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Anisotropic magnetoresistance (AMR) is a ubiquitous and versatile probe of ferro-, ferri- and 
antiferromagnetic order in contemporary spintronics research. Its origins are usually ascribed to 
spin-dependent electron scattering, whereas scattering-independent (intrinsic) contributions are 
neglected. Here, we measure AMR of the standard ferromagnets Co, Ni, Ni81Fe19 and Ni50Fe50 
over the very wide frequency range from DC to 28 THz, which covers the regimes of both 
diffusive and ballistic transport. Analysis of the broadband response based on Boltzmann-Drude 
theory reveals that the AMR not only has the familiar scattering-dependent contribution, but also 
contains a sizeable scattering-independent component. In polycrystalline Co, this component is 
frequency-independent up to 28 THz and amounts to more than 2/3 of the AMR contrast of 1%, 
thereby making it interesting for applications in terahertz spintronics and terahertz photonics. 
Our results show that broadband terahertz electromagnetic pulses provide new insights into 
magneto-transport phenomena of magnetic materials on ultrafast time scales. 



 
 
FIG. 1. Measuring DC and THz AMR. (a) Schematic of DC electrical AMR measurement. The resistance  of a 
magnetic thin film with magnetization  (red arrow) along the applied DC electric field  (blue arrow) is 
measured for different rotation angles  of  with respect to . (b) Schematic of the THz AMR measurement. A 
vertically polarized THz pulse with transient electric field  (blue arrow) is incident on the magnetic thin film. 
After traversal of the sample, we detect the vertical component of the THz electric field as a function of the 
magnetization angle . (c) DC longitudinal resistance of Ni81Fe19 vs  (open circles) with fit by  
(solid line). (d) Amplitude of the electrooptic THz signal ,  of the terahertz wave (bandwidth 0.2…2 THz) as a 
function of  (open circles) with fit as in (c). 

  

(a)

(b)

(c)

(d)

DC
155

154.5

154

153.5R
es

is
ta

nc
e 

R
  (

Ω
)

360270180900
α  (°)

46.8

46.6

46.4

TH
z 

si
gn

al
 a

m
pl

itu
de

  (
μr

ad
)

360270180900
α  (°)



 
 
FIG. 2. THz AMR probes of Ni81Fe19 and Co. (a) Electrooptic signal THz traces ∆ , ° , °   (red 
curve) and , ° , ° /  (blue curve) of a THz pulse with spectrum covering 0.2…2 THz and 
(b) 8…28 THz after having traversed the Ni81Fe19 thin film. (c,d) Fourier amplitude spectra |∆ | and | | of 
the traces of panel (a,b), respectively. The noise level of |∆ | is indicated by the grey dashed line. (e,f) Relative 
spectral amplitude changes |∆ / | as derived from panel (c,d), respectively (red circles). Results for Co are 
also shown (black circles). Note that |∆ / | is closely related to the AMR contrast through Eq. (4). Data in 
all panels are scaled by the indicated factors for clarity. 
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FIG. 3. AMR from DC to 28 THz. (a) Mean complex-valued conductivity /  (upper panel, real part 
in blue, imaginary part in red circles) and magnitude |AMR| of the AMR contrast (lower panel) of a Ni81Fe19 thin 
film as a function of frequency. Solid lines are fits based on the Drude formula [Eqs. (2) and (3)]. DC conductivity 
and DC AMR are shown at the origin of the frequency axis (square scatter). (b,c,d) Same as panel (a), but for of 
Ni50Fe50, Ni and Co, respectively. In panel (d), the red dashed line and shaded area indicate the scattering-
independent contribution (B) to AMR. The scaling of the frequency axis is non-equidistant for clarity. The measured 
frequency ranges are determined by the spectral response of the electrooptic detection crystals used.   
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 Ni81Fe19 Ni50Fe50 Ni Co 

Crystallite symmetry Cubic Cubic Cubic fcc Hexagonal hcp 

DC (MS/m) 2.5±0.3 3.1±0.2 1.5±0.1 3.2±0.2 0  (MS/m) 2.9±0.2 2.8±0.1 1.4±0.2 2.9±0.2 

 (fs)  9±2 9±2 5±1 11±2 ∆ DC/ DC (%) 1.0±0.1 0.7±0.1 0.37±0.05 0.9±0.1 ∆ 0 / 0  (%) 1.6±0.4 0.5±0.1 0.3±0.1 0.7±0.2 ∆ Ω /Ω   (7±1)×10-6 (1.5±1)×10-6 (3±1)×10-6 (0.5±0.1)×10-2 ∆ /   (1.6±0.4)×10-2 (0.5±0.1)×10-2 (0.25±0.05)×10-2 (0.2±0.1)×10-2 /  5×10-4 3×10-4 1×10-3 2.5 

 
TABLE I. Sample properties and fit parameters. All films are polycrystalline. The parameters , , ∆ / ,  and  were obtained by fitting the Drude model for conductivity and AMR [Eqs. (2) and (3)] to the 
data shown in Fig. 3. The ratio of scattering-based (weight ) and plasma-frequency-based (weight ) contributions 
to the AMR shows a different AMR regime in Co comparing to other materials. Parameters  and  were obtained 
using fits of the whole frequency range and / 8 THz  (see Supplementary Note 1 and Table S1). The error 
bars are addressed in Appendix B. 

  



I. INTRODUCTION 

The electrical resistance of a ferromagnet along the applied electric field is known to depend on the 
direction of the magnetization . This anisotropic magnetoresistance (AMR)1,2,3,4,5,6,7 is a well-studied 
magnetoresistive effect and a powerful tool to detect the magnetic order parameter of ferromagnets as 
well as ferrimagnets8,9. As AMR is even in the magnetic order parameter, it has lately received additional 
attraction as a probe of the Néel vector of antiferromagnets10. Therefore, AMR has large potential for 
applications in future spintronic devices11. 

The canonic way to describe the origins of AMR relies on an extrinsic mechanism, that is, spin-dependent 
electron scattering. In transition metals, the -dependent rate of electron scattering out of the current-
carrying s-states is understood to arise from spin-orbit coupling, which reduces the symmetry of the target 
d-states2,3, 5,12. Other extrinsic scenarios involve magnetic impurities acting on spin-orbit-coupled p-states 
(in, for instance, dilute magnetic semiconductors13) and non-magnetic impurities acting on states with 
isotropic band dispersion but anisotropic wavefunctions14. 

Only recently, theoretical works pointed out that scattering-independent (intrinsic) mechanisms such as 
changes in the band velocities due to spin-orbit coupling can contribute considerably to both AMR and 
giant magnetoresistance15,16,17,18,19,20. However, experimental evidence for intrinsic contributions to AMR 
is more than rare and for many systems missing.  

To overcome this lack and directly address scattering-independent transport, we propose to probe the 
AMR dynamics faster than the time scales on which electron scattering takes place. To implement this 
idea, one needs to measure AMR over a wide frequency range from DC to several 10 THz. While the 
lower frequencies of this interval probe diffusive (scattering-dominated) transport, the frequencies at the 
higher end are more sensitive electron motion in the ballistic limit (without scattering). 

Meanwhile, AMR of common magnets has not only been reported at DC, but also at elevated frequencies 
around 1 THz (Refs. 21,22) and in the infrared, where AMR is usually referred to as magnetic linear 
birefringence/dichroism23,24. These results show that contact-free optical rather than contact-based 
electrical techniques can be used for AMR detection. 

In this work, we make use of broadband THz spectroscopy to measure the AMR of common ferromagnets 
from DC to 28 THz, which covers the frequency range of electronic scattering processes. A frequency-
resolved analysis based on the Boltzmann transport equation allows us to experimentally separate the 
(A) scattering-based and (B) scattering-independent components of AMR. We find that component (B) is 
significant and even dominates the total AMR for the case of polycrystalline Co. Owing to its 
instantaneous response up to at least 28 THz, it is highly interesting for applications in future THz 
spintronic devices. Our results also highlight that broadband THz AMR is a powerful probe of ultrafast 
spin dynamics. 

II. AMR IN THE DRUDE-BOLTZMANN FRAMEWORK 

The AMR contrast is defined as 

AMR
∆

 (1) 



where the conductivity  is the inverse of the resistivity  with the applied electric field  parallel (
) or perpendicular ( ) to the magnetization . Typically, AMR is positive and reaches values on the 

order of 1% to 10% (Ref. 2). 

In contrast to the anomalous Hall effect (which is of first order in ), there are significantly less 
theoretical studies of the microscopic mechanism of AMR (which is quadratic in the order parameter). A 
frequently used theoretical approach is based on the Boltzmann equation describing intraband 
transport14,18,20,25,26. Assuming state-independent relaxation rates, one can derive the Drude formula27,28 1 Ω i  (2) 

where  or , /2  is the frequency of the driving field, 377Ω is the free-space impedance, and 
 is the speed of light. Equation (2) allows us to identify (A) scattering-based and (B) scattering-

independent contributions to the AMR contrast. Inequality  of the  and  conductivities and, 
thus, AMR can arise from the -direction dependence of (A) the current relaxation time ( ) and 
(B) the plasma frequency (Ω Ω ). The squared plasma frequency Ω  is given by a summation of 
the squared electron band velocity component  over the Fermi surface29,30,31,32. It is a measure of the 
weight of scattering-independent contributions to the conductivity. In contrast to Ω , the velocity 
relaxation rate  arises from electron-impurity and electron-phonon scattering. Note that previous 
studies using the Boltzmann approach ascribed AMR to contribution (A)2,25. 

It is instructive to substitute the Drude formula [Eq. (2)] into the AMR definition [Eq. (1)], resulting in 
(see Appendix A) 

AMR 1 i . (3) 

This relationship has remarkable implications: First, the two terms on its right-hand scale with Δ /  and Δ Ω /Ω  where Δ refers to the difference of the  and  component. Therefore, 
the  and  terms, respectively, quantify the (A) scattering-based and (B) scattering-independent 
contribution to AMR.  

Second, the components (A) and (B) exhibit a distinctly different frequency dependence. The scattering-
based contribution (A) rolls off with frequency just as the conductivity  [Eq. (2)] does. The frequency 
scale of this decrease is set by the velocity relaxation rate /2 , which is typically on the order of 
10 THz33,34. The scattering-independent contribution (B), in contrast, is -independent, thereby making it 
interesting for potential high-frequency applications in THz spintronics. 

Finally, Eq. (3) suggests that in order to determine the relative weight /  of the two AMR contributions, 
one has to conduct a sufficiently broadband AMR measurement. Our goal is, therefore, to measure the 
anisotropic conductivity of common ferromagnets over the broad range from /2 0 to tens of THz. 

III. EXPERIMENTAL SETUP 

As samples, we choose common ferromagnetic materials with in-plane magnetic anisotropy grown by 
sputtering on isotropic Si substrates: Ni81Fe19 (thickness of 8 nm), Ni50Fe50 (10 nm), Ni (10 nm) and Co 
(10 nm). All samples are prepared in the polycrystalline phase (see Appendix B). As compiled by Table 1, 



they consist of crystallites having cubic (Ni81Fe19, Ni50Fe50, Ni) or hexagonal symmetry (Co). Because the 
size of the randomly oriented crystals is orders of magnitude smaller than the wavelength of the probing 
THz radiation, all films are macroscopically isotropic in the absence of magnetic order ( 0), and the 
in-plane conductivity tensor is fully determined by the two conductivity values  and  parallel and 
perpendicular to the magnetization35, independent of the sample azimuth. The difference  equals 2  where  is the only relevant element of the AMR tensor (see Appendix C). 

Measurement of the AMR contrast [Eq. (1)] of our sample, thus, relies on the determination of the 
conductivity for  and . At DC frequency, the conductance of a conducting thin film is 
straightforwardly measured by a four-point approach as a function of the azimuthal angle  between the 
in-plane magnetization  and the direction along which the conductance is detected [Fig. 1(a)]. 

To determine AMR at THz frequencies, we omit all contacts and measure the transmission of a 
broadband THz electromagnetic pulse through the thin-film samples in a quasi-optical manner [Fig. (1b)]. 
As detailed in the Appendix B, linearly polarized THz pulses are obtained by difference-frequency 
generation of femtosecond laser pulses. After transmission through the sample, the THz pulses are 
detected by electrooptic sampling. The resulting THz electrooptic signal  vs time  is related to the THz 
electric field by a linear transfer function that cancels in the subsequent data analysis. 

Various combinations of THz sources and detectors allow us to cover the low frequency range 
0.2…2 THz, the intermediate range 1…6 THz and the high frequency range 8…28 THz. Typical 
examples of transmitted THz signal waveforms are shown in Figs. 2(a) and 2(b) (blue curves). The 
magnetization angle  relative to the direction of the applied electric field [see Figs. 1(a) and 1(b)] is 
controlled by an external magnetic field. 

IV. RESULTS 

A. Impact of magnetization direction 

Figure 1c shows the measured DC resistance of the Ni81Fe19 thin film vs the angle  between 
magnetization and applied electric field. We observe the typical cos -like resistance modulation that is 
expected for samples exhibiting only two major conductivities  and  (Ref. 2). From the modulation 
depth, we estimate an AMR contrast of ~1%. The DC AMR data for the other samples are shown in 
Supplementary Figure S1. 

We now turn to the THz data. Figure 1(d) displays the peak amplitude of the vertical component of the 
transmitted THz waveform as a function of . Note that the modulation of the THz signal amplitude 
exhibits both the same  dependence and comparable contrast (~1%) as the DC resistance. We explicitly 
confirmed that the -dependent signal component disappeared when either (i) test samples without 
magnetic layer were used, (ii) the strength of the magnetic field was lowered below a critical value or 
(iii) the THz beam was blocked. 

We conclude that the -dependent THz signal arises from the anisotropic conductivity of the magnetic 
thin film under study. As the -dependence and relative magnitude of this signal [Fig. 1(d)] coincide with 
that of the DC AMR signal [Fig. 1(c)], we assign the -dependent THz signal modulation to the AMR 
effect at THz frequencies.  

 



B. THz AMR differential spectra 

To enable spectral analysis of the THz AMR, we increased the signal-to-noise ratio considerably by 
modulating the magnetization direction at a frequency of 6 kHz. More precisely, the magnetization 
angle  is varied between 0° and 90°, that is, between approximately parallel and 
perpendicular to the polarization of the THz wave [see Fig. 1(b)]. By demodulation with a lock-in-type 
technique (see Appendix B), we obtain the signals ∆ , ,  and , , /2. We also measure a reference signal ref , which is the electrooptic signal 
of the THz pulse after having traversed a plain reference substrate without metal film and in the absence 
of an external magnetic field. 

Typical time-domain raw data and their spectra are shown in Figs. 2(a)-2(d) for the case of the Ni81Fe19 
thin film. While Fig. 2(a) displays the signals ∆  and  for low-frequency THz pulses, Fig. 2(b) 
shows corresponding traces for an incident high-frequency THz pulse. By Fourier-transformation of the 
data of Figs. 2(a) and 2(b), the amplitude spectra ∆  and  of Figs. 2(c) and 2(d) are obtained. 
Relative -induced spectral amplitude changes |∆ / | are displayed in Figs. 2(e) and 2(f) for 
Ni81Fe19 and Co, respectively.  

The raw data of Figs. 2(c) and 2(d) reveal an interesting behavior: Both ∆  and  have exactly the 
same spectrum in the low-frequency range [Fig. 2(c)], but differ noticeably in the high-frequency range 
[Fig. 2(d)]. Figures 2(e) and 2(f) confirm this observation: |∆ / |, which scales with the AMR 
magnitude [Eq. (3)], is independent of frequency below 2 THz [Fig. 2(e)], but starts decreasing above 
2 THz, eventually reducing to about 50% at 20 THz [Fig. 2(f)]. This behavior is consistent with the 
amplitudes of the time-domain data [Figs. 2(a) and 2(b)] and their spectra [Figs. 2(c) and 2(d)]. Thus, 
Figs. 2(e) and 2(f) show that AMR is operative at frequencies up to 30 THz, but decreases on a scale of 
~10 THz which coincides with typical current relaxation rates33,34.  

C. From signals to conductivities and AMR 

To better understand these observations, we use the signals  (mean transmission signal through the 
full sample), ref  (signal for the substrate only) and the Tinkham formula36 to extract the conductivity 
of the metal layer (see Appendix B). Real and imaginary part of the mean conductivity  vs frequency /2  are displayed in Figs. 3(a)-3(d) (top panels) along with the DC conductivity DC for all four samples 
studied. We note that DC and  at /2  0.2 THz agree well. 

To gain access to microscopic parameters, we fit the measured conductivities using the Drude formula 
[Eq. (2)]. As shown by the solid lines of Figs. 3(a)-3(d), the Drude-Boltzmann framework provides a very 
good description of our experimental data over more than two frequency decades. We note that Drude-
like behavior was previously observed also for nonmagnetic metals27 and magnetic metal multilayers28. 
The best-fit parameters  and 0  of our data are summarized in Table 1. Again, we obtain a good 
match between the Drude formula at 0 and the measured DC conductivity DC. The current 
relaxation times  are found to be on the order of 10 fs, which is a typical value for metal thin films33,34,28. 

To infer the AMR contrast [Eq. (1)], we use the  as determined by the fits above and the relationship 
(see Appendix A) 

AMR
∆ 1 S A . (4) 



Here, S and A are the frequency-dependent refractive indices of air and substrate, and  is the thickness 
of the metal layer. The modulus |AMR| is displayed in Fig. 3 (bottom panels) vs frequency for all 
materials investigated. We see that the AMR contrast is approximately frequency-independent for /2 2 THz with magnitudes ranging from 0.3% (Ni) up to 1.6% (Ni81Fe19). These values are in good 
agreement with the DC quantities obtained by contact-based measurements. 

D. Intrinsic AMR component 

We are now ready to tackle the major goal of this work and determine the relative weight of scattering-
based and scattering-independent components of AMR [see Eq. (3)]. For /2 2 THz, we find that the 
AMR contrast decreases by about 50% from 10 to 20 THz for both Ni81Fe19 and Ni50Fe50. The slope of 
this decrease is similar to that of the conductivity Re . This observation and the discussion following 
Eq. (3) suggest that AMR contribution (A) is dominant for these films. In contrast, for Co, we find an 
AMR decrease of less than 10% from 10 to 20 THz, although the conductivity rolls off by more than 50% 
in this range. This finding and Eq. (3) indicate that the AMR of Co has a significant frequency-
independent contribution (B). 

To address this point quantitatively, we determine the weight  and  of the two AMR contributions (A) 
and (B) by fitting Eq. (3) to the measured |AMR| (Fig. 3 bottom panels) with ,  as sample-dependent 
fit parameters. Excellent agreement of measured data and fits is obtained for all four investigated 
materials, independent of the two fit procedures being used (see Supplementary Note 1, Figure S2 and 
Table S1). 

The relevant material parameters are summarized in Table 1 (average of the two fitting approaches). We 
find that the scattering-independent contribution (B) to AMR is negligible ( / 10 ) for Ni81Fe19, 
Ni50Fe50 and Ni. However, a strongly contrasting behavior ( / 2.5) is seen for our Co thin film: Its 
scattering-independent contribution [shown in Fig. 3(d) by the red dashed line] is a factor of about 2 
larger than the scattering-based component. At the same time, Co exhibits a THz AMR of 0.7%, only 
50% smaller than that of Ni81Fe19, which turns out to have the largest THz AMR of the four materials 
studied here. To the best of our knowledge, we have, therefore, found first experimental evidence for 
scattering-independent contributions to AMR in a common ferromagnet. 

V. DISCUSSION 

To summarize, we successfully measured AMR of thin films of the standard ferromagnets Co, Ni, 
Ni81Fe19 and Ni50Fe50 from DC to 28 THz. Our data can excellently be described by the Drude formula for 
the conductivity parallel and perpendicular to the sample magnetization. We identify two distinctly 
different contributions to AMR: (A) a frequency-dependent component due to magnetization-dependent 
electron scattering and (B) a frequency-independent scattering-independent component arising from 
magnetization-dependent electronic band velocities. While the non-extrinsic contribution (B) is usually 
neglected in Boltzmann-type models of AMR2,3,5,12, it can be significant already at DC and even dominate 
AMR above 20 THz in Co. 

The question arises why the scattering-independent contribution (B) to AMR is much larger in Co than in 
Ni, Ni81Fe19 and Ni50Fe50. We ascribe this distinctly different behavior to the crystal symmetry of the 
materials studied here. While crystalline Ni, Ni81Fe19 and Ni50Fe50 are cubic (fcc, point group m3m), Co 
has hexagonal symmetry (hcp, point group 6/mmm). The lower symmetry of Co allows for different 
values of observables for directions parallel and perpendicular to the c axis. Examples include the 



refractive index (making Co optically anisotropic already in the paramagnetic state), the electron orbital 
angular momentum and spin-orbit coupling energies37. 

A strongly anisotropic spin-orbit coupling strength implies that the electronic band structure changes 
substantially when the magnetization  is parallel or perpendicular to the c axis. Therefore, the squared 
plasma frequency Ω , which is a summation of the squared electron band velocity component  over the 
Fermi surface29,30 , should change strongly as well. 

We put this expectation to test by numerically estimating the weight  of the scattering-independent 
component (B) of the conductivity, that is, the -dependent variation of the squared plasma frequency Ω  of Co [see Eq. (3) and Appendix C]. Preliminary results indicate that when  is tilted out of the 
basal -  plane into a direction parallel to the c axis of Co, the plasma frequency Ω  decreases by a 
value on the order of 4%. In contrast, the calculations for Ni indicate that the plasma frequency varies 
significantly less than 1% as a function of the magnetization direction. Our numerical estimates, thus, 
confirm the expected variation of the plasma frequency Ω  when  is rotated out of the basal plane of 
Co. 

Note, however, that the samples of our experiment are polycrystalline. In a simplified picture, one can 
imagine this situation as an ensemble of three subsets of Co crystallites whose c axes point along either 
the ,  or  axis with the same probability of 1/3. For simplicity, we assume that only the magnetization 
component along the c axis will modify the conductivity. When the driving THz field  is applied along 
the  direction and the resulting current density  is measured along , the relevant conductivity  
changes only due to those crystallites whose c axis is parallel to the  axis. Therefore, the current density 
along  will change when  is rotated from  to , and at least part of the AMR of the 
crystallites is inherited by the polycrystalline sample.  

In a more rigorous way, the polycrystallinity of the sample can be taken into account by averaging the 
conductivity tensor over all crystal orientations while keeping the magnetization  fixed. One can, 
equivalently, perform a rotational average of the AMR tensor 1/2 /  (see 
Appendix C). The elements  are proportional to the change in Ω  with respect to . While the 
refractive index of the paramagnetic phase of polycrystalline Co becomes completely isotropic, the AMR 
to a large extent survives the rotational averaging process. For polycrystalline Co, we estimate the 
scattering-independent AMR contrast by a linear combination of the numerically estimated tensor 
elements  [see Eq. (C3) and Appendix C]. We obtain an AMR contrast on the order of 1% and 0% for 
Co and Ni, which is consistent with the measured scattering-independent contribution of  0.5% and 
0%, respectively. 

VI. CONCLUSIONS 

In conclusion, broadband THz spectroscopy enables one to measure AMR from ~0.2 to tens of THz. The 
wide bandwidth provides access to important transport parameters. Our measurements reveal scattering-
based and sizeable scattering-independent contributions to the AMR contrast, thereby providing new and 
surprising insights into a mature effect. Polycrystalline Co exhibits a sizeable scattering independent 
contribution which can consistently be ascribed to the hexagonal crystalline anisotropy of the Co 
crystallites. Our interpretation is supported by rotational averaging of the AMR tensor and numerical 



estimates. It also highlights a strategy to identify materials with a large scattering-independent AMR 
contribution which is interesting for potential broadband THz spintronic applications. 

We anticipate that broadband THz AMR will be a highly useful, versatile and ultrafast probe of all flavors 
of magnetic order and transport parameters of spintronic materials. In particular, it should also be 
applicable to metallic antiferromagnets such as CuMnAs and Mn2Au that have recently moved into the 
focus of spintronics research11,38. In this way, THz AMR complements other recently developed ultrafast 
spintronic techniques such as THz anomalous Hall effect39,40 and magnetization-dependent THz 
emission41,42,43 that have provided new insights into the dynamics of spin transport and spin-to-charge-
current conversion. 

As our THz radiation is pulsed, THz AMR can be measured with a time resolution down to 100 fs. This 
feature opens up the exciting possibility to monitor material-relevant parameters on the natural time scales 
of spin, electron and lattice dynamics44. Finally, because the THz range coincides with a variety of 
excitations (such as phonons and magnons), the method presented here allows us to study the impact of 
such resonances on magneto-transport at their natural frequencies. 
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APPENDIX A: DERIVATIONS OF EQS. (3) AND (4) 

1. Derivation of Eq. (3) 

We rewrite the Drude formula [Eq. (2)] as Ω /
i

:  (A1) 

where 1,2 refers to the  and  configuration, respectively. Linearization with respect to Δ ΩΩ Ω Ω  and Δ  yields 

AMR Δ Δ Δ Δ ΩΩ Δ 1 i 1 i  (A2) 

with  Δ Ω /Ω  and Δ / . Further analysis shows that the linearization produces an 
error on the order of Δ Ω ∆ , which is negligible here. 

2. Derivation of Eq. (4) 

By using Eq. (B2), we obtain Δ 1 Δ
 (A3) 



where A S / . Using Eq. (B2), the first fraction on the right-hand side of Eq. (B1) can be 
rewritten as  1 /  and then AMR Δ Δ 1 ∆ 1 . (A4) 

The last step follows because in the frequency domain, the transfer function connecting the THz electric 
field  behind the sample and the actually measured electrooptic signal  cancels in the fraction ∆ / . 
Finally, by using /2 and /2, we arrive at Eq. (4). 

 

APPENDIX B: EXPERIMENTAL DETAILS 

1. Sample growth and characterization 

The Ni81Fe19 thin film (thickness of 8 nm) was grown on a thermally oxidized Si|SiO2(100 nm) substrate 
by DC sputtering (sputter power 800 W). The Ar flow was 100 standard cubic centimeters per minute, 
resulting in a pressure of 0.5 Pa, with a base pressure below 5·10-6 Pa. X-ray diffraction ( -2  scans) 
reveals a very weak (111) reflection, indicating a crystallite size of about 3 nm. A weak (220) reflection 
confirms the polycrystalline growth of the sample. The layer thicknesses were calculated based on the 
results of X-ray reflectometry measurements. More details are provided in Supplementary Note 3. 

The Co sample was grown by thermal evaporation in ultrahigh vacuum on a Si|SiO2 substrate and capped 
by 10 nm MgO and 10 nm Al2O3. The crystal structure of the Co film was monitored during growth using 
reflection high-energy electron diffraction. We find a polycrystalline hcp structure with random crystal 
orientation. 

2. Conductivity and AMR measurement: DC 

The DC electrical measurements were performed using a four-point probe on pieces of the same samples 
measured in the THz range. The conductivity was inferred by the van der Pauw method. The 
magnetization-dependent conductivity was determined by measuring the four-point longitudinal voltage 
upon rotation of magnetization with respect to current direction. The rotating external magnetic field of 
1.1 T was generated by a Halbach array. The AMR contrast was calculated using Eq. (1). 

 

3. Conductivity and AMR measurement: THz 

Linearly polarized THz pulses are generated by difference-frequency generation of femtosecond laser 
pulses (duration of 10 fs, center wavelength of 800 nm, energy of 1 nJ) from a Ti:sapphire laser oscillator 
(repetition rate of 80 MHz) in a passive photoconductive emitter (Terablast from Protemics GmbH, 
Germany) covering the low frequency range 0.2…2 THz, from spintronic THz emitters45 covering the 
intermediate range 1…6 THz, or in a GaSe crystal (thickness of 90 µm, phase-matching angle of 45°) 
covering the high frequency range 8…28 THz.  

After transmission through the sample and a wire-grid polarizer, the THz pulses are detected by 
electrooptic sampling in a ZnTe crystal (thickness of 1 mm or 10 μm for the low and high frequency 
range, respectively) and in a GaP crystal (250 μm, for the intermediate frequency range). The resulting 
THz electrooptic signal  vs time  is related to the THz electric field by a linear transfer function that 



cancels in the subsequent data analysis. The magnetization angle  relative to the direction of the applied 
electric field [see Figs. 1(a) and 1(b)] is controlled by an external magnetic field. 

To determine the conductivity of a metal thin film, we note that our sample system is a stack consisting of 
a thin conductive film F (conductivity , thickness ) between substrate S (refractive index S) and air A 
(refractive index A). In the frequency domain, the relationship between the THz field  incident 
on our sample and the THz field  behind the sample is given by a modified Tinkham formula36,  2 SS A d , , (B1) 

where 377 Ω is the vacuum impedance. Since the incident field is not known, we conduct a 
reference measurement on sample regions without metal film, yielding the ratio /2 S / S A  where  is the field transmitted through the substrate only. It follows that 

S A 1 . (B2) 

Because the electric fields  and  behind the sample are connected to the respective electrooptic 
signals  and  by the same transfer function, we can substitute / /  in 
Eq. (B2).  

4. Detection of  

To achieve maximum signal-to-noise ratio, the signal ,  is modulated by rotation of the 
magnetization using an external magnetic field whose orientation oscillates between  0° and  90° with respect to the polarization of the THz pulse [Fig. 1(b)]. The differential signal ∆, ,  is obtained by lock-in type phase-sensitive detection. 

 

5. Error considerations 

The most relevant systematic error originates from the control of the magnetization modulation of 
magnetization. When  or  differ from 0° and 90°, respectively, the measured ∆  will be smaller 
than , 0° , 90° . We estimate that the systematic uncertainty of the external 
magnetic field can lead to a global rescaling of ∆  by up to 30%. It, however, affects only the overall 
scaling of the AMR data and does not change the frequency dependence. As the low-frequency ( 2 
THz) and high-frequency ( 8 THz) measurements were performed in different experimental runs, the 
global rescaling may differ for the two frequency ranges. 

The error given for the extracted coefficients  and  is based on fitting statistics and on variation of fit 
parameters. We emphasize that the systematic scaling uncertainty discussed above has no impact on the 
ratio /  (see Supplementary Figure S2 and Table S1 for comparison). The error of 0  is derived 
from the variance among repeated THz conductivity measurements. The error bars of symbols shown in 
Figs. 2 and 3 are based on the background noise level in spectra, as indicated, for example, by the dashed 
lines in Figs. 2(c) and 2(d). The error of DC was determined by the van der Pauw regression. The error of 
Δ  is given by fitting statistics (see Supplementary Figure S1) and the uncertainty of the direction of the 
applied DC magnetic field. 



APPENDIX C: AMR OF POLYCRYSTALLINE SAMPLES 

1. Symmetry analysis 

The conductivity or AMR tensor of an arbitrary ferromagnetic material is defined by 1/2 / . Depending on the point symmetry group of the material, a substantial number of 
tensor elements is strictly zero or depends on each other, thereby resulting in a relatively small number of 
independent tensor elements. Taking the hexagonal crystal structure of Co (hcp, point group 6/mmm), we 
get35,46 0 0 00 0 00 0 00 0 0 2 0 00 0 0 0 2 00 0 0 0 0

 (C1) 

For the cubic crystal structure of Ni and NiFe (fcc, point group m3m), we obtain a simpler tensor where 
,  and 2 . 

 

2. Rotational averaging of AMR 

The AMR tensor of a polycrystalline material is obtained by rotationally averaging of  (Refs. 47, 
48). The resulting tensor  fulfills the symmetry constraints of an isotropic medium, and its only 
independent elements are  and . The difference of the conductivities parallel and 
perpendicular to  is fully given the tensor element  through 2 . (C2) 

For polycrystalline Co, we obtain  30 7 2 5 2 2 12  (C3) 

whereas for polycrystalline Ni, one has 10 2 2 6 . (C4) 

 

3. AMR estimate of polycrystalline samples 

In Eq. (C3), we neglect the term , while the other elements are obtained from the ab initio 
calculations of the squared plasma frequencies Ω  as described in Supplementary Note 2 under the 
assumption of isotropic and magnetization-independent scattering rates. Then, using Eqs. (A2), (C2), (C3) 
and (C4), the scattering-independent part of the AMR contrast 2 sat/  is evaluated using 
Supplementary Table S3 and results in 1.2 0.5 % and 0.0 0.2 % for Co and Ni, respectively. 
The conductivity  is calculated from Ω  for  along the  axis. 
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