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Reviewers' comments: 

 

Reviewer #1 (Remarks to the Author): 

 

The authors demonstrate an approach for enhancing shift currents by tuning virtual transitions in 

stacked materials. This is related to the approach of maximizing Wannier function spread which has 

appeared in other papers. The significance of this manuscript is in showing how these concepts can be 

realized in an existing materials system, the twisted graphene multilayers. The results are easily 

generalizable to other layered systems, or in fact any material which has a large number of tuning 

parameters to control the energy gap between virtual transitions. This manuscript should appeal to 

many readers who work on such materials. 

 

The conclusions are well supported by the data. Even though electronic structure is not calculated at a 

first-principles level, the demonstration that the virtual transitions are tunable by the stacking angle at 

the level of a continuum model is sufficient to support the point that the authors are making. However, 

there may be practical challenges to implementing the proposed scheme. The preferred rotation angle 

may not be energetically favorable (see for instance Phys. Rev. B 103, 115427). The authors may want to 

explain if the proposed shift current enhancements are sensitive to small deviations from the optimal 

rotation angle. 

 

The authors mention that shift currents in small-gap materials are subject to thermal fluctuations. It 

should be mentioned that the reported giant shift current peak at low frequency (~1 meV in Fig. 4b) is 

also subject to the same issue. At large filling factors, TMG effectively becomes a small gap material. The 

giant shift current values that are shown in this figure may not actually be observable as a result. 

 

There could be a similar effect even at charge neutrality for the virtual transitions. Even though the 

conduction bands are unoccupied when the gap is large enough, the energy of the virtual transitions 

could also be subject to thermal fluctuations through phonon displacement, etc. It is unclear if the 

scheme is practical if it rests on fine tuning very closely-spaced energy levels. It may be that the results 

are actually robust to thermal fluctuations because all that is required is a small energy difference 

between any two bands at any point in the Brillouin zone, but the point needs to be discussed further. 

 

The value in the proposed scheme is in the large number of tunable parameters. The authors chose to 

investigate only 1 out of 5 possible interlayer twist angles. They may wish to comment on the the 

possibility of obtaining even stronger enhancements by tuning all twist angles independently. 

 

 



Reviewer #2 (Remarks to the Author): 

 

This work claims to propose a general design principle for strong shift-current materials based on 

enhancing virtual transitions. 

 

This claim sounds very interesting but is not supported enough by data. Also, the authors need to 

support their claim of proposing design principles with a more thorough and concrete analysis. The 

authors present many calculation results that show significant contributions originating from virtual 

transitions. However, I do not see a systematic control of the virtual-transition contributions. What is the 

dominant variable that controls the virtual part, while not affecting the direct-transition part? Moreover, 

while the velocity-gauge formula Eq. (3) contains virtual transitions, the same expression in the length 

gauge does not contain any virtual transition. 

 

In conclusion, I do not recommend this paper for publication unless 1) the authors clearly present a 

tuning knob for the virtual-transition parts with data and 2) how can the virtual transition takes a 

distinguished role while the length-gauge formula does not distinguish virtual and direct transitions. 

 

 

Reviewer #3 (Remarks to the Author): 

 

In the manuscript, the authors discussed a mechanism that exploits virtual transitions in multiband 

systems to enhance shift current response. They found that the enhanced shift current response is 

achieved through increasing the number of possible virtual transitions and maximizing Wannier function 

spread that is related to Fubini-Study (FS) metric (or quantum geometry). They demonstrated the 

viability of the mechanism using a one-dimensional multi-chain Rice-Mele model. Furthermore, they 

proposed that a twisted multi-layer graphene with a proper twist angle exhibits the large shift current 

response. 

 

As the authors mentioned in the paper, there is a direct connection between shift current response and 

FS metric in one dimension, and FS metric provides a lower bound for the spread of Wannier function. I 

have a few questions here. 

 

- Could the authors show a similar connection in two dimensions? 

- Related to the first question: dose large FS metric generally tend to exhibit large shift current response? 

 



Overall, the paper is clearly and logically structured. I believe that the results will be beneficial for people 

who search for materials that exhibit large shift current response. Therefore, I recommend this paper to 

be published in Communications Physics. 



RHYLHZHU #1 (RHPDUNV WR WKH AXWKRU):

TKH DXWKRUV GHPRQVWUDWH DQ DSSURDFK IRU HQKDQFLQJ VKLIW FXUUHQWV E\ WXQLQJ YLUWXDO WUDQVLWLRQV LQ VWDFNHG PDWHULDOV.
TKLV LV UHODWHG WR WKH DSSURDFK RI PD[LPL]LQJ WDQQLHU IXQFWLRQ VSUHDG ZKLFK KDV DSSHDUHG LQ RWKHU SDSHUV. TKH
VLJQLILFDQFH RI WKLV PDQXVFULSW LV LQ VKRZLQJ KRZ WKHVH FRQFHSWV FDQ EH UHDOL]HG LQ DQ H[LVWLQJ PDWHULDOV V\VWHP, WKH
WZLVWHG JUDSKHQH PXOWLOD\HUV. TKH UHVXOWV DUH HDVLO\ JHQHUDOL]DEOH WR RWKHU OD\HUHG V\VWHPV, RU LQ IDFW DQ\ PDWHULDO
ZKLFK KDV D ODUJH QXPEHU RI WXQLQJ SDUDPHWHUV WR FRQWURO WKH HQHUJ\ JDS EHWZHHQ YLUWXDO WUDQVLWLRQV. TKLV PDQXVFULSW
VKRXOG DSSHDO WR PDQ\ UHDGHUV ZKR ZRUN RQ VXFK PDWHULDOV.

We Whank Whe UefeUee foU WheiU feedback and poViWiYe eYalXaWion of oXU ZoUk.

TKH FRQFOXVLRQV DUH ZHOO VXSSRUWHG E\ WKH GDWD. EYHQ WKRXJK HOHFWURQLF VWUXFWXUH LV QRW FDOFXODWHG DW D ILUVW-SULQFLSOHV
OHYHO, WKH GHPRQVWUDWLRQ WKDW WKH YLUWXDO WUDQVLWLRQV DUH WXQDEOH E\ WKH VWDFNLQJ DQJOH DW WKH OHYHO RI D FRQWLQXXP PRGHO
LV VXIILFLHQW WR VXSSRUW WKH SRLQW WKDW WKH DXWKRUV DUH PDNLQJ. HRZHYHU, WKHUH PD\ EH SUDFWLFDO FKDOOHQJHV WR
LPSOHPHQWLQJ WKH SURSRVHG VFKHPH. TKH SUHIHUUHG URWDWLRQ DQJOH PD\ QRW EH HQHUJHWLFDOO\ IDYRUDEOH (VHH IRU LQVWDQFH
PK\V. RHY. B 103, 115427). TKH DXWKRUV PD\ ZDQW WR H[SODLQ LI WKH SURSRVHG VKLIW FXUUHQW HQKDQFHPHQWV DUH VHQVLWLYH
WR VPDOO GHYLDWLRQV IURP WKH RSWLPDO URWDWLRQ DQJOH.

We ZoXld like Wo Whank Whe UefeUee foU bUinging WhiV ZoUk Wo oXU aWWenWion, Zhich Ze noZ inclXde a ciWaWion Wo in Whe
papeU. While oXU UeVXlWV do noW VenViWiYel\ depend on Whe pUo[imiW\ Wo Whe opWimal angle (aV pUeVence of Whe mXlWiple
pUo[imal eneUg\ bandV in Whe elecWUonic VpecWUXm iV a conVeqXence of Whe VWacking conVWUXcWion), indeed Ze
anWicipaWe Whe Vignal Wo peak aW Whe opWimal WZiVW angle. In Whe Appendi[ Ze VWXdied Whe YaUiaWion of FXbini-SWXd\ meWUic
ZiWh WZiVW angle WheWa. We noWiced WhaW WheUe aUe VeYeUal peakV in Whe WUace of Whe FS meWUic aV a fXncWion of WheWa
Zhich can VeUYe aV a gXide Wo chooVe diffeUenW WZiVW angleV Zhen combined ZiWh UeVXlWV fUom papeU WhaW Whe RefeUee
poinWed XV WoZaUdV ZiWh UeVpecW Wo chooVing Zhich WZiVW angleV aUe eneUgeWicall\ opWimal. We added a bUief diVcXVVion
on Whe RefeUee'V qXeVWion in Whe manXVcUipW.

CKDQJHV WR MDQXVFULSW: AGGHG D UHIHUHQFH WR WKH SDSHU DQG GLVFXVVLRQ RI WKH VHQVLWLYLW\ WR VPDOO GHYLDWLRQV IURP WKH
RSWLPDO DQJOH.

TKH DXWKRUV PHQWLRQ WKDW VKLIW FXUUHQWV LQ VPDOO-JDS PDWHULDOV DUH VXEMHFW WR WKHUPDO IOXFWXDWLRQV. IW VKRXOG EH
PHQWLRQHG WKDW WKH UHSRUWHG JLDQW VKLIW FXUUHQW SHDN DW ORZ IUHTXHQF\ (a1 PHV LQ FLJ. 4E) LV DOVR VXEMHFW WR WKH VDPH
LVVXH. AW ODUJH ILOOLQJ IDFWRUV, TMG HIIHFWLYHO\ EHFRPHV D VPDOO JDS PDWHULDO. TKH JLDQW VKLIW FXUUHQW YDOXHV WKDW DUH
VKRZQ LQ WKLV ILJXUH PD\ QRW DFWXDOO\ EH REVHUYDEOH DV D UHVXOW.

We Whank Whe RefeUee foU WhiV qXeVWion. We agUee ZiWh Whe UefeUee WhaW Whe Vmall fUeqXenc\ UeVponVe can be
inflXenced b\ WheUmal flXcWXaWionV. HoZeYeU, Whe enhancemenW Ze haYe diVcXVVed iV noW limiWed Wo YeU\ Vmall
fUeqXencieV. In facW, Whe ploWV VhoZn in Fig. 4c conVideU fUeqXenc\ (> 20 meV) and VhoZ a VignificanW enhancemenW
ZiWh diVplacemenW field. ThiV enhancemenW aUiVeV becaXVe of h\bUidi]aWion beWZeen diffeUenW YiUWXal bandV aUiVing
fUom Whe diVplacemenW field. We claUified diVcXVVion in Whe manXVcUipW Wo UeflecW Whe RefeUee'V qXeVWion.

ChangeV Wo ManXVcUipW: ClaUified diVcXVVion of WheUmal effecWV.

TKHUH FRXOG EH D VLPLODU HIIHFW HYHQ DW FKDUJH QHXWUDOLW\ IRU WKH YLUWXDO WUDQVLWLRQV. EYHQ WKRXJK WKH FRQGXFWLRQ EDQGV
DUH XQRFFXSLHG ZKHQ WKH JDS LV ODUJH HQRXJK, WKH HQHUJ\ RI WKH YLUWXDO WUDQVLWLRQV FRXOG DOVR EH VXEMHFW WR WKHUPDO
IOXFWXDWLRQV WKURXJK SKRQRQ GLVSODFHPHQW, HWF. IW LV XQFOHDU LI WKH VFKHPH LV SUDFWLFDO LI LW UHVWV RQ ILQH WXQLQJ YHU\
FORVHO\-VSDFHG HQHUJ\ OHYHOV. IW PD\ EH WKDW WKH UHVXOWV DUH DFWXDOO\ UREXVW WR WKHUPDO IOXFWXDWLRQV EHFDXVH DOO WKDW LV
UHTXLUHG LV D VPDOO HQHUJ\ GLIIHUHQFH EHWZHHQ DQ\ WZR EDQGV DW DQ\ SRLQW LQ WKH BULOORXLQ ]RQH, EXW WKH SRLQW QHHGV WR
EH GLVFXVVHG IXUWKHU.



We Whank Whe RefeUee foU WhiV qXeVWion. Indeed Whe effecW of YiUWXal WUanViWionV enhancing Whe VhifW cXUUenW UeVponVe iV
pUeVenW aW chaUge neXWUaliW\ poinW aV Zell, pleaVe Vee Fig. 4b and a neZ figXUe in Whe VXpplemenW Fig. S3. ThiV
enhancemenW of VhifW cXUUenW b\ YiUWXal WUanViWionV iV noW an effecW of fine-WXning - iW naWXUall\ appeaUV Zhen WheUe aUe
man\ elecWUonic bandV cloVel\ Vpaced in eneUg\ Zhich Whe mXlWila\eU gUaphene V\VWemV Ueali]e oYeU a Zide Uange of
angleV. Ph\Vicall\, WhiV enhancemenW effecW mainl\ dependV on Whe facW WhaW Whe eneUg\ diffeUence beWZeen an
iniWial/final VWaWe and a YiUWXal VWaWe iV Vmall and WhaW WheUe iV a finiWe inWeUband-maWUi[ elemenW beWZeen Whe WZo bandV.

TheUmal flXcWXaWion oU phonon diVplacemenW effecWV aUe geneUall\ VXppUeVVed foU Whe YiUWXal VWaWeV aV Whe\ aUe
XnoccXpied. We do agUee ZiWh Whe RefeUee, aV menWioned in Whe pUeYioXV UeVponVe, WhaW WheUmal flXcWXaWionV in Whe
VWaWeV inYolYed in Ueal WUanViWionV can become impoUWanW foU loZ fUeqXenc\ caVe (a1meV). ApaUW fUom WhaW, oXU UeVXlWV
aUe YeU\ UobXVW Wo UealiVWic WempeUaWXUeV WhaW VhifW cXUUenW e[peUimenWV in WZiVWed gUaphene V\VWemV aUe peUfoUmed
(aaboXW 10K-20K, pleaVe Vee APS UeVXlWV fUom Whe KoppenV gUoXp).

FolloZing RefeUee¶V qXeVWion Ze added a claUificaWion WhaW Whe enhancemenW of VhifW cXUUenW dXe Wo YiUWXal WUanViWion iV
pUeVenW aW all dopingV and inclXded a neZ VXpplemenWal figXUe (an analog of Fig. 4c, bXW foU oWheU dopingV fUom Fig.
4b) Wo demonVWUaWe WhiV poinW.

ChangeV Wo Whe ManXVcUipW: Modified a diVcXVVion UegaUding Whe filling Uange oYeU Zhich YiUWXal pUoceVVeV enhance
VhifW cXUUenW and added a neZ VXpplemenWal figXUe.

TKH YDOXH LQ WKH SURSRVHG VFKHPH LV LQ WKH ODUJH QXPEHU RI WXQDEOH SDUDPHWHUV. TKH DXWKRUV FKRVH WR LQYHVWLJDWH
RQO\ 1 RXW RI 5 SRVVLEOH LQWHUOD\HU WZLVW DQJOHV. TKH\ PD\ ZLVK WR FRPPHQW RQ WKH SRVVLELOLW\ RI REWDLQLQJ HYHQ
VWURQJHU HQKDQFHPHQWV E\ WXQLQJ DOO WZLVW DQJOHV LQGHSHQGHQWO\.

We Whank Whe UefeUee foU Whe poViWiYe aVVeVVmenW. In WhiV manXVcUipW Ze focXVed on Whe alWeUnaWing angle VWacking of
Whe mXlWila\eU gUaphene aV When iWV elecWUonic VWUXcWXUe (in Whe abVence of e[WeUnal diVplacemenW field) can be bUoXghW
Wo a block diagonal foUm (Ph\V. ReY. B 100, 085109) aV Zell aV of iWV e[peUimenWal UeleYance. The RefeUee iV coUUecW
WhaW indeed oWheU WZiVWing VchemeV coXld e[iVW aV pUopoVed in liWeUaWXUe. We belieYe hoZeYeU WhaW an e[haXVWiYe
VeaUch of Whe paUameWeU Vpace iV oXWVide Whe Vcope of Whe cXUUenW manXVcUipW aV Ze aUe focXVing on idenWif\ing a neZ
ph\Vical mechaniVm. In fXWXUe ZoUk, Ze plan Wo e[ploUe WhiV addiWional degUee of WXnabiliW\ XVing Whe FS meWUic
cUiWeUion and Whe VWabiliW\ aUgXmenWV fUom Whe papeU RefeUee VhaUed ZiWh XV Wo chaUacWeUi]e Whe paUameWeU Vpace foU
enhanced VhifW cXUUenW in mXlWila\eU gUaphene V\VWemV. In lighW of RefeUee¶V commenW, Ze added fXUWheU diVcXVVion on
WhiV addiWional degUee of WXnabiliW\ in Whe manXVcUipW.

ChangeV Wo ManXVcUipW: added a diVcXVVion aboXW WXnabiliW\ of Whe deYiceV ZiWh diffeUenW WZiVW angleV beWZeen
mXlWila\eUV.



RHYLHZHU #2 (RHPDUNV WR WKH AXWKRU):

TKLV ZRUN FODLPV WR SURSRVH D JHQHUDO GHVLJQ SULQFLSOH IRU VWURQJ VKLIW-FXUUHQW PDWHULDOV EDVHG RQ HQKDQFLQJ YLUWXDO
WUDQVLWLRQV.

TKLV FODLP VRXQGV YHU\ LQWHUHVWLQJ EXW LV QRW VXSSRUWHG HQRXJK E\ GDWD. AOVR, WKH DXWKRUV QHHG WR VXSSRUW WKHLU FODLP
RI SURSRVLQJ GHVLJQ SULQFLSOHV ZLWK D PRUH WKRURXJK DQG FRQFUHWH DQDO\VLV. TKH DXWKRUV SUHVHQW PDQ\ FDOFXODWLRQ
UHVXOWV WKDW VKRZ VLJQLILFDQW FRQWULEXWLRQV RULJLQDWLQJ IURP YLUWXDO WUDQVLWLRQV. HRZHYHU, I GR QRW VHH D V\VWHPDWLF
FRQWURO RI WKH YLUWXDO-WUDQVLWLRQ FRQWULEXWLRQV. WKDW LV WKH GRPLQDQW YDULDEOH WKDW FRQWUROV WKH YLUWXDO SDUW, ZKLOH QRW
DIIHFWLQJ WKH GLUHFW-WUDQVLWLRQ SDUW? MRUHRYHU, ZKLOH WKH YHORFLW\-JDXJH IRUPXOD ET. (3) FRQWDLQV YLUWXDO WUDQVLWLRQV, WKH
VDPH H[SUHVVLRQ LQ WKH OHQJWK JDXJH GRHV QRW FRQWDLQ DQ\ YLUWXDO WUDQVLWLRQ.

We ZoXld like Wo Whank Whe UefeUee foU WheiU cUiWical eYalXaWion of oXU ZoUk. We hope WhaW oXU Uepl\ conYinceV Whe
RefeUee of Whe meUiWV of oXU manXVcUipW.

FiUVWl\ Ze ZanW Wo addUeVV Whe UefeUee'V commenWV UegaUding Whe lengWh and YelociW\-gaXge calcXlaWionV. CalcXlaWionV
of VhifW cXUUenW, oU in facW an\ oWheU UeVponVe, can be caUUied oXW in eiWheU of Whe WZo gaXgeV ZiWh boWh gaXgeV being
foUmall\ idenWical (Vee oXU Appendi[ 1, and RefV. 4,5 foU e[pliciW diVcXVVion). BoWh gaXgeV hoZeYeU offeU diffeUenW
Wechnical adYanWageV (fUom Whe poinW of YieZ of Whe calcXlaWion) and WhXV aUe emplo\ed b\ aXWhoUV inWeUchangeabl\
depending on Whe UeleYanW ViWXaWion. SimilaUl\ ceUWain ph\Vical mechaniVmV, one of Whem being Whe enhancemenW of
VhifW cXUUenW WhaWifW cXUUenW b\ YiUWXal WUanViWionV - Whe VXbjecW of oXU ZoUk, ma\ be moUe appaUenW in one picWXUe Whan
anoWheU. In lengWh gaXge foUmXlaWion WhaW inYolYeV onl\ iniWial and final VWaWeV e[pliciWl\, pUeVence of addiWional
elecWUonic bandV in Whe VpecWUXm modifieV Whe qXanWXm geomeWU\ of Whe V\VWem alWeUing Whe VWUXcWXUe of Whe iniWial and
final qXanWXm VWaWeV. In YelociW\-gaXge, WhaW iV deUiYed XVing VXm UXleV (See alVo Ref. 4), WhiV qXanWXm geomeWU\
conWUibXWion VWemming fUom YiUWXal bandV becomeV diUecWl\ appaUenW and ZaV Whe UeaVon foU oXU manXVcUipW. We
VWUeVV WhaW if eqXiYalenW calcXlaWion ZoXld haYe been done in lengWh gaXge, in Whe conWe[W of eiWheU Whe SSH Wo\-model
oU Whe mXlWila\eU gUaphene, When Xpon h\bUidi]aWion of Whe eneUg\ blockV in Whe HamilWonian, Zhich alWeUnV Whe
VWUXcWXUe of ZaYefXncWionV, VimilaUl\ an enhancemenW Wo WoWal VhifW cXUUenW ZoXld haYe been Veen. The micUoVcopic
oUiginV of iW, hoZeYeU, ZoXld noW haYe been aV Ueadil\ appaUenW.

A VimilaU qXanWiW\, ZhoVe pUopeUWieV become moUe appaUenW in one meWhod of calcXlaWion Whan anoWheU, iV Whe BeUU\
cXUYaWXUe Zhich iV one of Whe moVW VWXdied QG qXanWiWieV. IW can be eYalXaWed in WZo Za\V: (1) FUom Whe cXUl of an
inWUaband BeUU\ connecWion (Eq. 1.1 in Ref. [1]) (2) AlVo, aV a VXm of a pUodXcW of YelociW\ opeUaWoUV oYeU all oWheU
bandV (Eq. 1.3 in Ref.[1]). On Whe VXUface leYel, Whe fiUVW appUoach mighW look compleWel\ XnUelaWed Wo Whe nXmbeU and
pUopeUWieV of oWheU bandV, bXW iW aUiVeV becaXVe Whe giYen band cannoW be Vimpl\ deVcUibed b\ a Vingle VWaWe in a
giYen XniW cell. FoU a giYen band, Whe YaUiaWion of Whe Bloch VWaWe in µk¶ Vpace iV indiUecWl\ UelaWed Wo Whe dimenVionaliW\
of Whe HilbeUW Vpace of a XniW cell Zhich in WXUn iV connecWed Wo Whe mXlWiband aVpecW of elecWUonic pUopeUWieV. A laUge
nXmbeU of bandV oU degUeeV of fUeedom in Whe V\VWem alloZV foU Whe poVVibiliW\ of a laUge YaUiaWion in eigenVWaWeV.
AnoWheU impoUWanW poinW Wo noWe in Whe Vecond appUoach iV WhaW Whe magniWXde of BeUU\ cXUYaWXUe incUeaVeV aV Whe
VepaUaWion of Whe giYen band fUom oWheU bandV decUeaVeV. In geneUal, Whe moUe cloVel\ Vpaced Whe bandV aUe, Whe
laUgeU Whe magniWXde of moVW qXanWXm geomeWUic qXanWiWieV like Whe FXbini-SWXd\ meWUic iV aV Ze aUgXed in Whe papeU.

WiWh WhiV analog\ Wo BeUU\ cXUYaWXUe, leW XV commenW in moUe deWail on Whe lengWh-gaXge YeUVXV momenWXm-gaXge
calcXlaWion of Whe VhifW cXUUenW. The VhifW-cXUUenW inWegUand (i.e. Whe objecW WhaW becomeV inWegUaWed oYeU momenWXm
Vpace Wo \ield VhifW cXUUenW) Zhich iV an inWeUband qXanWiW\ can be e[pUeVVed eiWheU jXVW XVing Whe WZo bandV diUecWl\
inYolYed in WUanViWion oU b\ VXmming oYeU all oWheU bandV. In Whe lengWh gaXge picWXUe, Whe VhifW cXUUenW inWegUand iV
defined XVing a geneUali]ed deUiYaWiYe Zhich UeqXiUeV onl\ WZo bandV foU eYalXaWion. HoZeYeU, WhiV qXanWiW\ dependV
on inWeUband and inWUaband connecWionV and WheiU deUiYaWiYeV Zhich aUe inheUenWl\ dicWaWed b\ Whe mXlWiband naWXUe of
bandV. AV VhoZn in Ref. [4], Eq. 24, WhiV geneUali]ed deUiYaWiYe can be eYalXaWed b\ VXmming oYeU all oWheU bandV.
TheVe kindV of VXm UXleV make Whe Uole of YiUWXal bandV moUe WUanVpaUenW and aUe alVo eaV\ Wo handle nXmeUicall\ aV



Whe\ can all be e[pUeVVed in WeUmV of YelociW\ maWUiceV. TheVe VXm UXleV aUe alVo ofWen emplo\ed Wo eVWabliVh Whe
eqXiYalence of lengWh gaXge and YelociW\ gaXge picWXUe.

We alVo ZanW Wo dUaZ Whe RefeUee'V aWWenWion Wo Whe facW WhaW oXU ZoUk iV noW Whe onl\ ZoUk WhaW focXVeV on Whe e[pliciW
Uole YiUWXal WUanViWionV can pla\ in deWeUmining Whe VhifW-cXUUenW UeVponVe. In facW, Ref.[3] Zhich UelaWeV VhifW-cXUUenW
inWegUand Wo a HeUmiWian connecWion on a Riemannian manifold highlighW WhiV aVpecW on page 3 beloZ Eq. 8 ZheUe Whe
conWUibXWion Wo YiUWXal WUanViWionV iV VhoZn Wo giYe UiVe Wo a non-WUiYial WoUVion Wo WhiV connecWion and hence leading Wo
an addiWional poVVibiliW\ of enhancing VhifW-cXUUenW. FoU a WZo-band picWXUe foU e[ample, if Whe hamilWonian iV lineaU, an\
µaaa¶ componenW ZoXld be ]eUo aV onl\ WhiV non-WUiYial WoUVion Zhich can conWUibXWe Wo VhifW-cXUUenW condXcWiYiW\ iV
]eUo dXe Wo Whe abVence of YiUWXal WUanViWionV.

To Whe beVW of oXU knoZledge, no oWheU ZoUk haV e[ploUed Whe VhifW-cXUUenW phoWoYolWaic deVign pUincipleV baVed on
WheVe YiUWXal WUanViWionV. We demonVWUaWed WhiV aVpecW ZiWh diffeUenW WXning knobV (WhaW aUe e[pliciWl\ e[peUimenWall\
WXnable!) in oXU ZoUk. FiUVW, Ze e[ploUe hoZ Whe diVplacemenW field Zhich conWUolV Whe inWeUband mi[ing (indiUecWl\
UelaWed Wo enhanced inWeUband YelociW\ maWUi[ elemenWV) foU YiUWXal bandV affecWV Whe VhifW-cXUUenW condXcWiYiW\. TheVe
UeVXlWV aUe VhoZn in Fig. 1 ZheUe incUeaVing Whe diVplacemenW field leadV Wo a VignificanWl\ enhanced effecW. Ne[W, Ze
alVo e[ploUe hoZ WheVe inWeUband mi[ing and eneUg\ leYel Vpacing dependV on Whe nXmbeU of la\eUV and WZiVW angle.
While none of WheVe knobV e[pliciWl\ WXUnV off YiUWXal WUanViWionV compaUed Wo diUecW WUanViWionV, aV Whe UefeUee aVkV,
Whe\ do change Whe oYeUall impoUWance of Whe YiUWXal WUanViWionV b\ adding moUe elecWUonic VWaWeV and modif\ing Whe
qXanWXm geomeWU\. LaVWl\, oXU idea of WheVe geneUali]ed deVign pUincipleV iV alVo demonVWUaWed XVing a Wo\ model
Zhich illXVWUaWeV Whe Uole of YiUWXal WUanViWionV in a YeU\ lXcid manneU.

IQ FRQFOXVLRQ, I GR QRW UHFRPPHQG WKLV SDSHU IRU SXEOLFDWLRQ XQOHVV 1) WKH DXWKRUV FOHDUO\ SUHVHQW D WXQLQJ NQRE IRU
WKH YLUWXDO-WUDQVLWLRQ SDUWV ZLWK GDWD DQG 2) KRZ FDQ WKH YLUWXDO WUDQVLWLRQ WDNHV D GLVWLQJXLVKHG UROH ZKLOH WKH
OHQJWK-JDXJH IRUPXOD GRHV QRW GLVWLQJXLVK YLUWXDO DQG GLUHFW WUDQVLWLRQV.

We hope WhaW oXU anVZeU e[plainV Wo Whe RefeUee ZhaW Ze meanW b\ YiUWXal WUanViWionV and demonVWUaWeV ZheUe in
lengWh gaXge WhiV enhancemenW b\ YiUWXal WUanViWionV iV pUeVenW. We apologi]e if iW came acUoVV aV VXggeVWing WhaW
one calcXlaWional meWhod (YelociW\-gaXge foUmaliVm) iV ph\Vicall\ an\ diffeUenW fUom Whe oWheU calcXlaWion
(lengWh-gaXge foUmaliVm). In lighW of RefeUee¶V conceUnV, Ze added a claUif\ing paUagUaph in Whe manXVcUipW WhaW
e[pliciWl\ commenWV on Whe lengWh YeUVXV YelociW\ gaXge calcXlaWionV and hoZ pUeVence of addiWional bandV enabling
YiUWXal WUanViWionV manifeVWV in boWh foUmaliVmV. We alVo emphaVi]e Whe Uole of Whe diVplacemenW field in pUomoWing
WheVe addiWional YiUWXal WUanViWionV aV a WXning knob WhaW Whe RefeUee aVked foU.

ChangeV Wo Whe ManXVcUipW: Added diVcXVVion on Whe lengWh gaXge YeUVXV YelociW\-gaXge foUmaliVm and hoZ Whe\
UelaWe Wo oXU claimV.
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RHYLHZHU #3 (RHPDUNV WR WKH AXWKRU):

IQ WKH PDQXVFULSW, WKH DXWKRUV GLVFXVVHG D PHFKDQLVP WKDW H[SORLWV YLUWXDO WUDQVLWLRQV LQ PXOWLEDQG V\VWHPV WR
HQKDQFH VKLIW FXUUHQW UHVSRQVH. TKH\ IRXQG WKDW WKH HQKDQFHG VKLIW FXUUHQW UHVSRQVH LV DFKLHYHG WKURXJK LQFUHDVLQJ
WKH QXPEHU RI SRVVLEOH YLUWXDO WUDQVLWLRQV DQG PD[LPL]LQJ WDQQLHU IXQFWLRQ VSUHDG WKDW LV UHODWHG WR FXELQL-SWXG\ (FS)
PHWULF (RU TXDQWXP JHRPHWU\). TKH\ GHPRQVWUDWHG WKH YLDELOLW\ RI WKH PHFKDQLVP XVLQJ D RQH-GLPHQVLRQDO PXOWL-FKDLQ
RLFH-MHOH PRGHO. FXUWKHUPRUH, WKH\ SURSRVHG WKDW D WZLVWHG PXOWL-OD\HU JUDSKHQH ZLWK D SURSHU WZLVW DQJOH H[KLELWV
WKH ODUJH VKLIW FXUUHQW UHVSRQVH.

AV WKH DXWKRUV PHQWLRQHG LQ WKH SDSHU, WKHUH LV D GLUHFW FRQQHFWLRQ EHWZHHQ VKLIW FXUUHQW UHVSRQVH DQG FS PHWULF LQ
RQH GLPHQVLRQ, DQG FS PHWULF SURYLGHV D ORZHU ERXQG IRU WKH VSUHDG RI WDQQLHU IXQFWLRQ. I KDYH D IHZ TXHVWLRQV
KHUH.

- CRXOG WKH DXWKRUV VKRZ D VLPLODU FRQQHFWLRQ LQ WZR GLPHQVLRQV?

We Whank Whe UefeUee foU WhiV qXeVWion. The UeVXlWV of Appendi[ 2 demonVWUaWe Whe UelaWion beWZeen VhifW cXUUenW and
Whe FS meWUic in boWh 1D and 2D - Ze apologi]e if Ze haYe noW emphaVi]ed WhiV poinW moUe VWUongl\ in Whe manXVcUipW.
We XpdaWed Whe manXVcUipW ZiWh neZ diVcXVVion. Indeed Whe VeaUch foU Whe opWimal WZiVW angleV WhaW giYe UiVe Wo
ma[imal VhifW cXUUenW in mXlWila\eU gUaphene V\VWemV UelieV on idenWif\ing Zhich WZiVW angleV opWimi]e Whe FS meWUic
(pleaVe Vee Fig. S5).

ChangeV Wo ManXVcUipW: ClaUified in Whe manXVcUipW applicabiliW\ of oXU UeVXlWV Wo WZo dimenVionV.

- RHODWHG WR WKH ILUVW TXHVWLRQ: GRVH ODUJH FS PHWULF JHQHUDOO\ WHQG WR H[KLELW ODUJH VKLIW FXUUHQW UHVSRQVH?

We Whank Whe RefeUee foU WhiV e[cellenW qXeVWion. Indeed W\picall\ \eV - laUge FS geneUall\ poinWV WoZaUdV VWUong
qXanWXm geomeWUic feaWXUeV of elecWUonic bandV Zhich in geneUal dicWaWe Whe behaYioU of qXanWiWieV like VhifW cXUUenW
UeVponVe.

The VhifW cXUUenW e[pUeVVion hoZeYeU, Vee Eg. S22 WhaW e[pliciWl\ inYolYeV Whe FS meWUic, UelieV noW onl\ on Whe meWUic
bXW alVo on oWheU qXanWiWieV VXch aV eneUg\ VepaUaWion beWZeen bandV foU e[ample. Ideall\, a maWeUial candidaWe ZiWh
laUge FS meWUic and man\ cloVel\ Vpaced elecWUonic bandV iV Whe moVW VXiWable foU VWXd\ing VhifW cXUUenW UeVponVe.

OYHUDOO, WKH SDSHU LV FOHDUO\ DQG ORJLFDOO\ VWUXFWXUHG. I EHOLHYH WKDW WKH UHVXOWV ZLOO EH EHQHILFLDO IRU SHRSOH ZKR VHDUFK
IRU PDWHULDOV WKDW H[KLELW ODUJH VKLIW FXUUHQW UHVSRQVH. TKHUHIRUH, I UHFRPPHQG WKLV SDSHU WR EH SXEOLVKHG LQ
CRPPXQLFDWLRQV PK\VLFV.

We ZoXld like Wo Whank Whe UefeUee foU WheiU poViWiYe feedback on oXU ZoUk, Whe UecommendaWion Wo pXbliVh Whe
manXVcUipW in CommXnicaWionV Ph\VicV, and Ze appUeciaWe WheiU ZillingneVV Wo go WhUoXgh oXU manXVcUipW and
pUoYide a UeYieZ.



REVIEWERS' COMMENTS: 

 

Reviewer #1 (Remarks to the Author): 

 

The authors have responded satisfactorily to all the comments. I recommend the paper for publication. 

 

 

Reviewer #2 (Remarks to the Author): 

 

The authors addressed all my concerns satisfactorily. Now, I understand that they already presented data 

supporting that the enhanced response originates from virtual transitions. They also clarified the 

confusion arising from different descriptions based on velocity and length gauge approaches. Thus, I 

recommend this paper for publication in Communications Physics. 
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