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Spin-to-charge conversion, and the reverse process, are now critically important physical

processes for a wide range of fundamental and applied studies in spintronics. Here we

experimentally demonstrate effective spin-to-charge conversion in thermally evaporated

chromium thin films using the longitudinal spin Seebeck effect (LSSE). We present LSSE

results measured near room temperature for Cr films with thicknesses from 2 nm to 11

nm, deposited at room temperature on bulk polycrystalline yttrium-iron-garnet (YIG) sub-

strates. Comparison of the measured LSSE voltage, VLSSE, in Cr to a sputtered Pt film at

the same nominal thickness grown on a matched YIG substrate shows that both films show

comparably large spin-to-charge conversion. As previously shown for other forms of Cr,

the LSSE signal for evaporated Cr/YIG shows the opposite sign compared to Pt, indicating

that Cr has a negative spin Hall angle, θsh. We also present measured charge resistivity, ρ ,

of the same evaporated Cr films on YIG. These values are large compared to Pt, and com-

parable to β -W at similar thickness. Non-monotonic behavior of both ρ and VLSSE with

film thickness suggests that spin-to-charge conversion in evaporated Cr, which we expect

has a different strain state than previously investigated sputtered films, could be modified

by the spin density wave antiferromagnetism in Cr.

a)Electronic mail: barry.zink@du.edu.
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I. INTRODUCTION

The ability to generate a detectable charge voltage in response to presence of a spin current, a

flow of angular momentum in a material that can be mediated by either electrons or magnons, is

one of the most important tools of current spintronics research. The inverse process, which should

result from the same physical processes due to time-reversal symmetry, is equally important. These

spin-to-charge and charge-to-spin conversion phenomena have been described by various names

in the literature, depending on the experimental details or the theoretical picture assumed. How-

ever, whether described as the spin Hall effect (SHE)1–4, the Edelstein-Rashba effect5,6, or a spin

galvanic effect7, spin-orbit coupling in the spin-conversion material or at a relevant interface is

essential for large effects. For this reason, heavy metals are very commonly employed for spin

conversion, with sputtered platinum films remaining the workhorse material for a wide range of

spin-orbit related spintronics effects and device applications8–11.

Since the cost of platinum presents concerns for widespread use of these devices in informa-

tion or energy technologies, finding lower cost spin conversion systems with equal or better ease of

preparation is important for progress in spintronics. Spin pumping experiments, where spin exci-

tations are driven from the nominally insulating ferromagnet yttrium iron garnet, Y3Fe5O12 (YIG)

into Cr films where spin-charge conversion generates a measurable voltage, were among the first

to demonstrate significant spin-charge conversion in lighter metal films, including chromium12.

This study also demonstrated that spin-charge conversion in Cr generated voltage with opposite

sign from both the rest of the 3d metals tested and from Pt. This work was followed shortly by

studies on Cr thin films using thermal spin injection from a bulk YIG substrate13,14. In this tech-

nique, often called the longitudinal spin Seebeck effect (LSSE)15, a thermal gradient applied at

the interface between the nominally insulating ferromagnet YIG drives a magnon-mediated spin

current toward the interface between YIG and the metallic spin conversion medium, as shown

schematically in Fig. 1a. Spin-to-charge conversion generates a transverse flow of charge, which

produces a detectable voltage, VLSSE. One of these first works on LSSE in the Cr/YIG system in-

vestigated sputtered Cr films, with a special focus on the question of whether the antiferromagnetic

ground state, observed in bulk single-crystal Cr below a Néel temperature, TN, slightly above room

temperature,16 plays a role in spin-to-charge conversion. Qu, et al’s measurements of VLSSE vs. T

showed no clear features in the range between 30−345 K, and the authors concluded that antifer-

romagnetism did not play a role in spin conversion in their Cr films. More recently, spin pumping
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�T ⇠= 17 K

FIG. 1. a) Schematic of thermal spin injection via the longitudinal spin Seebeck effect. A thermal gradient

applied to the interface between a bulk YIG substrate and Cr or Pt film drives spin current from the YIG

into the metal, which is then converted to measurable transverse charge voltage, VLSSE. b) VLSSE vs. applied

field H with a 17 K applied temperature difference for 10 nm thick evaporated Cr and sputtered Pt films.

The sign of the effective spin Hall angle is reversed in Cr, which was previously observed for sputtered Cr.

Evaporated Cr at the same thickness has large thermally generated signal, roughly 80% that of sputtered Pt.

experiments showed that inserting Cu between 1.2 µm thick YIG films grown via liquid-phase

epitaxy and 10 nm thick sputtered Cr films dramatically reduced the signal, while keeping a neg-

ative sense of the spin-charge conversion.17 These authors argued that the spin-charge conversion

in YIG/Cr is dominated by interfacial effects, commonly described as an inverse Rashba-Edelstein

effect.

However, prior literature on Cr films suggests a complicated interplay of confinement, strain,

and proximity effects that could play a role in spin-to-charge conversion under various circum-

stances. In bulk single crystals, the antiferromagnetism in Cr is the result of an incommensurate

spin density wave, ISDW, where the spin of itinerant electrons is sinusoidally modulated18. The

wavevector of this modulation is incommensurate with the atomic spacing of the Cr, and the direc-

tion of this wavevector orients in different direction above and below a spin-flip transition temper-

ature near 120 K. The ISDW state affects a range of electronic properties, and is highly sensitive

to impurities19. Thin films of Cr have been studied extensively20, especially in the context of

metallic magnetic superlattices that show oscillatory exchange coupling that is key for the giant
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magnetoresistance effect21–23. As direct probes of thin film antiferromagnetism are rare, the best

available information on the nature of the SDW state, the resulting Tn, and its dependence on thick-

ness and strain come from measurements of exchange bias24–27. The shift in the hysteresis loop of

the ferromagnetic film coupled at the interface to the AF Cr provides an important, if indirect and

necessarily interface-sensitive, probe of the SDW in the Cr. Measurements of exchange bias in

epitaxial Fe/Cr24 and permalloy/Cr25 have shown suppression of Tn with thickness. Some authors

have also shown that finite size effects on the SDW state and consequently on Tn occur at surpris-

ingly large film thickness compared to typical metallic magnetically ordered systems27, with very

thick films showing Tn similar to bulk single-crystal Cr, but a strongly reduced Tn = 130 K seen

even in 25 nm thick films, a thickness large compared to expectations of typical size effects in met-

als. This work also showed the exchange bias was oscillatory with both temperature and thickness,

since the nature of the electronic state at the interface changes due to the changing wavelength of

the SDW.

Polycrystalline systems have also shown unexpected SDW phenomena, with even very early

neutron scattering results indicating polycrystalline bulk samples retain a form of antiferromag-

netic ordering to much higher temperatures.16,28 Sputtered 35 nm thick polycrystalline Cr films on

permalloy similarly show no loss of ordering until 425 K, far above Tn in bulk single crystals26.

This occurs due to a strain state in the Cr that drives a transition from the incommensurate SDW

to a commensurate SDW, with stronger exchange and higher ordering temperature near 475 K in

absence of any finite size or grain effects. In polycrystalline thin film AF systems, the temperature

probed by exchange bias is often related to the interactions between grains, called the blocking

temperature, TB. On reducing the thickness of sputtered polycrystalline films to ∼ 10 nm, TB

dropped to 130 K.26 These authors also identified an onset of exchange bias at Cr thickness near

6 nm. A mixed state where incommensurate and commensurate SDW coexist is also possible in

polycrystalline films, and has been shown to play a role in interfacial coupling, exchange bias and

other electronic properties.26,29 Considering the rich array of SDW phenomenology in Cr films,

additional investigation of a potential role of the SDW AF state on spin conversion is needed.

Electrical resistivity, ρ , is another key property of Cr thin films relevant to spin-charge conver-

sion. Here the literature also suggests a broad range of resistivities for various growth techniques

and defects, though importantly ρ is often fairly large for a metal.30 Such large ρ can be favor-

able for spin-charge conversion, since the spin-converting film often short circuits the transverse

voltage generated from the spin conversion in various experiments. A high ρ with adequate spin-
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conversion efficiency can produce useful detectors for spin currents.31

In this paper, we explore a new regime for Cr films for spin-charge conversion, focused on

thermally evaporated polycrystalline Cr films produced in high vacuum. These films are compar-

atively very cheap and easy to grow, which is a distinct advantage for both fundamental studies

and applications in spintronic systems. We present measurements of the LSSE and ρ for a series

of films with thickness ranging from 2− 11 nm. Both ρ and VLSSE are non-monotonic with film

thickness, though ρ is always much higher than seen in sputtered Cr measured by other groups.

We also make a direct comparison of spin-charge conversion in our Cr films to a 10 nm thick

sputtered Pt film. At the same thickness, VLSSE in Cr has the opposite sign and comparable VLSSE

to that seen in Pt, immediately suggesting that thermally evaporated Cr can be a useful detector of

spin currents.

II. EXPERIMENTAL DETAILS

We grew chromium (Cr) thin films via thermal evaporation from Cr plated tungsten rod sources

in high vacuum (∼ 10−6 Torr). We deposited Cr films with thickness, as determined by a calibrated

quartz crystal mass balance, ranging from 2 to 11 nm onto 10 mm ×2 mm×0.5 mm bulk poly-

crystalline yttrium-iron-garnet (YIG) substrates at a rate of ≈ 0.3 nm/s. An un-capped 2 nm thick

Cr film, which had a measurable but high electrical resistance immediately after growth, oxidized

within ∼ 24−48 hours and was no longer measurable. Adding a thermally evaporated 2 nm thick

Pd cap on the 2 nm Cr film prevented the oxidation and was used for the measurements discussed

below. The samples are not intentionally heated, and remain near room temperature during growth.

We attached voltage leads to the surface of the ends of these samples with indium dots, to perform

resistance measurements and measurements of the LSSE voltage. We clamp each sample between

two Peltier elements of length L = 5 mm, each containing K-type thermocouples to monitor tem-

perature. We use these to establish a stable ∼= 17 K temperature difference, with average sample

temperature near room temperature. The resulting temperature gradient lies along the z-direction,

as shown in Fig. 1. The resulting LSSE voltage is measured with a Keithley 2182 A nanovoltmeter.

The clamped sample is held inside a rotatable electromagnet, aligned to apply field in the plane of

the Cr film.

This type of apparatus, which is common for measuring the LSSE, robustly generates a thermal

gradient at the interface between the YIG and metal film, and reliably indicates resulting spin-
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charge conversion in the metal. However, comparison of resulting absolute values of the resulting

VLSSE have been experimentally proven not to agree well across different experimental setups and

different laboratories.32 For this reason, we also prepared a comparison sample using the common

spin Hall material Pt. Here we sputtered a 10 nm thick film on a polycrystalline YIG substrate of

the same dimension and cut from the same larger wafer. The Pt film was sputtered after reaching

base pressure of 4×10−8 Torr, at a rate of 0.125 nm/s at a DC sputtering power of 100 Watts. We

measured the Pt/YIG sample in the same apparatus, with the same experimental conditions and

measurement parameters as the Cr/YIG samples.

Electrical resistivities we report were measured with typical source-measure equipment either

using 4 contacts wire-bonded near or on the indium connections after measurement of the VLSSE

(for T -dependent data reported in Fig. 3 below), or using the same 2-wire leads as the VLSSE

measurements (shown in Fig. 4 below)

III. RESULTS AND DISCUSSION

Figure 1b compares VLSSE vs applied field H for 10 nm thick evaporated Cr (green symbols) and

sputtered Pt films (blue symbols). This shows reversal of the sign of the spin-charge conversion

generated voltage, as expected, but also a large total voltage in evaporated Cr, which retains 80%

of the signal of sputtered Pt. The ratio of these voltages suggests potentially larger spin conversion

in this evaporated film compared to sputtered Cr, where the spin Hall angle, θsh, measured via

similar thermal spin injection from polycrystalline YIG was previously reported to be only≈ 30%

of Pt.14 Note that the the somewhat large coercivity and complicated reversal patterns are typical

for the bulk polycrystalline YIG substrates we use as a spin source.33,34

Figure 2 compares VLSSE vs. H for a series of Cr films of different thickness ranging from 2

to 11 nm. The simplest expectations of bulk spin to charge conversion suggest a monotonic drop

in VLSSE with growing film thickness. However, the evaporated Cr does not show this trend, seen

clearly since the Cr/YIG samples in the middle range of thickness are plotted on larger voltage

scales (indicated with a dashed line). For the 10 nm thick values, we also compare VLSSE in

an as-grown sample and in a second sample measured after vacuum annealing at ∼ 100◦ C for 2

hours. Annealing caused only slight shifts in VLSSE and ρ (shown below). The excellent agreement

between these two separate 10 nm thick samples also indicates that both the growth of the Cr and

the measurement techniques are robust and repeatable.
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FIG. 2. VLSSE vs. H for eight Cr/YIG films with thickness (indicated in nanometers by the number in

parenthesis) ranging from 2− 11 nm. The thinnest Cr film is capped with Pd to prevent oxidation. Two

10 nm thick samples are shown, one (red line) that was annealed at ∼ 100◦ C in vacuum for 2 hours after

growth. Note the plots in the dashed box are plotted on larger voltage scale than the other three plots.

Figure 3 plots electrical resistivity, ρ , vs. T measured in a 4-wire configuration for the 6 nm

and 10 nm thick Cr samples. The evaporated Cr films show large values of resistivity, which is

not unusual for Cr films, which are known to demonstrate a high degree of sensitivity to defects

and film morphology.20,29,30 The 10 nm thick film has essentially constant ρ vs. T , and the thinner

6 nm thick film shows ρ larger at low T . This negative slope of ρ with T is not typical for a

metal, but often observed in Cr for certain ranges of T when various impurity atoms are added.19

Despite ρ much larger than the measured value for the 10 nm thick sputtered Pt film on YIG
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FIG. 3. Charge resistivity vs. T for two Cr films and Pt, measured on the same samples as VLSSE, com-

pared to literature values for 200 nm thick sputtered Cr30, and a previously established negative spin-charge

conversion material, 3 nm thick tungsten.31 Both evaporated Cr films have large values.

(blue triangle), the Cr films still have smaller ρ compared to some polycrystalline films, such as

the much thicker 200 nm sputtered film (black dashed line)30. Both evaporated Cr films have ρ

consistent with large values of residual resistivity, which in some studies has been correlated with

mixed SDW state.29,30 These values of ρ are also comparable to those seen in other negative spin

Hall angle materials such as tungsten (grey dashed line).31 In both cases the large charge resistivity

contributes to large spin-charge conversion.

In Fig. 4a) we plot the saturated absolute value of spin Seebeck voltage, |VLSSE|= |VLSSE(+Hsat)−
VLSSE(−Hsat)| vs. the thickness of the metallic layer for our evaporated Cr/YIG, our sputtered

10 nm Pt/YIG reference sample, and literature data for sputtered Cr.14 Here we rescaled the lit-

erature data to match the ∼ 1.7× higher applied thermal gradient used in our experiment; the

published values for sputtered Cr are somewhat lower. The evaporated Cr spin-charge conversion

is non-monotonic with thickness in this range, and does not follow the simple expectations of a

modified 1/t dependence. Instead, the values become sharply larger above 6 nm, the same thick-

ness where polycrystalline Cr on Py showed an onset of exchange bias.26 This jump results in

large spin conversion voltages, which not only grow larger than seen in sputtered Cr, but also (as

also shown in Fig. 1) become comparable to Pt. With additional thickness, VLSSE for evaporated

Cr then drops sharply back to values in line with the thinner films.

Fig. 4b) compares ρ v. t measured near room temperature for the same set of samples. The
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∼ 5 − 1 0 %, o n or d er of t h e si z e of t h e d at a p oi nts. b) C h ar g e r esisti vit y, ρ vs. t hi c k n ess m e as ur e d o n t h e

s a m e s a m pl es, a g ai n c o m p ari n g t o lit er at ur e Cr v al u es.

u n c a p p e d e v a p or at e d Cr s a m pl es all s h o w m u c h l ar g er ρ , w hi c h is a g ai n n o n- m o n ot o ni c wit h t,

t h o u g h wit h a diff er e nt p att er n t h a n s e e n i n V L S S E . As n ot e d i n t h e a n n ot ati o n, t h e t hi n n est Cr fil m

w as c a p p e d wit h P d, a n d t his is m ost li k el y t h e m ai n c a us e of t h e l o w er v al u e f or t h at s a m pl e.

T h o u g h P d h as l ar g e s pi n- or bit c o u pli n g a n d h as b e e n r e p ort e d t o s h o w si g ni fi c a nt s pi n- c h ar g e

c o n v ersi o n i n s o m e s a m pl es, 3 5, 3 6 a n e v a p or at e d P d/ YI G s a m pl e s h o w e d > 1 0 × l o w er V L S S E t h a n

a n y of t h e e v a p or at e d Cr s a m pl es. As a r es ult w e e x p e ct t h e m ai n eff e ct of t h e c a p is t o r e d u c e ρ

w hil e n ot c o ntri b uti n g si g ni fi c a nt s pi n c o n v ersi o n t h at w o ul d m o dif y V L S S E .

Fi g. 5 c o m p ar es t h e s a m e s a m pl es usi n g a m e as ur e of t h e o v er all s pi n- c h ar g e c o n v ersi o n, b as e d

o n t h e t y pi c al t h e or eti c al a n al ysis of t h e s pi n S e e b e c k eff e ct. T h er m all y g e n er at e d s pi n v olt a g e,

wit h t h e ass u m pti o n of s pi n- c h ar g e c o n v ersi o n o c c urri n g i n t h e b ul k of t h e fil m vi a t h e s pi n H all

eff e ct, is t y pi c all y d es cri b e d b y:

V L S S E = 2 (C L ∇ T ) ( ρ θ s h )
λ sf

t
t a n h

t

2 λ sf
, ( 1)
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FIG. 5. Comparison of the spin conversion efficiency, VLSSE/L∇T ρ for literature values of sputtered Cr and

evaporated Cr. In the highlighted regime between 6 and 11 nm, the evaporated Cr develops a much larger

spin-conversion efficiency, reaching ∼ 1/2 the values reported for sputtered Cr at the same thickness. Pt at

10 nm has the largest efficiency value, at 3300 µV/ΩcmK.

where ∇T is the applied thermal gradient, ρ is the charge resistivity, θsh is the spin Hall angle, λsf

is the spin diffusion length in the metal film, t is the film thickness, and C is a constant related to

the efficiency of spin injection from the YIG to the metal film.14,33,34 Here three trivial methods

of increasing the thermal signal are obvious: increasing ∇T , increasing L (which increases VLSSE

simply by integrating the same electric field over a longer path), and increasing ρ (which reduces

simple electrical shorting of the generated voltage by charge flow in the metal film). Rewriting

Eq. 1 gives:
VLSSE

L∇T ρ
= 2(Cθsh)

λsf

t
tanh

(
t

2λsf

)
, (2)

such that the right-hand side depends only on t and spin-related properties of the heterostructure.

Comparison of the quantity |VLSSE|/L∇T ρ between samples therefore removes the three trivial

effects. With this view of spin-charge conversion, we see that both sputtered and evaporated Cr

have much lower spin-conversion efficiency than Pt (which falls at 3300 µV/Ω cm K, much higher

than the range plotted in Fig. 5), but that the evaporated Cr retains roughly half the spin-charge

conversion efficiency of sputtered Cr between 6−11 nm.

As shown by the literature data for sputtered Cr, when well-described by Eq. 2, λsf and θsh

can be determined from this data. As shown in Fig. 5, the evaporated Cr/YIG samples do not

obey Eq. 2, instead showing essentially the same non-monotonic pattern seen in VLSSE, again with
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sudden increase in spin conversion above 6 nm and sudden drop below 11 nm. This behavior

with thickness suggests, as seen in earlier reports on exchange bias, that the evolution of strain in

the evaporated film modifies the nature of the spin density wave, which in turn causes the sudden

changes in spin-charge conversion. From our experiments we cannot determine if this change

is driven by modified coupling at the interface (represented here as a changing C parameter), a

change in the spin conversion itself (a changing θsf), or a change in λsf. Indeed, the modification

in the Fermi surface that is expected based on strain-induced changes of the nature of the spin

density wave in Cr could affect any or all of these parameters. As the strain state of evaporated

and sputtered films are generally very different,37–39 strain is a likely explanation of the very

different charge and spin properties of evaporated and sputtered Cr films.

IV. CONCLUSIONS

In summary, we presented evidence of large negative spin-charge conversion in evaporated Cr

films on polycrystalline YIG substrates using the spin Seebeck effect. The large thermally-driven

spin voltages, which are larger than those previously seen in sputtered Cr for some thicknesses,

are partly achieved due to large charge resistivity, which is comparable to negative spin-charge

conversion materials demonstrated by others. A non-monotonic pattern in both the unscaled VLSSE

and that scaled by ρ for evaporated Cr suggests, as previously seen in exchange bias experiments

in Cr heterostructures, that changing thickness changes the film strain, which modifies the nature

of the spin density wave electronic state of Cr, modifying the spin-charge conversion process.

This demonstrates that, for thicknesses chosen in the optimal range, cheap and easy to prepare

evaporated Cr films can be useful spin detectors in a range of spintronic and spincaloritronic mea-

surements and applications.
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