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H
figTh-ftemperafture superconducftfivfifty fin boftTh cuprafte1,2 and 
firon-based mafterfiafls3–5 emerges ffrom a noftabfly compflex 
normafl sftafte. AflftThougTh magneftfic spfin ffflucftuaftfions are com-

monfly beflfieved fto drfive Cooper pafirfing fin boftTh off ftThese ffamfiflfies, ftThe 
common occurrence off a roftaftfionafl symmeftry-breakfing nemaftfic 
pThase Thas capftured fincreasfing aftftenftfion fin recenft years6,7. In con-
ftrasft fto a convenftfionafl sftrucfturafl ftransfiftfion, overwTheflmfing evfidence 
suggesfts ftThaft ftThe nemaftfic pThase fin ftThese compounds fis promofted by 
an eflecftronfic finsftabfiflfifty raftTher ftThan flaftftfice soffftenfing8,9.
TTheoreftficafl anaflyses Thave sThown ftThaft ffflucftuaftfions assocfiafted 

wfiftTh sucTh an eflecftronfic nemaftfic pThase, parftficuflarfly near a pufta-
ftfive quanftum crfiftficafl pofinft, can enThance superconducftfivfifty10–14. 
Nemaftfic ffflucftuaftfions are peaked aft zero wavevecftor, and so ffavour 
pafirfing finsftabfiflfiftfies fin severafl symmeftry cThannefls, fin conftrasft fto 
ftThe case off magneftfic ffflucftuaftfions. Experfimenfts Thave findeed sThown 
a sftrfikfing enThancemenft off nemaftfic ffflucftuaftfions cenftred aft opftfimafl 
ftunfing off superconducftfivfifty fin a number off firon-based supercon-
ducftors8,9, and a sftrong ftendency ftowards nemaftficfifty fin ThfigTh-crfiftficafl 
ftemperafture (Tc) cuprafte mafterfiafls

15–17. However, ftThe overarcThfing 
presence off magneftfic ffflucftuaftfions emanaftfing ffrom proxfimafte anftfi-
fferromagneftfic finsftabfiflfiftfies compflficaftes our undersftandfing off ftThe 
reflaftfion beftween enThanced pafirfing and nemaftficfifty fin mosft nemaftfic 
mafterfiafls. TThe FeSe1−xSx subsftfiftuftfion serfies fis one excepftfion, wThere 
ftThe sysftem exThfibfifts boftTh superconducftfivfifty and nemaftficfifty fin ftThe 
absence off magneftfic order18. However, fin ftThfis serfies, ftThe supercon-
ducftfing ftransfiftfion ftemperafture Tc fis vfirftuaflfly unaffffecfted by ftunfing 
ftThrougTh ftThe nemaftfic quanftum crfiftficafl pofinft18,19, fleavfing open ques-
ftfions abouft ftThe finfffluence off nemaftfic ffflucftuaftfions.

Here we presenft ftThe dfiscovery off eflecftronfic nemaftficfifty and 
evfidence ffor nemaftfic-ffflucftuaftfion-enThanced superconducftfivfifty fin 
Ba1−xSrxNfi2As2, a seemfingfly convenftfionafl nfickefl-based supercon-
ducftor serfies ftThaft fis readfifly ftunabfle by cThemficafl subsftfiftuftfion and fis 
vofid off magneftfic order. BaNfi2As2, ftThe nfickefl-based anaflogue off ftThe 
firon-based parenft compound BaFe2As2, fis a meftaflflfic compound ftThaft 
exThfibfifts a sftrongfly fffirsft-order sftrucfturafl ftransfiftfion ffrom fteftragonafl 
fto ftrficflfinfic crysftafl sftrucfture aft TS = 135 K on cooflfing. TTheoreftficafl 
consfideraftfion Thas suggesfted ftThaft ftThfis sftrucfturafl dfisftorftfion may 
orfigfinafte ffrom a predfisposfiftfion fto orbfiftafl orderfing20, and magneftfic 
order Thas noft been ffound fin efiftTher ftThe ThfigTh- or flow-ftemperafture 
pThase off BaNfi2As2 fto dafte

21–23. Addfiftfionaflfly, recenft X-ray dfiffffrac-
ftfion measuremenfts Thave provfided evfidence ffor a prevfiousfly unob-
served unfidfirecftfionafl and fincommensurafte cTharge-densfifty-wave 
(I-CDW) order ftThaft onsefts aft ftemperaftures sflfigThftfly above TS (reff. 

24), 
ffoflflowed by an abrupft ftransfiftfion fto a new, commensurafte CDW 
(C-CDW) order on cooflfing finfto ftThe ftrficflfinfic pThase24, Thfinftfing aft a 
possfibfle reflaftfionsThfip beftween cTharge order and ftThe sftrucfturafl dfis-
ftorftfion. In conftrasft, SrNfi2As2 fis fteftragonafl aft aflfl ftemperaftures, and 
fis noft reporfted fto exThfibfift CDW or magneftfic order25. BoftTh mafterfiafls 
superconducft near 0.6 K, and ftThermodynamfic experfimenfts as weflfl 
as fffirsft-prfincfipfle anaflysfis Thave findficafted ftThaft superconducftfivfifty fis 
off convenftfionafl orfigfin fin boftTh mafterfiafls26,27. In ftThfis work, we sftudy 
ftThe superconducftfing pThase and normafl sftafte properftfies off subsftfi-
ftufted Ba1−xSrxNfi2As2 crysftafls as a ffuncftfion off Ba/Sr conftenft, fffindfing 
ftThaft superconducftfivfifty fis noft onfly robusft buft fis aflso dramaftficaflfly 
enThanced wThen eflecftronfic nemaftfic ffflucftuaftfions are maxfimfized aft a 
quanftum pThase ftransfiftfion.

Sfixffofld enThancemenft off superconducftfivfifty fin a 
ftunabfle eflecftronfic nemaftfic sysftem

CThrfis Eckberg   1*, Danfiefl J. Campbeflfl1, Trfisftfin Meftz1, JoThn Coflflfinfi1, Haflyna Hodovanefts1, Tyfler Drye1, 

Pefter Zavaflfij  2, Morften H. CThrfisftensen3, Raffaefl M. Fernandes3, Sangjun Lee  4, Pefter Abbamonfte4, 

Jeffffrey W. Lynn  5 and JoThnpfierre Pagflfione  1,6*

TThe eflecftronfic nemaftfic pThase—fin wThficTh eflecftronfic degrees off ffreedom flower ftThe crysftafl roftaftfionafl symmeftry—fis commonfly 
observed fin ThfigTh-ftemperafture superconducftors. However, undersftandfing ftThe rofle off nemaftficfifty and nemaftfic ffflucftuaftfions fin 
Cooper pafirfing fis offften made more compflficafted by ftThe coexfisftence off oftTher orders, parftficuflarfly flong-range magneftfic order. 
Here we reporft ftThe enThancemenft off superconducftfivfifty fin a modefl eflecftronfic nemaftfic sysftem ftThaft fis noft magneftfic, and sThow ftThaft 
ftThe enThancemenft fis dfirecftfly born ouft off sftrong nemaftfic ffflucftuaftfions assocfiafted wfiftTh a quanftum pThase ftransfiftfion. We presenft 
measuremenfts off ftThe resfisftance as a ffuncftfion off sftrafin fin Ba1−xSrxNfi2As2 fto sThow ftThaft sftronftfium subsftfiftuftfion promoftes an eflec-
ftronficaflfly drfiven nemaftfic order fin ftThfis sysftem. In addfiftfion, ftThe compflefte suppressfion off ftThaft order fto absoflufte zero ftemperafture 
fleads fto an enThancemenft off ftThe pafirfing sftrengftTh, as evfidenced by a sfixffofld fincrease fin ftThe superconducftfing ftransfiftfion ftempera-
fture. TThe dfirecft reflaftfion beftween enThanced pafirfing and nemaftfic ffflucftuaftfions fin ftThfis modefl sysftem, as weflfl as ftThe finfterpflay wfiftTh 
a unfidfirecftfionafl cTharge-densfifty-wave order comparabfle fto ftThaft ffound fin ftThe cupraftes, offffers a means fto finvesftfigafte ftThe rofle off 
nemaftficfifty fin sftrengftThenfing superconducftfivfifty.
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We begfin by presenftfing ftThe gflobafl pThase dfiagram off ftThe 
Ba1−xSrxNfi2As2 sysftem fin Ffig. 1a. Repflacfing Ba wfiftTh Sr suppresses 
ftThe fffirsft-order fteftragonafl–ftrficflfinfic sftrucfturafl dfisftorftfion, as weflfl 
as ftThe sfimuflftaneous C-CDW order, fin a conftfinuous manner. On 
fincreasfing x beyond ftThe crfiftficafl vaflue xc = 0.7, an abrupft 0 K fteftrago-
nafl–ftrficflfinfic sftrucfturafl pThase ftransfiftfion fis observed, and ftThe sysftem 
remafins fteftragonafl and vofid off cTharge order fin aflfl sampfles beftween 
xc and x = 1. TThe I-CDW pThase, wThficTh appears aft ftemperaftures 
above TS fin prfisftfine BaNfi2As2, fis aflso suppressed wfiftTh fincreas-
fing x unftfifl fift merges wfiftTh TS and dfisappears aflftogeftTher (uprfigThft 
red ftrfiangfles fin Ffig. 1a). Addfiftfionaflfly, ftThe coTherence flengftTh off ftThe 
I-CDW, esftfimafted ffrom ftThe ffuflfl-wfidftTh aft Thaflff-maxfimum off fifts asso-
cfiafted X-ray peaks, fis reduced ffrom over 1,000 Å fto onfly severafl 
Thundred ångsftröms wfiftTh fincreasfing x beftween x = 0 and x = 0.4, 
and ftThe sftrucfture vanfisThes fin sampfles wfiftTh flarger x. For finsftance, aft  
x = 0.65 ftThe sysftem ftransfiftfions ffrom a fteftragonafl sftrucfture wfiftTh no  

fincommensurafte cTharge-order supersftrucfture peaks finfto a ftrficflfinfic 
sftrucfture wfiftTh a C-CDW supersftrucfture aft 50 K.
In paraflflefl, superconducftfivfifty fin Ba1−xSrxNfi2As2 sfingfle crysftafls 

cThanges across ftThe pThase dfiagram (Ffig. 1b). ApproacThfing xc ffrom 
ftThe BaNfi2As2 endmember, resfisftfive and magneftfic sfignaftures off Tc 
appear fto cflfimb fin ftemperafture aft concenftraftfions above x = 0.5. 
However, despfifte ftThe onseft off zero resfisftance aft fincreasfing ftem-
perafture, ftThe ‘buflk’ sfignafture off Tc, as deftermfined by specfifffic Theaft 
measuremenfts (see Suppflemenftary Ffig. 6), remafins reflaftfivefly 
uncThanged ffor x < xc. On crossfing ftThe zero-ftemperafture sftrucfturafl 
pThase boundary, an abrupft enThancemenft fin buflk Tc fis observed ffrom 
approxfimaftefly 0.5 K fin x = 0.68 sampfles fto near 3.5 K aft x = 0.71. 
Opftfimaflfly subsftfiftufted x = 0.71 presenfts a very robusft superconducft-
fing ftransfiftfion as measured by resfisftfivfifty, dfiamagneftfism and spe-
cfifffic Theaft anomafly, weflfl fffiftfted by a sfingfle-band modefl wfiftTh a BCS 
gap (Ffig. 2 finseft). Remarkabfly, ftThfis opftfimafl Tc off 3.5 K aft x = 0.71 
marks a nearfly sfixffofld enThancemenft compared fto efiftTher off ftThe Sr- 
or Ba-based endmembers. TThe superconducftfing ftransfiftfion ftThen 
decreases conftfinuousfly wfiftTh fincreasfing x ftowards ftThaft off SrNfi2As2. 
TThfis cThange fin pafirfing sftrengftTh occurs ftThrougTh a regfime wfiftTh no 
noftabfle cThange fin sftrucfture, and vfirftuaflfly uncThanged Sommerffefld 
coeffffficfienfts off approxfimaftefly 10 mJ mofl−1 K−2 (Ffig. 2), findficaftfing 
ftThaft ftThe Tc enThancemenft cannoft be expflafined by cThanges fin ftThe eflec-
ftronfic densfifty off sftaftes.
Consfisftenft wfiftTh prfior sftudfies28–30, ftThe Ba1−xSrxNfi2As2 sysftem 

exThfibfifts a dfisconftfinufifty fin ftThe Debye ftemperafture ΘD
I
 aft xc. However, 

ΘD
I
 remafins approxfimaftefly consftanft beftween x = 0.71  (ΘD

I
 = 198  K) 

and x = 0.86 (ΘD
I
 = 188 K), despfifte a nearfly ftwoffofld dfifffference fin 

ftThe superconducftfing Tc. TThfis conftrasft findficaftes ftThaft, flfike ftThe eflec-
ftronfic densfifty off sftaftes, cThanges fin flaftftfice sftfiffffness do noft capfture ftThe 
enThancemenft fin ftThe pafirfing poftenftfiafl. RaftTher, ftThe smooftTh fincrease 
fin crfiftficafl ftemperafture on approacThfing xc ffrom above fis remfinfis-
cenft off a ffflucftuaftfion-drfiven superconducftfing enThancemenft. Gfiven 
ftThe very abrupft fffirsft-order nafture off ftThe ftrficflfinfic–fteftragonafl sftruc-
fturafl boundary, wThficTh appears fto drop aft xc, an fincrease fin pafirfing 
sftrengftTh musft arfise ffrom a ThfiftTherfto Thfidden coupflfing fto ftThe eflec-
ftronfic sysftem ftThaft can enThance pafirfing.
Havfing rufled ouft ftThe usuafl sources off a Tc fincrease expecfted ffor 

a convenftfionafl pThonon-medfiafted superconducftor (densfifty off sftaftes 
and Debye ffrequency), we propose ftThaft ftThfis enThancemenft fis drfiven 
by ftThe presence off nemaftfic ffflucftuaftfions. Indeed, ftThe exfisftence off a 
fteftragonafl-fto-ftrficflfinfic ftransfiftfion sThows ftThaft roftaftfionafl symmeftry 
fis broken fin ftThfis sysftem. To finvesftfigafte wTheftTher ftThfis ftransfiftfion fis 
drfiven by eflecftronfic, raftTher ftThan flaftftfice degrees off ffreedom, we per-
fform eflasftoresfisftance measuremenfts. TThe eflasftoresfisftance ftensor  

mfij;kfl¼
∂ðΔρ=ρÞfij
∂ϵkfl

I

 corresponds fto ftThe rafte off cThange off ftThe normaflfized 

resfisftfivfifty ðΔρ=ρÞfij
I

 on appflficaftfion off exfternafl sftrafin ϵkfl
I
. As dfiscussed 

fin reff. 8, wThen ftThe appflfied sftrafin ftransfforms as one off ftThe non-ftrfivfiafl 
firreducfibfle represenftaftfions Γμ

I
 off ftThe pofinft group, ϵkfl εμ

I
, ftThe resfis-

ftfivfifty cThange fin ftThaft cThannefl fis proporftfionafl fto ftThe correspondfing 
nemaftfic order ψμ

I
, ðΔρ=ρÞfij/ψμ
I

. As εμ
I
 acfts as a conjugafte fffiefld fto 

ftThe nemaftfic order paramefter ψμ
I
, ftThe correspondfing eflasftoresfisftance 

mΓμ
I
 becomes proporftfionafl fto ftThe bare nemaftfic suscepftfibfiflfifty wfiftTh-

ouft renormaflfizaftfion by ftThe flaftftfice degrees off ffreedom:

mΓμ/χ
μ
nem

∂ψμ
∂εμ

ð1Þ

TThe key pofinft fis ftThaft, fiff mΓμ
I
 sThows a dfivergfing beThavfiour above 

ftThe roftaftfionafl symmeftry-breakfing ftransfiftfion, fift fimpflfies ftThaft ftThe flaft-
fter fis drfiven by eflecftronfic degrees off ffreedom. Iff mΓμ

I
 sThows finsftead 

a weak ftemperafture dependence, fift fimpflfies ftThaft ftThe ftransfiftfion fis a 
sftandard flaftftfice-drfiven sftrucfturafl ftransfiftfion.
In ftThe case off fteftragonafl Ba1−xSrxNfi2As2, ftThere are ftThree sym-

meftry-dfisftfincft cThannefls off roftaftfionafl symmeftry-breakfing, corre-
spondfing fto ftThe ftThree firreducfibfle represenftaftfions B1g, B2g and Eg off 
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Ffig. 1 | Evofluftfion off sftrucfturafl, cTharge and nemaftfic orders fin 

Ba1−xSrxNfi2As2. TThfis sysftem presenfts an finfterpflay off sftrucfturafl, cTharge and 

nemaftfic finsftabfiflfiftfies ftThaft evoflve as a ffuncftfion off cThemficafl pressure finduced 

by Sr subsftfiftuftfion. Ift ffeaftures an enThancemenft off ftThe superconducftfing 

ftransfiftfion ftemperafture fin ftThe regfion wThere cTharge and nemaftfic orders 

cease fto be flong range, and nemaftfic ffflucftuaftfions are peaked aft ftThe flowesft 

ftemperaftures. a, Sfingfle-crysftafl measuremenfts fform a pThase dfiagram 

consfisftfing off onsefts off I-CDW order (uprfigThft red ftrfiangfles), eflasftoresfisftfive 

sftrafin-Thysfteresfis (open bflack squares), C-CDW order (finverfted red 

ftrfiangfles), and ftThe cooflfing ftransfiftfion off ftThe fffirsft-order ftrficflfinfic sftrucfturafl 

dfisftorftfion (fffiflfled bflue cfircfles). TThe bflack asfterfisks mark ftThe peak posfiftfion 

off nemaftfic suscepftfibfiflfiftfies, wThficTh exftend beyond ftThe dfisappearance 

(verftficafl dasThed flfine) off ftThe ftrficflfinfic pThase aft xc = 0.70. TThe overflafid 

coflour scafle represenfts finfterpoflafted vaflues off ftThe nemaftfic suscepftfibfiflfifty 

m12 − m11 generafted ffrom dafta ftaken fin Ba1−xSrxNfi2As2 sfingfle crysftafls wfiftTh 

x = 0, 0.2, 0.4, 0.5, 0.63, 0.75, 0.87 and 1.0. b, Superconducftfing ftransfiftfion 

ftemperaftures Tc fin Ba1−xSrxNfi2As2 sfingfle crysftafls deftermfined by ftransporft 

(bflack cfircfles), magneftfizaftfion (red cfircfles) and Theaft capacfifty (bflue 

cfircfles) measuremenfts. TThe dark bflue sThadfing reffflecfts ftThe ftrue, buflk Tc 

(as confffirmed vfia Theaft capacfifty ftransfiftfions) wThfifle ftThe flfigThft bflue regfion 

findficaftes fffiflamenftary superconducftfivfifty observed as broad ftransfiftfions fin 

ftransporft and magneftfic measuremenfts, buft absenft fin Theaft capacfifty.
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ftThe pofinft group D4Th. In fterms off cTharge degrees off ffreedom, ftThey 
correspond fto quadrupoflar cTharge order wfiftTh fform ffacftors x2 y2

I
, 

xy
I
 and xz;yzð Þ

I
, respecftfivefly. In fterms off flaftftfice degrees off ffreedom, 

ftThe fffirsft ftwo correspond fto orftThorThombfic dfisftorftfions εB1g
I
 and εB2g

I
,  

and ftThe ftThfird, fto a monocflfinfic dfisftorftfion ε1Eg;ε
2
Eg

I

 off ftThe fteftragonafl 

flaftftfice. Imporftanftfly, fin ftThe ftrficflfinfic pThase off Ba1−xSrxNfi2As2, aflfl ffour 
flaftftfice dfisftorftfions are presenft. TThfis findficaftes ftThe poftenftfiafl ftThaft one 

or more off ftThe ftThree nemaftfic suscepftfibfiflfiftfies χ
B1g
nem

I
, χ
B2g
nem

I
 and χ

Eg
nem

I
 

may be dfivergfing above TS.
To measure ftThe nemaftfic suscepftfibfiflfiftfies, we use a pfiezoeflecftrfic 

eflasftoresfisftance ftecThnfique (see MeftThods), appflyfing fin sfiftu ftunabfle 
bfiaxfiafl sftrafin fto Ba1−xSrxNfi2As2 sfingfle-crysftafl specfimens. Ffigure 3  
presenfts ftThe eflasftoresfisftance m12 − m11, wThficTh fis proporftfionafl fto χ

B1g
nem

I
, 

fin sftoficThfiomeftrfic BaNfi2As2. WThfifle m12 − m11 fis negaftfive aft ftempera-
ftures weflfl above ftThe sftrucfturafl ftransfiftfion, fift becomes posfiftfive near 
TS 135 K
I

 (Ffig. 3a,b). Beffore fift peaks aft TS, Thowever, m12 − m11 sftarfts 
dfispflayfing sftrafin-Thysftereftfic beThavfiour aft a ftemperafture off abouft 
148 K (bflue symbofls fin Ffig. 3c). WThfifle m12 − m11 fis sftfiflfl presenfted 
fin ftThe ftemperafture range off sftrafin-Thysftereftfic resfisftance fin Ffig. 3c,  
T < 148 K, fift fis fimporftanft fto nofte ftThaft ftThese vaflues are no flonger ftrue 
nemaftfic suscepftfibfiflfiftfies, sfince ftrue nemaftfic suscepftfibfiflfifty fis weflfl 
defffined onfly fin ftThe regfime off flfinear response. Crucfiaflfly, ftThe onseft off 
sftrafin-Thysfteresfis fin ftThe eflasftoresfisftfivfifty experfimenft cofincfides wfiftTh 
ftThe emergence off I-CDW peaks (red symbofls fin Ffig. 3c), wThficTh 
appear aft approxfimaftefly 150 K. Bragg reffflecftfions correspondfing fto 
ftThfis sftrucfture are observed aft wavevecftor (0.28 0 0) wThfifle no peaks 
are observed fin ftThe orftThogonafl (0 0.28 0) dfirecftfion, findficaftfing ftThaft 
ftThe supersftrucfture does noft possess C4 symmeftry. TThe sfimuflftaneous  

observaftfion off unfidfirecftfionafl CDW peaks and sftrafin-Thysftereftfic 
m12 − m11 ftransporft fin BaNfi2As2 findficaftes fteftragonafl symmeftry-
breakfing fin ftThe B1g cThannefl aft a ftemperafture TN 150 K

I
 ftThaft fis 

ThfigTher ftThan TS. However, ftThe eflecftronfic nemaftfic suscepftfibfiflfifty pro-
porftfionafl fto m12 − m11 does noft seem fto dfiverge near TN—fin ffacft, fift 
fis nearfly ftemperafture-findependenft above TN. TThfis fis findficaftfive ftThaft 
ftThe ftransfiftfion fis drfiven prfimarfifly noft by eflecftronfic, buft by flaftftfice 
degrees off ffreedom.
TThe evofluftfion off ftThe eflasftoresfisftfivfifty fin ftThe B1g cThannefl fin sub-

sftfiftufted Ba1−xSrxNfi2As2 crysftafls fis presenfted fin Ffig. 4. Ffirsft, we nofte 
ftThaft ftThe onseft off sftrafin-Thysftereftfic beThavfiour aft TN, findficafted by ftThe 
flfigThft-grey sThaded areas fin ftThe pflofts, moves cfloser fto ftThe ftrficflfinfic 
sftrucfturafl ftransfiftfion TS, and evenftuaflfly merges wfiftTh ftThe flaftfter ffor 
x = 0.63. Second, ftThe modesft ftemperafture dependence off m12 − m11 
above TN fin sftoficThfiomeftrfic BaNfi2As2 fis noft reffflecfted fin more Theavfifly 
subsftfiftufted sampfles. Indeed, m12 − m11 sftarfts dfispflayfing a dfivergfing 
beThavfiour above TN over a wfide ftemperafture range fin Ba1−xSrxNfi2As2 
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Ffig. 2 | EnThancemenft off superconducftfing ftransfiftfion ftemperafture. Theaft 

capacfifty measuremenfts fin sflfigThftfly over-subsftfiftufted Ba1−xSrxNfi2As2 sfingfle 

crysftafls wfiftTh x = 0.71, 0.80 and 0.86 depficft dramaftfic enThancemenft off Tc. 

TThfis conftrasfts wfiftTh ftThe very smaflfl cThanges fin Sr concenftraftfions, Debye 

ftemperaftures (as deftermfined by ftThe T3 pThonon conftrfibuftfion sThown by 

ftThe dasThed flfines) and densfifty off sftaftes (as deftermfined by Sommerffefld 

coeffffficfienfts, gfiven by ftThe exftrapoflaftfion off ftThe dasThed flfines fto T = 0) across 

ftThese sampfles. Inseft: ftThe superconducftfing ftransfiftfion fin ftThe same x = 0.71 

sfingfle-crysftafl specfimen, measured by fffiefld-coofled magneftfizaftfion (upper 

panefl), eflecftronfic Theaft capacfifty (cenftre panefl) and ftransporft (flower panefl), 

fis consfisftenft wfiftTh an enThanced Tc off 3.5 K, flarger ftThan ftThe vaflues aft efiftTher 

serfies endmember. TThe dasThed flfine fin ftThe Theaft capacfifty dafta findficaftes 

ftThe predficfted eflecftronfic Theaft capacfifty anomafly ffor a sfingfle-band, s-wave 

superconducftor, wfiftTh a BCS gap36.
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Ffig. 3 | Eflecftronfic nemaftfic and cTharge orders fin BaNfi2As2. a,b, A dfivergenft 

B1g nemaftfic suscepftfibfiflfifty, deftermfined by eflasftoresfisftfivfifty measuremenfts 

sThown fin ftThe sftrafin-dependenft resfisftance fisoftTherms ffor sfingfle crysftafls 

mounfted paraflflefl (a) and perpendficuflar (b) fto ftThe poflfing dfirecftfion off ftThe 

pfiezo sftack, fis comparabfle fin magnfiftude fto ftThaft off BaFe2As2 (reff. 
8) and fis 

accompanfied by ftwo noftabfle ordered sftaftes. c, TThe nemaftfic suscepftfibfiflfifty fin 

ftThe B1g
I
 cThannefl, proporftfionafl fto ftThe eflasftoresfisftance m12 − m11, fis nearfly ffflaft 

aft ThfigTh ftemperaftures beffore growfing wThen approacThfing ftThe I-CDW-ordered 

pThase (flfigThft grey regfion), and ftThen peakfing aft ftThe sftrucfturafl ftransfiftfion finfto 

ftThe ftrficflfinfic pThase (dark grey regfion). (Bflack symbofls fincflude error bars 

represenftfing 90% confffidence finftervafls off dafta.) Sftrafin-Thysftereftfic beThavfiour 

off ftThe eflasftoresfisftance fis observed fto begfin aft ftThe same ftemperafture wThere 

I-CDW fis seen. A comparfison off ftThe squared peak finftensfifty off a (0.28 0 

0) I-CDW supersftrucfture reffflecftfion (ftThe (−1.72 1 7) peak; red symbofls) 

and ftThe eflasftoresfisftfive Thysfteresfis wfidftTh (bflue symbofls) sThows a nearfly 

flfinear reflaftfionsThfip. Sftrafin-dependenft fisoftTherms were repeafted ftThree ftfimes 

aft eacTh ftemperafture, and Thysfteresfis wfidftThs were measured aft ftThe wfidesft 

pofinft. TThe error bars represenft exftremafl vaflues off ftThe Thysfteresfis wfidftTh 

beftween separafte measuremenfts. Inseft: an (H K) map (fin recfiprocafl flaftftfice 

unfifts, r.fl.u.) off ftThe recfiprocafl space aft 142 K, dfispflayfing a reffflecftfion ffrom ftThe 

supersftrucfture aft wavevecftor (0.28 1 7).
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sampfles wfiftTh fincreasfing x. TThese dafta may be reasonabfly fffiftfted fto 
a modfifffied Curfie–Wefiss ffuncftfion (χ

B1g
nem¼ λ

a0ðT�TNÞ
þχ0

I

) above TN, 
findficaftfing dfivergfing suscepftfibfiflfiftfies remfinfiscenft off eflecftronficaflfly 
drfiven nemaftfic order. TThereffore, our eflasftoresfisftance dafta sThow a 
cThange fin ftThe cTharacfter off ftThe fteftragonafl symmeftry-breakfing ftran-
sfiftfion ffrom flaftftfice-drfiven ffor smaflfl x fto eflecftronficaflfly drfiven ffor x 
near opftfimafl subsftfiftuftfion. TThfis fis corroborafted by a pThenomeno-
flogficafl Gfinzburg–Landau caflcuflaftfion fto modefl ftThe nemaftfic suscep-
ftfibfiflfifty dafta (see Suppflemenftary Secftfion I).
WThfifle ftThe B1g nemaftfic suscepftfibfiflfifty dfiverges, ftThe B2g suscepftfibfifl-

fifty fis onfly very weakfly ftemperafture dependenft fin sampfles wfiftTh x = 0  
and x = 0.63 (see Suppflemenftary Ffigs. 10 and 11). TThe absence off a 
dfivergfing B2g suscepftfibfiflfifty findficaftes ftThaft ftThe sftrengftThenfing off ftThe 
eflecftronfic nemaftfic ffflucftuaftfions fis flfimfifted fto ftThe B1g symmeftry cThan-
nefl, despfifte ftThe presence off B2g symmeftrfic roftaftfionafl symmeftry-
breakfing aft ftThe ftrficflfinfic sftrucfturafl ftransfiftfion. TThfis findficaftes ftThaft ftThe 
ftrficflfinfic pThase ftransfiftfion cannoft be aftftrfibufted soflefly fto eflecftronfic 
degrees off ffreedom, and conftrasfts wfiftTh ftThe sftrucfturaflfly reflafted 
Fe-based superconducftors, wThere ubfiqufiftous sfignaftures off nemaftfic-
fifty fin ftThe B2g cThannefl are reporfted

9.
TThe dfivergfing B1g suscepftfibfiflfifty persfisfts fin ftThe x = 0.75  sampfles, 

wThficTh ffeafture no dfiscernfibfle pThase ftransfiftfion fin ftThermafl, mag-
neftfic, ftransporft or dfiffffracftfion measuremenfts down fto ftThe flowesft 
ftemperaftures. Despfifte ftThe absence off any evfidenft pThase ftransfiftfion, 
m12 − m11 dafta ffor Ba0.25Sr0.75Nfi2As2 exThfibfift a cflear peak and sub-
sequenft downfturn aft 25 K. SucTh a nemaftfic suscepftfibfiflfifty peak, fin 
ftThe absence off any apparenft order (see Suppflemenftary Ffig. 12), fis 
unprecedenfted fin fifts observaftfion. In anaflogy fto more ffamfiflfiar mag-
neftfic sysftems, fift may be an findficaftfion off a ffreezfing nemaftfic gflass, 
or possfibfly an arfteffacft off quencThed dfisorder subverftfing flong-range  
nemaftfic correflaftfions.
Refturnfing fto ftThe overaflfl pThase dfiagram off Ba1−xSrxNfi2As2, ftThe 

ampflfiftude off ftThe B1g nemaftfic suscepftfibfiflfifty fis overflafid wfiftTh ftThe ftrfi-
cflfinfic and CDW pThase boundarfies fin Ffig. 1. Owfing fto our finabfifl-
fifty fto exftracft a nemaftfic suscepftfibfiflfifty fin ftThe ftrficflfinfic pThase, as weflfl 
as ftThe uncerftafinfty fin ftThe superconducftfing Tc fin undersubsftfiftufted 
sampfles, we ffocus our anaflysfis on crysftafls ftThaft are fteftragonafl fto flow-
esft ftemperaftures. ApproacThfing xc ffrom ftThe SrNfi2As2 endmember, a 

smooftTh enThancemenft off eflecftronfic nemaftfic ffflucftuaftfions fis observed 
aft ftThe flowesft ftemperaftures. In conftrasft fto ftThe sftagnanft beThavfiour 
off oftTher ftThermodynamfic quanftfiftfies, sucTh as specfifffic Theaft, nemaftfic 
ffflucftuaftfions grow concurrenftfly wfiftTh ftThe enThancfing superconducft-
fing Tc, wfiftTh an over ftenffofld enThancemenft off m12 − m11 ffrom x = 1  fto 
xc. Ift fis ftThrougTh ftThe excThange off ftThese excfiftaftfions ftThaft ftThe supercon-
ducftfing enThancemenft fin ftThe fteftragonafl pThase can be expflafined11,13,14. 
TThe sftrengftTh off ftThfis enThancemenft, correspondfing fto a nearfly sfixffofld 
fincrease fin Tc ffrom ftThe serfies endmembers, esftabflfisThes nemaftfic fffluc-
ftuaftfions as a promfisfing mecThanfism ffor enThancfing Cooper pafirfing, 
even fin a convenftfionafl superconducftor sucTh as, presumabfly, ftThe one 
sftudfied There.
TThe orfigfin off ftThe nemaftfic order fin Ba1−xSrxN2As2 cannoft be 

finfferred soflefly ffrom eflasftoresfisftance measuremenfts. In ftThe sftruc-
fturaflfly and cThemficaflfly sfimfiflar BaFe2As2 compounds, ftThe B2g eflec-
ftronfic nemaftfic order fis proposed fto be drfiven by magneftfic degrees 
off ffreedom, sfince ftThe sftrfipe magneftfic ground sftafte breaks ftThe 
fteftragonafl symmeftry fin ftThe same cThannefl31–33. TThe Ba1−xSrxNfi2As2 
serfies, fin conftrasft, exThfibfifts B1g symmeftrfic nemaftfic ffflucftuaftfions 
and no known magneftfic order. Ift does exThfibfift, Thowever, unfidfirec-
ftfionafl CDW order ftThaft breaks fteftragonafl symmeftry fin ftThe B1g cThan-
nefl. Ift fis ftThereffore ftempftfing fto aftftrfibufte ftThe nemaftfic finsftabfiflfifty fin 
Ba1−xSrxNfi2As2 as drfiven by cTharge ffflucftuaftfions. Indeed, comparfing 
fin Ffig. 3c ftThe square off ftThe CDW X-ray peak finftensfifty fto ftThe wfidftTh 
off ftThe eflasftoresfisftance Thysfteresfis, wThficTh fis a proxy off ftThe nemaftfic 
order paramefter (see Suppflemenftary Secftfion I), we observe a nearfly 
flfinear reflaftfionsThfip beftween ftThe ftwo quanftfiftfies, as expecfted by sym-
meftry consfideraftfions. TThfis flends ffurftTher supporft fto ftThe assumpftfion 
off cTharge-drfiven nemaftficfifty, aflftThougTh, as ftThe orfigfins off and reflaftfion-
sThfip beftween I-CDW and C-CDW pThases Thas noft been deftermfined 
yeft, fift fis fimpossfibfle fto concflude fiff one off ftThe ftwo presenft cTharge 
orders fis predomfinanftfly assocfiafted wfiftTh ftThe underflyfing nemaftfic-
fifty. Uflftfimaftefly, ftThese observaftfions provfide a compeflflfing scenarfio fto 
expflafin ftThe pThase dfiagram off Ba1−xSrxNfi2As2 fin fterms off ftwo coop-
eraftfive ordered sftaftes: a cTharge-drfiven eflecftronfic nemaftfic pThase 
and a flaftftfice-drfiven ftrficflfinfic pThase. WThfifle boftTh break ftThe fteftrago-
nafl symmeftry fin ftThe B1g cThannefl, ftThe flaftfter aflso breaks addfiftfionafl 
symmeftrfies ftThaft our eflasftoresfisftance measuremenfts sThow cannoft be 
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Ffig. 4 | Nemaftfic suscepftfibfiflfiftfies off Ba1−xSrxNfi2As2 sfingfle crysftafls. a–ff, TThe B1g nemaftfic suscepftfibfiflfifty exThfibfifts a conftfinuous evofluftfion wfiftTh x, evenftuaflfly 

dfisappearfing fin SrNfi2As2 (x = 1), as sThown fin ftThe ftop panefls. TThe dark grey regfions findficafte ftrficflfinfic sftrucfturafl pThases fin x = 0, 0.40 and 0.63, and flfigThft grey 

regfions (onfly fin x = 0 and 0.40) findficafte ftemperaftures wThere eflasftoresfisftfive Thysfteresfis fis observed fin ftThe fteftragonafl sftrucfture. TThe flower panefls dfispflay 

ftThe finverse suscepftfibfiflfiftfies ½ðm12�m11Þ�χ0
�1

I
, ftruncafted aft ftThe onseft off nemaftfic order. TThe consftanft, χ0

I
, fis a ftemperafture-findependenft componenft off 

ftThe eflasftoresfisftance, comfing ffrom ffacftors unreflafted fto nemaftfic order, fincfludfing cThangfing sampfle geomeftry, and fis deftermfined ftThrougTh fffiftftfing dafta fto ftThe 

modfifffied Curfie–Wefiss ffuncftfionafl fform; m12�m11¼
λ

a0ðT�TN0Þ
þχ0

I

. TThe bare nemaftfic ftransfiftfion ftemperafture TN0 exftracfted ffrom sucTh a fffift may dfiffffer sflfigThftfly 

ffrom ftThe observed nemaftfic ftransfiftfion ftemperafture due fto coupflfing beftween ftThe sftrucfturafl and eflecftronfic degrees off ffreedom. TThe bflack dasThed flfines sThow 

ftThe resuflfts off ftThfis fffiftftfing. No fffiftftfing fis presenfted fin sampfles off x = 0 or x = 1, as nefiftTher off ftThese sThow Curfie–Wefiss-flfike dfivergence. TThe doftfted bflack flfine fin 

ftThe flower panefl off a fis a gufide ffor ftThe eye, findficaftfing fincfipfienft nemaftfic ffflucftuaftfions fin ftThe vficfinfifty off TN. Aft x = 0.75, wThficTh exThfibfifts no nemaftfic, sftrucfturafl or 

cTharge-ordered ftransfiftfions and remafins fteftragonafl fto ftThe flowesft ftemperaftures, ftThe nemaftfic suscepftfibfiflfifty exThfibfifts a broad peak aft 25 K.
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accounfted ffor soflefly by eflecftronfic degrees off ffreedom (as evfidenced 
by ftThe flack off dfivergence off ftThe B2g nemaftfic suscepftfibfiflfifty).
TThe flfikefly reflaftfionsThfip beftween nemaftfic and CDW order evokes 

comparfison fto ftThe cuprafte superconducftors, wThere sThorft-range, 
unfidfirecftfionafl I-CDW sftrfipe order and eflecftronfic anfisoftropfies 
were reporfted fin ftThe pseudogap pThase7,16,34. In ftThe cupraftes, fift 
was proposed ftThaft ftThe mficroscopfic ftendency fis ftowards unfidfirec-
ftfionafl CDW order, wfiftTh flong-range coTherence befing precfluded by 
quencThed dfisorder35. TThe nemaftfic pThase fis more robusft fto dfisor-
der, Thowever, survfivfing as a vesftfige off ftThe suppressed sftrfipes. In 
Ba1−xSrxNfi2As2, unflfike ftThe cuprafte compounds, flong-range CDW 
supersftrucftures survfive ffor suffffficfienftfly smaflfl x.

Onflfine conftenft
Any meftThods, addfiftfionafl refferences, Nafture ResearcTh reporftfing 
summarfies, source dafta, exftended dafta, suppflemenftary finfforma-
ftfion, acknowfledgemenfts, peer revfiew finfformaftfion; deftafifls off auftThor 
conftrfibuftfions and compeftfing finfteresfts; and sftaftemenfts off dafta and 
code avafiflabfiflfifty are avafiflabfle aft Thftftps://dofi.org/10.1038/s41567-
019-0736-9.
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MeftThods
Crysftafl synftThesfis. Ba1−xSrxNfi2As2 sfingfle crysftafls were synftThesfized usfing pre-reacfted 
NfiAs seflff-flux combfined wfiftTh Ba and Sr pfieces fin a 4:1−x:x raftfio as prevfiousfly 
reporfted22. Mafterfiafls were Theafted fto 1,180 °C beffore befing sflowfly coofled fto 980 °C  
aft 2 °C Th−1. Aft ftThfis pofinft, ftThe ffurnace was fturned off and aflflowed fto coofl fto 
room ftemperafture nafturaflfly. Once coofl, crysftafls wfiftTh ftypficafl dfimensfions off 
2 mm × 2 mm × 0.5 mm were mecThanficaflfly exftracfted ffrom flux. The cThemficafl 
composfiftfions off ftThe resuflftfing crysftafls were deftermfined usfing a combfinaftfion off 
energy-dfispersfive specftroscopy and sfingfle-crysftafl X-ray refinemenfts.

Transporft, specfifffic Theaft and magneftfizaftfion. Transporft and Theaft capacfifty dafta 
were ftaken usfing boftTh a Quanftum Desfign PThysficafl Properfty Measuremenft Sysftem 
and a Quanftum Desfign DynaCoofl. Heaft capacfifty dafta were generaflfly coflflecfted 
vfia a reflaxaftfion meftThod. To observe ftThe fffirsft-order pThase ftransfiftfion on boftTh 
warmfing and cooflfing, seflecft Theaft capacfifty measuremenfts were modfifffied fto be 
sensfiftfive fto boftTh ftransfiftfions. WfiftThfin ftThese modfifffied measuremenfts, an exftended 
Theaft puflse was appflfied and Theaft capacfifty was exftracfted usfing a flocafl derfivaftfive 
approacTh. D.c.-magneftfizaftfion measuremenfts were ftaken usfing a SQUID-VSM 
opftfion fin a Quanftum Desfign MPMS3 sysftem. A Thome-made cofifl37 was aflso used 
fin a Quanftum Desfign adfiabaftfic demagneftfizaftfion reffrfigeraftor finserft fto measure a.c. 
suscepftfibfiflfifty down fto 0.1 K.

X-ray dfiffffracftfion. TThe 250 K sftrucfturafl dafta were coflflecfted on sfingfle crysftafls fin 
a Bruker APEX-II CCD sysftem equfipped wfiftTh a grapThfifte monocThromaftor and a 
MoKα seafled ftube (λ = 0.71073 Å), and were refffined usfing ftThe Bruker SHELXTL 
Soffftware Package. Temperafture-dependenft dfiffffracftfion measuremenfts were carrfied 
ouft usfing a Xenocs GenfiX 3D MoKα mficrospoft X-ray source wfiftTh muflftfiflayer 
ffocusfing opftfics and a Mar345 fimage pflafte deftecftor. Sfingfle-crysftafl sampfles 
were coofled wfiftTh a cflosed-cycfle cyrosftaft and mounfted fto a Huber ffour-cfircfle 
dfiffffracftomefter.

Eflasftoresfisftfivfifty. To measure ftThe nemaftfic suscepftfibfiflfiftfies, we used ftThe pfiezoeflecftrfic 
eflasftoresfisftance ftecThnfique off reffs. 8,38. WfiftThfin ftThe D4Th pofinft group, eflasftoresfisftfive  

coeffffficfienfts m12 − m11 are dfirecftfly proporftfionafl fto χ
B1g
nem

I
 wThfifle m66 fis dfirecftfly 

proporftfionafl fto χ
B2g
nem

I
 (reff. 39). BoftTh m12 − m11 and m66 were measured fin sampfles 

adThered dfirecftfly fto a flead zfirconfium ftfiftanafte pfiezoeflecftrfic sftack usfing a sftrafin-
ftransmfiftftfing epoxy as dfiscussed fin reffs. 8,38. By appflyfing a voflftage fto ftThe sftack, 
varfiabfle bfi-axfiafl sftrafin was appflfied fin sfiftu. TThe magnfiftude off ftThe appflfied sftrafin  
was measured usfing a sftrafin gauge mounfted on ftThe reverse sfide off ftThe sftack. TThe 
sftrafin was measured aflong a sfingfle pfiezo axfis (εxx fin ftThe convenftfion used wfiftThfin 
ftThfis ftexft), and orftThogonafl sftrafin was caflcuflafted usfing ftThe known Pofisson’s raftfio off 
ftThe sftack. m12 − m11 eflasftoresfisftfive coeffffficfienfts were measured usfing ftwo sampfles 
mounfted fin a muftuafl orftThogonafl geomeftry, wfiftTh ftThe crysftafl (1 0 0) axfis mounfted 
paraflflefl and perpendficuflar fto ftThe pfiezo poflfing dfirecftfion. For aflfl measuremenfts 
requfirfing ftwo sampfles, a sfingfle crysftafl was poflfisThed fto a sufiftabfle ftThfickness 
(≤60 μm) and ftThen cfleaved finfto ftwo pfieces. TThese ftwo pfieces were used ffor a sfingfle 
measuremenft fto ensure consfisftenft pThysficafl properftfies across ftThe ftwo orftThogonafl 
sampfles. m66 dafta were coflflecfted usfing a sfingfle sampfle wfired fin a ftransverse 
geomeftry. Sftrafin was ftThen appflfied aflong ftThe crysftaflflograpThfic (1 1 0) dfirecftfion38. 
Crysftafl geomeftry (specfiffficaflfly a narrow c-axfis cross-secftfion and ftendency 
ftowards cfleavfing aflong ftThe crysftaflflograpThfic (1 0 0) dfirecftfion) made m44, χ

Eg
nem

I
, 

experfimenftaflfly finaccessfibfle.
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