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We measured the polarized optical conductivity of URu
2
Si

2
from room temperature down to 5 K,

covering the Kondo state, the coherent Kondo liquid regime, and the hidden-order phase. The
normal state is characterized by an anisotropic behavior between the ab plane and c axis responses.
The ab plane optical conductivity is strongly influenced by the formation of the coherent Kondo
liquid: a sharp Drude peak develops and a hybridization gap at 12 meV leads to a spectral weight
transfer to mid-infrared energies. The c axis conductivity has a different behavior: the Drude peak
already exists at 300 K and no particular anomaly or gap signature appears in the coherent Kondo
liquid regime. When entering the hidden-order state, both polarizations see a dramatic decrease in
the Drude spectral weight and scattering rate, compatible with a loss of about 50% of the carriers
at the Fermi level. At the same time a density-wave like gap appears along both polarizations at
about 6.5 meV at 5 K. This gap closes respecting a mean field thermal evolution in the ab plane.
Along the c axis it remains roughly constant and it “fills up” rather than closing.

I. INTRODUCTION18

A consequence of the open 5f shells of Uranium is19

an array of electronic properties with the same energy20

scale. Competition and cooperation among these proper-21

ties in intermetallic URu2Si2, in particular between itin-22

erant and localized f electrons, lead to a rich phase dia-23

gram [1–5]. URu2Si2 is a heavy fermion material with a24

Kondo temperature of 370 K [6]. At lower temperatures,25

hybridization between heavy f electrons with conduction26

electrons creates a crossover to a Kondo liquid state [7, 8]27

having coherent transport properties below TKL ≈ 70 K.28

Upon further cooling, a second order mean-field transi-29

tion at THO = 17.5 K creates an electronically ordered30

state. The real nature of the order parameter remains un-31

known with the most varied hypothesis proposed [9–20].32

Waiting for its elucidation the “hidden-order” moniker33
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has been adopted to describe this phase [1]. Closing the34

series of thermal phase transitions, an unconventional su-35

perconducting phase appears below Tc ≈ 1.5 K [21].36

The hidden-order transition is associated with a par-37

tial gap opening in both spin and charge channels [6, 22–38

26]. Recently, Shubnikov-de Hass [27–29], STM [30, 31],39

and ARPES [32–37] showed that URu2Si2 has a com-40

plex Fermi surface with a strong renormalization be-41

low THO . Point contact spectroscopy [38–41]; ultra-fast42

pump-probe measurements [42]; and optical conductivity43

[43] indicated the existence of a (pseudo)gap at tempera-44

tures ranging from 19 K to 30 K. In the case of point con-45

tact spectroscopy, it was suggested that the effect could46

be related to a local increase in THO due to the pressure47

utilized to apply the contacts to the surface.48

The unit cell of URu2Si2 has a tetragonal symmetry49

with space group I4/mmm (D17
4h) [21] that seems to re-50

main unchanged throughout the several phase transitions51

and transformations as a function of temperature, al-52

though this issue is still controversial [44, 45]. In a tetrag-53

onal structure, the optical properties are fully defined by54

two different tensor elements. Measurements with the55

electric field of light E ‖ a probe the ab tetragonal basal56
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plane. When E ‖ c, the measurements reveal the c axis57

properties.58

The early optical conductivity measurements of59

URu2Si2 [22, 46] assumed an antiferromagnetic (AFM)60

transition below THO . Even if the nature of the transi-61

tion has since became unknown, their findings were not62

strictly tied to an AFM picture and fit nicely into the63

quest to understand the hidden-order character. Bonn64

et al. [22] were the first to measure the E ‖ a electro-65

dynamics of URu2Si2 and found a peak in the optical66

conductivity in the hidden-order phase, which had the67

properties of an optical gap that partially limited the68

states at the Fermi surface. Later, Degiorgi et al. [46]69

published a comprehensive set of E ‖ a optical conduc-70

tivity data on URu2Si2 in the framework of several other71

heavy fermion compounds. They observed the develop-72

ment of a Drude peak below TKL; a clear far-infrared sig-73

nature below THO ; and estimated a mass enhancement74

of 68 at low temperatures, although this number is larger75

than what was previously proposed [5, 30, 47].76

The last few years have seen the revival of the interest77

in the optical conductivity of URu2Si2. Levallois et al.78

[43] started this new wave and were also the first to mea-79

sure the electrodynamics for E ‖ c. They essentially an-80

alyzed the response above THO and found a suppression81

of spectral weight around 12 meV, below 30 K, in both a82

and c responses. They assigned this effect to a possible83

Fermi surface reconstruction crossover. Guo et al. [48]84

measured the ab plane reflectivity and concluded that85

the pseudogap observed in Ref. [43] was not a precursor86

of the hidden-order gap. Hall et al. [49] produced the87

first measurements along the c axis in the hidden-order88

phase. Interestingly they found two gaps along the c di-89

rection. One similar to its a counterpart and another of90

smaller energy and magnitude. A gap at the same en-91

ergy was also observed in the A2g symmetry by Raman92

spectroscopy [24, 26].93

Nagel et al. [47] showed that, just above THO but still94

at low enough temperatures, the in-plane resistivity of95

URu2Si2 had a quadratic dependence in both tempera-96

ture (T ) and frequency (ω). They also showed that this97

property is not a sufficient condition to characterize a98

Fermi liquid as the ratio between the multiplying factors99

in T and ω did not respect Landau’s predictions.100

In this paper we show the polarized optical conductiv-101

ity of URu2Si2 from room temperature though the Kondo102

liquid state and into the hidden-order phase. In Sec. II103

we describe our samples and apparatus. Section III de-104

scribes qualitatively our measured reflectivity and opti-105

cal conductivity. We discuss the Kondo liquid state in106

Sec. IV, where we find a E ‖ a optical response strongly107

dependent on the Kondo physics with the formation of108

a coherent Drude peak and the opening of a hybridiza-109

tion gap at 12 meV below TKL. Conversely, the E ‖ c110

data do not show any particular anomaly at TKL and111

no signature of a hybridization gap. Section V analyses112

our results in the hidden-order phase. The strong band113

structure renormalization leads to a significant decrease114

of the Drude spectral weight as well as a large drop in the115

quasiparticle scattering rate. Both polarizations show116

the opening of a density-wave like gap at about 6.5 meV.117

The gap closes with a mean field behavior along E ‖ a.118

For the E ‖ c direction it fills up when approaching THO119

with little temperature dependence. Our conclusions are120

summarized in Sec. VI.121

II. METHODS122

Two single crystals were utilized in this study. The123

first crystal (sample A) was grown in a tri-arc furnace un-124

der argon atmosphere with a subsequent annealing under125

UHV at 900◦C for 10 days. It had a surface containing126

the ab plane of about 3×6 mm2 and it was about 200 µm127

thick. The second crystal (sample B) was grown by the128

Czochralski method using a tetra-arc furnace [50]. This129

sample was polished with a surface of 1 × 1.5 mm2 con-130

taining the ac plane. It was further annealed under UHV131

at 950◦C for two days in order to release the mechanical132

damage introduced by polishing [51].133

We utilized three different spectrometers to mea-134

sured the near-normal incidence reflectivity from the far-135

infrared to the deep-UV: (i) a Bruker IFS113v from 2136

meV (15 cm−1) to 12 meV (100 cm−1); (ii) a Bruker137

IFS66v from 6 meV (50 cm−1) to 2 eV (15 000 cm−1);138

and (iii) an AvaSpec 2048 × 14 optical fiber spectrom-139

eter from 1.5 eV (12 000 cm−1) to 5 eV (40 000 cm−1).140

We obtained the absolute value of the reflectivity with141

an in-situ gold evaporation technique [52]. Our absolute142

accuracy is 0.5% and the relative accuracy between dif-143

ferent temperatures is better than 0.1%. The spectral144

resolution was 2 cm−1(0.25 meV) in both Bruker spec-145

trometers and 2 nm for the visible and UV ranges.146

Measurements on sample A were taken on freshly147

cleaved surfaces and were restricted to the E ‖ a geome-148

try. We did not use optical polarizers for this data set and149

we collected spectra at several temperatures from 5 K to150

300 K from 2 meV (15 cm−1) to 2 eV (15 000 cm−1).151

We extended this data to 5 eV (40 000 cm−1) at room152

temperature only.153

We utilized holographic wire grid polarizers on154

polyethylene and KRS-5 substrates to determine the155

E ‖ c response on sample B at several temperatures156

on a spectral range from 2 meV (15 cm−1) to 1 eV157

(8 000 cm−1). We also measured the E ‖ a polarization158

for this sample at 5, 50 and 300 K in the far-infrared.159

We found the same results as the ones obtained in the160

cleaved sample A.161

Other optical functions were obtained from Kramers-162

Kronig analysis. At low energies we utilized a 1−R ∝ √
ω163

Hagen-Rubens extrapolation. For energies higher than164

our last temperature dependent point, we built a spec-165

trum in four steps: (i) the E ‖ a 300 K data up to 5 eV166

(40 000 cm−1); (ii) Degiorgi et al. [46] data up to 12.5 eV167

(100 000 cm−1); (iii) x-rays cross section reflectivity [53]168

up to 125 eV (1 000 000); and (iv) a free-electron ω−4
169



3

termination. We utilized this spectrum, at all temper-170

atures, as the extension for the E ‖ a above 2 eV and,171

properly normalized, for E ‖ c.172

III. RESULTS173

Figure 1 shows the far-infrared reflectivity for both174

polarizations as a function of temperature. Panel (a)175

shows the E ‖ a response with a metallic profile at176

all temperatures. The sharp peaks at 15 and 45 meV177

are the two expected Eu phonons [25]. The reflectiv-178

ity increases steadily upon cooling the sample down to179

∼ 75 K. For lower temperatures, the reflectivity decreases180

below 45 meV and then increases again below 15 meV.181

In the hidden-order phase, a strong dip appears in the182

reflectance around 5 meV. The detailed temperature evo-183

lution of this hidden-order signature is depicted in panel184

(c). Note that its leading edge is constant but its trail-185

ing edge and amplitude are both strongly temperature186

dependent.187
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Figure 1. (Color online) Reflectivity of URu
2
Si

2
above and

below the hidden-order transition for (a) E ‖ a and (b) E ‖ c
polarizations. Panels (c) and (d) detail the very far-infrared
reflectivity in the hidden-order phase for both polarizations.

188

189

Figure 1 (b) shows the E ‖ c reflectivity. When com-190

pared to the E ‖ a response, we note a few distinctions.191

Phonon frequencies are slightly different as they corre-192

spond to the two expected modes for the one-dimensional193

A2u representation [25]. The low-energy increase in the194

reflectivity is not as conspicuous. There is no clear tem-195

perature or energy marking a reflectivity decrease, we196

rather see a continuous evolution from 300 K. A simi-197

lar hidden-order dip appears below THO . However, as198

detailed in panel (d), its temperature evolution is quite199

different.200

Figure 2 shows the Kramers-Kronig obtained real part201

of the optical conductivity (σ1). The sharp peaks around202

15 and 45 meV are polar phonons and have been dis-203

cussed extensively by Buhot et al. [25]. Panel (a) shows204

σ1 for E ‖ a. At 300 K, URu2Si2 has an incoherent205

conductivity along a without a clear Drude-like peak.206

In quite an opposite behavior, σ1 actually shows a slight207

downturn at low frequencies. When cooling the material,208

one can discern a hint of a Drude peak at 150 K, which209

becomes well established upon further cooling down to210

25 K. Below the hidden-order transition temperature,211

this Drude term collapses and a strong peak around212

8 meV appears. This peak is directly related to the dip213

observed in the reflectivity.214
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Figure 2. (Color online) Optical conductivity of URu
2
Si

2
for

(a) E ‖ a and (b) E ‖ c. The E ‖ c DC limit of σ1 is
roughly three times higher than its value for E ‖ a (note the
difference in the optical conductivity scale), in accordance
with the strongly anisotropic transport behavior of URu

2
Si

2
.

In the 20–40 meV range we observe a decrease of spectral
weight related to a narrowing of the Drude peak. For E ‖ a
this effect happens mostly below the Kondo temperature. For
E ‖ c the spectral weight decreases continuously from room
temperature. Below the hidden order a strong peak appears
at roughly 8 eV with a strong decrease of σ1 at lower energies,
characteristic of a partial gap at the Fermi level. The inset
shows the resistivity from Refs.[4, 47, 54] (see text). The
vertical dashed lines indicate the hidden-order transition and
the boundary of the coherent Kondo liquid regime.

215

216

Figure 2 (b) shows σ1 for E ‖ c. Contrary to the ab217

plane response, a Drude-like peak is already present at218

room temperature. The absolute value of the optical con-219

ductivity is roughly three times larger when compared to220

E ‖ a values, in accordance with the smaller dc resistiv-221
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ity. Upon cooling the sample, the optical conductivity222

below 40 meV decreases continuously, qualitatively sug-223

gesting a Drude peak narrowing at low temperatures, as224

we will discuss in Sec. IV. Once again, the hidden-order225

transition marks the appearance of a strong far-infrared226

peak with a significant redistribution of local spectral227

weight.228

IV. KONDO LIQUID STATE229

Let us first concentrate on the optical properties230

of URu2Si2 at temperatures above the hidden-order231

transition. Besides the hidden-order signature, Fig. 2232

shows large changes in the optical conductivity below233

∼ 40 meV. To discuss this effect and avoid complica-234

tions due to phonons and the hidden-order feature, we235

will concentrate our analysis in the 20–40 meV region.236

We define σIa
1 and σIc

1 as the optical conductivity in this237

intermediate region for E ‖ a and E ‖ c, respectively.238

σIa
1 remains almost temperature independent from239

300 K down to about 75 K, roughly TKL. Below this240

temperature, it decreases significantly whereas the low-241

energy conductivity increases with the development of242

a Drude peak. Conversely, along the c axis the optical243

conductivity shows a far-infrared Drude-like peak at all244

temperatures and σIc
1 decreases steadily from 300 K.245

The inset of Fig. 2 (a) shows the resistivity of URu2Si2.246

Data for ρa was measured for a specimen from the same247

batch as our sample A and is extracted from Ref. [47].248

The low temperature (T < 25 K) c axis resistivity is from249

Ref. [54]. It was extended to higher temperatures with a250

proper renormalization of the data in Ref. [4].251

We can qualitatively explain the optical conductivity252

behavior from the temperature dependence of the resis-253

tivity. As ρc is smaller than ρa it is reasonable to find a254

room temperature Drude peak in the former and not the255

latter. A temperature decrease leads to a slight increase256

in ρa down to the coherent Kondo liquid temperature, ex-257

plaining why σIa
1 remains roughly constant down to TKL.258

The dramatic drop in ρa below TKL is accompanied by259

the formation of a Drude peak in the E ‖ a polarization.260

The narrowing of this Drude peak leads to the observed261

decrease in σIa
1 . Along the c axis, the relative decrease262

in ρc is not as strong as the one observed along a. The263

steady decrease in σIc
1 can again be understood as a con-264

tinuous Drude narrowing.265

In heavy fermion compounds the Drude response is266

strongly renormalized by the effective mass [55], pro-267

ducing very narrow peaks [46, 56, 57], difficult to ac-268

cess from the optical conductivity. For example, the269

low temperature scattering rate in UPd2Al3 is about270

3 GHz (0.012 meV or 0.1 cm−1), a value more than271

two orders of magnitude smaller than our lowest mea-272

sured frequency. The mass enhancement in URu2Si2273

is smaller but comparable to that in UPd2Al3 [57] and274

one should also expect a narrow Drude peak. Indeed,275

ρ−1
a (T = 5K) ≈ 70 000Ω−1 cm−1, an order of magnitude276

larger than the scale shown in Fig. 2 (a). This can only277

be explained by a very narrow Drude peak with a scatter-278

ing rate much smaller than the lowest measured energy.279

Such narrow peaks are more easily seen in the frequency-280

dependent dielectric function, which can be parametrized281

by:282

ε(ω) = εel + εph + εHO −
Ω2

p

ω2 + iω/τ
, (1)

where the first three terms on the right hand side are283

contributions from electronic transitions (εel ); phonons284

(εph); and the hidden-order (εHO). The last term is285

the Drude response from free carriers, characterized by a286

plasma frequency (Ωp) and a scattering rate (1/τ). We287

note that, when 1/τ is small when compared to the low-288

est measured frequency, the real part of the dielectric289

function — ε1(ω) — has a negative ω−2 divergence. The290

Drude model is a very crude single band approximation291

for mobile carriers in strongly correlated systems as it292

takes into account neither a frequency dependent scat-293

tering rate [58, 59] nor multiband effects. However, it is294

a very good approximation for the low frequency response295

[60].296

Figure 3 shows ε1(ω) for both polarizations. Panel (a)297

shows a low-energy positive upturn in ε1 at 200 K for298

E ‖ a. This means that no coherent, well established299

Drude peak exists for this temperature. This situation300

persists down to temperatures close to TKL. Only at 75 K301

(not shown) could we detect a slight hint of a negative low302

frequency ε1(ω). This Drude signature gets stronger from303

TKL down to THO and remains present in the hidden-304

order phase. This means that, in agreement with the305

decreasing resistivity, the opening of a gap below THO306

does not happen over the full Fermi surfaces, i.e., this307

is a partial gap. Panel (b) shows ε1(ω) for E ‖ c. The308

remarkable difference with respect to the a direction is309

that the Drude signature is present at all temperatures310

and not only below TKL.311312

The presence of a Drude signature at low temperatures313

validates our picture of a very narrow Drude peak in σ1314

at low temperatures. The last term in Eq. 1 allows us315

to estimate the plasma frequency and the scattering rate316

of this narrow Drude component. The Drude parameters317

for both polarizations are shown in Fig. 4. We will discuss318

the hidden-order phase in Sec. V. Here we concentrate319

on the normal state.320321

As we mentioned before, in the E ‖ a polarization the322

Drude term only exists below TKL. From that tempera-323

ture down to THO the plasma frequency is constant. No324

sign of a normal-state gap opening or band renormaliza-325

tion is present. The scattering rate decreases monotoni-326

cally as for a regular metal. The E ‖ c polarization also327

shows a constant normal-state plasma frequency and, for328

this orientation, no effect of the Kondo transition is visi-329

ble. Its scattering rate also decreases monotonically with330

temperature.331

As the low-energy Drude peak is not well defined at all332

temperatures (in particular for E ‖ a), we can attempt to333
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Figure 3. (Color online) Real part of the dielectric function
for (a) E ‖ a and (b) E ‖ c. At very low energies a negative
divergence, due to the Drude contribution to Eq. 1, domi-
nates the spectral response and allows us to determine the
plasma frequency and scattering rate. The peaks around 15
meV correspond to polar phonons. In the hidden-order state
another large peak appears around 5 meV. Note that a well
defined negative divergence is present at all temperatures for
E ‖ c but only below 75 K for E ‖ a.

infer the free carrier behavior from the optical conductiv-334

ity in the intermediate regions σIa
1 and σIc

1 . For that, we335

define a restricted spectral weight, which measures the336

local charge distribution:337

S(ω0, ω1) =

∫ ω1

ω0

σ1(ω) dω . (2)

When ω0 → 0 and ω1 → ∞, Eq. 2 yields S = (π/2)ε0Ω
2
p338

leading to the standard f -sum rule.339

We obtain Fig. 5 by setting ω0 = 20 meV (160 cm−1)340

and ω1 = 40 meV (320 cm−1), normalized by 300 K341

values. Along the a direction we see that the total spec-342

tral weight in the intermediate region is roughly constant343

down to the Kondo liquid coherence temperature. This is344

a consequence of an almost incoherent transport as shown345

by the absence of a low-energy peak in the data. At TKL346

the coherent far-infrared Drude peak appears. The in-347

tegrated σIa
1 steadily decreases, indicating, as a first ap-348

proximation, the narrowing of the Drude peak. This be-349

havior corroborates the parameters found in Fig. 4 and350

indicate that the E ‖ a electrodynamics in the normal351

state is dominated by the Kondo physics.352353

The Drude parameters already hinted us that the E ‖ c354

polarization was not strongly influenced by the coherent355

Kondo liquid formation. Figure 5 confirms this observa-356

tion by showing a continuous decrease of the total spec-357

tral weight in the intermediate region, with no features358

at TKL. This decrease is compatible with the observed359

steady decrease, from room temperature, of 1/τc and a360

constant Ωp.361

It is important to note that the decrease in σIa
1 can-362
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Figure 4. (Color online) Drude parameters extracted from the
low-energy real part of the dielectric function (Fig. 3). Panel
(a) shows the plasma frequency and panel (b) the scattering
rate. There is no well defined Drude peak above ∼ 100 K
for data with E ‖ a. The vertical dotted lines indicates the
position of THO and TKL. The dashed lines are guides to the
eye. For clarity the data is only shown up to 150 k along
E ‖ c. Above that temperature Ωp is roughly constant and
1/τ increases slightly. Error bars are estimated by utilizing
different models for the hidden-order and phonon excitations
as well as by varying the spectral range allowed for a least
squares fitting of the Drude term.

not be solely associated to the narrowing of the Drude363

peak. The decrease in the σIa
1 spectral weight below TKL364

is not fully recovered in the Drude peak as extracted365

from ε1(ω). Some of this spectral weight is transfered to366

the 0.5 eV region [48]. This indicates that some of the367

spectral weight lost here is due to the hybridization gap368

opening. However, contrary to Refs. 43 and 48 we ob-369

serve this gap opening in the vicinity of TKL rather than370

30 K. Note that Fig. 2 (a) shows this gap undoubtfully371

present at 50 K.372

We can see further support for a gap-like structure re-373

lated to the spectral weight decrease in σIa
1 by looking374

at its evolution in the hidden-order phase. The small375

scattering rate in the hidden-order phase, as shown in376

Fig. 4, suggests that one should not expect any Drude377

spectral weight in the intermediate region used to cal-378

culate ∆S of Fig. 4. The fact that this spectral weight379

continues to decrease in the hidden-order phase, means380

that it is being transfered not to the Drude peak but381

to higher energies. This also corroborates the view of382
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Figure 5. (Color online) (a) Restricted spectral weight, nor-
malized to its value at 300 K, calculated with ω0 = 20 meV
(160 cm−1) and ω1 = 40 meV (320 cm−1). The solid lines
are guides to the eye. The vertical dashed lines indicate
the hidden-order transition and the boundary of the coher-
ent Kondo liquid regime. Error bars are obtained by varying
the cut-off frequencies by ±10%. Optical conductivity for (b)
E ‖ a and (c) E ‖ c in the mid-infrared range. Phonons were
subtracted for clarity. For E ‖ a, part of the spectral weigh
lost in the 20–40 meV range (see Fig. 2) is transfered to the
0.5 eV region, indicating the opening of a gap above THO .
Along E ‖ c no such transfer is observed, within the accuracy
of our data.

independent hybridization and hidden-order gaps. Fur-383

ther evidence for a gap in the normal state for E ‖ a384

can be inferred from Fig. 5(b). It shows an increase in385

the mid-infrared (around 0.5 eV) concomitant with the386

decrease observed in the 20–40 meV region (Fig. 2), in-387

dicating that a transfer from low to high energies is also388

present, besides the narrowing of the Drude peak. The389

determination of the exact gap energy from the optical390

conductivity is model dependent. Nevertheless, gap val-391

ues can be inferred by minima or by inflection points in392

σ1(ω). Figure 2(a) shows that σ1 at T = 25 K has a min-393

imum around 12 meV. This is the same energy observed394

in optics [43, 48] and by other techniques [5, 35, 36].395

Conversely, along E ‖ c, we observe a saturation of ∆S396

in the hidden-order phase, when 1/τc collapses. There is397

no sign of spectral weight transfer to higher frequencies,398

suggesting the absence of a hybridization gap in this di-399

rection. Indeed, inspection of Fig. 2(b) does not reveal400

any clear minimum in σ1 for E ‖ c in the normal state,401

which could be associated to a gap energy. Figure 5(c)402

further supports the absence of a hybridization gap sig-403

nature along E ‖ c. Within the accuracy of our data,404

we observe no changes in the mid-infrared E ‖ c conduc-405

tivity when going through the Kondo liquid coherence406

temperature. There is no mid-infrared spectral weight407

gain associated to the decrease in the 20–40 meV range.408

We can summarize our findings for the optical conduc-409

tivity of URu2Si2 above THO as (i) the Kondo coherence410

response is anisotropic; (ii) the E ‖ a electrodynamics411

is strongly dominated by Kondo physics with the for-412

mation of a very sharp Drude peak below TKL; (iii) the413

narrowing of the Drude peak does not account for all414

the spectral weight lost in the 30 meV region and part415

of it is due to the hybridization gap that opens below416

TKL at ∼ 12 meV; (iv) this hybridization gap is observed417

along the E ‖ a polarization but not along E ‖ c; (v) the418

decrease in σ1 in the 20–40 meV for E ‖ c is fully at-419

tributable to a narrowing of a Drude peak, which starts420

at room temperature; (vi) we observed no influence of421

the coherent Kondo liquid formation in the E ‖ c optical422

conductivity; (vii) in contrast to Ref. 43, we did not ob-423

serve any effect related to a possible pseudogap opening424

at 30 K.425

V. HIDDEN ORDER426

When entering the hidden-order state, a sharp dip ap-427

pears in the reflectivity, which leads to a peak in the428

far-infrared optical conductivity, as shown in Fig. 6. The429

overall behavior for both polarizations is the same. A430

Drude-like peak dominates σ1 just above THO . In the431

hidden-order phase, a large peak appears around 8 meV432

at the expenses of a strong depletion in the low-energy433

σ1. It is worth noting that in both cases, the spectral434

weight below 20 meV is conserved between the normal435

and the hidden-order state, i.e., the lost σ1 at low ener-436

gies corresponds to the area gained by the 8 meV peak.437

This “low-to-high” spectral weight transfer is a text-book438

example of a density wave gap (see chaps. 7 and 14 of439

Ref. 61).440441

One should take the “density-wave” terminology with442

caution. It simply means that the transfer of spectral443

weight is from below to above the gap energy, as opposed444

to a superconducting gap (transfer from finite energies445

to DC) or a semiconducting gap (gap developed over the446

whole Fermi surface with strictly zero absorption up to447

the gap energy). The gap behavior in URu2Si2 does not448

mean that the hidden order is a density wave transition.449

However, it does impose that any model for the hidden-450

order transition must account for a gap with a spectral451

weight redistribution similar to that of a density-wave452

instability.453

The opening of a hidden-order gap comes from the454

strong band structure renormalization observed below455

THO [35, 36]. However, in both polarizations, this gap456

is only partial. Indeed, the resistivity (inset of Fig. 2)457
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Figure 6. (color online) Real part of the optical conductiv-
ity in the hidden-order phase for (a) E ‖ a and (b) E ‖ c.
The large peak around 8 meV indicate the opening of a gap.
In both cases, we can estimate (from the inflexion point) a
gap 2∆HO ≈ 6.5 meV at 5 K. The opening of the gap trans-
fers spectral weight from low (just below 2∆HO) to high (just
above 2∆HO) energies. Note that for E ‖ a the gap closes,
i.e., its energy continuously decreases upon increasing tem-
perature. For E ‖ c the gap fills up rather than close. Also
note a small shoulder (indicated by the arrows) at the leading
edge of the hidden-order peak along c, showing the presence
of a second gap in this orientation. In both panels, the sharp
peaks around 14 meV are polar phonons.

shows an increasing metallic character in the hidden-458

order state corresponding to the survival of a Drude peak459

in the dielectric function (Fig. 3) down to our lowest mea-460

sured temperature. Figure 4 (a) shows that the plasma461

frequency decreases dramatically at THO , but does not462

vanish completely. The plasma frequency is related to463

microscopic quantities through Ω2
p = ne2/ε0m. We can464

estimate the mobile charge density lost in the hidden-465

order state from the ratio [Ω
(4K)
p /Ω

(25K)
p ]2. We find that466

50% of the mobile carriers are lost in the E ‖ a direction467

and 60% along c. This is in agreement with early results468

that estimated a partial gap opening over about 40% of469

the Fermi surface [5, 21].470

A closer analysis of the hidden-order gap shows re-471

markable differences between a and c responses. Figure472

6 (a) shows the E ‖ a spectra. Defining the exact gap473

energy is model dependent. A safe approach is to take474

the inflection point in the leading edge of the peak as475

a first (slightly overestimated) approximation of 2∆HO,476

the energy necessary to excite a charge from the high-477

est occupied state to the lowest empty state. From this478

perspective, panel (a) shows a hidden-order gap that de-479

creases in both energy and spectral weight with the tem-480

perature, whereas panel (b) shows that the gap along the481

c axis keeps the same spectral weight and energy up to,482

at least, 0.7THO . In addition a small shoulder (indicated483

by the arrows) appears at the leading edge of the E ‖ c484

gap. This is the signature of a second gap along that di-485

rection as first observed by Hall et al. [49] and discussed486

in detail in that paper.487

For the E ‖ a data, the spectral weight redistributed488

by the hidden order decreases continuously from 5 K,489

suggesting that states at the Fermi level are recovered490

fast when approaching TN . In the E ‖ c polarization,491

the density of states lost at the Fermi level do not change492

until one gets close to THO . This observation can also be493

inferred from Fig. 4 (a) where the value of the plasma494

frequency along c drops, in the hidden-order phase, at a495

faster pace than in the ab plane.496

Figure 7 shows the temperature evolution of the497

hidden-order gap for both orientations. Along the E ‖ a498

direction, the gap energy decreases with increasing tem-499

perature following a mean-field BCS-like behavior. Look-500

ing at Fig. 6 (a), one can also see that when the gap501

closes, the low frequency optical conductivity increases,502

indicating the presence of thermally excited quasiparti-503

cles. The c axis behavior is qualitatively very different.504

The gap energy stays fixed up to temperatures very close505

to THO . We do not find the quasi mean-field behavior506

observed in Ref. [49]. It does not close but rather “fills-507

up”. In addition, the gap remains robust with almost508

no creation of low-energy thermally-excited quasiparti-509

cles almost all way up to THO .510
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Figure 7. (Color online) Temperature dependence of the
hidden-order gap energy, taken as the inflexion point of the
leading edge of the peak in Fig. 6. Blue symbols correspond to
the E ‖ a optical conductivity and red symbols to the c axis.
The dashed line is the result of a mean field BCS calculation
and the solid line is a guide to the eye.

511
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In the hidden-order phase a summary of our findings512

are: (i) passing the hidden-order transition leads to the513

opening of a density-wave like gap with spectral weight514

transfer from just below to just above the gap energy;515

(ii) the gap value is isotropic at 5 K but (iii) its thermal516

evolution is very different between E ‖ a and E ‖ c; (iv)517

the temperature evolution of the gap energy along E ‖ a518

follows a BCS mean-field behavior but (v) in the E ‖ c519

polarization it stays constant almost all the way up to520

THO ; (vi) the E ‖ a gap closes when approaching THO521

whilst the E ‖ c gap “fills-up” with almost no creation522

of thermally excited quasiparticles; (vii) we confirm Hall523

et al. [49] observation of a second gap along the c direc-524

tion.525

VI. CONCLUSIONS526

We measured the optical conductivity of URu2Si2 in527

the normal and hidden-order state with E ‖ a and E ‖ c528

polarizations. Our results show strong anisotropic behav-529

iors at all temperatures. In the normal state, we found530

an anisotropic behavior with respect to the Kondo liquid531

coherence formation. Along E ‖ a an incoherent opti-532

cal conductivity is present down to TKL where a sharp533

Drude peak develops. Conversely, along E ‖ c this Drude534

peak is already present at room temperature and shows535

no particular anomaly at TKL. We observed the opening536

of a gap, due to the hybridization of localized f -electrons537

with mobile carriers, at temperatures very close to TKL.538

It appears at an energy of 12 meV along the E ‖ a di-539

rection. We did not find a gap signature in the Kondo540

liquid state for E ‖ c. The Drude spectral weight of both541

polarizations decreases dramatically when entering the542

hidden-order phase and we estimate a loss of about 50%543

of the carriers at the Fermi level. A fast drop in the scat-544

tering rate accompanies this decrease of spectral weight.545

A density-wave like gap appears along both polarizations546

in the hidden-order state at about 6.5 meV at 5 K. Along547

E ‖ a this gap closes following a mean field thermal evo-548

lution. Along E ‖ c the gap remains constant almost all549

the way up to THO and it “fills up” rather than closing.550
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