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Parent compounds of Fe-based superconductors undergo a structural phase transition from a11

tetragonal to an orthorhombic structure. We investigated the temperature dependence of the fre-12

quencies of transverse acoustic (TA) phonons that extrapolate to the shear vibrational mode at13

the zone center, which corresponds to the orthorhombic deformation of the crystal structure at low14

temperatures in BaFe2As2 and SrFe2As2. We found that acoustic phonons at small wavevectors15

soften gradually towards the transition from high temperatures, tracking the increase of the size16

of slowly fluctuating magnetic domains. On cooling below the transition to base temperature the17

phonons harden, following the square of the magnetic moment (which we find is proportional to the18

anisotropy gap). Our results provide evidence for close correlation between magnetic and phonon19

properties in Fe-based superconductors.20

I. INTRODUCTION21

The parent compounds of the ferropnictide supercon-22

ductors are metallic but not superconducting, and or-23

der antiferromagnetically. Just like the cuprates, they24

become superconducting upon doping, which gradually25

suppresses antiferromagnetic order.1 There is strong cou-26

pling between the magnetic degrees of freedom and the27

lattice. The most important experimental evidence for28

this coupling is a structural transition from tetrago-29

nal to orthorhombic, which is thought to be driven by30

magnetism2. Further, it was reported that the arsenic31

A1g mode can generate AFM order dynamically3, and32

Raman scattering shows strong splitting of the in-plane33

Eg mode in the ordered state4. These observations have34

led several groups to suggest enhanced electron-phonon35

coupling via the spin channel5,6.36

On the other hand, density-functional theory (DFT)37

predicts only very weak electron-phonon coupling7,38

which is not directly contradicted by any experimental39

result so far. Previous work using inelastic x-ray scatter-40

ing (IXS)8,9 found no measurable changes in most optic41

phonons across the magnetic transition, in contrast to42

what has been predicted by density functional theory43

(DFT) calculations making allowance for spin-phonon44

coupling. Therefore, the importance of spin-phonon cou-45

pling for the occurrence of high-Tc superconductivity in46

the pnictides remains an open question.47

The structural transition is accompanied by a transi-48

tion into an antiferromagnetically ordered state. DFT49

calculations predict that the AFM state is energetically50

more stable even in the absence of a structural distortion,51

and that the structural distortion is the consequence of52

AFM order via magnetoelastic coupling. The structural53

transition always occurs coincident with or at a higher54

temperature than the magnetic one in electron-doped55

pnictides, which has led to the proposition of a nematic56

phase which does not show static magnetic order, but57

where magnetic fluctuations have a preferred direction10.58

Alternatively, the nematic phase might be characterized59

by orbital ordering with unequal occupations of the dxz60

and dyz orbitals25,31. The magnetic, orbital, and struc-61

tural order parameters break the tetragonal symmetry62

in the same way, but the parameter primarily responsi-63

ble for the symmetry breaking is still a matter of debate64

(e.g., recent work11 has claimed that the nematic state65

is driven by spin, but strongly enhanced by orbital fluc-66

tuations). Although as pointed out in Ref. 28, if the67

parameters are strongly coupled the “primary” parame-68

ter loses some distinction.69

In this paper, we investigate the coupling of the crys-70

tal lattice to the magnetic degrees of freedom by a study71

of transverse acoustic phonons and the magnetic proper-72

ties of undoped SrFe2As2 and BaFe2As2. More precisely,73

phonons were studied whose eigenvectors correspond to74

the structural distortion in the long-wavelength limit.75

These phonons propagate along the tetragonal [1 0 0] di-76

rection and are polarized along [0 1 0]. An early IXS77

study12 showed a pronounced softening of such phonons78

at low q on approaching Ts from above. On further cool-79

ing, these modes hardened gradually to some extent. The80

softening on cooling is corroborated by measurements81

of the elastic modulus by ultrasound techniques10. The82

softening was found to be closely correlated with a previ-83

ous report13 of magnetic susceptibility as deduced from84

NMR above TN .85

The motivation for our present study was twofold.86

In the first place, whereas the behavior of the shear87

modulus10 and phonon frequencies above TN reported88

so far looks quite plausible, this is not really the case for89

the behavior below TN : since the phase transition in un-90

doped pnictides is largely first-order, one would expect91
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strong and sudden changes on cooling below TN/Ts. In92

the second place, to gain a better understanding of the93

phonon behavior below the Néel temperature (the un-94

certainties associated with the lowest-temperature points95

in the previous report12 were large). We used inelastic96

neutron scattering for our study which allowed more pre-97

cise measurement of phonon energies over a wide range98

of temperatures. Neutron scattering was further used to99

explore the magnetic properties of our samples above and100

below TN with the aim to correlate the magnetic proper-101

ties with the phonon properties. We show that the mag-102

netic correlation length above TN and the magnetic order103

parameter squared below TN track the phonon softening104

at all temperatures.105

II. EXPERIMENTAL DETAILS106

We investigated two single-crystal samples14 of107

BaFe2As2 (Ba122) and of SrFe2As2 (Sr122), each of108

mass ≈ 1 g, and mosaic spread of < 0.5◦. The samples109

were mounted in closed-cycle refrigerators with a tem-110

perature range of 10 K - 300 K (BaFe2As2) or 10 K -111

FIG. 1. (color online) Lattice deformation and phonon
renormalization across the magnetic ordering transition. a)
Schematic of spin-phonon coupling in iron pnictides. Dots
represent Fe positions. Straight lines/arrows on top are
boundaries of the unit cell/unit vectors used for the notation
in this paper respectively. Parallel/antiparallel alignment of
the spins on near-neighbor Fe sites favor longer/shorter bonds.
b) Schematic of scans shown in (c) and (d). c) Constant-
energy scans of SrFe2As2 at 2 meV showing that the acoustic
phonon peaks move closer to the zone center upon cooling
below TN = 200 K, which indicates that the low-energy dis-
persion becomes steeper (schematic in (b), lines are a guide
to the eye). d) constant-Q scans reflecting phonon hardening
on cooling through TN = 135 K in BaFe2As2(schematic in
(b), lines are a guide to the eye). All error bars represent
one standard deviation, and are derived from the statistical
uncertainty.

350 K (SrFe2As2). The experiments were carried out on112

the 4F cold triple-axis spectrometer and on the 1T ther-113

mal triple-axis spectrometer at the ORPHÈE reactor at114

the Laboratoire Léon Brillouin at Saclay, France. On 1T,115

final energies were chosen between 8 meV and 14.7 meV,116

depending on the energy resolution needed for the par-117

ticular part of the experiments. The open collimations118

of the standard configuration were used for some scans119

(effectively 35’-35’-35’-35’), but tighter collimations were120

also often used to improve the resolution in energy and121

momentum transfer. On 4F, measurements were made122

with initial energy of 8 meV, and used 50’ in-pile colli-123

mation, 50’ collimation between the pair of monochro-124

mators, and 40’ collimation elsewhere. Resolutions of125

0.4 meV and 0.05/Å were easily achieved. Measurements126

of the phonon branch were made in the tetragonal HK0127

plane. Most measurements of the magnetic fluctuations128

were made in the tetragonal HHL plane, but for some129

measurements we mounted the sample in the HK0 plane130

and tilted the sample to reach finite values of L. Peaks131

were fit to Gaussian functions; error bars are derived from132

the statistical uncertainty. Follow-up measurements were133

conducted using the BT-7 instrument at the NIST Center134

for Neutron Research.135
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FIG. 2. (color online) Phonon renormalization in SrFe2As2
and BaFe2As2 as a function of temperature along [1 0 0]. Er-
ror bars are drawn in all panels, but are sometimes smaller
than the symbol. a,b) relative phonon frequency change as
a function of temperature in SrFe2As2 (a) and BaFe2As2
(b) c) Relative frequency jump at TN . d) Dispersion of
transverse phonons propagating along [1 0 0] with polarization
along [0 1 0] in SrFe2As2. Lines are a guide to the eye. All
error bars represent one standard deviation, and are derived
from the statistical uncertainty.
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III. RESULTS136

At room temperature these materials are tetragonal,137

but as has been amply documented in the literature15,16,138

they undergo a structural distortion from tetragonal-to-139

orthorhombic structure at Ts. This transition is closely140

accompanied by a transition to an antiferromagnetically141

ordered state at TN . TN is very close to Ts, if different at142

all. We did not observe any separation of the structural143

and AFM transitions in either of our samples. The tran-144

sition was observed at T = 200 ± 0.5 K (SrFe2As2) and145

135 ± 1 K (BaFe2As2). The transition can be understood146

within the framework of DFT calculations, which show147

that magnetic order as observed in experiment with an-148

tiparallel spin alignment on neighboring Fe sites in one149

direction and parallel alignment in the other direction150

leads to a lowering of the total energy2. A further energy151

gain is obtained by shortening the bonds with parallel152

spin alignment and stretching the bonds with antiparal-153

lel spin alignment, as illustrated in Fig. 1a. The transi-154

tion into the orthorhombic state leads to twinning of the155

samples, which results in a noticeable broadening of the156

mosaic distribution. In the following, we will adopt the157

tetragonal notation, and will make use of the orthorhom-158

bic notation only in a few places.159
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FIG. 3. (color online) Magnetic fluctuations in SrFe2As2 and
BaFe2As2. a) Constant-energy (E = 4 meV) scans through
the magnetic superlattice peak at two temperatures. Lines
are fits with a Gaussian. The horizontal blue arrow denotes
the experimental resolution. b) Resolution-corrected widths
of spin fluctuation peaks measured at E = 4 meV versus tem-
perature. The labeling in this sub-panel corresponds to the
orthorhombic axes. c) Constant-energy scans from which the
spin gap was determined d) Spin gap and the square of the
magnetic order parameter versus temperature. M2 has been
scaled to match the value of the spin gap. All error bars
represent one standard deviation, and are derived from the
statistical uncertainty.

As discussed in the introduction, the long-wavelength160

transverse acoustic phonons are expected to soften on ap-161

proaching Ts from above, followed by a gradual and mod-162

erate hardening on cooling below Ts. To our surprise, we163

observed a strong and sudden hardening of this branch164

in SrFe2As2 (typically phonon energies might change by165

1% over a temperature change of 100 K; the energy of166

the low-q portion of this branch changes by over 20%167

within just a few degrees). The previous investigation168

made by IXS was, however, performed on BaFe2As2. In169

order to see whether the two compounds behave in a dif-170

ferent way, or whether the effect observed in SrFe2As2171

is a generic feature of the ferropnictides, complementary172

measurements were performed on BaFe2As2. It turned173

out that the two compounds show very similar behavior.174

The phonon effect is clearly evident from both constant-175

Q and constant-energy scans through the phonon dis-176

persions (see Fig. 1c,d). The constant-Q scan in Fig. 1d177

illustrates that in BaFe2As2 the phonon hardens strongly178

on cooling across TN = 135 K by just 10 K from 140 K179

to 130 K. The same effect is reflected in the constant-180

energy scan on Sr122 in Fig. 1c. Here q = 0 is the zone181

center and the peaks on both sides at q = 0.07 originate182

from acoustic phonons dispersing on both sides of the183

zone center. The steeper (shallower) the dispersions, the184

closer (further) the peaks in the constant-energy scan are185

to the zone center (see schematic in Fig. 1b). On cooling186

through TN = 200 K, the peaks move closer together,187

which reflects the same hardening as observed in Fig. 1c.188

There is some broadening in both Q and energy (some189

part of which is certainly due to the broader mosaic aris-190

ing from twinning in the orthorhombic phase), but the191

change in energy is nonetheless clear.192

Fig. 2a shows varying behavior at different q. For small193

q, the phonon softens substantially upon cooling towards194

TN , which is followed by abrupt hardening at lower tem-195

perature. At intermediate q (e.g. q = 0.25) there is no196

softening above TN , but there is still the hardening be-197

low TN . And at high q (e.g. q = 0.45), no temperature198

dependence is observed across TN . The ratio of the fre-199

quency just below TN divided by the frequency above TN200

increases strongly towards the zone center (Fig. 2a,b). As201

is evident from Fig. 2c, the hardening below TN not only202

undoes the softening above TN , but overshoots it by a203

substantial amount (see Fig. 2d). Further, the harden-204

ing below TN extends much farther in q, pointing to a205

different origin of the two phenomena.206

Since we expected the phonon effect to be related to207

the formation of magnetic order, we carefully investi-208

gated the temperature dependence of magnetic Bragg209

peak intensity below TN and of magnetic fluctuations210

above TN in the same samples. In order to correlate211

the phonon softening above TN with magnetic proper-212

ties, we measured the width in momentum transfer of213

the magnetic fluctuations at several low energies (up214

to 6 meV). The q-resolution at each energy was deter-215

mined empirically from the spin wave spectrum below TN216

(which is nearly resolution-limited at the energies consid-217
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ered). We found that the temperature dependence of the218

linewidths was essentially the same at all energies inves-219

tigated. The data shown are those for which we obtained220

the best quality. Fig. 3a shows that well-defined peaks221

from magnetic scattering at 4 meV are already present222

at 300 K. They become much sharper on approaching223

TN from above, although they never become resolution-224

limited, even close to TN . As generally expected, the225

in-plane widths are considerably smaller than those mea-226

sured along c, but even in the c-direction, linewidth nar-227

rowing begins already at 300 K (Fig. 3b). This highlights228

the three-dimensional character of low energy magnetic229

fluctuations, and is in qualitative agreement with previ-230

ous reports on the spin dynamics in the BaFe2As2 and231

SrFe2As2 systems17,18. None of the widths taken alone232

correlates well with the phonon softening above TN , how-233

ever, the product of all three does (Fig. 4b). Since234

each linewidth is proportional to the inverse of a correla-235

tion length in a particular direction, the product of the236

linewidths is proportional to the inverse of the volume of237

the correlated domains.238

Below TN , we determined both the temperature de-239

pendence of the magnetic order parameter and that of240

the spin gap. For the magnetic order parameter, we241

measured the intensity of the magnetic Bragg peak at242

Q = (2.5, 2.5, 1) (or (5 0 1) in orthorhombic notation).243

To determine the spin gap, we made a series of constant-244

energy scans through the magnetic Bragg peak at Q =245

(0 . 5 , 0 . 5 , 5) (or (1 0 5) in orthorhombic notation,246

see Fig. 3a). On approaching the spin gap energy from247

above, the peak intensities decrease sharply for reasons of248

phase space. We made careful measurements of the spin249

gap energy, and found that the temperature dependence250

of the spin gap tracks the square of the magnetic moment251

quite closely, for both Sr122 and Ba122 (see Fig. 3d).252

IV. DISCUSSION253

For temperatures below TN , it is clear that our data254

show a very large hardening that exceeds the softening255

above TN . In the q = 0 limit, these results should ex-256

trapolate to the shear modulus that was previously re-257

ported for BaFe2As2 based on resonant ultrasound exper-258

iments (RUS)10. However, RUS shows only a slight hard-259

ening on cooling (small in comparison to the softening260

above TN ). This disagreement is likely due to the twin261

domain boundaries inside the crystal in the orthorhom-262

bic phase, which are known to interfere with RUS mea-263

surement, but not with phonon measurements (beyond264

a slight broadening). In addition, there is a significant265

quantitative disagreement between our data and the pre-266

vious IXS report12 for T < TN , in that the low-q IXS267

results for q ≤ 0.1 do not capture the sudden and very268

strong increase of phonon frequencies just below TN . We269

do not have any plausible explanation for the disagree-270

ment, but emphasize that we observe the strong and sud-271

den increase of phonon frequencies below TN under a272

wide range of experimental conditions (multiple samples,273

growers, instruments, sample environments, etc.).274

We found that below TN , the phonon hardening tracks275

the square of the magnetic order parameter very closely276

in both SrFe2As2 and in BaFe2As2 (Fig. 4) (although the277

effect is somewhat smaller in BaFe2As2, possibly due to278

the greater mass). Since we have found that the low-q279

phonon frequency is biquadratically coupled to the mag-280

netic order parameter, it is essentially linearly coupled281

to the structural order parameter (in the undoped 122-282

compounds the magnetic and the structural order param-283

eters are biquadratically coupled19,20). But since we also284

found that the temperature evolution of the spin gap is285

quite similar to that of the square of the magnetic order286

parameter, the correlation seen in Fig. 3d might instead287
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ized phonon energies and magnetic properties in BaFe2As2
and SrFe2As2. Open markers represent phonon frequencies,
and red dashed lines represent peak intensities of the mag-
netic Bragg peaks. a) For BaFe2As2, the solid blue line is a
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be related to the opening of the spin gap. There thus288

seem to be three possibilities for the correlation observed289

in Fig. 4: that the phonon hardening could track either290

the square of the structural distortion, the square of the291

magnetic order parameter, or opening of the spin gap.292

To determine which is this case, further studies are nec-293

essary on samples where the structural and the magnetic294

order parameters do not follow the same temperature de-295

pendence, as in, e.g., Co-doped Ba122.296

At temperatures above TN the softening of the inves-297

tigated phonon modes is proportional to the volume of298

fluctuating magnetic domains. Our data are qualitatively299

consistent with the RUS results above TN : the slope at300

the lowest q becomes rapidly softer upon approaching301

TN from above. A direct quantitative comparison is not302

possible, because the softening is strongly dependent on303

q, and imperfect q-resolution does not allow us to probe304

q-values which are very close to q = 0.305

When considering finite values of q, we find that for306

q ≥ 0.2 r.l.u., the energy of the phonon branch is nearly307

unaffected when approaching TN from above. For q ≤308

0.2 r.l.u., the branch softens rapidly upon approaching309

TN . The absolute value of the softening is greatest close310

to q = 0.1 r.l.u., and the relative value of the softening is311

greatest at the lowest measured q (≈ 0.05 r.l.u.). These312

results are also fully consistent with the IXS results for313

BaFe2As2 above TN reported in Ref. 12, after taking into314

account the somewhat coarser q-resolution used here.315

We also find that above TN there is a close corre-316

lation between the volume of the short-lived magnetic317

domains and the phonon frequencies (Fig. 4). As pre-318

viously shown21, only a slight uniaxial strain is required319

to produce a resistivity anisotropy in the paramagnetic320

state, which corresponds to the soft phonon seen here.321

Since a local lattice distortion will entail an elastic strain322

field, which is inherently long-range in 3D, it is plausi-323

ble that the volume of the dynamic domains is closely324

correlated to the phonon frequencies. It follows that in325

order to understand coupling of magnetic (and for that326

matter nematic) fluctuations to the atomic lattice, it is327

necessary to consider not only the in-plane magnetic cor-328

relation length but also the correlation length along the329

c-axis.330

Although it is clear that there exists a strong coupling331

between the lattice and the electronic degrees of free-332

dom, it can be difficult to distinguish the primary order333

parameter (given that the magnetic, orbital, and struc-334

tural order parameters break the tetragonal symmetry335

in the same way). In this context it may be illuminating336

to consider the q-dependence of phonon softening, as its337

correlation with the q-dependence of magnetic or orbital338

fluctuations make it possible to differentiate between the339

two mechanisms. This question requires a theoretical in-340

vestigation that is outside the scope of the current work.341

In any event, our finite-q data provide detailed infor-342

mation relating a microscopic quantity (the size of the343

magnetic domains) to a macroscopic quantity (the elastic344

constant), and may prove to be a useful basis for com-345

parison with theory.346

It seems likely that there are two competing effects;347

while the softening above TN is primarily confined to348

q ≤ 0.1, the hardening extends to much higher q. Both349

effects are associated with the (1 1 0) transverse shear350

mode. We took measurements of the longitudinal acous-351

tic phonon along the (1 1 0) using the BT-7 instrument352

(data not shown) and found no evidence of either effect353

there, nor did we see any strong changes of the high-354

energy phonons in our previous INS study22 of SrFe2As2.355

The previous IXS study suggested the softening might356

occur as a result of a Kohn anomaly due to two-357

dimensional Fermi surface nesting, because the range of358

the softening corresponds roughly to the size of inner359

hole pocket in BaFe2As2 (≈ 0.1 r.l.u.). In that case,360

there should be an enhancement of the electron-phonon361

coupling in the AFM state (previous theoretical work362

found that the electron-phonon coupling was significantly363

stronger in the stripe AFM state than in the paramag-364

netic state23). It is difficult for us to determine if the365

electron-phonon coupling for this mode (as measured by366

the energy linewidth) has become significantly enhanced367

in the AFM phase. This is because the orthorhombic dis-368

tortion causes a broadening of the mosaic spread, which369

in turn causes a broadening of the TA phonon. Separat-370

ing these effects is challenging.371

It may be possible to understand the detailed q-372

dependence of the hardening using DFT calculations. In373

order to capture both the low-q deviation from linear dis-374

persion, and then the gradual return to the paramagnetic375

behavior at high-q, one would need to calculate a very376

dense mesh in q for both the AFM and paramagnetic377

phases. Such a calculation would be time-consuming,378

and given the challenges associated with DFT in this379

system24, we would have only limited faith in the results.380

V. CONCLUSIONS381

We found that in undoped 122 compounds, the TA382

phonons propagating along [1 0 0] with polarization along383

[0 1 0] soften gradually on approaching TN from above,384

followed by an abrupt hardening just below TN and385

further gradual hardening on cooling to very low tem-386

peratures. Interestingly, the hardening below TN ex-387

ceeds significantly that of the softening above TN in388

both magnitude and q-range, which remains to be un-389

derstood. While the softening above TN was known al-390

ready from previous publications at least qualitatively,391

the pronounced hardening below TN was not. The tem-392

perature evolution of the phonon frequencies both be-393

low and above TN correlates closely with that of mag-394

netic properties observed on the same samples. However,395

this correlation does not necessarily imply a direct spin-396

phonon coupling. The coupling between the phonons and397

the static/dynamic magnetic order might only be indirect398

via magnetoelastic coupling.399

The most promising candidates for further insight into400
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this issue are samples where magnetic order and struc-401

tural distortions do not appear at the same temperature,402

as in Ba122 samples lightly doped with Co. In such sam-403

ples, Ts > TN . Just like in the undoped sample, we404

can expect gradual softening of the phonons on cooling405

towards the structural transition. It is, however, diffi-406

cult to predict how the phonon frequencies will evolve on407

further cooling through the magnetic transition. Answer-408

ing this question will be a subject of a different paper,409

which will provide additional insight into understanding410

the coupling of phonons to magnetic properties in Fe-411

based superconductors.412
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