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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI). EET/CT
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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Write the Hamiltonian operator

Apply the thermal transformation

Solve the TFD-TDSE

Compute the desired expectation value

What do we gain?



Raffaele Borrelli

Linear coupling model at finite temperature 

16

H



Raffaele Borrelli

Linear coupling model at finite temperature 

16

eiGHe−iG Hθ

H



Raffaele Borrelli

Linear coupling model at finite temperature 

17

Hθ



Raffaele Borrelli

Linear coupling model at finite temperature 

18

Hθ



Raffaele Borrelli

Linear coupling model at finite temperature 

19

The Hamiltonian becomes temperature dependent.  

Schrödinger equation is recovered at zero temperature.
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Schrödinger equation is recovered at zero temperature.
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The Hamiltonian becomes temperature dependent.  

Schrödinger equation is recovered at zero temperature.

Hθ

Final number of degrees of freedom: Nel + 2Nvib

Only the number of vibrational degrees of freedom is doubled 

T → 0
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Curse of dimensionality
N DoFs, p basis functions per DoF: M = pN

Tensor-Trains (MPS)

<latexit sha1_base64="n0Cf6tO7izsCCCPXQsu8GCRChVU="></latexit>�� (t)
↵
=

X

i1i2...iN

C(i1, i2, ..., iN ; t)
��i1

↵
⌦
��i2

↵
· · ·

��iN
↵



Raffaele Borrelli

Tensor Trains / Matrix Product States

21

<latexit sha1_base64="n0Cf6tO7izsCCCPXQsu8GCRChVU="></latexit>�� (t)
↵
=

X

i1i2...iN

C(i1, i2, ..., iN ; t)
��i1

↵
⌦
��i2

↵
· · ·

��iN
↵

The cores Ck(ik) are  complex matrices 

rk are called compression ranks

(rk−1 × rk)



Raffaele Borrelli

Tensor Trains / Matrix Product States

21

<latexit sha1_base64="XMJSX3rXnttli/mmzBbWyrVBWS4="></latexit>

C(i1, ..., iN ) =
X

↵0↵1···↵N

C1(↵0, i1,↵1)C2(↵1, i2,↵2) · · ·CN (↵N�1, iN ,↵N )

<latexit sha1_base64="n0Cf6tO7izsCCCPXQsu8GCRChVU="></latexit>�� (t)
↵
=

X

i1i2...iN

C(i1, i2, ..., iN ; t)
��i1

↵
⌦
��i2

↵
· · ·

��iN
↵

The cores Ck(ik) are  complex matrices 

rk are called compression ranks

(rk−1 × rk)



Raffaele Borrelli

Tensor Trains / Matrix Product States

22

<latexit sha1_base64="n0Cf6tO7izsCCCPXQsu8GCRChVU="></latexit>�� (t)
↵
=

X

i1i2...iN

C(i1, i2, ..., iN ; t)
��i1

↵
⌦
��i2

↵
· · ·

��iN
↵

...C1 C2 C3 Cn−1 Cn

i1 i2 i3

α1 α2

iN−1 iN
αN−2 αN−1|Ψ(t)⟩ =

The cores Ck(ik) are  complex matrices 

rk are called compression ranks

(rk−1 × rk)



Raffaele Borrelli

Tensor Trains / Matrix Product States

23

The cores Ck(ik) are  complex matrices 

rk are called compression ranks

(rk−1 × rk)

pN

Npr2

<latexit sha1_base64="n0Cf6tO7izsCCCPXQsu8GCRChVU="></latexit>�� (t)
↵
=

X

i1i2...iN

C(i1, i2, ..., iN ; t)
��i1

↵
⌦
��i2

↵
· · ·

��iN
↵

...C1 C2 C3 Cn−1 Cn

i1 i2 i3

α1 α2

iN−1 iN
αN−2 αN−1|Ψ(t)⟩ =



Raffaele Borrelli

Tensor Trains / Matrix Product States

23

The cores Ck(ik) are  complex matrices 

rk are called compression ranks

(rk−1 × rk)

pN

Npr2

<latexit sha1_base64="n0Cf6tO7izsCCCPXQsu8GCRChVU="></latexit>�� (t)
↵
=

X

i1i2...iN

C(i1, i2, ..., iN ; t)
��i1

↵
⌦
��i2

↵
· · ·

��iN
↵

...C1 C2 C3 Cn−1 Cn

i1 i2 i3

α1 α2

iN−1 iN
αN−2 αN−1|Ψ(t)⟩ =



Raffaele Borrelli

Tensor Trains / Matrix Product States

23

The cores Ck(ik) are  complex matrices 

rk are called compression ranks

(rk−1 × rk)
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Low rank dynamical approximations. 
Effective if r is small.
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1) Time Evolving Block Decimation (Vidal 2003) 

2) Time dependent Variational Principle (Osborne 2013, Lubich, Oseledets, 2015)
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).

Experimental

Discretization

0 50 100 150 200 250 300
ω (cm−1)

0

1

2

3

4

5

J
(ω

)

1036 vib

Borrelli, R. and Gelin, M. Sci. Rep. 2017



Raffaele Borrelli

Exciton Dynamics in the Fenna-Matthews-Olson Complex

26

Borrelli, R. and Gelin, M. Sci. Rep. 2017

Tilde space couplingPhysical space coupling

www.nature.com/scientificreports/

4SCIENTIFIC REPORTS�ȁ�ͽǣ 9127 �ȁ����ǣͷͶǤͷͶ͹;Ȁ�ͺͷͻͿ;ǦͶͷͽǦͶ;ͿͶͷǦ͸

∑ ∑ω θ δ ω ω ω θ δ ω ω= − = +J g J g( ) ( cosh( )) ( ), ( ) ( sinh( )) ( ),
(14)p

k
nk k k t

k
nk k k

2 2

which describe the electron-vibrational couplings in the physical (subscript p) and tilde (subscript t) subspace. 
As temperature goes to zero, Jp(ω) → J(ω) and Jt(ω) → 0. !e two spectral densities are reported in Figure 1 at 
77 K and 300 K. !e comparison of lower and upper panels in Figure 1 reveals how e#ective electron-vibrational 
coupling increases with temperature, notably for lower-frequency modes.

Figure 2 shows the total time-dependent populations pn(t) of seven (n = 1–7) BChla molecules of the FMO 
complex (standard numbering of the FMO cofactors is used). !e populations are evaluated by Eqs 7 and 8 for 
A = Aθ = |n〉 〈n| so that pn(t) = 〈A(t)〉. !e initial excitation is assumed to be initially localized on site 1. In all 
panels, p1(t) and p2(t) exhibit pronounced oscillations, as expected45, 46.

At T = 0 K (upper panel) the populations are in perfect agreement with the results obtained by Schulze and 
coworkers using ML-MCTDH48.

At T = 77 K (middle panel) p3(t) drops to about 0.6 at t = 1 ps. On the other hand, no pronounced di#erence 
in the behaviors of p1(t) and p2(t) at T = 0 and 77 K is observed. In the language of spectral densities de$ned in  
Eq. 14, it means that the contributions of the lower-frequencies vibrational modes (which are strongly temper-
ature dependent) are quite signi$cant in the dynamics of p3(t) already at 77 K, while are less pronounced in the 
dynamics of p1(t) and p2(t).

If temperature increases up to 300 K (lower panel) p3(t) further decreases to 0.3 at t = 1 ps, and the oscil-
latory components of p1(t) and p2(t) are signi$cantly reduced but still visible. As can be seen from Figure 3, 
which shows an enlargement of the lower panel of Figure 2 at longer times, small amplitude beatings of p1(t) 

Figure 1. E#ective site spectral densities Jp(ω) and Jt(ω) describing the coupling of the physical and tilde 
bosonic degrees of freedom with the electronic subsystem at di#erent temperatures. (a,b) 77 K, (c,d) 300 K.

Figure 2. !e time evolution of the electronic populations pn(t) of seven (n = 1–7) BChla molecules of the FMO 
complex at di#erent temperatures indicated in the panels. !e initial excitation is localized on site 1.



Raffaele Borrelli

0 K

77 K

0 200 400 600 800 1000

time (fs)

300 K

Exciton Dynamics in the Fenna-Matthews-Olson Complex

27

El
ec

tr
on

ic
 p

op
ul

at
io

ns

www.nature.com/scientificreports/

2Scientific RepoRts�ȁ�ͼǣ͹ͷ;ͽͻ�ȁ����ǣ�ͷͶǤͷͶ͹;Ȁ����͹ͷ;ͽͻ

that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).

Converged calculations ranks r=60.

Site 1
Site 2 Site 3
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and p2(t) are clearly observable even a!er 700 fs. Such long-lived beatings at ambient temperature have not been 
reported in models employing an approximate spectral density in the Drude-Lorentz form46, Ohmic form45 
or Adolphs-Regner (single peak) form45. "e beatings revealed in the present work at T = 300 K are due to the 
strongly structured spectral density and frequency-dependent coupling between the electronic subsystem and the 
vibrational degrees of freedom.

To elucidate how the spectral densities of Figure 1 a$ect the fraction of BChlas that are signi%cantly occupied 
during the time evolution of the system, we compute the inverse participation ratio Π(t), de%ned as64, 65

Π =
∑

.t
p t

( ) 1
( ) (15)n n

2

It is easy to show that Π(t) = 1 for a completely localized exciton wavefunction, while Π(t) = Nsite (7 in the present 
case) for a perfectly uniform state. "erefore, Π(t) can be considered as an e$ective length, measuring the spatial 
extent of the exciton wave function over the aggregate. Figure 4 shows the computed Π(t) for the FMO complex 
at di$erent temperatures. At T = 0 K Π(t) has a strong quantum behavior showing an oscillatory increase for the 
%rst 400 fs which is followed by an oscillatory decrease to a value of 2 at t = 1 ps. "is is an indication of the exciton 
self-trapping. "erefore, a small number of sites are accessible to the systems during its evolution at T = 0 K, as is 
also evident from the population dynamics in Figure 2. For T = 77 K, the qualitative behavior of Π(t) remains the 
same but the number of accessible sites increases to 3 at t = 1 ps. At room temperature the number of accessible 
sites increases signi%cantly and the e$ective length of the exciton is about 5.5 at t = 1 ps. "e e$ect of a %nite tem-
perature is thus not only to provide a decoherence mechanism but also to increase the number of sites simultane-
ously accessible for the energy transfer process and to destroy the exciton self-trapping (cf. ref. 65).

Summarizing, we have developed a new theoretical and numerical approach for the determination of time 
dependent properties in large molecular aggregates. "e methodology is based on "ermo Field Dynamics theory 

Figure 3. Enlarged section of the lower panel of Fig. 2.

Figure 4. Inverse participation ratio Π(t) as a function of time; (−) 300 K, (− −) 77 K, (− ·) 0 K.

IPR clearly shows the 
delocalization process at high 
temperature

IP
R(

t)
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29The other parameters necessary for defining the Hamiltonian of Eq.
(23), = −V 90 cmAF 1, = −E∆ 1200 cmAF 1, have been taken from Ref. [41].

Fig. 1 shows the temperature-dependent spectral densities defined
as [36] ∑ ∑= − = −J ω g θ δ ω ω J ω g θ δ ω ω( ) cosh ( ) ( ) ( ) sinh ( ) ( ).p

k
k k k t

k
k k k

2 2 2 2

These two functions represent the strength of the interaction between
the electronic subsystem and the physical and tilde space respectively.
The coupling with the tilde space is negligible for high frequency modes
and not reported. It is immediate to see that as temperature increases
the coupling with the low frequency part of the spectrum increases,
while the high frequency region is left almost unaffected, as expected.
This observation enables to analyse the relevance of temperature effects
for each single degree of freedom and to reduce the computational costs
by a priori removing some of the tilde degrees of freedom from the
Hamiltonian.

In the present case the physical number of degrees of freedom in
267, which should be doubled to 534 upon inclusion o the tilde space.
However, a large fraction of high frequency modes has a negligible
vibronic coupling, g θsinh( )k k , thus it is possible to reduce the overall
number of nuclear dofs to 400 without any loss in the accuracy of the
model.

Fig. 2 shows the convergence behaviour of the TT methodology for
different ranks of the cores. For sake of simplicity all cores have the
same ranks, although different values are, in principles, allowed. As can
be seen from Fig. 2a, the small rank approximation provide a good
description of the dynamics only for short times. More specifically for=r 10 the dynamics is accurate up to 60 fs, while for =r 20 the dy-
namics is in almost quantitative agreement with the exact result up to
250 fs. Fig. 2b shows that semiquantitative results are obtained with=r 40, while =r 50 is needed to achieve numerical convergence. In-
creasing r to 60 provides only slight modifications in the long-time tail
of the decay. Indeed, after 800 fs the discrepancies between the popu-
lation decay curves with =r 60 and =r 50 have an average relative
deviation of about 5%. In all the calculations a basis set of harmonic
oscillator eigenfunctions has been used with maximum quantum
number 20 for all the degrees of freedom. As shown in Fig. 3 using 10
states per mode already provides excellent results, and increasing the
basis set first to 20 and then to 30 states for all vibrations does not
produce any significant change in the population dynamics. Here we
have adopted the vale =n 20 for all vibrations.

Fig. 4 shows the electronic population of the initial state 〉−B H| A A as a
function of time at different temperatures. Temperature effects are not

dramatic, as expected, since most of the vibronic activity is associated
with high frequency vibrations. Increasing the temperature from 10 K
to 77 K result in a very small decrease of the decay rate. This effect
cannot be described in the framework of the classical ET theory and is

Fig. 1. Effective site spectral densities J ω( )p and J ω( )t describing the coupling
of the physical and tilde bosonic degrees of freedom with the electronic sub-
system at different temperatures. (a,b) 77 K, (c,d) 300 K.

Fig. 2. (a) Electronic population of the initially populated state 〉−B H| A A for
different values of the TT compression ranks; (b) enlargement of (a) in the
region between 0 and 100 fs.

Fig. 3. (a) Electronic population of the initially populated state 〉−B H| A A for three
different values of the basis set size, =n 10, =n 20 and =n 30. In all cases the
TT ranks are set to 50.
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The other parameters necessary for defining the Hamiltonian of Eq.

(23), = −V 90 cmAF 1, = −E∆ 1200 cmAF 1, have been taken from Ref. [41].
Fig. 1 shows the temperature-dependent spectral densities defined

as [36] ∑ ∑= − = −J ω g θ δ ω ω J ω g θ δ ω ω( ) cosh ( ) ( ) ( ) sinh ( ) ( ).p
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These two functions represent the strength of the interaction between
the electronic subsystem and the physical and tilde space respectively.
The coupling with the tilde space is negligible for high frequency modes
and not reported. It is immediate to see that as temperature increases
the coupling with the low frequency part of the spectrum increases,
while the high frequency region is left almost unaffected, as expected.
This observation enables to analyse the relevance of temperature effects
for each single degree of freedom and to reduce the computational costs
by a priori removing some of the tilde degrees of freedom from the
Hamiltonian.

In the present case the physical number of degrees of freedom in
267, which should be doubled to 534 upon inclusion o the tilde space.
However, a large fraction of high frequency modes has a negligible
vibronic coupling, g θsinh( )k k , thus it is possible to reduce the overall
number of nuclear dofs to 400 without any loss in the accuracy of the
model.

Fig. 2 shows the convergence behaviour of the TT methodology for
different ranks of the cores. For sake of simplicity all cores have the
same ranks, although different values are, in principles, allowed. As can
be seen from Fig. 2a, the small rank approximation provide a good
description of the dynamics only for short times. More specifically for=r 10 the dynamics is accurate up to 60 fs, while for =r 20 the dy-
namics is in almost quantitative agreement with the exact result up to
250 fs. Fig. 2b shows that semiquantitative results are obtained with=r 40, while =r 50 is needed to achieve numerical convergence. In-
creasing r to 60 provides only slight modifications in the long-time tail
of the decay. Indeed, after 800 fs the discrepancies between the popu-
lation decay curves with =r 60 and =r 50 have an average relative
deviation of about 5%. In all the calculations a basis set of harmonic
oscillator eigenfunctions has been used with maximum quantum
number 20 for all the degrees of freedom. As shown in Fig. 3 using 10
states per mode already provides excellent results, and increasing the
basis set first to 20 and then to 30 states for all vibrations does not
produce any significant change in the population dynamics. Here we
have adopted the vale =n 20 for all vibrations.

Fig. 4 shows the electronic population of the initial state 〉−B H| A A as a
function of time at different temperatures. Temperature effects are not

dramatic, as expected, since most of the vibronic activity is associated
with high frequency vibrations. Increasing the temperature from 10 K
to 77 K result in a very small decrease of the decay rate. This effect
cannot be described in the framework of the classical ET theory and is

Fig. 1. Effective site spectral densities J ω( )p and J ω( )t describing the coupling
of the physical and tilde bosonic degrees of freedom with the electronic sub-
system at different temperatures. (a,b) 77 K, (c,d) 300 K.

Fig. 2. (a) Electronic population of the initially populated state 〉−B H| A A for
different values of the TT compression ranks; (b) enlargement of (a) in the
region between 0 and 100 fs.

Fig. 3. (a) Electronic population of the initially populated state 〉−B H| A A for three
different values of the basis set size, =n 10, =n 20 and =n 30. In all cases the
TT ranks are set to 50.
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very likely due to the highly quantized nature of the vibrational density
of states at very low temperatures. A modest increase in the population
decay rate upon increasing T from 77 K to 298 K is observed. This effect
can be attributed to the increased number of accessible vibronic states.
The overall behaviour is similar to what is found in other ET processes
where large vibronic couplings are associated to highly quantized
modes [69,70,62].

4.1. Comparison with approximate theories

The exact results at finite temperature obtained from TFD-TT theory
can be used for the assessment of approximate theories of electron-
transfer. Very recently a second order cumulant approximation (SOC)
has been developed to describe the dynamics of radiationless transition
in large molecular assemblies [41,71,15,16]. The SOC approach re-
present an improvement over standard rate theories, and is at the same
time computationally feasible for large systems, it is thus of interest to
better understand and define its range of validity.

In the SOC approach the time evolution of the electronic population
of the electronic state 〉A| is described by the differential equation [41]

K=dP t
dt

t P t( ) ( ) ( )A
A2 (25)

where

K ∫= − − − + −t V Z e e dτ( ) 2| | ℏ Re Tr( )AF A
t iH τ iβ iH τ2 2 2 1

0
( )A F

(26)

and the trace is taken over all the vibrational degrees of freedom. It is
worth noticing that the kernel of the SOC approximation can be con-
sidered as a time-convolutionless representation of the Non-Interacting
Blip Approximation (NIBA) introduced in the framework of spin-boson
theory [72,73].

Fig. 5 shows the exact TFD-TT electronic population dynamics and
the SOC results. At =T 10 K, the SOC dynamics and the exact result
match almost perfectly in the entire time interval reported. Moving to a
higher temperature the agreement between the exact result and the
SOC dynamics worsen and is exact only for short times. A better ana-
lysis of the SOC methodology can be obtained by comparing the kernel
K t( )2 of Eq. (25) with the generator, K t( ), of the exact time-con-
volutionless differential equation [74–76]

K T∫ ∫∑ ∑= = ⎛⎝ − ⎞⎠ ⋯ 〈 …
〉

∞
=
∞ − ×

× −
t K t

n
i dτ dτ V t

V τ

( ) ( ) 1
! ℏ

( )

( ) .
n

n
n

n t t
n I

I n c

1 0 1 0 1

1

where, T is the time ordering operator, I labels the interaction

representation, and the operator ×V τ( )I is defined by its action on a
generic operator O as =×V τ O V τ O( ) [ ( ), ]I I [77,78]. This generator can
be easily computed from the population P t( )A obtained from the TFD-
TT calculation, as

K =t P t P t( ) ̇ ( )/ ( ).A A (27)

Fig. 6 shows a comparison of K t( ) and K t( )2 for the electron
transfer process under examination. It can be clearly seen that at low
temperature =T 10 K, the two functions matches almost exactly.K t( )2
can provide a good description of the short time oscillatory behaviour
of the cumulant expansion and converges to a limiting value that is very
close to the exact one. At high temperature, the agreement becomes less
satisfactory and the long time behaviour of the exact cumulant function
is not correctly reproduced by the second order approximation. Clearly
this means that higher order terms in the cumulant expansion cannot be
neglected for accurate results. Yet, the SOC approximation is capable of
grasping the qualitative behaviour of both the sub-picosecond and the
long-time population dynamics in both hight and low temperature re-
gimes.

5. Discussion and conclusion

We have discussed the application of the recently developed TFD-TT
technique for the study of quantum dynamics of complex molecular

Fig. 4. Electronic population of the initially populated state 〉−B H| A A for different
values of the temperature. In all calculations the compression rank is set to 50.

Fig. 5. Electronic population of the initially populated state 〉−B H| A A at =T 10 K,
and =T 298 K (full lines) obtaind from TFD-TT calculations; second order cu-
mulant approximation at =T 10 K and =T 298 K (dashed line).

Fig. 6. Second order cumulantK t( )2 obtained from SOC theory compared with
the exact cumulant function K t( ) obtained from TFD-TT calculations.

R. Borrelli &KHPLFDO�3K\VLFV�[[[��[[[[��[[[²[[[

�

Borrelli, R. Chem. Phys. 2018



Raffaele Borrelli

Electron Transfer Dynamics in RC

31

The other parameters necessary for defining the Hamiltonian of Eq.
(23), = −V 90 cmAF 1, = −E∆ 1200 cmAF 1, have been taken from Ref. [41].

Fig. 1 shows the temperature-dependent spectral densities defined
as [36] ∑ ∑= − = −J ω g θ δ ω ω J ω g θ δ ω ω( ) cosh ( ) ( ) ( ) sinh ( ) ( ).p

k
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k
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These two functions represent the strength of the interaction between
the electronic subsystem and the physical and tilde space respectively.
The coupling with the tilde space is negligible for high frequency modes
and not reported. It is immediate to see that as temperature increases
the coupling with the low frequency part of the spectrum increases,
while the high frequency region is left almost unaffected, as expected.
This observation enables to analyse the relevance of temperature effects
for each single degree of freedom and to reduce the computational costs
by a priori removing some of the tilde degrees of freedom from the
Hamiltonian.

In the present case the physical number of degrees of freedom in
267, which should be doubled to 534 upon inclusion o the tilde space.
However, a large fraction of high frequency modes has a negligible
vibronic coupling, g θsinh( )k k , thus it is possible to reduce the overall
number of nuclear dofs to 400 without any loss in the accuracy of the
model.

Fig. 2 shows the convergence behaviour of the TT methodology for
different ranks of the cores. For sake of simplicity all cores have the
same ranks, although different values are, in principles, allowed. As can
be seen from Fig. 2a, the small rank approximation provide a good
description of the dynamics only for short times. More specifically for=r 10 the dynamics is accurate up to 60 fs, while for =r 20 the dy-
namics is in almost quantitative agreement with the exact result up to
250 fs. Fig. 2b shows that semiquantitative results are obtained with=r 40, while =r 50 is needed to achieve numerical convergence. In-
creasing r to 60 provides only slight modifications in the long-time tail
of the decay. Indeed, after 800 fs the discrepancies between the popu-
lation decay curves with =r 60 and =r 50 have an average relative
deviation of about 5%. In all the calculations a basis set of harmonic
oscillator eigenfunctions has been used with maximum quantum
number 20 for all the degrees of freedom. As shown in Fig. 3 using 10
states per mode already provides excellent results, and increasing the
basis set first to 20 and then to 30 states for all vibrations does not
produce any significant change in the population dynamics. Here we
have adopted the vale =n 20 for all vibrations.

Fig. 4 shows the electronic population of the initial state 〉−B H| A A as a
function of time at different temperatures. Temperature effects are not

dramatic, as expected, since most of the vibronic activity is associated
with high frequency vibrations. Increasing the temperature from 10 K
to 77 K result in a very small decrease of the decay rate. This effect
cannot be described in the framework of the classical ET theory and is

Fig. 1. Effective site spectral densities J ω( )p and J ω( )t describing the coupling
of the physical and tilde bosonic degrees of freedom with the electronic sub-
system at different temperatures. (a,b) 77 K, (c,d) 300 K.

Fig. 2. (a) Electronic population of the initially populated state 〉−B H| A A for
different values of the TT compression ranks; (b) enlargement of (a) in the
region between 0 and 100 fs.

Fig. 3. (a) Electronic population of the initially populated state 〉−B H| A A for three
different values of the basis set size, =n 10, =n 20 and =n 30. In all cases the
TT ranks are set to 50.
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very likely due to the highly quantized nature of the vibrational density
of states at very low temperatures. A modest increase in the population
decay rate upon increasing T from 77 K to 298 K is observed. This effect
can be attributed to the increased number of accessible vibronic states.
The overall behaviour is similar to what is found in other ET processes
where large vibronic couplings are associated to highly quantized
modes [69,70,62].

4.1. Comparison with approximate theories

The exact results at finite temperature obtained from TFD-TT theory
can be used for the assessment of approximate theories of electron-
transfer. Very recently a second order cumulant approximation (SOC)
has been developed to describe the dynamics of radiationless transition
in large molecular assemblies [41,71,15,16]. The SOC approach re-
present an improvement over standard rate theories, and is at the same
time computationally feasible for large systems, it is thus of interest to
better understand and define its range of validity.

In the SOC approach the time evolution of the electronic population
of the electronic state 〉A| is described by the differential equation [41]

K=dP t
dt

t P t( ) ( ) ( )A
A2 (25)

where

K ∫= − − − + −t V Z e e dτ( ) 2| | ℏ Re Tr( )AF A
t iH τ iβ iH τ2 2 2 1

0
( )A F

(26)

and the trace is taken over all the vibrational degrees of freedom. It is
worth noticing that the kernel of the SOC approximation can be con-
sidered as a time-convolutionless representation of the Non-Interacting
Blip Approximation (NIBA) introduced in the framework of spin-boson
theory [72,73].

Fig. 5 shows the exact TFD-TT electronic population dynamics and
the SOC results. At =T 10 K, the SOC dynamics and the exact result
match almost perfectly in the entire time interval reported. Moving to a
higher temperature the agreement between the exact result and the
SOC dynamics worsen and is exact only for short times. A better ana-
lysis of the SOC methodology can be obtained by comparing the kernel
K t( )2 of Eq. (25) with the generator, K t( ), of the exact time-con-
volutionless differential equation [74–76]
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where, T is the time ordering operator, I labels the interaction

representation, and the operator ×V τ( )I is defined by its action on a
generic operator O as =×V τ O V τ O( ) [ ( ), ]I I [77,78]. This generator can
be easily computed from the population P t( )A obtained from the TFD-
TT calculation, as

K =t P t P t( ) ̇ ( )/ ( ).A A (27)

Fig. 6 shows a comparison of K t( ) and K t( )2 for the electron
transfer process under examination. It can be clearly seen that at low
temperature =T 10 K, the two functions matches almost exactly.K t( )2
can provide a good description of the short time oscillatory behaviour
of the cumulant expansion and converges to a limiting value that is very
close to the exact one. At high temperature, the agreement becomes less
satisfactory and the long time behaviour of the exact cumulant function
is not correctly reproduced by the second order approximation. Clearly
this means that higher order terms in the cumulant expansion cannot be
neglected for accurate results. Yet, the SOC approximation is capable of
grasping the qualitative behaviour of both the sub-picosecond and the
long-time population dynamics in both hight and low temperature re-
gimes.

5. Discussion and conclusion

We have discussed the application of the recently developed TFD-TT
technique for the study of quantum dynamics of complex molecular

Fig. 4. Electronic population of the initially populated state 〉−B H| A A for different
values of the temperature. In all calculations the compression rank is set to 50.

Fig. 5. Electronic population of the initially populated state 〉−B H| A A at =T 10 K,
and =T 298 K (full lines) obtaind from TFD-TT calculations; second order cu-
mulant approximation at =T 10 K and =T 298 K (dashed line).

Fig. 6. Second order cumulantK t( )2 obtained from SOC theory compared with
the exact cumulant function K t( ) obtained from TFD-TT calculations.
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very likely due to the highly quantized nature of the vibrational density
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where, T is the time ordering operator, I labels the interaction
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).



Raffaele Borrelli 35

Reduced Density Matrix Formalism

www.nature.com/scientificreports/

2Scientific RepoRts�ȁ�ͼǣ͹ͷ;ͽͻ�ȁ����ǣ�ͷͶǤͷͶ͹;Ȁ����͹ͷ;ͽͻ

that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ
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h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ
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σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
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P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
h F. Here σ  denotes the absorption cross section, A the area of the 

focal spot, P the incident laser power, hν  the photon energy and Φ F the "uorescence quantum yield. Inserting, 
σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ

ν
n A

P
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σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.

Recently, by applying 2D spectroscopy, long-lived quantum coherences among the electronic excitations of the 
pigments in the FMO complex have been observed37,38, and it has been argued that these re"ect correlations of the 
site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
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that are delocalised over only a few monomers36. Upon excitation the decay from the highest to the lowest exciton 
state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.
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site energy "uctuations. A technique that might shed some light on this debate is single-molecule spectroscopy, 
because, in general, the broadening of the spectra due to averaging over sample heterogeneities can be avoided. 
Indeed, there is a demand for experiments on single FMO complexes in the community and challenging experi-
mental schemes have been proposed recently39. Here we present the "uorescence-excitation and emission spectra 
from individual FMO complexes from the species Cba. tepidum and #nd that these complexes behave ergodically 
on the experimental accessible timescales.

Results
In order to select a single well-separated FMO for "uorescence-excitation spectroscopy we recorded a wide-
#eld "uorescence image from the sample. An example for such an image is shown in Fig. 2. It features a few 
di$raction-limited bright spots, each corresponding to an individual FMO complex.

Evidence that we are dealing with a single FMO complex stems from the following observations: First, for 
320 pM concentration and a di$raction-limited excitation volume for the laser spot this yields a probability of 
0.15 for #nding a single FMO within this spot. Given that the FMO complexes have no tendency to aggregate, the 
probability to #nd two FMOs within the same volume is already less than 0.02. Based on these numbers one 
expects an average distance between two FMO complexes of about 15 µ m, which is consistent with the wide#eld 
images of the samples. Second, for a single complex the emission rate n corresponding to the number of emitted 
photons per second is given by Φ= ⋅ ⋅σ
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σ  =  5.88 ×  10−20 m2 (calculated from the extinction coefficient =  154 mM−1cm−1 40), A =  6.36 ×  10−13 m2, 
P =  80 nW, hν  =  2.48 ×  10−19 J, and Φ F =  0.95, we expect a "uorescence emission rate of about 29,000 photons/s. 
From previous work we know that the collection e%ciency of our low-temperature microscope is about 2%, 
which yields 600 counts/s for the detected rate from a single FMO, in agreement with our observations.

Figure 3 compares the low-temperature static optical spectra of FMO from Cba. tepidum for a bulk 
sample and three different single complexes. In accordance with absorption spectra in the literature, the 
"uorescence-excitation spectrum from an ensemble (Fig. 3a, red line) features four bands, here labelled 1–4 in 
the order of increasing wavelength. &ose can be characterised by four Gaussians (for details see experimental 
section) that decrease in widths going from band 1 to band 4, see Table 1. &e corresponding spectrum from the 
single FMO complexes (Fig. 3a, black lines) in shape resemble closely the ensemble spectrum, with the exception 
that band 4 shows a lower relative intensity with respect to the ensemble spectrum and is sometimes hard to 
detect. In order to verify whether the single complex spectrum is a$ected by the excitation intensity we repeated 
the experiment for one single complex lowering and raising the excitation intensity by a factor of 5 and 4 respec-
tively. &e lower excitation intensity corresponds to the lowest intensity for which we can record an excitation 
spectrum. For these di$erent excitation intensities we did not #nd a signi#cant variation of the spectral pro#le.

Figure 3b displays the low-temperature emission spectra from three other individual FMO complexes 
together with the emission spectrum from a bulk sample. &e samples have been excited at 805 nm and the excita-
tion intensity was 250 W/cm2. Again we #nd a close resemblance between the ensemble and the single complex 

Figure 1. Structure of the FMO complex. (a) Top-view of the trimeric FMO complex from Chlorobaculum 
tepidum. (b) Side view of the BChl a arrangement within one monomer unit. For clarity the phytol tails have been 
omitted. (c) Same as (b) without the protein sca$old. &e delocalisation of the excitation over two pigments is 
indicated by similar colour tones (violet, blue, orange). Structural data taken from www.rcsb.org (protein code 3ENI).
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state occurs on a (sub-)picosecond time scale, and the population can be transferred either by a few big steps or by 
many small steps involving all intermediate exciton states. Finally, the excitation energy leaves the FMO complex 
en route to the RC via BChl a number “3” (“exit pigment”), see Fig. 1b,c.
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Ĥ = HA + HB + V − H̃A − H̃B − Ṽ = ĤA + ĤB + ̂V = Ĥ0 + ̂V
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identical to those of Fig. 1. In both cases, an underdamped dynam-
ics with a period of 220 fs, depending exclusively on the pola-
ronic system, is clearly observable. As can be seen, the stronger
the system-bath interaction (λ), i.e., the larger the dynamic disor-
der of the coupling, the stronger the damping and, consequently,
the shorter the time to reach an equilibrium condition. Therefore,
while dynamical disorder of the site energies induces a renormal-
ization of the intersite coupling leading to a lower transition rate
with increasing the system-bath interaction strength, fluctuations of
the off-diagonal (excitonic) couplings increase the overall transition
rate.

Figure 3 shows the population dynamics for the model system
of Fig. 2 but for two different values of the bath characteristic fre-
quency. The differences between the two population dynamics are
clearly visible after the first 200 fs. Indeed, the population of site 1
is modulated by a second slow component associated with the bath
relaxation time of 1 ps (γ = 5.3 cm−1).

To show the potential range of application of the methodol-
ogy, we further analyze a model for the charge transfer (CT) process
between two identical molecular sites. Both sites are linearly cou-
pled to a set of seven nuclear vibrations. The parameters of the
vibronic model are given in the supplementary material and have
been used to describe the CT process in a pentacene dimer.71,72 In
Fig. 4, the population dynamics of the two site system is reported
for two different system-bath couplings λ = 300 cm−1 and 90 cm−1.
In both cases, the characteristic bath frequency is γ = 53 cm−1.
Due to the complexity of the model and the number of vibronically
active degrees of freedom, it is not easy to disentangle the differ-
ent contribution to the population dynamics. The initial fast decay
of the populations is very likely due to pure excitonic couplings,
while the small oscillations with periods of about 20 fs, clearly evi-
dent at longer times, are caused by the vibronic activity of several
high frequency modes. For λ = 90 cm−1, the CT dynamics is under-
damped, while an overall overdamped behavior can be observed for
λ = 300 cm−1.

FIG. 3. Population dynamics of a 7 site polaron model with dynamic disorder on
the intersite couplings for two different values of the bath characteristic frequency
(relaxation time): (a) γ = 53 cm−1 and (b) γ = 5.3 cm−1. In both cases, the reorga-
nization energy is λ = 25 cm−1. Initial conditions are P1(0) = 1, P2–7(0) = 0. The
system-bath interaction strength is 25 cm−1. Converged results are obtained with
TT rank 95. The hierarchy level is truncated at m = 10 on each bath.

FIG. 4. Population dynamics of a homodimer with 14 nuclear vibrations. Bath reor-
ganization energies are (a) λ = 90 cm−1 and (b) λ = 300 cm−1. Converged results
are obtained with TT rank 115. The hierarchy level is truncated at m = 10 on each
bath.

Finally, the convergence properties of the numerical method-
ology are illustrated in Fig. 5, where the populations of the two
states of the dimer model as a function of time for different val-
ues of the TT compression ranks are compared. Considering the
relatively small number of degrees of freedom, the ranks necessary
to reach a converged dynamics are considerably large. Figure 5
also shows the norm of the state vector as a function of time.
As can be readily seen for very small ranks, the norm drastically
decreases, by about 20%, after a very short time, and even for very
large ranks (r = 115), there is a 1% loss after 800 fs. This behav-
ior can be traced back to the combination of the reduced Liou-
ville equation with the TDVP solver.73,74 Indeed, this methodology
preserves the norm �Ψ|Ψ� and the “energy” X̄ = �Ψ�X�Ψ� dur-
ing the evolution. Both quantities, however, have no direct physical
meaning. In our formalism, the true norm to be preserved during
the evolution is �1�ρ0A(t)� = trρ0A(t) = 1. As expected, this prob-
lem introduces artifacts which can be alleviated by increasing the

FIG. 5. Population dynamics of the initial electronic state of the homodimer model
and overall norm of the state vector for different TT truncation ranks as indicated
in the legend. The hierarchy level is truncated at m = 10 on each bath.
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identical to those of Fig. 1. In both cases, an underdamped dynam-
ics with a period of 220 fs, depending exclusively on the pola-
ronic system, is clearly observable. As can be seen, the stronger
the system-bath interaction (λ), i.e., the larger the dynamic disor-
der of the coupling, the stronger the damping and, consequently,
the shorter the time to reach an equilibrium condition. Therefore,
while dynamical disorder of the site energies induces a renormal-
ization of the intersite coupling leading to a lower transition rate
with increasing the system-bath interaction strength, fluctuations of
the off-diagonal (excitonic) couplings increase the overall transition
rate.

Figure 3 shows the population dynamics for the model system
of Fig. 2 but for two different values of the bath characteristic fre-
quency. The differences between the two population dynamics are
clearly visible after the first 200 fs. Indeed, the population of site 1
is modulated by a second slow component associated with the bath
relaxation time of 1 ps (γ = 5.3 cm−1).

To show the potential range of application of the methodol-
ogy, we further analyze a model for the charge transfer (CT) process
between two identical molecular sites. Both sites are linearly cou-
pled to a set of seven nuclear vibrations. The parameters of the
vibronic model are given in the supplementary material and have
been used to describe the CT process in a pentacene dimer.71,72 In
Fig. 4, the population dynamics of the two site system is reported
for two different system-bath couplings λ = 300 cm−1 and 90 cm−1.
In both cases, the characteristic bath frequency is γ = 53 cm−1.
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active degrees of freedom, it is not easy to disentangle the differ-
ent contribution to the population dynamics. The initial fast decay
of the populations is very likely due to pure excitonic couplings,
while the small oscillations with periods of about 20 fs, clearly evi-
dent at longer times, are caused by the vibronic activity of several
high frequency modes. For λ = 90 cm−1, the CT dynamics is under-
damped, while an overall overdamped behavior can be observed for
λ = 300 cm−1.
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nization energy is λ = 25 cm−1. Initial conditions are P1(0) = 1, P2–7(0) = 0. The
system-bath interaction strength is 25 cm−1. Converged results are obtained with
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ganization energies are (a) λ = 90 cm−1 and (b) λ = 300 cm−1. Converged results
are obtained with TT rank 115. The hierarchy level is truncated at m = 10 on each
bath.

Finally, the convergence properties of the numerical method-
ology are illustrated in Fig. 5, where the populations of the two
states of the dimer model as a function of time for different val-
ues of the TT compression ranks are compared. Considering the
relatively small number of degrees of freedom, the ranks necessary
to reach a converged dynamics are considerably large. Figure 5
also shows the norm of the state vector as a function of time.
As can be readily seen for very small ranks, the norm drastically
decreases, by about 20%, after a very short time, and even for very
large ranks (r = 115), there is a 1% loss after 800 fs. This behav-
ior can be traced back to the combination of the reduced Liou-
ville equation with the TDVP solver.73,74 Indeed, this methodology
preserves the norm �Ψ|Ψ� and the “energy” X̄ = �Ψ�X�Ψ� dur-
ing the evolution. Both quantities, however, have no direct physical
meaning. In our formalism, the true norm to be preserved during
the evolution is �1�ρ0A(t)� = trρ0A(t) = 1. As expected, this prob-
lem introduces artifacts which can be alleviated by increasing the

FIG. 5. Population dynamics of the initial electronic state of the homodimer model
and overall norm of the state vector for different TT truncation ranks as indicated
in the legend. The hierarchy level is truncated at m = 10 on each bath.
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couplings (ρ12, ρ23, and ρ34), which is expected due to the
nearest-neighbor interaction model. For the same reason, the
term ρ14 always remains very small. The imaginary part of the
off-diagonal terms of the density matrix falls to zero, as expected,
but still exhibits some oscillatory behavior, which indicates that
complete thermal equilibrium occurs at longer times.
Panels a and b in Figure 5 show the error in the norm

preservation and the maximum value of the rank of the TT

representation of the density vector as a function of time,
respectively. As for the pentacene dimer dynamics, the norm is
preserved to high degree of accuracy; the TT rank increases for
the first 170 fs, reaching the value of 296, and then starts to
slowly decrease. After 1 ps, the maximum TT rank is stable
around 100. We underline that these two important results
enable the study of long time dynamics even for realistic
complex chemical systems.
Finally, the purity of the pentacene tetramer model is reported

in Figure 3b as a function of time. Similar to the dimer model,
the purity decreases rapidly at early times and reaches a plateau
value of 0.48 after 600 fs. However, in this case the transient
oscillatory behavior is much less pronounced, probably due to
the larger number of vibrational DoFs involved in the dynamics
that provide a stronger dephasing mechanism.

■ CONCLUSIONS
We have shown that the twin-space formulation of HEOM
combined with the TT representation of the auxiliary density
vector (HEOM-TT) can be a very versatile tool for the study of
vibronic problems, including system−bath interactions that are
ubiquitous in physical chemistry. The new tAMEn algorithm
used in this work has two key features that make it particularly
appealing for HEOM-TT: (i) it can preserve the norm of the
reduced density matrix to a prescribed accuracy and (ii) it adapts
the ranks of the solution during the time evolution. The
possibility of fulfilling conservation laws is certainly fundamental
for any meaningful simulation of a physical system. Unfortu-
nately, it is known that the application of TDVP formalism to the
Liouville−von Neumann equation results in a time evolution

that does not respect neither the norm nor the energy
conservation. Heller was the first to suggest the introduction
of an additional constraint to preserve the norm in a pure TDVP
theory,23 and Shi and co-workers have recently shown that it is
actually possible to implement this approach in a HEOM
methodology.58 The approach adopted here has the advantage
of introducing conservation laws without the need to modify the
equations of motion of the density matrix. We further note that
the tAMEn algorithm can easily handle a time-dependent system
Hamiltonain, enabling the study of a complex driven system.
The rank adaptivity has the clear advantage of providing a

solution with a prescribed accuracy at all times. While pure
TDVP approaches guarantee that the solution remains in the
manifold of TT with a fixed rank, apparently enabling long time
dynamics and avoiding rank inflation due to entanglement
growth, they do not guarantee that the long time solution is
accurate. The side effect of such a fixed-cost approach is that
several calculations with increasing TT ranks are necessary to
check the accuracy of the final solution. We finally mention that
mixed approaches based on a combination of TT-TDVP and
Krylov subspace techniques, which introduce a rank adaptation
step into the TDVP integration, have also been implemented.75

Work is in progress to assess the possibility of applying these
new integrators to HEOM and comparing them to the tAMEn
algorithm.

■ APPENDIX: BASIC NETFD THEORY
In NETFD, a double Hilbert space (also referred to as Liouville
space) is defined as ( )3 / /= ⊗ ̃ , where /̃ is the Hilbert
space of a fictitious dynamical system identical to the original
Hilbert space/ of the real physical systems.28,29,76 If {|mñ⟩} is
an orthonormal basis of 3, then

mn m n mn mn 1mm nn
mn
∑δ δ⟨ |̃ ′ ′̃⟩ = | ⟩̃⟨ |̃ =′ ̃ ′̃

The identity vector |I⟩ is further defined as

I mm
m

∑| ⟩ = | ̃ ⟩
(38)

This special vector allows the definition of a mapping between
the dual space of / (i.e., the bra space) and the tilde space.
Indeed, we have

m I m m I m⟨ | ⟩ = | ̃ ⟩⟨ ̃ | ⟩ = | ⟩ (39)

Using these relations, it is possible to associate a vector of the
3 space to each operator A acting in the / space

A A I| ⟩ = | ⟩ (40)

Similarly, we can define a state vector |ρ(t)⟩ = ρ(t) |I⟩, where
ρ(t) is the density matrix of the system. Accordingly, the
expectation value of A is defined as the scalar product

A A t I A t I A t( ) ( ) tr( ( ))ρ ρ ρ⟨ ⟩ = ⟨ | ⟩ = ⟨ | | ⟩ ≡ (41)

The meaning of the above notation can be easily understood
using the closure relation

A A I mn mn A I m A n mn A mn
mn mn mn

mn∑ ∑ ∑| ⟩ = | ⟩ = | ⟩̃⟨ |̃ | ⟩ = ⟨ | | ⟩| ⟩̃ = | ⟩̃

whence it is clear that the vector |A⟩ is a linear combination of a
basis of 3 with coefficients given by the matrix elements Amn.
Together with operators acting in the space/ , it is possible to
define a set of operators acting on the /̃ space. In particular,

Figure 5. (a) Error in the norm preservation of the density matrix
during the evolution of the pentacene tetramer system. (b) Maximum
value of the rank of the TT representation of the density matrix as a
function of time. The bath reorganization energy λ = 100 cm−1, the bath
characteristic frequencyωc = 50 cm

−1, and the electronic coupling ϵ12 =
300 cm−1. The hierarchy level is truncated at m = 10 on each bath.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.1c02724
J. Phys. Chem. B XXXX, XXX, XXX−XXX

H



Raffaele Borrelli

Conclusions

45



Raffaele Borrelli

Conclusions

45

Thermo Field Dynamics enables the use of wave function 
methodologies at finite temperature: code can be reused! 



Raffaele Borrelli

Conclusions

45

Thermo Field Dynamics enables the use of wave function 
methodologies at finite temperature: code can be reused! 

No restrictions on the Hamiltonian operator…but the 
thermal transformation must be analytical



Raffaele Borrelli

Conclusions

45

Thermo Field Dynamics enables the use of wave function 
methodologies at finite temperature: code can be reused! 

No restrictions on the Hamiltonian operator…but the 
thermal transformation must be analytical

HEOM formulation in NETFD formalism is very effective 
for TT implementation



Raffaele Borrelli

Conclusions

45

Thermo Field Dynamics enables the use of wave function 
methodologies at finite temperature: code can be reused! 

No restrictions on the Hamiltonian operator…but the 
thermal transformation must be analytical

HEOM formulation in NETFD formalism is very effective 
for TT implementation

TT/MPS can handle very large electron-vibrational 
dynamical problem



Raffaele Borrelli

Conclusions

45

Thermo Field Dynamics enables the use of wave function 
methodologies at finite temperature: code can be reused! 

No restrictions on the Hamiltonian operator…but the 
thermal transformation must be analytical

HEOM formulation in NETFD formalism is very effective 
for TT implementation

TT/MPS can handle very large electron-vibrational 
dynamical problem

The methodology can be applied to electron baths, and 
anharmonic systems



Raffaele Borrelli

Acknowledgements

46

Maxim F. Gelin 

Hangzhou University, China  

Bibliography 
Borrelli, Gelin J. Chem. Phys. (2016) 

Borrelli, Gelin, Sci. Rep. (2017) 

Gelin, Borrelli Ann. der Physik (2017) 

Borrelli, Chem. Phys. (2018) 

Borrelli J. Chem. Phys. (2019) 

Borrelli, Gelin WIRE Comp. Mol. Sci. (2021) 

Borrelli, Gelin J. Chem. Theo. Comp. (2021) 

Borrelli, Dolgov J. Phys. Chem. B (2021) 

Chen, L.; Borrelli, R.; Shalashilin, D. V.; Zhao, Y.; Gelin, M. F. J. Chem. Theory Comput. 2021 



Raffaele Borrelli

Acknowledgements

46

Maxim F. Gelin 

Hangzhou University, China  

Bibliography 
Borrelli, Gelin J. Chem. Phys. (2016) 

Borrelli, Gelin, Sci. Rep. (2017) 

Gelin, Borrelli Ann. der Physik (2017) 

Borrelli, Chem. Phys. (2018) 

Borrelli J. Chem. Phys. (2019) 

Borrelli, Gelin WIRE Comp. Mol. Sci. (2021) 

Borrelli, Gelin J. Chem. Theo. Comp. (2021) 

Borrelli, Dolgov J. Phys. Chem. B (2021) 

Chen, L.; Borrelli, R.; Shalashilin, D. V.; Zhao, Y.; Gelin, M. F. J. Chem. Theory Comput. 2021 

Thank you!


