTE. These in-

clude a dumbbell-shaped organic molecule®” (o, = 515 x
107K, ap = =85 x 107K}, a, = —204 x 107K,
and B = 47 x 107°K~1!), the frame work material®’
Ag3[Co(CN)g] (g = 150 x 107°K~! a. = —130 x
107°K~! and B8 = 170 x 107°K~1), the cubic single-
network compound®' Cd(CN)y (o, = —33.5 x 107°K~1
and 8 = —100 x 1076K71), ZH0_64Cd0V36(CN)2 frame-
work materials®? (3 = —60 x 107°K~1!). The vol-
umetric thermal expansion of Cag gsLag.15FesAss and
Cag golag.ooFeaAsy are as large or larger in magnitude
than most of these, and their negative a, values are
within the range of many of the negative o values of these
comparison materials. Note that most of the values for
a and £ in the studies mentioned above for organic and
inorganic materials were obtained through use of diffrac-
tion techniques, which generally do not reveal the tem-
perature dependencies of o as shown in Fig.6 because
of the large spacing in temperature between neighboring
lattice parameter values.

Most materials exhibiting NTE are insulators.
CaiyLayFesAss is a metal that exhibits an extraordinar-
ily large NTE that is not observed in related Fe-As com-
pounds. Its close proximity to a structural phase insta-
bility involving strong coupling among lattice, electronic,
and magnetic degrees of freedom is the likely source of
the unusual behavior. This study reveals large, NTE as
another potentially important property of the Fe-As ma-
terials that are currently under intense investigation for
their superconducting properties.

This material is based on the work supported by the
National Science Foundation under Grant No. DMR-
0907036.
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