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The detailed optical properties have been determined for the iron-based materials AFe2 As2 , where A = Ca,
Sr, and Ba, for light polarized in the iron-arsenic (a-b) planes over a wide frequency range, above and below the
magnetic and structural transitions at TN = 138, 195, and 172 K, respectively. The real and imaginary parts of the
complex conductivity are fit simultaneously using two Drude terms in combination with a series of oscillators.
Above TN , the free-carrier response consists of a weak, narrow Drude term, and a strong, broad Drude term, both
of which show only a weak temperature dependence. Below TN there is a slight decrease of the plasma frequency
but a dramatic drop in the scattering rate for the narrow Drude term, and for the broad Drude term there is a
significant decrease in the plasma frequency, while the decrease in the scattering rate, albeit significant, is not as
severe. The small values observed for the scattering rates for the narrow Drude term for T  TN may be related to
the Dirac conelike dispersion of the electronic bands. Below TN new features emerge in the optical conductivity
that are associated with the reconstruction Fermi surface and the gapping of bands at 1  45–80 meV, and
2  110–210 meV. The reduction in the spectral weight associated with the free carriers is captured by the
gap structure; specifically, the spectral weight from the narrow Drude term appears to be transferred into the
low-energy gap feature, while the missing weight from the broad term shifts to the high-energy gap.
DOI: 10.1103/PhysRevB.94.195142

I. INTRODUCTION

The discovery of the iron-based superconductors has
resulted in an intensive investigation of this class of materials
in the hope of discovering new compounds with high superconducting critical temperatures (Tc ’s) [1–4]. The iron-arsenic
materials are characterized by Fe-As sheets separated by layers
of different elements or chemical structures. One material,
BaFe2 As2 , is particularly useful as superconductivity can be
induced by the application of pressure [5–8], as well as electron
[9–12], hole [13–15], or isovalent doping [16–19], with Tc ’s as
high as 40 K in the hole-doped material. At room temperature,
BaFe2 As2 is a paramagnetic metal with a tetragonal structure.
The resistivity in the planes decreases with temperature until
it drops anomalously as the material undergoes a magnetic
transition at TN  138 K to a spin-density-wave (SDW) -like
antiferromagnetic ground state that is also accompanied by
a structural transition to an orthorhombic phase [20–22].
The resistivity also displays a slight anisotropy close to and
below TN , being slightly larger along the b axis than along
a [23]; however, this anisotropy decreases dramatically if the
samples are annealed [24]. The related materials CaFe2 As2
and SrFe2 As2 have similar transport properties due to magnetic
and structural transitions that occur at TN  172 and 195 K,
respectively [25–30].
The broad interest in this family of materials has resulted
in a number of optical studies [31–41]. Early investigations
treated the free-carrier response using only a single band.
However, a minimal description of the electronic structure
of the iron-arsenic materials consists of hole and electron
pockets at the center and corners of the Brillouin zone,
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respectively [42,43]. As a result, more recent studies consider
a two band approach (the so-called two-Drude model) in
which the electron and hole pockets are treated as separate electronic subsystems [44]. Above TN , this model
reveals the presence of a narrow Drude response that has a
strong temperature dependence in combination with a broad
Drude term that is essentially temperature independent. Below
TN , the optical conductivity undergoes dramatic changes due to
the reconstruction of the Fermi surface [45–51]; however, one
of the most detailed optical studies on this family of materials
restricts the two-Drude analysis to T  TN [39].
In this study the detailed temperature dependence of the
complex optical properties in the a-b planes of single crystals
of BaFe2 As2 , SrFe2 As2 , and CaFe2 As2 , have been determined
above and below TN . This allows the evolution of the electronic
properties and the SDW gaplike features (T < TN ) with
the different alkaline-earth-metal atoms to be tracked. The
complex conductivity has been modeled using the two-Drude
model. Above TN , the complex conductivity is described by a
strong, broad Drude response, and a narrow, less intense term,
both of which exhibit only a weak temperature dependence, in
combination with a strong interband feature at about 0.5 eV;
these results are in good agreement with other works. Below
TN , there is a dramatic narrowing of the Drude responses and
a suppression of the low-frequency conductivity as spectral
weight is transferred to two new gaplike features that appear
below about 200 meV. To avoid the difficulties of false
convergence typically associated with the extra degrees of
freedom due to these new gap features, we introduce the
constraint that the spectral weight due to the Drude terms
above TN must be captured by the Drude terms and the two
oscillators used to describe the gap features below TN . Using
this approach, reliable convergence is achieved and we are able
to track the detailed temperature dependence of the Drude and
Lorentz parameters below TN .
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FIG. 1. (a) The temperature dependence of the real part of the optical conductivity for light polarized in the a-b planes of BaFe2 As2 above
and below TN = 138 K showing the dramatic redistribution of spectral weight below TN . The results of the fits to the complex conductivity
are compared to the real part of the conductivity at (b) 200 K, and (c) 100 K; the fit is decomposed into the contributions from the narrow
and broad Drude components, as well as several of the Lorentz oscillators. The temperature dependence of the (d) plasma frequencies and
(e) scattering rates for the broad and narrow Drude components above and below TN .

We observe the same response in all three materials; namely,
just below TN there is a slight reduction of the plasma
frequency for the narrow term, but a dramatic decrease of
the scattering rate, while for the broad Drude term there is a
significant reduction of both the plasma frequency and the
scattering rate. The missing spectral weight in the narrow
Drude term appears to be transferred to the low-energy gap
feature (1  45–80 meV), while the missing weight from the
broad Drude term appears to be transferred to the high-energy
gap (2  110–210 meV). We also note that the increasing
values for the plasma frequencies and the gap values are scaling
roughly with the electron affinities of the alkaline-earth-metal
atoms.

free-electron gas asymptotic reflectance extrapolation R(ω) ∝
1/ω4 is assumed [56].
III. RESULTS AND DISCUSSION

For simplicity, the multiple hole and electron bands are
gathered into single electron and hole pockets that are treated
as two separate electronic subsystems using the so-called twoDrude model [44] with the complex dielectric function ˜ =
1 + i2 ,
˜ (ω) = ∞ −

2

j =1

2
ωp,D;j

ω2

+ iω/τD,j

+


k

ωk2

2k
,
− ω2 − iωγk
(1)

II. EXPERIMENT

Single crystals of AFe2 As2 (A = Ba, Sr, or Ca) were
grown using conventional high-temperature solution growth
techniques either out of self-flux (A = Ba) [10], or out of
Sn flux (A = Sr, Ca) [52,53] and characterized by scattering
and bulk physical measurements. These crystals have not been
annealed.
The reflectance of millimeter-sized, as-grown crystal faces
has been measured at a near-normal angle of incidence for
light polarized in the a-b planes over a wide frequency range
from the far infrared ( 2 meV) to the ultraviolet ( 4–5 eV)
for a wide variety of temperatures above and below TN using
an in situ evaporation technique [54]. The complex optical
conductivity has been determined from a Kramers-Kronig
analysis of the reflectance [55], which requires extrapolations
for ω → 0,∞. At low frequency, the material is always
metallic, so the Hagen-Rubens
form for the reflectance is
√
employed, R(ω) = 1 − a ω, where a is chosen to match
the data at the lowest-measured frequency point. Above
the highest-measured frequency, the reflectance is typically
assumed to be constant up to 8 × 104 cm−1 , above which a

where ∞ is the real part at high frequency. In the first sum
2
ωp,D;j
= 4π nj e2 /m∗j and 1/τD,j are the square of the plasma
frequency and scattering rate for the delocalized (Drude)
carriers in the j th band, respectively, and nj and m∗j are
the carrier concentration and effective mass. In the second
summation, ωk , γk , and k are the position, width, and strength
of the kth vibration or bound excitation. The complex conductivity is σ̃ (ω) = σ1 + iσ2 = −2π iω[˜ (ω) − ∞ ]/Z0 (in units
of −1 cm−1 ); Z0  377  is the impedance of free space.
A. BaFe2 As2

The temperature dependence of the real part of the optical
conductivity of BaFe2 As2 for light polarized in the a-b planes
is shown in Fig. 1(a) in the infrared region. Above TN ,
the conductivity is metallic with a Drude-like free-carrier
component that slowly gives way with increasing frequency to
a series of interband transitions (the reflectance and the optical
conductivity are shown over a broader energy range in Figs. S1
and S2 in the Supplemental Material [57]). Below TN , a narrow
free-carrier response is observed at low frequency and there is
a dramatic suppression of the conductivity in the far-infrared
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region with a commensurate transfer of spectral weight to the
peaks that emerge at  360 and 900 cm−1 . The spectral weight
is defined as the area under the conductivity curve over a given
interval,
 ω
σ1 (ω )dω .
(2)
S(ω) =
0

These results are in good agreement with other optical studies
of this material [31–40].
The real and imaginary parts of the complex optical
conductivity have been fit simultaneously with the DrudeLorentz model using a nonlinear least-squares technique.
For T > TN , the data was initially fit using a single Drude
component and a series of Lorentzian oscillators to reproduce
the interband transitions; however, even with extremely overdamped oscillators, the returned fits were of poor quality. A
low-frequency Lorentz oscillator was introduced to improve
the quality of the fit; however, the best result was obtained
when the frequency of this oscillator went to zero and a second
Drude component was recovered. Given the multiband nature
of this material, this is a natural result. While there are as many
as five Fermi surfaces, we have adopted a minimal description
that only considers two sets of carriers; this approach has
the advantage of producing good fits, as well as keeping the
total number of parameters (degrees of freedom) relatively
low, an approach that typically results in fits with good
convergence.
The fit to the real part of the optical conductivity using the
two-Drude model above TN at 200 K is shown in Fig. 1(b)
where the individual Drude and Lorentz contributions are
shown. The data is reproduced quite well by a narrow and
a broad Drude term, with ωp,D;1  4200 cm−1 and 1/τD,1 
90 cm−1 , and ωp,D;2  12 200 cm−1 and 1/τD,2  1100 cm−1 ,
respectively, as well as bound excitations at ω1  4450 cm−1
and ω2  13 800 cm−1 , which are attributed to interband
transitions [58,59]; the parameters for the Drude components,
as well as the first two Lorentzian oscillators, are listed in
Table I(a). The observation of narrow and broad terms in
the two-Drude analysis is in agreement with other optical
studies [37–40], and appears to be a general result for most of
the iron-based materials that incorporate iron-arsenic sheets.
If the plasma frequencies for the free carriers are added
in quadrature [Eq. (3)], then the derived plasma frequency
ωp  12 900 cm−1 is in good agreement with a previous study
on this material that considered only a single Drude component
[31].
This approach has also been applied to the optical conductivity below TN , where two new oscillators at ω01  360 cm−1
and ω02  900 cm−1 have been included to reproduce the
broad peaks that emerge in the optical conductivity at low
temperature. However, the six extra degrees of freedom
introduced by the two new oscillators can lead to a false
convergence with nonunique solutions. By observing that the
loss of spectral weight of the free carriers below TN appears
to be captured by the two new oscillators, we can introduce
the constraint that the redistribution of the spectral weight
among these fitted parameters must be a conserved quantity.
This is equivalent to the statement that below  5000 cm−1
the spectral weight is roughly constant. Thus, above and

below TN ,
⎧
2
2
⎪
⎪
⎨ ωp,D;1 + ωp,D;2
ωp  
⎪
⎪
2
2
2
⎩ ω2
p,D;1 + ωp,D;2 + 01 + 02

(T > TN )
(3)
(T < TN ),

where 01 and 02 are the strengths of the two new oscillators;
this constraint leads unique solutions (this is explored in
more detail in the Supplemental Material). The results of
the fit to the data at 100 K using this approach are shown
in Fig. 1(c); the Drude components have narrowed and lost
spectral weight, which has shifted to the two new oscillators;
the excitation ω1 has shifted upwards slightly to  4600 cm−1 ,
but otherwise shows relatively little temperature dependence
below TN [Table I(a)]. These results are in good agreement
with the optical conductivity of a detwinned sample at
5 K [37], which show that the broad Drude component is
only observed along the a axis, while the narrow Drude
component is observed in both the a and the b directions.
The fact that the narrow Drude component is isotropic
suggests that it is not related to the magnetic order in this
material.
The temperature dependence of the plasma frequencies
and scattering rates for the two Drude components are
shown in Figs. 1(d) and 1(e), respectively; above TN the
parameters are essentially temperature independent, which is
not surprising given the weak temperature dependence of the
optical conductivity. Below TN , the plasma frequency for the
broad Drude component decreases dramatically from ωp,D;2 
12 300 → 3800 cm−1 , while the plasma frequency for the
narrow component decreases only slightly, ωp,D;1  4200 →
3400 cm−1 . The total carrier concentration is observed to
decrease from ωp,D  12 900 → 5100 cm−1 . This roughly
85% decrease in the number of free carriers is in agreement
with previous estimates [31,32]. The values for the plasma
frequencies of the narrow and broad Drude components, and
the intensities of the two new oscillators obey the constraint
in Eq. (3), with ωp  13 200 ± 500 cm−1 (T  TN ). A closer
examination of the values returned from the fits reveals that
the missing spectral weight from the narrow Drude component
appears to be captured by ω01 ,
2
2
ωp,D;1
(T  TN )  ωp,D;1
(T  TN ) + 201 ,

(4)

and likewise the loss of spectral weight from the broad Drude
component appears to be captured by ω02 ,
2
2
ωp,D;2
(T  TN )  ωp,D;2
(T  TN ) + 202 .

(5)

Allowing that the Fermi surface reconstruction below TN
results in the partial gapping of the two pockets, it is reasonable
to associate ω01 and ω02 with gaplike features in the optical
conductivity that appear to be more or less isotropic in the
a-b planes [37,60]. The average optical gap for the narrow
Drude band is therefore estimated to be 1  44 meV, while
for the broad Drude band it is 2  112 meV. These estimates
are in good agreement with the peaks observed in the Raman
response [61] and the optical conductivity [31,39], as well as
the values for 1 and 2 determined from them (in this work
the average value for the gap is always associated with the
peak in the conductivity).
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TABLE I. The results of the nonlinear least-squares fit of the two-Drude model with Lorentz oscillators to the complex conductivity of
BaFe2 As2 , SrFe2 As2 , and CaFe2 As2 at all measured temperatures. The terms D1 and D2 denote the two Drude contributions, while L1 and
L2 are the two low-frequency Lorentzian oscillators; the two new oscillators that appear below TN are denoted L01 and L02 . The oscillators
above 0.5 eV display relatively little temperature dependence. The estimated errors for the location and width are typically 2% or less, and
5% or less for the plasma frequency (oscillator strength). All units are in cm−1 unless otherwise indicated. A convenient conversion is 1 eV =
8065.5 cm−1
(a) BaFe2 As2 (TN  138 K)
D1
T (K)

D2

L01

1/τD,1

ωp,D;1

1/τD,2

ωp,D;2

295
275
250
225
200
175
150

88
85
88
89
92
86
90

3717
3535
3654
4058
4168
4299
4267

1143
1080
1026
1097
1083
1146
1187

12870
12530
12203
12306
12177
12176
12265

125
100
75
50
25
5

29
10
4.6
3.2
3.1
3.2

3558
3227
3674
3727
3495
3424

182
108
135
169
190
185

3759
4074
3648
3614
3781
3828

ω01

100
308
339
350
359
356

γ01

354
382
335
334
305
294

L02
01

4010
4010
3941
3902
3778
3787

ω02

752
863
882
896
904
902

γ02

1289
1150
1137
1140
1115
1112

La2

L1
02

11527
11274
11521
11599
11500
11527

ω1

γ1

1

ω2

γ2

2

4222
4278
4325
4377
4438
4504
4571

8883
8920
8772
8455
8383
8410
8305

33260
32981
32843
32753
32663
32582
32483

13745
13863
14128
13518
13778
13943
13607

19380
19443
19691
19943
20311
20681
21023

21710
21678
21932
23146
23488
23660
22294

4515
4572
4582
4589
4596
4593

7415
7455
7417
7457
7522
7515

30253
30394
30413
30429
30466
30476

15906
15334
15319
15877
14199
14177

21292
21729
22000
22293
22464
22570

21705
21374
22168
22443
21225
21292

(b) SrFe2 As2 (TN  195 K)
D1
T (K)
295
275
250
225
200
175
150
125
100
75
50
25
5

D2

L01

L02

L1

L2

1/τD,1
475
432
381
326
294

ωp,D;1
5205
5312
5287
5254
5075

1/τD,2
2331
2324
2317
2366
2354

ωp,D;2
17738
17633
17673
17675
17699

ω01

γ01

01

ω02

γ02

02

ω1
4760
4733
4813
4885
4932

γ1
7303
7277
7039
7017
6895

1
26955
26965
27052
27166
27442

ω2
9718
9687
10399
10553
11154

γ2
25017
25095
25402
25985
26393

2
36660
36636
36889
37078
37057

48
41
38
31
26
20
14
13

2850
3318
3543
3620
3693
3720
3626
3597

340
308
291
285
332
374
359
333

6964
6101
5586
5252
5249
5274
5179
5022

482
480
482
473
482
479
473
469

371
500
495
483
476
470
465
469

2025
3186
3737
4036
4042
4062
4266
4144

1261
1322
1376
1405
1429
1445
1448
1446

1983
1909
1855
1841
1837
1827
1819
1816

15382
15317
15383
15540
15577
15573
15657
15645

5062
5119
5054
5065
5193
5198
5182
5145

6879
6900
6349
6348
6351
6360
6372
6385

29995
30219
27297
27836
28240
28482
28517
28685

13022
12977
11197
11731
12176
12424
12487
12597

24306
25588
23999
23994
24007
24026
24056
24093

36057
35411
38812
38232
37803
37620
37586
37510

(c) CaFe2 As2 (TN  172 K)
D1
T (K)
295
275
250
225
200
175
150
125
100
75
50
25
5

D2

L01

L02

L1

L2

1/τD,1
732
646
598
531
491
402

ωp,D;1
8714
8485
8879
8893
9029
8524

1/τD,2
3219
3151
3263
3278
3122
2712

ωp,D;2
20010
20040
20006
19982
19332
18636

ω01

γ01

01

ω02

γ02

02

ω1
5605
5766
5828
5873
5843
5736

γ1
9466
9470
9475
9470
9488
9504

1
32127
32864
33126
33292
33925
34486

ω2
12156
12560
12801
12862
12958
12912

γ2
20080
20097
20121
20159
20216
20287

2
36919
36119
35786
35578
35345
35335

74
55
44
32
21
13
11

3752
4084
4353
4428
4530
4414
4395

332
284
304
312
489
497
518

6723
5686
5207
4872
5398
5428
5498

667
619
625
623
658
661
661

912
919
903
884
854
828
823

6023
6112
6129
6275
5748
5703
5651

1414
1488
1553
1601
1643
1668
1673

1770
1765
1757
1745
1733
1722
1719

14526
14910
15146
15222
15294
15313
15310

5111
5288
5396
5452
5526
5532
5535

7856
7835
7813
7801
7792
7788
7786

32118
32694
32914
33060
33200
33223
33253

11432
11832
12061
12188
12325
12343
12362

16402
16330
16264
16221
16200
16186
16175

36034
35332
35032
34827
34615
34587
34552
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in the scattering rate for the narrow Drude component is
responsible for the increasingly metallic behavior at low
temperature [31].
B. SrFe2 As2

FIG. 2. The comparison of the fit to the complex conductivity
of BaFe2 As2 at 5 K for light polarized in the planes showing the
contributions from the Drude and Lorentz components. (a) The real
part of the optical conductivity; note that most of the spectral weight
from the narrow Drude component lies outside of the experimental
data. (b) The imaginary part of the optical conductivity; note that
the response of the narrow Drude component now extends to much
higher frequencies, allowing a precise determination of the scattering
rate.

The scattering rate for the broad Drude term drops abruptly
below TN , 1/τD,2  1200 → 190 cm−1 , while the scattering
rate for the narrow Drude component drops by over an
order of magnitude, 1/τD,1  90 → 3 cm−1 . As Fig. 1(c)
demonstrates, it is rather difficult to determine small values
of 1/τD from fits to only the real part of the Drude optical
conductivity,
σ0
σ1,D (ω) =
,
(6)
1 + ω2 τD2
which has the form of a Lorentzian centered at zero frequency
with a full width at half maximum of 1/τD and σ0 =
2
2π ωp,D
τD /Z0 . This difficulty is further illustrated in the fit
to the data at 5 K in Fig. 2(a), where most of the spectral
weight of the narrow Drude component lies below 100 cm−1 ;
if the fit was restricted to only σ1 (ω), the narrow scattering rate
would be nearly impossible to determine with any degree of
confidence. However, in our analysis the real and imaginary
parts of the optical conductivity are fit simultaneously. The
imaginary part of the Drude conductivity,
σ0 ωτD
σ2,D (ω) =
,
(7)
1 + ω2 τD2
is considerably broader than the real part, as Fig. 2(b) indicates,
allowing values of 1/τD  10 cm−1 to be fit reliably. Thus,
despite the loss of free carriers below TN , the decrease

The temperature dependence of the real part of the optical
conductivity for SrFe2 As2 (TN  195 K) for light polarized
in the a-b planes is shown in Fig. 3(a) in the infrared region.
The overall temperature dependence is quite similar to that of
BaFe2 As2 . Above TN , the conductivity is metallic and displays
little temperature dependence, while below TN the dramatic
narrowing of free-carrier contribution and the decrease in
the low-frequency conductivity leads to the redistribution
of spectral weight over a much larger energy scale with a
prominent peak appearing at  1400 cm−1 (the reflectance and
the optical conductivity are shown over a broader energy range
in Figs. S4 and S5 in the Supplemental Material); however, this
feature was observed at a much lower energy,  900 cm−1 , in
BaFe2 As2 .
The optical conductivity has been fit using the two-Drude
model. The result for the fit just above TN at 200 K is
shown in Fig. 3(b) where it is decomposed into the individual contributions from the Drude and Lorentz components.
The free-carrier response is reproduced using a narrow and
a broad Drude component, with ωp,D;1  5100 cm−1 and
1/τD,1  300 cm−1 , and ωp,D;2  17 700 cm−1 and 1/τD,2 
2360 cm−1 , respectively, and a series of oscillators at ω1 
5000 cm−1 and ω2  11 200 cm−1 [Table I(b)]. The plasma
frequencies for the Drude components are both larger than
what was observed in BaFe2 As2 , with the combined value for
ωp  18 400 ± 600 cm−1 . These results are consistent with
other optical studies of this material [31,39].
The fits to the complex conductivity for T < TN are again
performed using the constraint in Eq. (3). The results of the
fit at 100 K, shown for the real part of the optical conductivity
in Fig. 3(c), indicate that both Drude components decrease in
strength and narrow below TN at the same time that spectral
weight is transferred into two new Lorentz oscillators at ω01 
470 cm−1 and ω2  1450 cm−1 [Table I(b)]. The detailed
temperature dependence of the plasma frequencies and
scattering rates are shown in Figs. 3(d) and 3(e), respectively.
As previously noted, for T > TN , the plasma frequencies
display little or no temperature dependence; however, for
T < TN , ωp,D;1  5100 → 3600 cm−1 for the narrow Drude
component, while a much larger decrease, ωp,D;2  17 700 →
5000 cm−1 , is observed for the broad Drude component. The
scattering rate for the narrow Drude component decreases
significantly, 1/τD,1  300 cm−1 just above TN to  13 cm−1
at low temperature. The decrease in the scattering rate for the
broad Drude component, 1/τD,2  2350 → 330 cm−1 , while
significant, is less dramatic. The total carrier concentration
is observed to decrease from ωp,D  18 400 → 6200 cm−1 ;
this ≈ 89% decrease in the number of free carriers for
T  TN is somewhat larger than what was observed in
BaFe2 As2 [31]. The values for the plasma frequencies of
the narrow and broad Drude components, and the intensities
of the two new oscillators sum to ωp  17 320 ± 600 cm−1
(T  TN ), indicating that the spectral weight from the
narrow and broad Drude components has been almost entirely
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FIG. 3. (a) The temperature dependence of the real part of the optical conductivity for light polarized in the a-b planes of SrFe2 As2 above
and below TN = 195 K showing the partial gapping of the Fermi surface and the transfer of spectral weight. The fitted individual contributions
of the two-Drude model and Lorentz oscillators compared to the real part of the optical conductivity at (b) 200 K and (c) 100 K. The temperature
dependence of the (d) plasma frequencies and (e) scattering rates for the two-Drude model above and below TN .

transferred into the two new oscillators, ω01 and ω02 . The
estimates for the optical gap energies are 1  58 meV and
2  180 meV, respectively. The value for the large gap is
in good agreement with Raman results [62]; however, both
of these values are somewhat larger than previous optical
estimates [39]. A possible source of uncertainty is that the gap
features in this material are much broader than in BaFe2 As2 ,
making them more difficult to fit unless controls such as
the conservation of spectral weight described in Eq. (3) are
introduced.
C. CaFe2 As2

The temperature dependence of the real part of the optical
conductivity for CaFe2 As2 (TN  172 K) with light polarized

in the a-b planes is shown in Fig. 4(a) in the infrared region.
Unlike the previous two materials, the conductivity displays
a relatively large temperature dependence above TN (the reflectance and the optical conductivity are shown over a broader
energy range in Figs. S6 and S7 in the Supplemental Material);
this is entirely due to the strong temperature dependence of
the narrow Drude component and 1/τD,1 [Table I(c)]. Below
TN , there is once again the characteristic narrowing of the
free-carrier response coupled with the dramatic suppression
of the low-frequency conductivity and the transfer of spectral
weight into the peak that emerges at  1720 cm−1 .
The result of the fit to the complex conductivity above
TN at 200 K using the two-Drude model is compared to
the real part in Fig. 4(b), where it is decomposed into its
individual contributions. As in previous cases, the free-carrier

FIG. 4. (a) The temperature dependence of the real part of the optical conductivity for light polarized in the a-b planes of CaFe2 As2 above
and below TN showing the partial gapping of the Fermi surface and the transfer of spectral weight. The fitted individual contributions of the
two-Drude model and Lorentz oscillators compared to the real part of the optical conductivity at (b) 200 K and (c) 100 K. The temperature
dependence of the (d) plasma frequencies and (e) scattering rates for the two-Drude model above and below TN .
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TABLE II. The results for the constrained two-Drude fits to the complex conductivity in AFe2 As2 for A = Ba (TN  138 K), Sr (TN 
195 K), and Ca (TN  172 K), for T  TN , and T  TN . The peaks of the two new Lorentz oscillators that appear in the infrared region below
TN , ω01 and ω02 , are associated with the formation of SDW-like gaps, 1 and 2 , respectively. All of these features scale roughly with the
Pauling electronegativity, χP . All units are in cm−1 , except for χP and the last two columns.
T  TN
A

χP

Ba 0.89
Sr 0.95
Ca 1.00

T  TN

ωp,D;1 1/τD,1 ωp,D;2 1/τD,2 ωp,D;1 1/τD,1 ωp,D;2 1/τD,2 ω01
4210
5070
8520

90
290
400

12300
17700
18640

1190
2350
2710

3420
3600
4400

3
13
11

3830
5020
5500

response is described quite well by a narrow and a broad Drude
component of ωp,D;1  8900 cm−1 and 1/τD,1  490 cm−1 ,
and ωp,D;2  19 300 cm−1 and 1/τD,2  3100 cm−1 , and a
series of oscillators at ω1  5700 cm−1 and ω2  12 800 cm−1
[Table I(c)]. The resulting value of ωp  21 200 ± 1200 cm−1
is larger than was observed in either of the other two materials,
in agreement with a previous work [39]. Above TN , the
scattering rate for the broad Drude component has a weak
temperature dependence, while the narrow component has
a strong temperature dependence, decreasing from 1/τD,1 
730 cm−1 at room temperature to  400 cm−1 just above TN
[Table I(c)].
Below TN the two-Drude model is fit to the complex
conductivity using the previously described technique. The
results of the fit at 100 K, shown for the real part of the
optical conductivity in Fig. 4(c), once again show that both
Drude components decrease in strength and narrow at the same
time that spectral weight is transferred into two new Lorentz
oscillators at ω01  660 cm−1 and ω02  1670 cm−1 [Table I(c)]. The detailed temperature dependence of the plasma
frequencies and scattering rates are shown in Figs. 4(d) and
4(e), respectively. While the plasma frequencies display little
or no temperature dependence for T > TN , below TN the narrow Drude component decreases somewhat, ωp,D;1  8520 →
4400 cm−1 , while a more dramatic decrease, ωp,D;2 
18 640 → 5500 cm−1 , is observed for the broad Drude component. The scattering rate for the narrow Drude component
decreases dramatically, 1/τD,1  400 cm−1 just above TN to 
11 cm−1 at low temperature; the decrease in the scattering rate
for the broad Drude component, 1/τD,2  2700 → 520 cm−1 ,
while not as dramatic, is still significant. The total carrier
concentration is observed to decrease from ωp,D  21 200 →
7040 cm−1 ; this ≈ 89% decrease in the total number of
free carriers for T  TN is similar to what was observed in
SrFe2 As2 .
The values for the plasma frequencies of the narrow and
broad Drude components, and the intensities of the two new
oscillators sum to ωp  16 540 cm−1 (T  TN ), indicating
that a significant portion of the spectral weight has been
shifted into the two new oscillators, ω01 and ω02 , leading to
estimates for the optical gap energies of  82 and  207 meV,
respectively. Both of these values are somewhat larger than
previous optical estimates [39], and the value for the large
gap is larger than the strong feature observed in the Raman
response [63]. However, as in the case of SrFe2 As2 , the gap
features are rather broad, and in the absence of controls, are
difficult to fit reliably.

190
330
518

γ01

01

ω02

γ02

02

360 290 3790 900 1110 11530
470 470 4140 1450 1820 15650
660 820 5650 1670 1720 15310

1 /kB TN 2 /kB TN
3.8
3.5
5.5

9.4
10.7
14

D. Common features

Common to all these materials is the result that above
TN the optical conductivity is reproduced by a strong, broad
Drude response that shows little temperature dependence, and
a weaker, narrower Drude response where the scattering rate
displays a slight temperature dependence. For the progression
AFe2 As2 , for A = Ba, Sr, and Ca, the plasma frequencies for
both the narrow and broad Drude components, the scattering
rates, and the gaplike features are all increasing (although
we would remark that 1/τD,1 and 1/τD,2 are substantially
lower in BaFe2 As2 than in either of the other two materials).
The trends in the electronic properties appear to follow the
electronegativity (electron affinity) of the alkaline-earth-metal
atoms (Table II). The Pauling electronegativities of Ba, Sr, and
Ca are χP = 0.89, 0.95 and 1.00, respectively. The increasing
electron affinity also leads to a decrease in the covalent radius
of 1.98, 1.92, and 1.74 Å, which is also connected to the
decreasing c-axis lattice parameter of 13, 12.4, and 11.7 Å for
the Ba [20], Sr [25], and Ca [64] materials, respectively. Thus,
while the electronegativities of the alkaline-earth-metal atoms
are a useful guide for establishing trends in these materials, we
would caution that the electronic structure, especially below
TN , is quite complicated, and that detailed structural properties
should also be taken into consideration.
In each material, below TN , despite the appearance of
a new structure in the optical conductivity that signals the
reconstruction and partial gapping of the Fermi surface, the
two-Drude model continues to reproduce the free-carrier
response quite well. For the broad Drude component, both
the plasma frequency and the scattering rate undergo a
significant reduction below TN , while for the narrow Drude
component the plasma frequency decreases only slightly, while
the scattering rate decreases by over an order of magnitude.
More specifically, 1/τD,1 has a strong temperature dependence
below TN , while 1/τD,2 undergoes an abrupt drop just below
TN , below which it remains relatively constant (Table I). The
dramatic collapse of the scattering rate for the narrow Drude
component for T  TN is reminiscent of what is observed
in other materials where a Fermi surface reconstruction leads
to large portions of the Fermi surface being removed, with a
concomitant loss of free carriers; in some special cases this is
referred to as a “nodal metal” [65–67], but more generally it
describes any semimetal with a very small Fermi surface. In
multiband materials, it is not uncommon for one (or more) of
the scattering rates to be quite small, typically on the order
of several cm−1 [68,69]. The very small values of 1/τD,1 at
low temperatures is similar to what is seen in some Weyl and
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Dirac semimetals, where scattering rates are only a few cm−1
[70–72]; indeed, the observation [47] and calculation [60] of
Dirac conelike dispersion of the electronic bands of BaFe2 As2
below TN suggests that this is a natural comparison.
In all three materials, a structure is observed in the optical
conductivity that is associated with the partial gapping of the
Fermi surface that appears below TN , a small gap (1 ) and
a large gap (2 ); these features may be associated transitions
between relatively flat bands located at high-symmetry points
( and M ) [60]. The values range from 1  44–82 meV for
the small gap to 2  112–207 meV for the large gap. This
yields values of 1 /kB TN  3.8–5.5 and 2 /kB TN  9.4–14,
where kB is Boltzmann’s constant. As previously noted, both
1 and 2 are increasing across this family of materials;
however, the ratio of the gaps shows little variation, with
2 /1  2.5–3, suggesting that the gaps scale with the
electronic bandwidth.

IV. CONCLUSIONS

in the low-frequency spectral weight from both the narrow
and broad Drude components and a commensurate transfer to
the gaplike features (1 and 2 ) observed at higher energies.
The complex conductivity may only be reliably fit using the
two-Drude model if the constraint that the spectral weight
is constant below roughly 5000 cm−1 is introduced. The
loss of spectral weight from the narrow Drude component
is apparently transferred to peak in the optical conductivity
associated with the low-energy gap 1 , while the loss of
spectral weight from the broad Drude component is apparently
transferred to the high-energy gap 2 .
Below TN , both the plasma frequency and the scattering rate
in the broad Drude term decrease substantially; the plasma
frequency in the narrow Drude term experiences a slight
decrease, but the scattering rate decreases by over an order
of magnitude, and in the case of BaFe2 As2 , is only a few cm−1
for T  TN . Dirac semimetals often display extremely small
scattering rates, suggesting that the extraordinarily low value
for the scattering rate in these materials may be related to
the Dirac conelike dispersion observed in the electronic bands
below TN .

The temperature dependence of the detailed optical properties of BaFe2 As2 , SrFe2 As2 , and CaFe2 As2 single crystals have
been determined over a wide energy range above and below
TN  138, 195, and 172 K, respectively, for light polarized
in the a-b planes. The complex optical properties may be
reliably fit using two Drude components in combination with
a series of Lorentz oscillators. Above TN in all three materials,
the free-carrier response consists of a weak, narrow Drude
term, and a much stronger, broader Drude term, both of
which display only a weak temperature dependence. The
plasma frequencies of both the narrow and broad terms are
observed to increase in the Ba, Sr, and Ca family of materials.
Below TN the Fermi surface reconstruction produces dramatic
changes in the complex conductivity. While the materials are
increasingly metallic at low temperature, there is a decrease
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