
 

Subterahertz Momentum Drag and Violation of Matthiessen’s Rule in an Ultraclean
Ferromagnetic SrRuO3 Metallic Thin Film

Youcheng Wang ,
1
G. Bossé,
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SrRuO3, a ferromagnet with an approximately 160 K Curie temperature, exhibits a T2-dependent dc

resistivity below ≈30 K. Nevertheless, previous optical studies in the infrared and terahertz range show

non-Drude dynamics at low temperatures, which seem to contradict Fermi-liquid predictions. In this work,

we measure the low-frequency THz range response of thin films with residual resistivity ratios,

ρ300K=ρ4K ≈ 74. At temperatures below 30 K, we find both a sharp zero frequency mode which has a

width narrower than kBT=ℏ as well as a broader zero frequency Lorentzian that has at least an order of

magnitude larger scattering. Both features have temperature dependences consistent with a Fermi liquid

with the wider feature explicitly showing a T2 scaling. Above 30 K, there is a crossover to a regime

described by a single Drude peak that we believe arises from strong interband electron-electron scattering.

Such two channel Drude transport sheds light on reports of the violation of Matthiessen’s rule and extreme

sensitivity to disorder in metallic ruthenates.

DOI: 10.1103/PhysRevLett.125.217401

The 4d ruthenates are well suited to the study of itinerant

correlated electrons and the stability of the Fermi-liquid

state because no explicit doping is necessary to produce

metallic conduction [1–5]. The position of the Fermi level

in bands resulting from the hybridization of O 2p and

Ru 4d leads to ground-state behavior ranging from ferro-

magnetism in SrRuO3, metallic paramagnetism in CaRuO3

[6], insulating antiferromagnetism in Ca2RuO4, quantum

critical metamagnetism in Sr3Ru2O7 [7], and unconven-

tional superconductivity in Sr2RuO4 [5]. These materials

present an opportunity to investigate correlated electrons in

the low-disorder limit.

SrRuO3 exhibits a transition from a paramagnetic to a

ferromagnetic state at Tc ≈ 160 K. Quantum oscillations

and a quadratic temperature dependence of the resistivity

have been measured in the highest-quality samples [4,8].

These findings suggest that the ground state of SrRuO3 is a

magnetic Fermi liquid. Anomalous Hall and magneto-optical

measurements suggest the existence of intrinsic Berry phase

effects near the Fermi energy [9,10]. Nevertheless, among

other experimental observations, infrared and optical mea-

surements of SrRuO3 films (that generally have had higher-

disorder levels than single crystals) have shown a finite

frequency peak in σ1 at frequencies of order 3kBT [11]. At

frequencies above the peak, the real part of the optical

conductivity was observed to fall off as ω−1=2 [11].

Optical measurements at lower frequency gave evidence

for a related fractional power law dependence of the

conductivity on the transport relaxation time [12]. The

theoretical basis to understand this seeming deviation from

the Lorentzian Drude form (and by implication the non-

Fermi-liquid nature of this material) is not clear considering

the radical implications it would have on the link between ac

and dc electrical transport. Similar deviations from simple

Drude forms of finite frequency peaks and anomalous power

laws have been seen in the related compound CaRuO3

[6,13]. In addition, SrRuO3 has a very striking negative

deviation from Matthiessen’s rule when impurity scattering

is increased through electron irradiation. It was demonstrated

that although the fractional form works for more disordered

samples, it does not account for this violation for low-

disorder samples [14,15]. These results highlight the extreme

sensitivity to disorder in this material and the apparent

dependence of even the inelastic scattering on sample

quality. Therefore, measuring low-disorder SrRuO3 samples

at low energies would provide a unique opportunity to

examine Fermi-liquid predictions in this strongly correlated

material. Previous studies were performed at higher frequen-

cies and/or on samples with larger disorder. Recently,

extremely low-disorder films were grown of which photo-

emission measurements reveal a complement of heavy low

energy bands [16].
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In this Letter, we use time domain terahertz spectroscopy

(TDTS) to examine the complex conductivity and resis-

tivity of very-high-quality thin films of SrRuO3. Below

30 K, we find the real part of the THz conductivity exhibits

two very distinct low energy peaks that are related to

different conduction channels. There is both a very sharp

zero frequency conducting mode which has a width

narrower than kBT=ℏ as well as a broader Lorentzian peak

with at least an order of magnitude larger scattering rate.

Both features have temperature dependences consistent

with a Fermi liquid with the wider feature explicitly

showing a T2 scaling. There are a number of possibilities

for the origin of these features including multiband effects

that arise from momentum conserving interband scattering

and the approximate conservation of a pseudomomentum

that arises from this material’s quasi-1D Fermi surface

sheets. Above 30 K, there is a crossover to a regime

described by a single Drude peak that we believe arises

from strong interband electron-electron scattering.

In TDTS, an approximately 1 ps long electromagnetic

pulse is transmitted through a substrate and film. The complex

transmission TðωÞ is obtained from the Fourier transform of

the time trace referenced to a bare substrate. Complex

conductivity σðωÞ is calculated without the need for Kramers-

Kronig transformation from the complex transmission

using TðωÞ ¼ ½ð1þ nÞ=1þ nþ σðωÞdZ0�e
½ðiωΔLðn−1ÞÞ=ðcÞ�.

In this expression, n is the substrate index, ΔL is a correction

that accounts for thickness differences between the reference

substrate and the sample substrate, d is the film thickness, and

Z0 is the impedance of free space (377 Ω). We determined the

effective ΔL from a self-consistent first echo measurement of

the sample and substrate at different temperatures. The proper

determination ofΔL to submicron accuracy is essential for the

accuracy of these results [17]. The films were grown on

single-crystal DyScO3 (110) substrates by molecular-beam

epitaxy to a thickness of 23 nm [17]. Because this substrate is

very lossy to the THz signal in the [001] direction (see

Supplemental Material [17] Fig. S3), in all presented

measurements the polarization of the incident THz beam is

aligned parallel to the ½1̄10� direction. Our data on samples

grown on less lossy (and more highly strained) NdGaO3

substrates show that the in-plane anisotropy is less than 20%

with no qualitative difference between the two directions

(Supplemental Material [17] Fig. S4).

dc resistivity ρðTÞ was measured in the van der Pauw

geometry and anisotropy determined from the Montgomery

method [28] [Fig. 1(a)]. The kink at 168 K is attributed to

the development of ferromagnetic order [29]. The high

quality of the film is reflected in its low residual resistivity

of ρðT → 0Þ ∼ 2.6 μΩ cm giving a large residual resistivity

ratio of ≈74 along the ½1̄10� direction. This residual

resistivity is almost 20 times lower than the films used

in previous TDTS studies [12]. A quadratic dependence on

the temperature of ρðTÞ − ρð0Þ has been reported up to at

least 30 K [inset of Fig. 1(a)]. Our observation of a T2

dependence of the resistivity is consistent with other studies

on low-disorder samples [8,30] as opposed to behavior Tβ,

where β ∼ 1–2 is observed primarily in samples with

residual resistivities above 50 μΩ cm [29].

In Fig. 1(b), we plot the real part of the THz and dc

conductivity at different temperatures. With decreasing

temperature, there is a remarkable sharpening of a low-

frequency Drude-like peak. The real σ1 and imaginary σ2
parts of the complex conductivity, with corresponding dc

values at 3 K are plotted in Fig. 1(c). At this temperature,

the peak in σ1 is so narrow that σ2 > σ1 for the entire

frequency range measured. In a simple single-band metal,

one expects that the scattering of electrons is dominated by

quenched disorder as T → 0 and that the dynamical

4

6

8
10

4

2

4

6

8
10

5

2

4

C
o

n
d

u
c

ti
v

it
y

 
1
 (

-1
c

m
-1

)  E//[110]  3K
 5K  10K
15K  20K
 25K  30K
 35K  40K
 45K  50K
 60K  80K
 100K  150K
 200K  296K

(b)

4.0 x10
5

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

C
o

n
d

u
c

ti
v

it
y

 
1
,2

 (
-1

c
m

-1
)

1.61.20.80.40.0

Frequency / 2  (THz)

3 K
 DC data
 Data, real part
 Data, imag part
 One Drude fit, real part
 One Drude fit, imag part 
 Two Drude fit, real part
 Two Drude fit, imag part

(c)

200

150

100

50

0

d
c

 r
e

s
is

ti
v

it
y

  
d

c
 (

u
 c

m
)

300250200150100500

Temperature T (K)

Sample: HNNS180820C
23 nm SrRuO3/0.9 mm (110) DyScO3 

 [001]  300K/ 4K ~ 69

 [110]  300K/ 4K ~ 74

 (a)

12

10

8

6

4

2

0

d
c
- 

0
 (

 c
m

)

1000800600400200
 T

2
 (K

2
)

FIG. 1. (a) dc resistivity as a function of the temperature for the

SrRuO3 film for the two orthogonal directions. Inset: resistivity

minus residual resistivity as a function of T2. Fits to the data in

the temperature range 2–32 K are shown as black lines. (b) Real

part of the THz conductivity σ1 from 5 K to room temperature

along with corresponding dc values. (c) One Drude vs two Drude

fit of dc and THz data at 3 K. The dc conductivity and real and

imaginary parts of the complex conductivity are fitted simulta-

neously.
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conductivity can be modeled with a single Drude oscillator

with the functional form σðωÞ ¼ ϵ0½ðω
2
pÞ=ð1=τ − iωÞ�

(where ωp is the plasma frequency and 1=τ is the current

decay rate). Although the σ1 data superficially have such a

Drude form, the 3 K complex conductivity, in fact, cannot

be reproduced with a single Drude oscillator. As can be

seen in Fig. 1(c), the best fits with a single Drude oscillator

to the THz constrained with the dc resistivity under-

estimates the real conductivity and overestimates the

imaginary conductivity. Note that we can make such an

assessment despite the fact that the spectral range between

dc and 200 GHz is not measured because the real and

imaginary parts of σ are Kramers-Kronig related to each

other; e.g., the data are strongly constrained for parts of the

spectral range that are not explicitly measured, by parts that

are measured. In order to fit the 3 K conductivity, at least

two Lorentzian oscillators are needed: one narrow with

1=τ1 ≲ 50 GHz scattering rate and one wider with 1=τ2 ∼
300 GHz scattering rate. Because the narrow oscillator

has a width below the measured frequency range, we can

only set an upper limit on its width, although we are

highly sensitive to its spectral weight. In these fits, we

adopt the highest value of 1=τ1 consistent with THz

data as its upper bound. The full functional form

is σðωÞ¼
P

2

n¼1
ϵ0ωpn

2½1=ð1=τn− iωÞ�− iϵ0ðϵ∞−1Þω. ϵ
∞

accounts for effects of interband transitions at frequencies

well above our range. As discussed below, the appearance

of multiple Lorentzian Drude peaks is a natural expectation

for a multiband metal.

The necessity to use two Drude terms extends to higher

temperatures. One can see in the 5 K conductivity

[Fig. 2(a)] that the narrow Drude (green area under the

real part of the narrow Drude) accounts for the sharp

upturn toward the dc conductivity, whereas the wide

Drude part (blue) is needed to capture the long tail of

σ1ðωÞ. In the data up to 30 K [Figs. 2(b) and 2(c)], one

cannot fit the imaginary part of the conductivity with a

single Drude if one insists on a fit of the real part. As the

temperature increases, the scattering rate of the narrow

Lorentzian increases faster than the scattering rate of the

wider one, and the rates become equal above 30 K and the

Lorentzians indistinguishable. Hence, a single Drude

fitting above 30 K suffices. It is interesting to note that

this temperature is close to that below which T2 resistivity

has been reported. The scattering rate of the wide Drude

peak goes as T2 below 30 K. The total spectral weight

[Fig. 3(b)] is unchanged within 5% below 30 K, while the

narrow Drude peak corresponds to about 20% of the total

weight in the range where it can be distinguished. Note

that the fractional functional form used previously [12]

does not fit our data (Supplemental Material [17] Sec. IV).

Also note that we see no sign of meV range finite frequency

peaks arising from either finite temperature effects as

observed previously in higher-disorder samples [11] or
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FIG. 2. (a) Real and imaginaryTHzconductivitywithdcvalues at 5K.The red andblue solid lines showfittingwith twoDrude terms.The

green and blue shaded regions correspond to a narrow andwider Drude term, respectively. The green shade is offset to distinguish from the

other. (b)–(f)Real and imaginaryparts of the complex conductivitywith dcvalues for 5K [samedata as in (a)], 15, 25, 35, and80K.Thedata

are presented with one Drude (dashed lines) and twoDrudemodeling (solid lines). Note that for 35 and 80K, twoDrude terms from fitting

have the same scattering rates, so the two Drude overlaps with one Drude fitting. In (b)–(f) the same line types are used.
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that have been predicted to arise from the tilt of the

octahedra [31].

We examined complex resistivity which is the inverse of

complex conductivity data [17]. For a single-band

metal, the “Gurzhi” scaling [32] for a metal with dominant

umklapp scattering as T → 0 predicts the real part

of the resistivity goes as ρ1ðT;ωÞ ¼ ρee
0
ðTÞ½1þ ðℏωÞ2=

bπ2ðkBTÞ
2� where ρee

0
ðTÞ is the quadratic dc resistivity.

This relation arises from the established relation between

T- and ω-induced inelastic scattering [33]. With the b that

is predicted to be 4 for a canonical Fermi liquid, the

scattering is dominated in our temperature and frequency

range by the temperature; e.g., the broadening at 30 K at

zero frequency is expected to be approximately 16.6 times

larger than the broadening at 1 THz at T ¼ 0. This is

consistent with our data in that we find very little

frequency-dependent changes to ρ1 (Supplemental

Material [17] Figs. S6 and S7), while the T-dependence
changes are large. When intraband scattering processes

dominate, the complex resistivity can be related to the

“extended” Drude model (EDM), in which the scattering

rate and effective masses in the Drude formula become

complex and frequency dependent [34]. The EDM has been

used extensively to describe heavy fermion systems

[35,36], high-Tc cuprates [2], and transition-metal

compounds [37]. Within the context of EDM, the slope

of the imaginary part of the complex resistivity with

frequency is proportional to the optical renormalized mass

(m�=mb; mb is the effective band mass). It is found that in

our TDTS data, mass enhancement at the lowest tempera-

tures is ∼6.5 [Supplemental Material [17] Fig. S6(b)],

which roughly agrees with heat capacity and de Haas–van

Alphen measurements [29,38]. In particular, heat

capacity measurements show a Sommerfeld coefficient

γexpt=γtheor ¼ 3.7, suggesting a mass enhancement similar

to what we observe in TDTS measurements [29].

According to an angle-resolved de Haas–van Alphen study,

the effective mass of charge carriers measured for each

Fermi surface sheet ranges from 4.1 to 6.9me [38].

Similarly, angle-resolved photoemission has found masses

of order 3.7me [16] for the β sheet.

We now discuss the possible origins of the multiple low-

frequency Drude peaks and the crossover to a single peak at

higher temperature. As mentioned above, one expects in a

multiband metal like SrRuO3 a number of independent

conduction channels. In the low-temperature limit, disorder

scattering is expected to be dominant, and the different

channels will manifest as different Lorentzian Drude peaks.

These may have very different residual widths as the rate of

scattering by short-range impurities is proportional to the

density of states of the band, which may be very different

between bands. At high temperatures, electron-electron

scattering will dominate. In an almost compensated metal

such as SrRuO3, scattering serves to equalize net velocities

between electrons and hole bands giving rise to a single

Drude peak [33,39]. This crossover scenario is quite

general and discussed in more detail in the Ref. [17]. In

a different scenario, Rosch and Andrei have shown [40,41]

that in 1D it is possible to define a pseudomomentum that

does not decay by two-particle collisions and hence decays

more slowly than the conventional crystal momentum. It is

expected that a state with finite pseudomomentum has

significant projection on current-carrying states. This gives

rise to well-defined and sharp peaks in the optical con-

ductivity. One might expect these effects in even quasi-2D

metals like SrRuO3 as its Fermi surface is composed of

primarily 1D sections that show only weak hybridization

where the bands intersect. Irrespective of the mechanism,

what these scenarios share is the idea that scattering

channels add in the conductivity not the resistivity. The

latter is the usual Matthiessen rule, and in this regard,

our results give understanding of the deviations from

Matthiessen’s rule in this material.

We have examined THz dynamical conductivity in clean

films of SrRuO3, which have more than an order of

magnitude smaller residual resistivity than previously

measured samples, and observed very different results.

At low temperature, a narrow Drude-like peak emerges,

which cannot be parametrized with a single oscillator. As it

is the low-frequency and low-temperature properties of a

(b)

(a)

FIG. 3. (a) Scattering rate of the wide (red) and narrow (blue)

Drude peaks as a function of T. The dashed line is a quadratic fit

to the data below 30 K, and extended to higher T. (b) Spectral
weight of the two Drude peaks (obtained from two Drude fitting)

and their total spectral weight, from 5 to 30 K. Above 30 K, single

Drude fit parameters are given. The spectral weight is propor-

tional to ω2
p.
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system which are diagnostic of its ground state, the T2

dependence of the widths of the low energy conductivity

peaks confirm the Fermi-liquid nature of this compound.

The presence of multiple Drude peaks, however, indicates

effects beyond conventional Boltzmann transport and

might help explain previous reports of deviations from

Matthiessen’s rule. They may indicate either the presence

of extremely strong momentum-conserving electron-

electron interactions or an almost conserved pseudomo-

mentum due to quasi-1D Fermi surfaces of this system.
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