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The intermetallic compound CeCo&£Sij 75 has an antiferromagnetic transitionTgf=5.5 K. Hydrostatic
pressure decreases the Neel temperature and drives this system to a quantum criti¢gl@®intVe char-
acterize this approach to the QCP using electrical resistivity measurement3.<Foy the resistivity is
dominated by electron-magnon scattering and this allows to obtain the pressure variation of the spin-wave gap
and of the spin-wave velocity. We find that for a significant range of pressure close to the QCP, the gap and
the Neel temperature decrease with pressure while the velocity remains constant. We obtain the relevant
magnetic parameters from the electrical measurements and discuss the implications of our results within a
model that emphasizes the importance of two-dimensional fluctuations.
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[. INTRODUCTION able to determine the main parameters of the magnon spec-
trum. In our system, and quite generally for antiferromag-
Much progress has been made in understanding the propets, this assumes thelativistic form,°
erties 1021‘ metallic systems near a quantum critical point
(QCP.™~Most of the recent investigations have concentrated _ AZino2
on the non-Fermi liquid regime, with the system just at the ©=VAT+ D @
QCP. In this case the temperature dependence of several
physical quantities is obtained and compared with the preThe quantityA is the spin-wave gap, which arises from an-
dictions of different models. These studies have revealed thagotropy either in the magnetic interactions, or of the single-
in a surprising number of heavy fermions, two-dimensional
fluctuations play an important role in determining the quan- 5
tum critical behaviof. On the other hand, studies in the long-
range ordered magnetic phase have been limited to obtain th 1 Ce,Bi,
shape of the critical Neel line, as a function of pressure, close
to the QCP. A common strategy is to choose a system with
small Neel temperature and apply pressure to drive it to the | \\.‘ c
. L . . CeB
QCP. This allows for a determination of the shift exponent CeAl ‘o °
o, defined throughTyx| 8%, where =P — P, with P, the 3 ? ~ Ce,Sn,
critical pressure. The usual signatures of the importance 0.~ ® '\\
two-dimensional fluctuations are: a critical line that vanishesX® - CePd Al S
linearly close to the QCP, i.eiy=1, and a specific heat, "z \\
C/T=InT atP=pP,.% = 21 ~GePdin
In this Report we shall concentrate on the region to the ~ @
left of the QCP, i.e., on the magnetic long-range ordered pari ] N
of the Doniach phase diagram. Despite there being clear in
dication for scaling behavior in this magnetic side, as illus-
trated in Fig. 14 no systematic study has been performed in
this region. Our aim here is to obtain and follow the modi-
fications on the nature of the spectrum of magnetic excita- o+—+——F—+—F—+—F—+—F——1+—"—1T"—1"—1
tions in the ordered antiferromagnetic phasd gss reduced 0 100 200 300 400 500 600 700 800 900
by the_ pressure. In order to carry out this program we rely on C/T (mJ/mole K2 )
electrical transport measurements under pressure. The
present analysis is possible since electron-magnon scattering FiG. 1. The ordering temperatufig, versus the coefficier®/T
is the basic mechanism responsible for the temperature def the linear term of the specific heat for some heavy fermions. As
pendence of the resistivity of our compouh@hrough the T, decreasesC/T increases. The line is a guide to the eyes. The
fits of the resistance vs temperatuR(T) curves, we are data is taken from Ref. 4.
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FIG. 2. Low-temperature resistance curves of CeGogB, 75
at different pressures. The lines correspond to fits using the expres-
sion given in the text and data fGr<0.65Ty. ForP=8.5 kbars £1G 3 parameters obtained from the fits of the resistance
the resistance varies linearly with temperature in the range investis v es at different pressures. is the spin-wave gap, the quantity
gated suggesting that for this pressure the systems is at or above tR%C(:L/DB) whereD is the spin-wave velocity ana"N the Neel
critical pressure. temperature. All these quantities are extracted from the transport
data. The solid theoretical curve fof, is obtained from the behav-

ion type andD is the spin-wave velocity. Note that in the jor of the gap described by the linear dashed line and(Exqwith
absence of the gap, the spectrum is linear in wave vector. 1k =3.9 K taken as constant.

Pressure (kbars)

Il. EXPERIMENTAL RESULTS AND ANALYSIS law dependence faR(T). The coefficientA in the equation

. . 3
CeCoGe,:Siy 75 is an antiferromagnet with a Neel tem- above is related to the spin-wave velocidyby, Ax1/D* or

perature,Ty=5.5 K. This is alayeredcompound with te- A=1/1%, wherel is an effective magnetic coupling between
tragonal lattice parametef$or x=0), a=4.319 A andc the Ce ions. From the fit of the resistance curves for different

—9829 A[Ref. 8 and we may expect that two-dimensional Préssures we can extract the three param&g(®), A(P),

(2D) magnetic fluctuations play an important role in this sys-and the spin-wave gap(P). The last two are shown in Fig.
tem. TheR(T) curves of this compound for different pres- 3 together withl'y(P) also obtained from the transport data.
sures are shown in Fig. 2These measurements allow for a e point out that the contribution of the antiferromag-
straightforward determination of the critical Neel tempera-Netic magnons, which scatter the conduction electrons, to the
tures. These show up as a break in the resistance curves §PECIfIC h%;”‘t 3?“_3'?0 be easily calculated. It is given by,
more precisely, as a minimum in the second derivativeCmag=CA"*T%~*/T[1+(39/20)(T/A) + (51/32)(T/A)?]

(d?R/dT?). The dashed lines in Fig. 2, represent theoreticalVhere the constar@e1/D°. This expression together with a
fits using the equation, linear temperature-dependent contribution due to the heavy

electrons, i.e.C/T=y+ Cp,,/T, fits very well the low tem-
2/T 2 (T\2 perature, T<0.65T, specific heat data of Eorat al.” for
1+§(K> + 1_5(K) : the same compound, witk=0.75 and for that witrk=0.9
as shown in Fig. 4. In particular the spin-wave gap for
This expression is based on the scattering of conduction elee=0.75, extracted from the specific heat datdkg=7 K is
trons by antiferromagnetic magnons with the dispersion rein excellent agreement with that obtained from the
lation given by Eq(1). It holds for temperatures smaller than resistancé. For x=0.9, we getA/kg=8.9 K> Notice that
the spin-wave gap, i.ekgT<<A and although only data be- this increase of the gap for the= 0.9 with respect to tha
low ~0.65Ty has been used to determine the parameters of£0.75 compound is consistent with the results in Fig. 3, as
the fit, it describes the data in all the temperature regiorthe former system corresponds to the latter in an applied
below Ty . This is not the case if we consider just a power-pressure that we estimate to Bg,,,~4 kbars(see Fig. 3.

R(T)=Ro+AA¥2T 24T
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FIG. 4. Specific heat data of Eorat al” for the x=0.75
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The k-dependent termy, = (1/r)S e
fective number of neighbors.

For a D system andS=1/2, a straightforward calcula-
tion leads to

, wherer is the ef-

r
ke Tn= - . 3
BN NETREN 7T
2\/1+|=| | 1— — = arctan —
r T T J3A

Note that even in the absence of anisotrapy; 0, there is a
finite Neel temperatur&gTy=(1/2)I".

It will turn out important for our analysis to consider also
the two-dimensional case in view of the layered structure of
our compound. For d=2 system there is long-range order
at finite temperatures only in the presence of a spin-wave
gap. The critical temperature is given by

keTn= , (4)

2(S+1/2)T
77_2
1+ ——

2
J1+(A/T)2n AT

where for a square lattic&,= \/2(D/a), with a the nearest-
neighbor distance. Notice that &—0, the Neel tempera-
ture vanishes, as expected for an isotropic systea=i2.

We have used Eq$3) and (4) to calculate the effective
couplingI', above approximately 4 kbars, in the following
way. We obtain the gapA/kg=5.0 K) and Neel tempera-
ture (Ty=3.7 K) from the transport measurements at a

and x=0.9 compounds and the fits using the equation for thegiven pressure®=5.5 kbars), and using Eq&3) and (4),

specific heat given in the text. Fox=0.75, Ty=55K, y
=81 mJ/mole K and forx=0.9, Ty=4.0 K, y=139 mJ/mole R
(see text and Ref.)7

Ill. DISCUSSION

we determinel’/kg=3.9 K for the 3D case and'/kg
=4.4 K in 2D where we toolS=1/2. These turn out to be
physically reasonable values for the effective magnetic cou-
pling in this compound and do not allow to discriminate
between the 2D or 3D results. Note that, since we have found

Figure 3 reveals some unexpected results. As the criticdhe velocityD to be pressure independent, the effective cou-

Neel temperature is reduced by pressure, the quahtity-

pling I'<(D/a) in fact increases with pressure since the av-

mains nearly constant while the gap above a certain pressu§age nearest-neighbor distance decreases with préssure.
has a pronounced decrease with pressure. This behavidhis increase is consistent with Doniach’s phase diagram for
seems to imply that the reduction of the Neel temperaturéeavy fermions and the approach to the QCP, although our
with increasing pressure is correlated to that of the spin-wavéesults indicate that the variation Bfis smalf to account for

gap . Within a spin-wave theory, for an antiferromagnet withany significant variation oTy as given by Eqs(4) and(3).
magnons described by the dispersion relation, @. it is In particular if the trend in the pressure dependence of the
easy to show that the critical temperature is given by quantities A(P) andA(P) is maintained up to the quantum
critical point, the simple spin-wave expression figy in the

3D case, can never account for the vanishing of the critical
temperature at the quantum critical point. This is not the case
if the system is governed by two-dimensional fluctuations.
The critical behavior in this case is controlled by that of the
spin-wave gap and even if the effective coupling increases,
the Neel temperature decreases as the gap vanishes with in-

(S+12T 1 1+ a
KgTn N T a?+2a+(1-93)’

vy

wherel is an effective coupling between local moments of
spin§, directly proportional to the velociti. For a 3D cubic
system with nearest-neighbor interactions we obtdin, creasing pressure

=\3(D/a) wherea is the nearest-neighbor distance. The ~ Fo\ theq=2 case, the shape of the critical line closéto

quantity a is essentially the ratio between the part of the o pe obtained using the expression for the gap correspond-
Hamiltonian that leads to a magpetu; stiffness and the amso;hg to the dashed straight line in Fig. 3, which is described
ropy responsible for the gap. It is given by by the equatiomA(P)=2.25(P.— P) (in Kelvins), with P,

=7.5 kbars. Using this expression for the gap and the pre-
vious, fixed value foll’, in Eq. (4), we obtain the theoretical
critical line shown in Fig. 3 for the two-dimensional case.

A 2

r

1+a= l—l—(
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Note that we get a very sharp, nonalgebraic, drop of theeconcile this small increase of the gap at low pressures with-
critical line close toP., since Ty(P)«1/InA|«1/]In(P,  out an accompanying variation of the critical temperature.
—P)|. If we fit the results fofT (P) with a power law, either

with the mean-field exponeng=1/2 or y=z/(d+z—2) IV. CONCLUSIONS

=2/3 as expected for a 3D nearly antiferromagnetic metal,

we get values foP. mugh larger than that for WhIC.h. the .gap.rpound CeCoGeySin 76 is determined by electron-magnon
extrapolates to zero. Since the collapse of the critical line i : L .
scattering. From the transport measurements it is possible to

the present approach is much faster than a power law, thgbtain the variation with pressure of the Neel temperature,

present mechanism of a soft gap and two-dimensional spins e spin-wave velocity and the aap in the spectrum of these
wave excitations is a candidate to account for the behavior o P y gap P

: ; . . modes. Above a certain pressure we find that the gap de-
Tn(P) in C.ERQS'Z [Ref. 10 and other antlferromagqetlc creases with pressure and this is accompanied by a reduction
heavy-fermion systems where the dropTgf close toP. is

verv abrunt of the critical temperature even though the effective coupling
y pt. Eoc(D/a) is increasing due to the decrease of the lattice

For comple_teness let us p_omt out t_hat at a pressure of 8. arameters. This correlation between the Neel temperature
kbars, the resistance varies linearly with temperature down t nd the spin-wave gab suadests that. in the pressure range
the lowest temperatures of our experiments indicating that at P gap sugg ' P g

) . close to the QCP, the system is dominated by two-
this pressure the system is or has gone through the quantugn ional fl . ditis th fh h
critical point, imensional fluctuations and it is the presence of the gap that

: . uarantees the existence of long-range magnetic order close
Notice that the present analysis assumes that the local . .
) . 0 P.. The approach presented here raises several important
moments of the Ce ions remain unquenched down to the : : .
uestions. First, how close to the QCP does the spin-wave

QCP. This assumption is supported by studies in anothet L .
. , eory holds? Second, which is the mechanism that makes
heavy fermion that show that local moments persist even &wo-dimensional fluctuations so crucial while at the same

1
the QCP time the system becomes more isotropic, in the sense of the

Equations(3) a_md (4) were used' on the analysis of the saoftening of the gap, as the QCP is approached. We hope
parameters obtained from the resistance data for PreSSUr ther studies will E)e able to elucidate these intriguing

above~4 kbars. Below this pressure the behavior of these .
) . . uestions.

parameters is anomalous. In particular the sharp rise of tha

quantityA in Fig. 3 may be related to a pressure effect on the ACKNOWLEDGMENTS
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