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STRONGLY CORRELATED QUANTUM SPIN LIQUIDIN HERBERTSMITHITEV. R. Shaginyan a*, K. G. Popov b, V. A. Khodel 
;daPetersburg Nu
lear Physi
s Institute188300, Gat
hina, RussiabKomi S
ien
e Center, Ural Bran
h of Russian A
ademy of S
ien
es167982, Syktyvkar, Russia
Russian Resear
h Centre Kur
hatov Institute123182, Mos
ow, RussiadM
Donnell Center for the Spa
e S
ien
es and Department of Physi
s, Washington UniversityMO 63130, St. Louis, USAÑòàòüÿ íàïèñàíà ïî ìàòåðèàëàì äîêëàäàíà 36-ì Ñîâåùàíèè ïî �èçèêå íèçêèõ òåìïåðàòóð(Ñàíêò-Ïåòåðáóðã, 2�6 èþëÿ 2012 ã.)Strongly 
orrelated Fermi systems are among the most intriguing and fundamental systems in physi
s. We showthat the herbertsmithite ZnCu3(OH)6Cl2 
an be regarded as a new type of strongly 
orrelated ele
tri
al insulatorthat possesses properties of heavy-fermion metals with one ex
eption: it resists the flow of ele
tri
 
harge. Wedemonstrate that herbertsmithite's low-temperature properties are defined by a strongly 
orrelated quantumspin liquid made with hypotheti
 parti
les su
h as fermioni
 spinons that 
arry spin 1=2 and no 
harge. Our
al
ulations of its thermodynami
 and relaxation properties are in good agreement with re
ent experimentalfa
ts and allow us to reveal their s
aling behavior, whi
h strongly resembles that observed in heavy-fermionmetals. Analysis of the dynami
 magneti
 sus
eptibility of strongly 
orrelated Fermi systems suggests that thereexist at least two types of its s
aling.DOI: 10.7868/S0044451013050236Strongly 
orrelated Fermi systems representedby heavy-fermion (HF) metals are well studiedexperimentally but re
eived an adequate theoreti
aldes
ription only re
ently [1℄. The Landau Fermi liquid(LFL) theory is highly su

essful in the 
ondensedmatter physi
s. The key point of this theory is theexisten
e of fermioni
 quasiparti
les defining thethermodynami
, relaxation, and dynami
 propertiesof 
onventional metals. But strongly 
orrelated Fermisystems en
ompass a variety of systems that displaybehavior not easily understood within the Fermi liquidtheory and 
alled non-Fermi-liquid (NFL) behavior.A paradigmati
 example of the NFL behavior isdemonstrated by HF metals, where a quantum phasetransition (QPT) indu
es a transition between LFL*E-mail: vrshag�thd.pnpi.spb.ru

and NFL [1; 2℄. QPT 
an be tuned by differentparameters, su
h as the 
hemi
al 
omposition, thepressure, and the magneti
 field. Magneti
 materials,and insulators in parti
ular, are interesting subje
tsof study due to a quantum spin liquid (QSL) thatmay develop in them, defining their low-temperatureproperties. Exoti
 QSL is formed with hypotheti
parti
les su
h as fermioni
 spinons, 
arrying spin 1=2and no 
harge. A sear
h for the materials is a 
hallengefor 
ondensed matter physi
s [3℄.In zero and high magneti
 fields B [4�13℄,the experimental studies of herbertsmithiteZnCu3(OH)6Cl2 have dis
overed gapless ex
itationsanalogous to quasiparti
le ex
itations near the Fermisurfa
e in HF metals, indi
ating that ZnCu3(OH)6Cl2is the promising system to investigate its QPTsand QSLs [14�16℄. The observed behavior of thethermodynami
 properties of ZnCu3(OH)6Cl2 stronglyresembles that in HF metals be
ause a simple kagome11 ÆÝÒÔ, âûï. 5 977
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e has a dispersionless topologi
ally prote
tedbran
h of the spe
trum with zero ex
itation energy[14, 17, 18℄. This indi
ates that the QSL formed bythe ideal kagome latti
e and lo
ated near the fermion
ondensation quantum phase transition (FCQPT) 
anbe 
onsidered a strongly 
orrelated quantum spin liquid(SCQSL). This observation allows establishing a 
lose
onne
tion between ZnCu3(OH)6Cl2 with its SCQSLand HF metals whose HF system is lo
ated near theFCQPT and therefore exhibits a universal s
alingbehavior [1, 14, 15℄. Thus, the FCQPT represents aQPT of ZnCu3(OH)6Cl2 and both herbertsmithiteand HF metals 
an be treated in the same framework,while SCQSL is 
omposed of spinons, whi
h, with zero
harge and spin � = �1=2, o

upy the 
orrespondingFermi sphere with the Fermi momentum pF [1; 14�16℄.In this paper, we show that both NFL ands
aling behavior of strongly 
orrelated Fermisystems su
h as HF metals and ZnCu3(OH)6Cl2
an be des
ribed in the framework of the FCQPTtheory. Analyzing experimental data obtained inmeasurements on strongly 
orrelated Fermi systemswith different mi
ros
opi
 properties, we have foundthat they demonstrate a universal NFL behavior.Our analysis of the dynami
 magneti
 sus
eptibilityof strongly 
orrelated Fermi systems suggests thatthere exist at least two types of s
aling. We 
al
ulatethe thermodynami
 and relaxation properties ofherbertsmithite and HF metals. The 
al
ulationsare in good agreement with experimental data andallow dete
ting the low-temperature behavior ofZnCu3(OH)6Cl2 defined by SCQSL as that observedin HF metals.To study the low-temperature thermodynami
,relaxation, and s
aling properties of herbertsmithitetheoreti
ally, we use the model of a homogeneous HFliquid [1℄. This model permits avoiding 
ompli
ationsasso
iated with the 
rystalline anisotropy of solids.Similarly to the ele
troni
 liquid of HF metals, theSCQSL is 
omposed of 
hargeless fermions (spinons)with S = 1=2 o

upying the 
orresponding twoFermi spheres with the Fermi momentum pF . Theground-state energy E(n) is given by the Landaufun
tional depending on the quasiparti
le distributionfun
tion n�(p), where p is the momentum and � is thespin index. The effe
tive mass M� is governed by theLandau equation [1; 19℄1M�(B; T ) = 1M� + 1p2F X�1 Z pF � p1pF �� F�;�1(pF ;p1)�Æn�1(p1; B; T )�p1 dp1(2�)3 ; (1)

where we write the quasiparti
le distribution fun
tionasn�(p; B; T ) = n�(p; B = 0; T = 0) + Æn�(p; B; T ):The Landau amplitude F is 
ompletely defined by thefa
t that the system has to be at a FCQPT [1; 20�22℄(see [20�22℄ for details of solving Eq. (1)). The solerole of the Landau amplitude is to bring the systemto the FCQPT point, where the Fermi surfa
e altersits topology su
h that the effe
tive mass a
quirestemperature and field dependen
es. At this point, theterm 1=M� vanishes, Eq. (1) be
omes homogeneousand 
an be solved analyti
ally [1, 20℄. At B = 0,the effe
tive mass, being strongly T -dependent,demonstrates the NFL behavior given by Eq. (1),M�(T ) � aTT�2=3; (2)where aT is a 
onstant. At finite T , under theappli
ation of a magneti
 field B, the two Fermispheres due to the Zeeman splitting are displa
edby opposite amounts, the final 
hemi
al potential �remaining the same to within 
orre
tions of the orderof B2. As a result, the field B drives the system to theLFL region, and again it follows from Eq. (1) thatM�(B) � aBB�2=3; (3)where aB is a 
onstant. It follows from Eqs. (2) and(3) that effe
tive mass diverges at the FCQPT. Atfinite B and T , solutions M�(B; T ) of Eq. (1) 
an bewell approximated by a simple universal interpolatingfun
tion. This interpolation o

urs between the LFLregime, given by Eq. (3), and the NFL regime givenby Eq. (2) [1, 20℄. Experimental fa
ts and 
al
ulationsshow that M�(B; T ) as a fun
tion of T at a fixed Brea
hes its maximum value M�M at TM (see, e. g., [1℄).To study the universal s
aling behavior of strongly
orrelated Fermi systems, it is 
onvenient to introdu
ethe normalized effe
tive mass M�N and the normalizedtemperature TN by dividing the effe
tive mass M�and temperature T by their values at the maximum,M�M and TM . In the same way, we 
an normalizeother thermodynami
 fun
tions su
h as the spinsus
eptibility � and the heat 
apa
ity C. As a result,we obtain �N � (C=T )N �M�N ; (4)where �N and (C=T )N are the normalized values of �and C=T . We note that our 
al
ulations of M�N basedon Eq. (1) do not 
ontain any fitting parameters. Thenormalized effe
tive massM�N =M�=M�M978
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tion of the normalized temperaturey = TN = T=TMis given by the interpolating fun
tion [1℄M�N (y) � 
0 1 + 
1y21 + 
2y8=3 ; (5)where 
0 = (1 + 
2)=(1 + 
1);
1, and 
2 are fitting parameters. Be
ause the magneti
field B enters Eq. (1) only in the 
ombinationB�B=kBT , we have Tmax / B [20, 1℄, where �Bis the Bohr magneton and kB is the Boltzmann
onstant. Hen
e, for finite magneti
 fields, the variabley be
omes y = T=TM / kBT=�BB: (6)Be
ause the variables T and B enter symmetri
ally,Eq. (5) is valid for y = �BB=kBT:To 
onstru
t the dynami
 spin sus
eptibility�(q; !; T ) = �0(q; !; T ) + i�00(q; !; T )as a fun
tion of the momentum q, frequen
y !,and temperature T , we again use the model of ahomogeneous HF liquid lo
ated near the FCQPT. Todeal with the dynami
 properties of Fermi systems,we 
an use the transport equation des
ribing a slowlyvarying disturban
e Æn�(q; !) of the quasiparti
ledistribution fun
tion n0(p), and n = Æn + n0. We
onsider the 
ase where the disturban
e is indu
ed bythe appli
ation of an external magneti
 fieldB = B0 + �B1(q; !)with B0 being a stati
 field and �B1 a !-dependentfield with �! 0. As long as the transferred energy! < qpF =M� � �;where M� is the effe
tive mass and � is the 
hemi
alpotential, the quasiparti
le distribution fun
tionn(q; !) satisfies the transport equation [23℄(q�vp�!)Æn��q�vp �n0�"p X�1p1 f�;�1(p�p1)Æn�1(p1) == q � vp �n0�"p ��B(B0 + �B1); (7)

where �B is the Bohr magneton and "p is thesingle-parti
le spe
trum. In the field B0, the two Fermisurfa
es are displa
ed by opposite amounts, �B0�B ,and M = �B(Æn+ � Æn�);where the two spin orientations with respe
t tothe magneti
 field are denoted by ��� and themagnetization Æn� =Xp Æn�(p):The spin sus
eptibility � is given by� = �M�B ����B=B0 :In fa
t, transport equation (7) redu
es to twoequations, whi
h 
an be solved for ea
h dire
tion ���and allow 
al
ulating Æn� and the magnetization. Theresponse to the appli
ation of �B1(q; !) 
an be foundby expanding the solution of Eq. (7) in a power serieswith respe
t to M�!=qpF . As a result, we obtain theimaginary part of the spin sus
eptibility�00(q; !) = �2B !(M�)22�q 1(1 + F a0 )2 ; (8)where F a0 is the dimensionless spin-antisymmetri
quasiparti
le intera
tion [23℄. The intera
tion F a0 isfound to saturate at F a0 � �0:8 [24, 25℄, and thereforethe fa
tor (1 + F a0 ) in Eq. (8) is finite and positive. It
an be seen from Eq. (8) that the se
ond term is an oddfun
tion of !. Therefore, it does not 
ontribute to thereal part �0 and forms the imaginary part �00. Takinginto a

ount that at relatively high frequen
ies! � qpF =M� � �in the hydrodynami
 approximation, �0 / 1=!2 [26℄,we 
on
lude that the expression�(q; !) = �2B�2(1 + F a0 ) M�pF1 + i� M�!qpF (1 + F a0 ) ; (9)yields a simple approximation for the sus
eptibility �and satisfies the Kramers�Kronig relation 
onne
tingthe real and imaginary parts of �.To understand how �00 and � respe
tively givenby Eqs. (8) and (9) 
an depend on the temperature Tand magneti
 field B, we re
all that near the FCQPTpoint, the effe
tive mass M� depends on T and B. Toelu
idate the s
aling behavior of �, we use Eq. (2) todes
ribe the temperature dependen
e of �. It followsfrom Eqs. (9) and (2) thatT 2=3�(T; !) � a11 + ia2E ; (10)979 11*
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onstants absorbing irrelevantvalues and E = !=(kBT )2=3:As a result, the imaginary part �00(T; !) satisfies theequation T 2=3�00(T; !) � a3E1 + a4E2 ; (11)where a3 and a4 are 
onstants. It follows from Eq. (11)that T 2=3�00(T; !) has a maximum (T 2=3�00(T; !))maxat some Emax and depends on the only variableE. Equation (11) is in a

ordan
e with the s
alingbehavior of �00T 0:66 experimentally established inRef. [7℄. As it was done for the effe
tive masswhen 
onstru
ting (5), we introdu
e the dimensionlessfun
tion (T 2=3�00)N = T 2=3�00=(T 2=3�00)maxand the dimensionless variable EN = E=Emax, afterwhi
h Eq. (11) be
omes(T 2=3�00)N � b1EN1 + b2E2N ; (12)where b1 and b2 are fitting parameters to be 
hosensu
h that the fun
tion in the right-hand side of Eq. (12)rea
hes its maximum value 1 at En = 1.We next 
onstru
t the s
hemati
 T � B phasediagram of ZnCu3(OH)6Cl2 reported in Fig. 1. AtT = 0 and B = 0, the system is near the FCQPTwithout tuning. It 
an also be shifted from the FCQPTby the appli
ation of a magneti
 field B. The magneti
field B and temperature T play the role of 
ontrolparameters, driving the system from the NFL to LFLregions as shown by the verti
al and horizontal arrows.At a fixed B and in
reasing T , the system transits alongthe verti
al arrow from the LFL region to the NFLone, 
rossing the transition region. On the 
ontrary,in
reasing B at a fixed T drives the system along thehorizontal arrow from the NFL region to the LFL one.The inset demonstrates the universal behavior of thenormalized effe
tive mass M�N versus the normalizedtemperature TN given by Eq. (5). It follows fromEq. (5) and 
an be seen from Fig. 1 that the total widthW of the NFL and the transition region, shown by thearrow in Fig. 1, tends to zero as T and B de
rease,be
ause W / T / B.A few remarks are in order here. Equation (11) isvalid if the system approa
hes the FCQPT from thedisordered side as shown in phase diagram 1. If thesystem is lo
ated on the ordered side, then at B = 0
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B�èñ. 1. S
hemati
 T�B phase diagram ofZnCu3(OH)6Cl2 lo
ated on the disordered sideof the FCQPT. The solid 
ir
le at the origin shown byan arrow represents FCQPT. Verti
al and horizontalarrows show the respe
tive LFL�NFL and NFL�LFLtransitions at fixed B and T . The total width W of theNFL and the transition region is shown by the arrow.The inset demonstrates the behavior of the normalizedeffe
tive mass M�N versus the normalized temperatureTN given by Eq. (5). Temperatures TN � 1 signifya transition region between the LFL regime with analmost 
onstant effe
tive mass and the NFL regime,given by an T�2=3 dependen
e. The transition region,where M�N rea
hes its maximum at T=Tmax = 1, isshown by the arrows and hat
hed area both in themain panel and in the insetthe behavior of the effe
tive mass as a fun
tion of T isgiven by [1, 28℄ M�(T ) � a�T�1; (13)where a� is a 
onstant. Taking Eq. (13) into a

ountand pro
eeding in the same way as in deriving Eq. (11),we obtain that the imaginary part �00(T; !) is given byT�00(T; !) � a5E1 + a6E2 ; (14)where a5 and a6 are 
onstants and E = !=kBT . Itfollows from Eq. (14) that T�00(T; !) depends on theonly variable E. Thus, Eqs. (11) and (14) establish twotypes of s
aling behavior of �00(!; T ). Sin
e the s
alingbehavior of �00(!; T ) is defined by the dependen
e ofM� on T , we 
an expe
t new types of s
aling, espe
iallyin the transition region shown in Fig. 1.Figure 2 reports the behavior of the normalized �Nand spe
ifi
 heat (C=T )N respe
tively extra
ted frommeasurements on ZnCu3(OH)6Cl2 [7℄ and YbRh2Si2980
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�èñ. 2. The experimental data on measurements of�N � (C=T )N � M�N and our 
al
ulations ofM�N at fixed magneti
 field are respe
tively shown inthe legends by points of different shape and a solid
urve. It is 
learly seen that the data 
olle
ted onboth ZnCu3(OH)6Cl2 [7℄ and YbRh2Si2 [27℄ mergeinto the same 
urve, obeying a s
aling behavior. Thisdemonstrates that the SCQSL of herbertsmithite is
lose to the FCQPT and behaves like an HF liquid ofYbRh2Si2 in magneti
 fields[27℄. It follows from Fig. 2 that in a

ordan
e withEq. (4), the behavior of �N 
oin
ides with that of(C=T )N in YbRh2Si2.In Fig. 3, the normalized �N and (C=T )N , extra
tedfrom measurements on ZnCu3(OH)6Cl2 [5; 7℄, aredepi
ted. To extra
t the spe
ifi
 heat C 
oming fromthe 
ontribution of SCQSL from the total spe
ifi
 heatCt(T ) measured on ZnCu3(OH)6Cl2, we approximateCt(T ) at T > 2 K by the fun
tion [15℄Ct(T ) = a1T 3 + a2T 1=3; (15)where the first term proportional to a1 is due tothe latti
e (phonon) 
ontribution and the se
ond isdetermined by the SCQSL when it exhibits the NFLbehavior in a

ordan
e with Eq. (2),C / TM� / T 1=3:Taking into a

ount that the phonon 
ontribution isB-field independent, we obtainC(B; T ) = Ct(B; T )� a1T 3:It 
an be seen from Figs. 2 and 3 that(C=T )N � �N
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�èñ. 3. The normalized sus
eptibility �N � M�N andthe normalized spe
ifi
 heat (C=T )N �M�N of SCQSLversus the normalized temperature TN as a fun
tionof the magneti
 fields shown in the legends. �N and(C=T )N are respe
tively extra
ted from the data in [7℄and [5℄displays the same s
aling behavior as (C=T )Nmeasured on the HF metal YbRh2Si2. Therefore, thes
aling behavior of the thermodynami
 fun
tions ofherbertsmithite is an intrinsi
 feature of the 
ompound.In Fig. 4, 
onsistent with Eq. (12), the s
alingof the normalized dynami
 sus
eptibility (T 2=3�00)Nextra
ted from the inelasti
 neutron s
atteringspe
trum of both herbertsmithite [7℄ (Fig. 4a), andthe HF metal Ce0:925La0:075Ru2Si2 [29℄ (Fig. 4b ), isdisplayed. In Fig. 4
 the dynami
 sus
eptibility T�00extra
ted from measurements of the inelasti
 neutrons
attering spe
trum on the HF metal YbRh2Si2 [30℄ isshown. The data for T�00 exhibit the s
aling behaviorover three de
ades of the variation of both thefun
tion and the variable, thus 
onfirming the validityof Eq. (14). The s
aled data obtained in measurementson su
h quite different strongly 
orrelated systems asZnCu3(OH)6Cl2, Ce0:925La0:075Ru2Si2, and YbRh2Si2
ollapse fairly well onto a single 
urve over almostthree de
ades of the s
aled variables. Our 
al
ulationsshown by the solid 
urves are in good agreement withthe experimental fa
ts.Some remarks on the role of both the disorder andthe anisotropy are in order. The anisotropy is supposedto be related to the Dzyaloshinskii�Moriya intera
tion,ex
hange anisotropy, or out-of-plane impurities.Measurements of the sus
eptibility on a single 
rystal981
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ted from measurements on ZnCu3(OH)6Cl2[7℄ (a) and Ce0:925La0:075Ru2Si2 (b ) at Q1 [29℄.The solid 
urves, panels a and b, are fits with thefun
tion given by Eq. (12). Panel 
: T�00 plottedagainst E = !=kBT . The data are extra
ted frommeasurements on YbRh2Si2 [30℄, with the fun
tiongiven by Eq. (14)

of herbertsmithite have shown that it 
losely followsthat measured on a powder sample [8, 13℄. At lowtemperatures T . 70 K, the single-
rystal data donot show substantial magneti
 anisotropy [8, 13℄. Itis seen from Figs. 2, 3, and 4 that in a

ordan
e withEqs. (4) and (5), (Cmag=T )N � �N , and displays thesame s
aling behavior as does (C=T )N measured onthe HF metal YbRh2Si2. These observations show thatextra Cu spins outside the kagome planes regardedas paramagneti
 weakly intera
ting impurities 
anhardly be responsible for both the s
aling behaviorand the divergen
e of the sus
eptibility. Indeed, insu
h a 
ase, the extra Cu spins would be 
ompletelypolarized by a relatively weak magneti
 field, whilethe extra Cu spins do not 
ontribute signifi
antly tothe spe
ifi
 heat. Hen
e, one 
ould s
ar
ely expe
t thatthe s
aling behavior of (Cmag=T )N in magneti
 fieldsshould 
oin
ide with that of �N . On the other hand,as 
an be seen from Fig. 3, these fun
tions exhibit thesame s
aling behavior. Moreover, it follows from Fig. 2that the same s
aling is demonstrated by (C=T )Nobtained in measurements on YbRh2Si2. Therefore,our 
onsideration eviden
es that the stoi
hiometry,disorder, and anisotropy 
ontribute very little to themeasurements on ZnCu3(OH)6Cl2 at relatively lowtemperatures. These observations are in agreementwith the general 
onsideration of s
aling behavior ofHF metals in [1, 15℄.In summary, we have 
onsidered the non-Fermiliquid behavior and the s
aling behavior ofstrongly 
orrelated Fermi systems su
h as insulatorZnCu3(OH)6Cl2 and HF metals Ce0:925La0:075Ru2Si2and YbRh2Si2, and shown that these are des
ribed inthe framework of the FCQPT theory. Our analysisof the dynami
 magneti
 sus
eptibility of strongly
orrelated Fermi systems suggests that there existat least two types of its s
aling. We 
al
ulatethe thermodynami
 and relaxation properties ofherbertsmithite and HF metals. The 
al
ulationsare in good agreement with experimental data andallow identifying the low-temperature behavior ofZnCu3(OH)6Cl2 determined by SCQSL as thatobserved in HF metals. Therefore, herbertsmithite
an be regarded as a new type of strongly 
orrelatedele
tri
al insulator that has the properties of HF metalswith one ex
eption: it resists the flow of ele
tri
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