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 The
 
role

 of  geometrie t'rustration in strongly  co/rrelated  itimerant elec:t,ron  systems  were  investi-
gated,     It was  amgued  that  the frustration gives risa  eo a  quantum  spin  liquid state  even  in it/inerallt
electron  systems  by  tal(ing account  of  spin  !iuctuat-ions. ]?ai'a,magnetic iieutron  scattering  and
nuclear

 spin  reluxation  measurenients  have revealed  that  the gronml  stat,e  ofparamagnetic  YMn2
can  be  regarded  as  the  quantum  spin  liquid,
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gl.Introduction

  IJhoustration of magnetie  interaetions gives risc  to var-
ious anomalous  properties in the ground  state  magnetic

strueture  and  critical  beha.vior at  the transition point.
Among  them,  the ground  state  of  the  so called  fu11y frus-
trated (FFR) system,  which  has a  macrescopic  number

of  degenerate spin  configurations  and,  therefbre, can  not

take a  unique  rnagnetic  st-ructure, are  attracting  much

aztention.  Anderson and  coworkersi')  introduced the con-
cept  of  quantum  spirk  liquid (QSL) as  a  nonmagneti{:

ground  state  of t･he FFR  system,  which  is character-

ized by strong  spin  fluctuations with  antiferromagnetic

pair correlation.  So far, candidai]e  for QSL have  been
searched  jn ionic compounds  with  quasi-two  dimensional
lattlces. Recently, atteinpts  are  also  extended  to t･hree di-
mensional  lattice, in partieular, pyroehlore compounds.2)

However, ii'i most  cases,  a. rna.gnetically  ordered  phase is
formed at  Iow temperatures.  On  the ot,her  hand,  metal-

lic magnetic  systems  have  not  been intensively studied

from  the  view  point ef frustration. Ta]{ing account  of

the  spin  fiuctuatlon (SF) theory,  there  is no  reason  why

the frustration plays an  important role  and  a  QSL state

is r.ealized  in the  strongly  corre]ated  itinerant systems

with  antiferromagnetic  correlation.  Figure 1 illustraees
magnetic  states  and  the magnitude  of local magnetic  mo-

ment  as a function of  tlU, where  U  is the  intra-atemic
coi'relation  energy  and  t the transfer integral (Wk] use

t/U  as  the horizontal axis  to  avoid  divergence of  Ult in
the Iocal moment  limit but discuss U!t in the text). Be-
fore the SF theory, itinerant ele{;tron  and  loc;al moment

s},sterns  are  separated  each  ot.hei'  as  shown  in Fig. 1(a).
In the it-inerant electron  side,  an  ordered  state  appears  if
the  Stoner (Lidiard) condition  is fu1fi11ed (U/t >  i) and
Tk] (or 7N), and  the  spolltaneous  (sublattlce) rnoinent/

increase u,ith  increasing Uft. For  Ult <  ], the ground
state  is a merely,  (exchange enhanced)  Pauli pararnag-
net.  It is diMeult to take into consideration  of  the  role

of frustration in this picture. The  SF theory has gx'eatly
modified  this schenie3}  as  shown  in Fig. 1(b). The  crii/-

ical value  of U/t and  the critieal  t,emperature (Tb, TN)
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Fig. I,. Schematic  diagram  of  magnetic  phase  and  the  magnitude

 of  lecal morrLent  <Si> as  fullctiens of  the  inverse relative  corye-

 lation energy  to  Lta"fifer  integral tfU, a)  Classical model:  
']'he

 Heisenberg
 model  for a  localized mornent  systern.  <t corresponds

 t,o
 
tlie

 
inte,r-atomic

 eMchange  integral and  <SZ> to 1,he Hunt  rule

 value  S(S-+-1) ); the Stoner (Lidiard) mode]  for an  itinerani sys-

 tem.  The  phase  boundury is determined  by the  Stoner criLerion.

 b) Uiiified model:  The  ordered  phase is considerably  reduced

 irom the S'tonur critcrion  by taking  accounz  of  SF, For  an  ideal
 t'ully

 ft'ustrated sysl/e/,n,  no  ordered  stai/e appears  and  the  ground

 state  is QSL. 't'he

 frllstratlon in the  real  system  rerr]urkably  re-

 (iuces  the ordered  region.  The  ground  state  of  llonmagnetic  re-

 gion,  near  the  boundary  at Iease, can  be regavded  as  aaso  QSL
 state.  <SI2,>t.L.1 would  continuous  to S(S  +  1) value  of  the  local
 mornent  li.mit.
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are  suppressed  froiii the  Si･oner criterien.  For the sys-

tern without  frustration, the  paramagnetic  phase  near

1,he boundary is characterized  by the  existence  of  long

wave  length spin  fluctuations, even  at  O K  as  zero  point

fluct/uations ancl,  probably,  non  fermi liquid characters

are  observed.  "rith lncreasing Uft, the amplitude  of

SF increases and  the  spatial  distribution becomes local

momcnt-like.  Thus,  the gap between lt･ineraJit and  local
moment,  systerns  disappears. In the  real  3d  electron  sys-

tein. the  fluctuations become static  and  a rnagnetic;ally

ordered  state  is f'ormed at low temperatux'es. Wha,t is

the  role  of frustration in this picture? 
'The

 resonating

valence  bond {RYB) theoryi') was  originally  proposed  as

the ground  st,ate of  I;'FR system  in the  le{;a,l inornent  sy. s-

tem,  Iri the  present picture, R],'rB state  er  QSI, state  is

also  expected  in the itlnerant system  wit,h  geometrical

frustration, at least in large Uft  region.  Starting from

the  weak  corrclation  limit, the  
'frustTation

 suppress  thc

tbrmaaiicm of the magnetical],y  ordered  state  arid  so  t,he

criticaJ tlEJ  for an  ordered  state  shifts the  far left. T.'hen,

we  caJi  expect  g.iant and  spatially  locallzed zero  point

antiferroma,guetic  SF fbr the  pai'amagnetic ground state

llear  to t･he phase  boundary. This  is nothing  but QSL
state,  We  should  say  tha,t the trans'I-er integx'al t helps

the t'ormat,ioii of  QSL  state  and  so that the non-magnetic

g'round state  of  frustrated itiner, ant  systems  6hould  have

more  or ]ess spin  liquld characters.  In thts context･,  we

have  intensively studied  the  magnetic  propertics of Se
or  I,u doped  YMn2  which  can  be regarded  as a typical

itinerant frustrated system  with  the QSL ground state.

g2. Spin Liqiiid Charaeters  ofY(Se,Len)Mn2

2.i Mct･croscoptc Pr'operties

  YpaIn2 has che  C15 Laves  phasc,' structure  where  NIn

atoms  forms anetwork  of  corner-shariug  tetraliedra. Mn-

Dgln interactioii is antiferromagnetie  aJid, thp.refore, !t

can  be  regarded  as  a  
'full}r

 frustrated systern.  At ambi-

eRt  pressure, it becomes alltiferroinagnet,ic  below  100 K

with  fairly large Mn  moment  of 3JtB. 'The spiii  structure

is iiot  a simple  colllneam  but- helically modulated  with

an  ext,rerriely Iong perlod of  400 A.4) The complex  spin

strueture  may  be due to frustration. The antiferromag-

netlc  state  is unstable  aiid  highly sensitive  to pressure

or  impurity. By  substltuting  3%  Se for Y, which  re-

(luces  its lattice parameter  a  little, a  paramagnetic  state

is stabilized  down  to the lowest temper'ature.5) The para-
magnetic  state  is not  a simple  Pauli paramagnet  but ex-

hibits several  anomalies  such  as  an  extraordinary  large

low temperaA/ure  specific  heat of  1, =  150 mJK"2  molLi,

belng comparable  to  a  heav>, ferrnion system.6)  The en-

hancernent of the 7 value  implies the existence  of  large

arnplitude  of spln  fiuctuations even  at  low temperatures.

2,2 Neutron  scattering  of Y(Sc?Mn2

 In order  zo detect the  spin  fluct･uations, we  have  per-

formed  paramagnetic  neutron  scat-tex'ing  experiments  us-

ing polarized neutron  beam. Figure  2 shows  the quasi-
elastie Q-scan speetra  with  energy  window  of 2r... =

20 meV  for Yo.g7Sco,o3Mn2 at  10 K  and  290 K.  A large

scattering  was  observed  cent/ered  around  1.6 A,-i, The

c;orresponding  wave  length is approximately  twice of  the

rt.g*gS･*E.
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1,'ig. 2. Magnetic  neutron  scattering  raze  of  Y(Sc)NIi)2 as  a  func-

 tion of  wave  vector  Q at/ zero  energy  transfer with  ellergy  reso-

 lution of  2ti.. , 19.3 meV  at  10 K(o)  and  290 K  (e).
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Fig. 3. Magnetic  neutron  scatl,ering  rate  of  Y(Se)Mn2  as  a  func-

 tion of  ellergy  transfer measured  for a  momenri,um  transfer  ot' Q
 ==  1.6 A. Dashed  curves  illdicate decom,oluted  values.

inter-atomic dist,ance, indicating antiferromagneti(/'  eor-

relation  of spin  fluctuations. It should  be  noted  that

large scattering  is observed  even  at  1.4 K, suggesting  the

existence  of  strong  zere-point  fiuctuat',ions with  antiferro-

rnagnetic  correlation,  This interpretation is confirrned  by
the energy  spectrum  

,
 which  is shewii  in Fig. 3. At  l,O K,

scattering  was  observed  only  en  the neutron  energy-loss

side  (w >  O), implying  the absence  of therinally excited

fiuctuations. [I]he width  of  the  spectra  is approxlmately

20meV  (200K), indicating "he  characteristic  frequency of.



The Japan Society of Applied Physics

NII-Electronic Library Service

The  JapanSociety  of  Applied  Physics

J]AP Scrics 11

zero  point tlud/uations of  5 x  10i2 Hz. At high  temper-

atures,  the  scattering  amplitude  inci'eases on  both side,
indicating an  inerease of  thermally excited  spin  fiuctu-

ations.  Fbrem t,he integrated intensity of  scattering,  we

have  roughly  estimated  the local arnplitude  of  SF  as  1.2

paB at･ 10 K and  1.5 itB at 290  K. Figure 4 represents

the schematic  feature ot' temperature  variatioii  of SF.
The  total amplitude  of  local SF, <SZ>, stays  almost  con-

stant  against  temperature.  At  OK,  the  fiuctuaeions ame

purely qua,ntum  ones  and  in this sense,  we  may  regard

the  ground  state  being in the QSL state.  With  increasing

temperature,  low lying modes  of SF are  easily  excited

therrnally  and  so  the amplitiude  of thermal  SD", <Sr2.>th
increases rapidly,  giving rise  to the  enhancement  of  low

temperature  specific  heat. The heatTy fermion charaeters
of  the present system  may  be thus explained.

 AN"co

 v
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Fig, 4, Schematic  diagrain of  the temperature  dependence  of  lo-

 ca]  arnplitucle  ol' spin  tiuctuations for a  strongly  corre]ated  frus-
 trated  itinerant systein,

2.9 Nuclear SPin Relaxation in YCI)u)Mn2
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Fig, S. Temperature  dependence  ot' 
55Mn

 spin-spin  relaxation

 rat/e,  1!Tli ot' Ye.g6Luo,o4Mn2.  Trie solid  curve  indicates fitting

 by eq. (2.3), do[,1,ed Iine by Tf(T+e)i!2,  which  is applicable  to

 a  nearly  antiferromagnetic  itinerant syst,em,

Recently, BaJlou at  al.7)  have  carried  out  neutron  scat-

M,  S}IIGA and  I･I. NAKAtscuRA25S

tering experiments  uslng  a  single  crystal  of  Y(Sc)Mn2

and  revea/Led  that SF exhibit  anisotropic  distribution in
the  reciprocal  space.  Canals and  Lacroix8) have shown

t･hat these  anisotropic  SF are  characteristic  of the  py-
rochlere  structure  with  spin  liquid charact･er$  and  that
can  be expressed  by the generalized susceptibility  as

 .v,Mi((2  +g,  u;)  =i  xEiti +  ai(qZ  + qZ) +  a2q2  - iLvll" (2.1)

Iik)r these  anisotropic  SF, Lacroix et ai.9) calculated  the

temperature depep<lence of the nuclear  spin  relaxaklon

time. Vl and  obtained  an  expression  as

l/ZL ec T.x(Q)314 C2.2)

Using  the  Curie-Wei･ss relation  for the  staggered  suscep-

tibility, we  have

              ],1[llL o(  Tf(T+0)3!`  (2.3)
Except at  very  low ternperatures,  the  spin-spin  relax-

ation  time,, 1i2, is also  mediated  b}r SF, then  it is plau-
sible the ilT2 is proportional to Ti. In order'  to eonfirm

this prediction, we  have carefully  measured  the  temperp-

ture dependen(/'e of  7> ot' Yo.g6Luo.o4Mn2 (We doped  Lu

to stabilize  the pa!.'amagnetie state  because Lu  has iio

NMR  isotope). The  result  is shown  in Fig. 5. As seen  ilt
the figure, we  have  fairly good  fitting by  eq.  (2.3), sup-

porting the spin-liquid  character  ot' SF  in this  system.

S3. Concluding  Remarks

  We  argued  t･hat the  geometrieal spin  frustration, which

obstructs  the formn.t'lon ot' a  magnetieally  ordered  state,

gives rise  t/e the spj,n  liquid state  even  (or rather  more

easily) iii t,he $t,roitg'ly correlated  itinerant electron  sys-

tem.  By  measurins.  pararnagnetic neut-ron  scattering  of

Y(Sc)Mn2,  we  have demonstrated that  the ground  state

of  paramagnetic  YMn2  can  be regarded  a6 a  quantum
spin  11quid. The  teynperature  dependence  of  Tl] of  

55Mn

nucleus  in 
"}l'(Lu)Mn2

 was  carefu],Iy  measured  and  inter-

preted in terms o'i" anisotropic  SF expected  for the 3D

ft'ustrated systein,
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