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 We  report  the results  on  the specific  heat  (C) ffnd  magnetocaloric  effect  rneasuTemeni',s  in 4g
and  5g  compounds  exhibiting  metaxnagnetic-iike  anomaly  (MLA) at  fiegd (N) around  ffM  from
the  paramagnetic ground  state,  The  MLA  in Ce-compounds  (CeRu2Si2 and  CeCu6)  and  UCoAl
have both  close  resemblance  and  apparent  difference; the  first order  charncter  has been confirmed
fbr UCoAl  but llot  for the Ce compounds,  Fbr the Ce  cempounds,  a  single  peak  C(lf)!T  at  HM
at  lowest temperature  splits  into double peaks at  fimite ternperatures.  For UCoAl,  a  step-like

decreases of  C(ff)!T  across  HM  at  lowest ternperathure chane:es  to a  peak  structure  areund  HM
at  higher temperatures.
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Sl. Introduction

  The  metamagnetic-like  increase of magnetization  (M)
from  a  paramagnetic  ground state  observed  in Ce  com-

pounds,  such  as CeRu2Si2,i-3) CeCu6,4) CeNi2Ge2,5)
CeFe2Ge2,6) is thought  to be one  of  the most  attrac-

tive subjects  in highly correlated  electron  systems.  For
CeRu2Si2, which  is the most  intensively investigated rria-

terial, there remains  an  interesting puzzle. De  Haas-van
AIphen experiment7)  suggests  a  clear  change  of  Ferrni
surface  (FS) across  HM  (AJ 7.7T), suggesting  the change

of  felectron character  from intinerant to localized. On
the other  hand,  the low ternperature  M  rneasurement  has

ruled  out  the possibility of lst order  phase  transition at

HM  ,8) No  sudden  change  of  FS  was  inferred also from the
transport  measurements.9)  Another puzzle is the strange
two  phase  boundaries, facing each  other  across  ffM, in
the H  -  T  phase  diagrarn determined from the thermal

expansion  under  magnetic  fields,ie) which  has not  been
confirmed  by the other  physical properties.

  The  specific  heat (C) xneasurement  at low T is a pow-
erfu1  tool to investigate the ground state  of  magnetic  sys-

tems. However, the capability  has not  been fu11y utilized
for the MLA,  since  C  is usualiy  measured  as a  function
of T  under  discrete steps  of constant  ff. We  have de-･
signed  a  new  technique to measure  the field dependence
of  C  quasi-continuously.ii)
  We  first summarize  a  new  feature found in the  ff-
dependence of C  in CeRu2Si2, which  is discussed in eor･-
relation  with  the fine structure  in the quasi-particle den-
sity of states  (DOS) near  the Slermi energy  (EF). We  then
briefly shows  our  preliminary result  on  CeCu6  , which  also

exhibits  MLA  near  1.7T. In order  to understand  such

MLA  in Ce compounds,  the comparison  with  MLA  in9

5g electren  system  is' helpful. We  have  thus investigated
the ff-dependence ef  C  also  in a  paramagnetic  compound

VCoAl, which  was  recently  reported  to exhibit  MLA  at

around  IT.ii)

g2. Experiment

  Sillgle crystals  of' CeRu2Si2, CeCu6  were  grown by
Czochralski pul}ing method  using  a  tetra-arc furnace or
a  RF  furnace. UCeAi  singie  crystal  wa.s grown by the
mimeralization  method.  The  specific  heat  was  measured

down  te 100 mK  by a  semi-adiabatic  heat-pulse method
us,ing  a  dilution refl///geratoT  equipped  with  a  8 [Ibsla su-

perconducting magnet.  UsiRg the newly  designed sys-

tem, the field depextdence of  specific  heat can  be mea-

sured  under  a  quasi-isothermal condition,

g3. Resana".s and  Discussien

  gbr CeRu2Si2, we  first measured  the ordinary  T-

dependenc/e of  C  ign several  iJalues  of  U  including the
UM  for comaprison  with  the previous report  as shown

in Fig,1. In the T-range, the lattice specific  heat contri-

bution a. ==/ 6T3 (B=0.295mJIK4mol) estimated  from

IJaRu2Si2 is negligible.  In zero  field, CIT  becomes al-
most  constant  (7 -"  370mJIK2rnoi)  below AJ2K,  which

is consistent  with  t/he reperted  data,3) [!]he tempera-

ture where  CfT  starts  to saturate  decreases with  increas-
ing field up  to HM,  where  it does  not  saturate  down  to
O.2'K. Above ffM, CIT  again  shows  a  saturation  behay-
ior, thereby CIT  a-t Cj.2K shows  a  maximum  as  a  function
of E{. On  the ot,her hand, CIT  at high T  shows  a  xnini-

murn  near  ffM. To clarify such  a  delicate change of  CIT
with  U,  we  have  directly measured  the  H-dependence  of

CIT.

  The  results  at  selected  values  of  7i are  shown  in Fig. 2.
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Fig. 1, Tlemperature  dependence  of'  C!T  under  selected  values  ot'

 magnetic  field for fi7!c.

'Fi'g.
 3, ff -- /i' phase  diagram  for the  anomalies  in the  spec:ific

 heat and  the thermal  expansioii  measurements,

At O.25K, CIT shows  a shaTp  single  p. eak  centered  at･

ffM. Sakakibaxa et  aa.S)  has predicted su{;h  n  peak  by
arialyzing  the T-dependence  of  M  baged on  the ther--

modynamic  Mthxwell re!atien.  It should  be noted  that

there exists no  hysteresis within  the experiornentaE  aecu-

racy.  The  mest･  piomim,ent feature iv. V. ig,2 is the douhle
peak  structure.  The  distamce betweeem the twe  peaks  be-
comes  wider  with  increasing T. At 4.0K, the  peaRc can

be  onEy  barely visible.  [g]he peak  and  rninixnum  positions
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Fig. 2. Field dependence of  C!T  for' several  values  of  tempera-

 tuTe.

are  pietted as a  ff -  T  plaase diagram in Fig.3 along  with

the reported  anomaly  in the  theTmal  expfinsion.iO)  [rhe

positions approximately  agree  En the  t"ro experirnents,

which  suggests  that the inherent mechanisms  might  be
same.

  A  sharp  peak  in thepartial-density of  states  in the
hybridized-band  pM(c)  slightiy  above  EF  at  ff=0  was

theoretically predicted as  an  origiii  of  the  metamagnetic

behavior.ii,i2) A  peak  in CvlT  versus  ff at  OK  was  ex-

plained in the same  model;  CIT  shows  a  peak  when  the

main  DOS  peak  is shifted  to EF  due  to Zeeman  splitting,

whiie  the ff-dependence of  CIT  (-J lff-ffM 1-i!2) at  low
T  reflects  the enercgy  dependence ofDOS(E)  rt, (c-Ee)-]12

with  Eo  =  PSeffffM･

  Based on  the same  iiiodel,  we  try  to i'eprsduce  the

double-pea･k structure  of CIT  -  ff curves  as  shown  in
Fig.4. C!T  ut finiSe T  is represented  as,

             'f
    CIT  

=

 2 g dx{pM[2Tx"  
m
 fseff(ffM 

-
 ff)] +

            J

          PM[2Tx  -  
,tseff(NM

 +  ff)]}x2sech2(x),

where  the 1,st and  2nd  terins represent  t-he contributioiis

frorn 'the up-spin  ari(1 (iown-spin  bamds, respcctively.  The

therma]  weighing  factor (clicBT)2sech2(E!kBT), which

has two  maxima  above  and  below cF,  is essential.  At･
OK, wheu  the DOS  peak  just passes EF  with  increns-

ing ji, C'!T exhibits  a  peak. At finite T, CIT  is en-

haticeci when  the peak position coincides  with  one  of  the

x2sech2(m)  peaks, which  ]eads to the double peak  struc-

ture, For cognparison  with  Cv, the volume  effect  must  be
taken into accouiit.  According  to the precise investiga-
tion of  the  theTmal  expansion,i3)  ehe volume  effect causes

no  fundamental change  te the meeamagnetic  anomai}r,

though  it soinewhat  changes  she  magnitude  and  wi(ith

of  anorna}y.  At tinis stage,  we  may  say  tkat  the  peak  in

DOS  llear EF  is one  of the possible origins  of  MLA  in

CeR,u2Si2.

  For comparison  with  the above  results,  CeCu6 is only
one  possible Ce-compound  on  which  the effect of  metam-

agnetic  behavior is observable  in the specific  heat within
a  reasonable  fielcl range.  Fig,5 (a) shows  the field depen-
dence of  CIT  on  CcCu6  fbr "11c.ii)

  At O.2K, there  exists  a  bump  near  1,7T  where  MLA
was  reported.  At O.5K, the peak  is split  into two  bumps

as  shown  by the arrows.  In the magneto-caloric  experi-

ment-,  stsch structures  reiated  with  MLA  could  be more
clearly  observed  as showm  in Fig.5 (b). All these fea-
tures  it'esemble  with  those  in CeRu2Si2, though  they  are

less c]ear  in CeCu6, which  is natural  since  the structure

in M  is alse weaker  in CeCu6.4) This  fat:t suggests  that

the MLA  in both compounds  has siznilar  origin.

  Vsually, the itinerax'y of  5f egectroiis  is tho"ght  to be
in between 4f and  3d eiect-Tons. The  mechanism  ef  the
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Fig. 4, Schematic  figure of  the density of  states  and  the  thermal

 weighing  factor for the specific  heat.
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Fig. 5. FieTd depenclences  of  (a) specific  heat and  (b) rnagne-

 tocaloric effect  for CeCu6.

metamagnetic  transition in typical 3d  metamagnet,  such

as YCo2  and  LuCo2  is ascibed  to the itinerant-electron

metarnagnetism  resu}ting  from the high 3d-band DOS
near  cF.i4) It is of  interest to compare  the effects  of

MLA  en  specific  heat between UCoAI  axkd  CeRu2Si2.

  Fig.6 shows,  the comparison  of  the field dependence
of  CIT  and  M  for UCoAI  in the saxne  geornetry. We
observed  a  clear  hysteresis behavior both in CIT  and  M
at  least below 3K, which  indicates the transition to be
1-st order.  CIT  shows  a  clear  decrease across  HM  at low
temperatures, reflecting  the  change  in DOS.  Taking into
account  the transport results,i5)  we  infer that the MTA
in UCoAl  is the 5fiband split  rnetamagnetism  resembles

with  those found in 3d-system.

g4. Conelusgons

  The MLA  in CeRu2Si2 and  CeCucs shows  close  simi-

larities: the absence  of  hysteresis rules  out  the lst or-
der nature  of  the transition, CIT  exhibits  a  double peak
structure  against  H, etc.  and  are  ascribed  to the fine
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Fig, 6. Field clepeRdence  of  (a) C!T  and  (b) M  for UCoAl.

structure  in the partial DOS  near  EF.  The metamag-

netic  transition ln VCoAl  is of lst erder,  and  the high
field state  could  be described as 5gband  split ferromag-
netic  state.
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