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tions.[2] As with all quantum technologies, 
the basic functional unit is the quantum 
bit or qubit. Quantum bits are two- or 
more-level systems that can be prepared 
in coherent superposition states of these 
levels. Very often, electron spins are used 
to encode the quantum bit, because the 
lifetime (coherence time) of the superposi-
tion states can be rather long. Spin qubits 
based on paramagnetic molecules can be 
expected to make a positive contribution in 
this area, and, in fact, the quantum prop-
erties of spin labels have long been used 
to determine protein structures under 
ambient conditions.[3] In addition, the 
chemical tailorability of molecules may be 
exploited to enhance the chemical selec-
tivity of quantum sensors, by integration 
of appropriate receptor functionalities. 

An important figure of merit for potential qubits is the phase 
memory or quantum coherence time. Compounds proposed as 
molecular qubits (MQBs) have been shown to possess quantum 
coherence times of the order of hundreds of microseconds at 
low temperatures,[4–6] and up to microseconds at room temper-
ature.[5,7,8] However, these measurements were all performed 
by electron paramagnetic resonance (EPR) techniques on bulk 
solid-state or (frozen) solution samples. Such techniques are 
based on the detection of microwave photons, which is inher-
ently insensitive, due to the limited energy content of a micro-
wave photon. At the moment, this precludes using MQBs in 
quantum devices. Techniques based on conversion of the 
quantum state of the qubit to a visible-light photon (optically 
detected magnetic resonance),[9–11] or techniques based on the 
addressing and readout of qubits via electrical currents[12–14] are 
more sensitive and, in principle, allow for single-qubit detec-
tion. Electrical readout has the advantage that the quantum 
sensor can be easily integrated with external control electronics 
that can process and amplify the electrical currents, and we, 
therefore, follow this approach here. In fact, electrical readout 
of MQBs has been shown to work, even at single-molecule 
level, but only at millikelvin temperatures.[13] For purposes of 
quantum sensing of analytes, millikelvin temperatures are not 
suitable, and higher temperature operation is essential. A suc-
cessful system for electrical addressing of quantum bits must 
therefore consist of three ingredients: First, it must feature a 
quantum bit, in our case a paramagnetic molecule with a single 
unpaired electron. The qubit is then encoded into the two spin 
orientations (up and down) of the electron spin. Second, the 

1. Introduction

Quantum sensing aims to enhance the sensitivity of sensing 
(electric or magnetic) fields or specific analytes.[1] Such appli-
cations typically require ambient or even physiological condi-
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system or part of it must be able to conduct electricity. These 
two functionalities may or may not be combined into a single 
component of the material. Finally, there must be some interac-
tion between the quantum bit and the electrical current. The 
strength of this interaction must be carefully tuned: if the inter-
action is too weak, addressing and readout is clearly not pos-
sible because the two properties are essentially independent. 
If the interaction is too strong, it may destroy the quantum 
coherence: In fact, it is well known from electron spin relaxa-
tion theory that fluctuating electric fields coming from charge 
motion, such as lattice vibrations or mobile charge carriers, can 
couple to the electron spin via spin-orbit coupling, and lead to 
decoherence.[15,16]

A number of different interaction mechanisms between 
qubit spins and charge carriers that enable electrical addressing 
have been reported in the literature: 1) Spin-dependent recom-
bination of charge carriers weakly coupled to the qubit,[17] 
2) Spin-dependent tunneling of charge carriers directly cou-
pled to the qubit,[18,19] 3) Spin-dependent transport through 
a quantum dot weakly coupled to the qubit system,[20–22] and 
4) Spin-dependent scattering of itinerant charge carriers on the 
qubit.[23] Mechanisms 2) and 3) are relevant only at very low 
temperatures, however, limiting their suitability for quantum 
sensing applications at ambient temperatures.

A number of different systems/material classes may be 
envisaged to achieve electrical addressing of MQBs. Relevant in 
this regard are recent investigations of molecular quantum bits 
in potentially semiconducting molecular materials. However, in 
these works, the conductivity properties were not studied.[5,24–26] 
In fact, a recent report indicated that the presence of mobile 
charge carriers dramatically decreases the coherence time of 
molecular quantum bits by more than a factor of ten in such 
systems, which suggested that the electrical readout of mole-
cular quantum bits may remain elusive.[25] An alternative to 
these small-molecule systems is presented by hybrid materials 
consisting of conducting polymers for the conductivity func-
tionality and MQBs for the quantum coherence. The advantage 
of this approach is that both components can be optimized 
separately, and that the resulting material is flexible and easily 
processable from solution. Conductivity can be induced by elec-
tric fields, for example by fabricating field-effect transistors, or 
by chemical doping. The readout mechanism is then based on 
spin-dependent recombination of charge carriers. Such recom-
bination has been demonstrated even at room temperature,[27] 
but has yet to be used for molecular qubit readout. The use of 
conducting polymers for electronics or spintronics applications 
is a very active research field. It has been shown that charge car-
rier mobilities in polythiophenes, for example, may reach values 
of up to 10−1 cm2 V−1 s−1 and conductivities >105 S cm−1.[28–30] 
Furthermore, charge carrier spin lifetimes up to 10−4 s, spin dif-
fusion lengths of 1.2  µm, as well as coherence times of up to 
10−6 s have been reported for such polymers.[31,32] Electrically 
detected magnetic resonance (EDMR) can be used to study the 
charge transport mechanisms and spin physics in conducting 
polymers.[27,33,34] Interestingly, it was recently shown that the 
spin diffusion constant can be much larger than the charge dif-
fusion constant.[35] This opens up new perspectives regarding 
qubit readout by spin currents rather than charge currents.

Here we present results for a hybrid material (Figure  1) 
consisting of the molecular quantum bit [Cu(dbm)2] 

(Hdbm = dibenzoylmethane), and the conducting polymer 
poly(3-hexylthiophene) (P3HT), where the latter is charge-
doped with the electron acceptor 2,3,5,6-tetrafluoro-
tetracyanoquinodimethane (F4TCNQ) to generate p-type 
charge carriers of polaronic and bipolaronic type. The rationale 
for our choice of materials combination is as follows: Some of 
us have previously studied the potential MQB [Cu(dbm)2] in 
detail and are therefore well-acquainted with its properties. It 
possesses rather long coherence times of up to 47 µs in frozen 
CS2 solution and 7.7 µs when doped into the corresponding, 
diamagnetic palladium(II) compound.[36] Furthermore, this 
neutral compound can be evaporated intact, underlining its 
chemical robustness, which is a clear advantage for surface 
deposition and addressing.[37] Similarly, P3HT is a very well-
known conducting polymer that features good charge carrier 

Figure 1. Schematic overview of the material studied and how this can 
potentially be used for electrical readout of MQBs. The top panel dis-
plays the components of the hybrid material: the molecular quantum 
bit [Cu(dbm)2] (Ph = phenyl, Hdbm = dibenzoylmethane), the polymer 
poly(3-hexylthiophene) (P3HT) and the chemical structure of the 
polaronic charge carrier in P3HT. In the absence of (polaronic) charge 
carriers (middle panel), electrical conductivity is low and no electrical 
readout is possible. In a field-effect transistor device, or by chemical 
doping, for example, by 2,3,5,6-tetrafluoro-tetracyanoquinodimethane 
(F4TCNQ), polaronic charge carriers can be introduced (bottom panel). 
The presence of MQBs and their spin orientations can be expected to 
influence the likelihood for spin-dependent charge transport processes in 
the conducting polymer, providing a mechanism for electrical detection 
of the qubit polarization.
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mobilities,[30,38] is commercially available, and well-studied 
by some of us.[38–40] The polaronic charge carriers in this 
p-type material at low doping levels are converted into bipo-
laronic charge carriers at higher doping levels. Typically, both 
charged species are delocalized over about five thiophene 
units.[41] In the present study, we generated charge carriers 
either by the field effect in field-effect transistor devices,[42] or 
by chemical doping with F4TCNQ.[43] We demonstrate that the 
charge transport is only a little affected by the presence of the 
MQBs. The polaronic charge transport processes were shown 
to be spin-dependent by EDMR experiments,[33] proving the 
principle viability of electrical readout out of the MQBs. We 
demonstrate that chemical doping, leading to the presence 
of mobile charge carriers in the material, has only limited 
effect on spin dynamics times. Demonstrating the survival of 
quantum coherence in the presence of mobile charge carriers 
is a first and essential step towards electrical readout of mole-
cular quantum bits. Electrical addressing is required to achieve 
the necessary sensitivity and also for facile integration with 
control electronics. This firmly establishes hybrid materials 
of molecular quantum bits and organic semiconductors as a 
promising platform for development of quantum technological 
applications such as quantum sensors.

2. Results and Discussion

The paper is organized as follows. First, we describe the prep-
aration and characterization of the thin films. The second part 
deals with the characterization of the conducting polymer 
thin films that incorporate the MQBs, establishing that the 
latter do not adversely affect the conducting properties of the 
polymers. MQBs often operate at temperatures below 100 K, 
and the low-temperature properties of the P3HT thin films 
are outlined in the third section, showing that in doped films, 
mobile charge carriers are present at temperatures as low as 
15 K. In the final section, we discuss the quantum dynamics 
of the MQBs incorporated into (un)doped films, revealing 
sizable quantum coherence, even in the presence of mobile 
charge carriers.

2.1. Preparation and Characterization of Thin Films

We prepared thin films of P3HT by spin-coating under inert 
conditions. For the low-temperature EPR studies, spin-coated 
thin films proved to contain insufficient spins for reliable meas-
urements, and we resorted to drop-casting for those studies. For 
both deposition methods, best results were achieved by using 
chlorobenzene as solvent and by preheating the solutions of 
P3HT and the poorly soluble [Cu(dbm)2] MQB to 70 °C before 
mixing, immediately followed by spin-coating. Doped P3HT 
films were prepared by means of established sequential doping 
procedures:[44,45] First, a P3HT film was deposited by spin-
coating. Subsequently, the F4TCNQ dopant was deposited by 
spin-coating from an acetonitrile solution onto the freshly pre-
pared undoped P3HT thin film. In the following, the resulting 
films are identified by the solution concentrations (in g L−1) of 
P3HT (P), [Cu(dbm)2] ([Cu]) and F4TCNQ dopant (D) before 

spin-coating, for example, 12P/0.3[Cu]/1.3D for a film depos-
ited by spin-coating from a solution of P3HT (12  g L−1) and 
[Cu(dbm)2] (0.3  g L−1) in chlorobenzene, with subsequent 
chemical doping by depositing the F4TCNQ dopant through 
spin-coating of a solution of F4TCNQ (1.3 g L−1) in acetonitrile. 
An en dash (–) denotes the absence of that particular compo-
nent, for example, 12P/–/– for a P3HT film containing neither 
the [Cu(dbm)2] MQB, nor the F4TCNQ dopant. Figure S1, Sup-
porting Information, displays AFM images of the films used 
for the room temperature current–voltage measurements. Film 
thicknesses were around 75 nm.

2.2. Room Temperature Characterization of Thin Film Samples

Figure  2a shows the UV/Vis/NIR spectra of P3HT thin films 
deposited by spin-coating from chlorobenzene solutions 
on glass substrates with different levels of post-deposition 
doping. The pristine film displays a clear absorption peak at 
about 18 000  cm−1 (555  nm, 2.25  eV) attributed to the exciton 

Figure 2. Room temperature characterization of thin films of P3HT (P), 
[Cu(dbm)2] ([Cu]) and F4TCNQ (D), where P, [Cu] and D concentrations 
(in g L−1) are given as P/[Cu]/D, prepared by spin-coating from chloroben-
zene. a) UV/Vis spectra of thin films on glass slides with different doping 
concentrations of the F4TCNQ dopant (D) as indicated. b) Output char-
acteristics of transistors based on 12P/–/– (solid lines) and 12P/0.3[Cu]/– 
(dashed lines) films deposited by spin-coating. The transistors had a 
channel length of 20 µm.
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transition in P3HT. The presence of some vibronic fine-
structure indicates a moderate degree of ordering in the film.[46] 
On doping, the intensity of the exciton band decreases and new 
bands at about 13 000 cm−1 (770 nm, 1.61 eV, highly structured) 
and about 24 000  cm−1 (417  nm, 2.98  eV) arise. The latter is 
attributed to the F4TCNQ radical anion, while the former has 
been reported to be due to an intrapolaron electronic transi-
tion overlapping with a further F4TCNQ transition.[46] These 
data show that the sequential doping procedure was successful. 
To assess the influence of the MQBs in the P3HT matrix on 
the latter's conductivity properties, we have carried out room-
temperature current–voltage measurements on thin-film field-
effect transistors based on P3HT films with and without MQBs. 
The transistors were fabricated by deposition of the compo-
nents by means of spin-coating from chlorobenzene solutions 
onto silicon substrates in the inverted coplanar (bottom gate, 
bottom contact, Figure S2, Supporting Information) device 
architecture and had channel lengths between 2.5 and 20 µm. 
The measured output characteristics (drain current versus 
drain-source voltage) for various gate-source voltages (Figure 2b 
and Figure S3–S5, Supporting Information) display a largely 
linear, Ohmic region at small drain-source voltages, and a 
saturation region at larger drain-source voltages, indicating 
complete development of the gate-field induced conduction 
channel. For the smallest channel length (2.5 µm), the contri-
bution of the contact resistance to the total device resistance 
causes a pronounced nonlinearity at small drain-source volt-
ages. At large drain-source voltages, the drain current does not 
saturate completely, that is, it still shows a weak dependence 
on the drain-source voltage, which we attribute to unintentional 
oxygen doping of the P3HT films.[47] The transfer characteris-
tics (drain current versus gate-source voltage, Figure S6–S10, 
Supporting Information) indicate a large positive threshold 
voltage (approximately 20 V), potentially also a result of oxygen 
doping.[48] The effective charge-carrier mobility can be derived 
from the transfer characteristics as described in Section 3 of 
the Supporting Information.[32,49] The extracted effective car-
rier mobilities of μsat = (0.5 ± 0.1)·10−3 cm2 V−1 s−1 for 12P/–/– 
and μsat  = (0.6  ±  0.3)·10−3  cm2 V−1 s−1 for 12P/0.3[Cu]/– show 
that the incorporation of the MQB into the P3HT matrix has 
no effect on the mobility within experimental error. The abso-
lute values are typical for P3HT.[50] From complementary meas-
urements on transistors with 3P/0.03[Cu]/– films prepared by 
spin-coating from chloroform (rather than chlorobenzene) 
solutions, a mobility of μsat  = (0.2  ±  0.1)·10−3  cm2 V−1 s−1 was 
extracted. This underlines that the electrical properties of the 
hybrid thin films are quite robust. Even higher mobilities can 
be obtained by specific crystallization techniques,[40,51] but this 
is not required for the present purposes.

In our experiments, the maximum number of spins in thin 
films prepared by spin-coating was of the order of 1016 spins 
(Section 6 of Supporting Information), which is about double 
the detection limit of our EPR spectrometer. However, this 
required elevated [Cu] concentrations, for which the coherence 
time of the MQBs was determined to be very short, ≈500  ns 
(see below). Hence, we resorted to drop-casting as an alterna-
tive sample preparation method, which allows us to prepare 
samples with higher absolute numbers of spins, but lower [Cu] 
concentrations (and therefore longer coherence times), due to 

the increased film thickness. The effective carrier mobility of 
a transistor-based on 12P/0.6[Cu]/– deposited by drop-casting 
(Figure S11–S13, Supporting Information) was found to be 
μsat  = (1.9 ±  0.9)·10−3  cm2 V−1 s−1, that is, slightly higher than 
the mobilities found for the spin-coated films. This can be 
expected, as slower drying processes involved in drop-casting 
compared to spin-coating generally improve the electrical per-
formance of semiconducting polymers.[52–54]

2.3. Low-Temperature Charge Transport Properties  
of the Hybrid Thin Films

Quantum spin dynamics with measurably long timescales are 
usually associated with low temperatures, and we, therefore, 
studied the low-temperature charge transport properties of the 
hybrid P/[Cu]/D films prepared by drop-casting. Because low-
temperature conductivities are expected to be very low, we per-
formed the measurements on transistors with short channel 
lengths of 2.5 µm. As a result, the quantitative results are more 
strongly affected by effects such as high contact resistance or 
high lateral electric fields compared to samples with channel 
lengths of hundreds of micrometers.[55] However, temperature-
dependent trends are expected to be valid.

Figure S14, Supporting Information, shows the output 
characteristics of a transistor-based on 12P/0.3[Cu]/– depos-
ited by drop-casting, measured at temperatures between  
7 and 70 K. At these temperatures, the drain current is much 
smaller than at room temperature, and increases in a highly 
non-linear fashion with increasing drain-source voltage and 
without showing signs of saturation at high drain-source volt-
ages. This non-linear behavior is caused by short-channel 
effects that are often more pronounced at lower temperatures, 
in part as a result of the temperature dependence of the con-
tact resistance.[55] To investigate the influence of doping, we 
recorded the output characteristics of a transistor based on a 
12P/0.3[Cu]/1.3D film deposited by drop-casting (Figure S15, 
Supporting Information), which were very similar to those of 
the transistor with the undoped semiconductor, with slightly 
higher leakage currents due to the higher conductivity of the 
doped semiconductor.

Because we will study the spin dynamics in the hybrid mate-
rial in the absence of a gate-source voltage, we focused more 
in detail on the output characteristics of transistors based 
on doped and undoped P3HT, recorded at zero gate-source 
voltage (Figure 3). Under these conditions, the output charac-
teristics are clearly different. For the undoped semiconductor 
(Figure  3a), the drain current is extremely small, and shows 
no systematic dependence on the applied drain-source voltage 
at temperatures below 60 K. In contrast, for the doped film 
(Figure 3b), the drain current is more than an order of magni-
tude larger and shows an approximately linear dependence on 
the drain-source voltage for all but the two lowest temperatures 
measured (7 and 10 K). These data demonstrate that in the 
doped films, mobile charge carriers are present at temperatures 
down to 15 K, even at zero gate-source voltage. In the absence 
of an Ohmic region in the output characteristics, the extraction 
of a reliable effective carrier mobility from these data is not 
possible. Therefore, instead of extracting an effective carrier 
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mobility, we have determined the differential conductivity σdiff 
to assess charge-transport mechanisms and their tempera-
ture dependence (Figure  3c). The differential conductivity is 
given as the dependence of the drain current ID on the drain-
source voltage VDS at the evaluation drain-source voltage 
Vev: I V V V( / )diff D DS DS evσ = ∂ ∂ = . The differential conductivity at 
Vev = −60 V for the undoped sample is in the 10−7 S cm−1 range 
for essentially all temperatures, creeping up to 10−6 S cm−1 at 

the highest temperatures. In contrast for the doped film, σdiff 
(Vev  =  −50 V) strongly increases at temperatures above 10 K, 
with σdiff > 10−2 S cm−1 at 70 K. Figure 3d shows a clear linear 
dependence for the high-temperature region, when plotting log 
σdiff against T−¼. This observation suggests that the tempera-
ture-dependent contribution to the charge transport is governed 
by the Mott 3D variable-range-hopping mechanism, which pre-
dicts the differential conductivity to depend on temperature as  

Figure 3. Variable temperature conductivity of P3HT films with [Cu(dbm)2] with and without F4TCNQ dopant. a) Output characteristics of a transistor-
based on 12P/0.3[Cu]/–, deposited by drop-casting at various temperatures and at a gate-source voltage of zero. b) As a) for 12P/0.3[Cu]/1.3D. c) Dif-
ferential conductivity measured by two-contact measurements on undoped and doped P3HT films deposited by drop-casting measured as a function 
of temperature. d) Same data as in c) plotted versus T −¼, including linear fits to the high-temperature region.
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ln   σdiff = ln  A − (B/T)1/4.[56] Here A and B are arbitrary para-
meters. In order for electrical readout of quantum bits to work, 
the charge transport process must be spin-dependent. Only 
in that case, the current can be expected to depend on the 
quantum state of the molecular qubit. To demonstrate spin-
dependent charge transport processes in our doped P3HT 
samples, we recorded EDMR spectra. In EDMR, the statistics 
of spin-dependent recombination processes are perturbed by 
microwave radiation. Figure S16, Supporting Information, 
displays an EDMR spectrum recorded at X-band frequencies 
(9.5 GHz) and room temperature. Because in EDMR, the cur-
rent through the sample is recorded rather than microwave 
intensity, any signal must be due to mobile charge carriers, 
rather than the MQBs. The observation of a clear resonance 
line demonstrates therefore that charge transport in our doped 
P3HT samples features spin-dependent processes in agree-
ment with published results on P3HT.[57]

2.4. Spin Dynamics of Hybrid Thin Films

As a first step in the study of the spin dynamics of the hybrid 
thin films, we have recorded the pulsed Q-band EPR echo 
intensity observed after a Hahn echo sequence (π/2–π–echo), 
as a function of external magnetic field B0, yielding elec-
tron spin echo detected field-swept (ESE) spectra. For these 
measurements, we have used our recently developed Q-band 
Fabry–Pérot resonator that is optimized for flat samples such 
as the present thin films.[58] Figure  4a shows the ESE spec-
trum recorded at 7 K on a 6P/0.9[Cu]/– thin film deposited by 
spin-coating. The low-field part of the spectrum (1.07–1.23  T) 
is typical for a species with an axial g-tensor and is attributed 
to [Cu(dbm)2], confirming the intactness of the MQBs in the 
polymer film. This part of the ESE spectrum was simulated, 
considering the spin Hamiltonian:

ˆ · ·ˆ ˆ· ·ˆ
B 0µ= += =

H B g S S A I
� � � �

 (1)

Here μB is the Bohr magneton, g
=  is the g-tensor, A

=
 is the 

hyperfine tensor, and Ŝ
�

 and Î
�

 are the electron and nuclear 
spin operators, respectively. The resulting parameters (Table 1) 
are essentially the same as those found for 0.001% [Cu(dbm)2] 
doped into [Pd(dbm)2],[36] denoted [Cu]Pd in the following. 
At 1.2448  T, a small additional peak is observed (g  = 2.0089), 
which we assign to a radical species introduced by slight oxi-
dation of the P3HT in agreement with the threshold voltage 
shift observed in the room-temperature transistor measure-
ments (see above). We cannot be certain if these latter species 
are mobile polarons or stationary defects. The ESE spectrum 
recorded at 7  K on 12P/0.3[Cu]/– thin film deposited by drop-
casting (Figure  4b) is very similar to that of the film depos-
ited by spin-coating, but with slightly better signal-to-noise 
ratio due to the larger number of spins. The spectrum can be 
fitted with the same parameters as those of the spin-coated 
spectrum. Finally, we recorded the ESE spectrum of a doped 
12P/0.3[Cu]/1.3D thin film deposited by drop-casting, also at a 
temperature of 7  K (Figure  4c). The low-field part, once again 
displays the peaks due to the [Cu] MQB, and can be fitted with 
the same spin Hamiltonian parameters. However, in contrast 

to the previous spectra, this spectrum features an additional 
sharp resonance line at B0  = 1.247  T. Closer inspection (inset 
of Figure  4c) reveals that this sharp peak is asymmetric, pos-
sibly originating from two different species. These we attribute 
to the P3HT polaron (low-field component) and the F4TCNQ 
radical anion (high-field component), respectively, on the basis 
of the higher g-value of the former.

We have determined the spin dynamics times of the [Cu] 
MQB for the 6P/0.9[Cu]/– film deposited by spin-coating, at 
the field position of the maximum in the ESE spectrum of 
Figure  4c. At 7  K, the spin–lattice relaxation time was deter-
mined by a monoexponential fit of the data (Figure S17, Sup-
porting Information) to be T1  = 4.5  ±  0.3  ms. This value is 
about a quarter of that found for [Cu]Pd, which is surprisingly 
high: The spin–lattice relaxation time is related to the stiffness 
of the lattice,[5,59] and it appears that the P3HT lattice is not 

Figure 4. Electron spin echo detected field swept spectra recorded at 7 K 
on a) a 6P/0.9[Cu]/– thin film deposited by spin-coating, b) a 12P/0.3[Cu]/– 
thin film deposited by drop-casting, and c) a 12P/0.3[Cu]/1.3D thin film 
deposited by drop-casting. The inset of panel c) zooms in on the high-
field peak revealing its compound nature.

Table 1. Spin Hamiltonian parameters obtained from fits of the ESE 
spectra of [Cu(dbm)2] in a 6P/0.9[Cu]/– thin film deposited by spin-
coating ([Cu]P3HT), compared with 0.001% [Cu(dbm)2] in [Pd(dbm)2] 
([Cu]Pd)[36].

Sample g∥ g⊥ A∥ [MHz] A⊥ [MHz]

[Cu]P3HT 2.27 ± 0.02 2.056 ± 0.002 550 ± 30 80 ± 10

[Cu]Pd 2.255 ± 0.005 2.050 ± 0.001 570 ± 10 78 ± 10
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much less rigid than [Pd(dbm)2], in spite of polymers belonging 
to so-called “soft matter”. This observation has an important 
implication in that T1 is the ultimate limit for the quantum 
coherence time, and it shows that polymeric matrices are emi-
nently suitable for quantum technologies from that point of 
view. The spin-spin relaxation or phase memory time (which 
is a lower estimate of the quantum coherence time) was deter-
mined by Hahn echo measurements to be TM = 0.78 ± 0.02 µs. 
This phase memory time is much shorter than that reported 
for [Cu]Pd (7.74 µs), which is due to the much larger spin con-
centration in the film deposited by spin-coating (15 wt%), 
leading to fast relaxation. The fast relaxation and weak signal 
intensity, the latter caused by a small absolute number of spins, 
precluded measurements above 13 K (Figure S17 and Table S2, 
Supporting Information). In fact, this was the main motivation 
to switch from spin-coating to drop-casting for film deposition 
(see above).

Hence, we investigated the spin dynamics of the undoped 
12P/0.3[Cu]/– film deposited by drop-casting (Figure S18,S19; 
Table S3,S4, Supporting Information). First, spin–lattice relaxa-
tion curves turned out to be biexponential at low temperatures 
with a minor fast component. The major, slow component is 
reported in Table  2 and Figure  5. The spin–lattice relaxation 
time is again quite high at T1 = 7.8 ± 1.0 ms at 7 K, decreasing 
rapidly with temperature, and reaching 0.9 ± 0.1 µs at 40 K. At 
higher temperatures, the relaxation time was too short to allow 
its reliable determination. This temperature dependence of T1 
follows a power law T1 ∝ T−3.8, which essentially parallels the 
behaviour of [Cu]Pd,[36] suggesting that a spin–lattice relaxation 
mechanism of the Raman kind is operative, which relies on 
molecular rather than lattice vibrations, as has been reported 
in literature for the related complex [VO(dpm)2] (Hdpm = 
dipivaloylmethane).[60] Second, we fitted the Hahn echo decay 
to a stretched exponential function I(2τ)  = I0 exp (−2τ/TM)k 
to determine the phase memory time TM of the undoped  
film (Figure S19, Supporting Information). Here I(2τ) is the 
echo intensity at a time 2τ after the initial pulse, I(0) is the 
echo intensity at a delay time of 2τ  = 0, and k is the stretch 
factor. At the lowest investigated temperature, 7 K, we found 
TM = 3.84 ± 0.02 µs, which is about half of the time found for 
[Cu]Pd, but longer than for the film prepared by spin-coating, 
in line with the higher spin concentration in that film. Here it 
must be noted that the stretch factor k for the thin film sample 
was k = 1.51 ± 0.02 at 7 K and 1.00 at all other temperatures. In 
fact, we have previously observed that stretch factors different 

from 1 are found especially at low temperatures, and the decay 
curves become progressively more mono-exponential (i.e., the 
stretch factor becomes 1) at higher temperatures.[5,36,61] The 
stretch factor of k = 1.5 suggests that at the lowest temperatures 
the physical movement of nuclear magnetic moment leading 
to spectral diffusion is the limiting factor to the phase memory 
time, but that at higher temperatures several decoherence 
mechanisms play a role. In contrast, for [Cu]Pd, stretch factors 
k  >  2 were found for all temperatures below 40  K, indicating 
spectral diffusion by nuclear spin diffusion to be the relevant 
decoherence process.[36] The phase memory time decreases 
slowly with temperature and reaches 0.79 ± 0.04 µs at 40 K.

Finally, we investigated the doped, 12P/0.3[Cu]/1.3D film 
deposited by drop-casting (Figure S20,S21; Table S5,S6, Sup-
porting Information), where transistor measurements revealed 
mobile charge carriers to be present at temperatures above 
15 K (see above). Spin echoes could be observed at the lowest 
temperature, as for the film deposited by spin-coating. Grati-
fyingly, even at temperatures up to 30 K, spin echoes were 
found, demonstrating measurable quantum coherence at this 
temperature. From this, we can conclude that quantum coher-
ence is largely preserved even in the presence of mobile charge 
carriers, in contrast to what had been observed previously.[25] 
In the dithiolate materials of ref. [25], electrical conductivity 
is engendered by suitable stacking of the dithiolate ligands 
in the solid, combined with charge doping. The quantum bit 
is prepared by one-electron oxidation of the gold complex, 
which can be viewed as molecular-level charge doping, and 

Table 2. Spin dynamics (T1, TM) times, as a function of temperature for 
undoped 12P/0.3[Cu]/– and doped 12P/0.3[Cu]/1.3D films deposited by 
drop-casting.

T [K] T1 (undoped)  
[ms]

TM (undoped)  
[µs]

T1 (doped)  
[ms]

TM doped [µs]

7 7.8 ± 1.0 3.84 ± 0.02 4.15 ± 0.15 1.61 ± 0.02

10 4.8 ± 1.3 2.56 ± 0.04 3.1 ± 0.3 1.67 ± 0.04

15 1.38 ± 1.0 3.07 ± 0.03 5 ± 2 1.59 ± 0.05

20 0.23 ± 0.01 1.78 ± 0.01 0.24 ± 0.02 0.95 ± 0.02

30 0.031 ± 0.001 1.07 ± 0.01 0.053 ± 0.004 0.83 ± 0.03

40 0.0009 ± 0.0001 0.79 ± 0.04

Figure 5. T1 and TM times as a function of temperature, recorded on 
12P/0.3[Cu]/– and 12P/0.3[Cu]/1.3D, both deposited by drop-casting. 
Hollow symbols are data for [Cu]Pd, taken from.[36]
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the relevant orbital is largely localized on the dithiolate ligand. 
Thus, the same part of the sample is responsible for encoding 
the quantum bit as well as charge transport. It is possible that 
the intimate contact between the two functionalities strongly 
diminishes the quantum coherence. In contrast, in the P3HT/
[Cu(dbm)2] material that we study, the charge transport is 
entirely along the P3HT part, that is, along the thiophene 
backbone combined with charge hopping between polymer 
chains. In contrast, the quantum bit is entirely localized on 
the copper(II)diketonate. Diketonates are not molecular semi-
conductors and thus play no role in charge transport. Thus, it 
is plausible that the spatial separation between the two func-
tionalities leads to improved coherence properties. Spin–lat-
tice relaxation times of the doped samples are slightly shorter 
than those for the undoped sample, but follow the same gen-
eral trend (Figure  5). At the lowest temperature, the phase 
memory time is 1.61 ± 0.02 µs (Table 2) which is about half of 
that found for the undoped sample. At the highest temperature 
of 30 K, the phase memory time is still 0.83 ± 0.03 µs. For the 
doped sample, the Hahn echo decays turned out to be biex-
ponential as has previously been observed for [Cu(dbm)2] in 
frozen solutions,[36] and is attributed to the complex residing in 
two different types of surroundings.

3. Conclusion

We have studied hybrid materials of the conducting polymer 
P3HT combined with the molecular quantum bit [Cu(dbm)2], 
both with and without the chemical doping agent F4TCNQ. 
Through careful and detailed investigations of both the charge 
transport and quantum spin dynamics properties, we have 
found that quantum coherence of the MQB is preserved, even at 
temperatures at which mobile charge carriers are present in the 
material. There is ample scope to further improve the proper-
ties of the material, such as to improve the electrical properties 
by post-processing, and to improve the coherence properties by 
deuteration. These results pave the way to addressing MQBs by 
means of electric currents and thus to using hybrid polymer/
molecular qubit materials as a novel platform for quantum 
spintronics. Next steps will include tailoring and optimization 
of the material, the search for signatures of qubit-charge carrier 
interaction in transport measurements, and appropriate mod-
eling to understand the interaction mechanism between the 
qubit and the charge carriers.

4. Experimental Section
Materials: Solvents were acquired commercially and used as 

received. Regioregular P3HT was bought from Merck and used 
without further purification. The number average molar mass extracted 
from gel permeation chromatography was Mn  = 28.7  kg mol−1 with a 
polydispersity index of PDI = 1.77. F4TCNQ (>98.0%) was bought from 
TCI. [Cu(dbm)2] was prepared as previously.[36,62] For the fabrication 
of thin-film field-effect transistors, silicon substrates were purchased 
from Fraunhofer IPMS. Si substrates for EPR measurements with a 
size of 15  × 15 mm2 were cut with a diamond saw from commercial 
lightly p-doped 4-inch wafers with specific resistivity of ρ  =  1000 Ω∙cm. 
Commercial microscope slides were used as glass substrates for 
UV/Vis/NIR measurements.

Semiconductor Film Preparation: Substrates were cleaned 1) in an 
ultrasonic bath using acetone and isopropanol, 2) a CO2 stream (Applied 
Surface Technologies SnowJet) with the substrate heated to 200 °C, 
and 3) an oxygen plasma (Diener electronic). Thin films were prepared 
inside the nitrogen atmosphere of a glove box. Films were deposited 
either by static spin-coating at 1000  rpm using a Süss MicroTec 
Delta-6RC spin-coater, starting from solutions of P3HT (12  g L−1) and 
[Cu(dbm)2] (1.8 g L−1), leading to film thicknesses of around 75 nm, or 
by drop-casting of a solution containing P3HT (24 g L−1) and [Cu(dbm)2] 
(2.6  g L−1) onto the substrate, with subsequent drying. The poor 
solubility of [Cu(dbm)2] in chlorobenzene was overcome by heating to 
80 °C with continuous stirring. Chlorobenzene solutions of P3HT were 
pre-heated to 70 °C and mixed with the [Cu(dbm)2] solution immediately 
before film deposition. To generate p-type polaronic charge carriers, a 
solution of F4TCNQ in acetonitrile was deposited onto the previously 
prepared P3HT film by spin-coating.

Transistor Fabrication: Thin-film transistors were fabricated in the 
bottom-contact, bottom-gate device architecture with a highly n-doped 
silicon substrate serving as a common gate electrode for all transistors 
on the substrates, and thermally grown silicon dioxide serving as the 
gate dielectric. Gold was used for the source and drain contacts. The 
transistors have channel lengths of 2.5, 5, 10, and 20 µm.

Film Characterization: Optical microscopy images were taken with 
a Zeiss Axio Imager microscope and AFM images were recorded with 
a Bruker Dimension Icon instrument in contact mode. AFM images 
were processed and analyzed using Gwyddion software.[63] UV/Vis/NIR 
spectra were recorded in the glovebox with a custom-built sample holder 
and a Zeiss MSC 621 VIS II spectrometer cassette.

Charge-Transport Measurements: Room temperature conductivity and 
transistor measurements were carried out inside the glove box, using a 
Süss MicroTec EP6 4-point probe station with a Keithley 2636B Source-
Measure Unit. Low-temperature transport measurements were carried 
out on a home-built setup featuring a Keithley 2636B Source-Measure 
Unit and an Oxford Instruments Spectromag cryomagnet.

Pulsed EPR measurements were carried out using a home-built 
pulsed Q-Band (35.000  GHz) spectrometer, equipped with an Oxford 
Instruments CF935O helium flow cryostat, and a home-built brass 
Fabry–Pérot resonator.[58,64] For the field-swept echo-detected spectra, 
the Hahn echo sequence was used with pulse lengths of 40 and 
80 ns, as well as an interpulse delay of 300 ns. Easyspin was used for 
spectrum simulation.[65] The same sequence with varying interpulse 
delays was used for determining quantum coherence times. Spin–lattice 
relaxation times were determined by fast repetition or inversion recovery 
measurements. Saturation by fast repetition was used for undoped 
samples (both spin-coated and drop-cast) up to 15  K, and at higher 
temperatures inversion recovery was used. For doped samples, only 
inversion recovery was used. Equations S1–S3, Supporting Information, 
were used to fit the spin dynamics data.

EDMR measurements were carried out on a home-built spectrometer 
built around a modified Bruker EMX X-Band EPR spectrometer with 
a standard TE102 rectangular cavity. MW radiation was supplied by 
an Anritsu MG3692C signal generator. The output power was set to 
27.9  dBm. Constant bias voltage was applied to the sample by a five-
piece stack of commercial 9 V batteries. Device current was pre-amplified 
by a FEMTO DLPCA-200 transimpedance amplifier and monitored with 
a Zürich Instruments MFLI lock-in amplifier. Field modulation was used 
to amplify the changes in device current due to magnetic resonance. 
Slightly p-doped Si (100) wafers with 200  nm of thermal SiO2 on top, 
with custom interdigitated Ag electrodes (L = 2.5  µm, w  = 500  µm, 
see Figure S2, Supporting Information, for definition) deposited using 
photolithography and metal evaporation were used as substrate. P3HT 
layers (6  g L−1) doped with F4TCNQ (1.3  g L−1) were spin-coated unto 
pre-cut electrodes under inert conditions with the same procedure as 
described previously. After deposition, electrical contacts were made 
by soldering copper wires to the electrodes under ambient conditions 
(<15  min exposure). Contacted samples were then sealed in a custom 
sample holder with He gas atmosphere, which was directly inserted into 
the MW cavity.
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