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Anisotropic quantum critical behavior in CeCoGe3ÀxSix
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The intermetallic compound CeCoGe2.25Si0.75 has an antiferromagnetic transition atTN55.5 K. Hydrostatic
pressure decreases the Neel temperature and drives this system to a quantum critical point~QCP!. We char-
acterize this approach to the QCP using electrical resistivity measurements. ForT,TN 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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I. INTRODUCTION

Much progress has been made in understanding the p
erties of metallic systems near a quantum critical po
~QCP!.1,2 Most of the recent investigations have concentra
on the non-Fermi liquid regime, with the system just at t
QCP. In this case the temperature dependence of se
physical quantities is obtained and compared with the p
dictions of different models. These studies have revealed
in a surprising number of heavy fermions, two-dimensio
fluctuations play an important role in determining the qua
tum critical behavior.3 On the other hand, studies in the lon
range ordered magnetic phase have been limited to obtain
shape of the critical Neel line, as a function of pressure, cl
to the QCP. A common strategy is to choose a system w
small Neel temperature and apply pressure to drive it to
QCP. This allows for a determination of the shift expone
c, defined through,TN}uduc, whered5P2Pc with Pc the
critical pressure. The usual signatures of the importance
two-dimensional fluctuations are: a critical line that vanish
linearly close to the QCP, i.e.,c51, and a specific heat
C/T} ln T at P5Pc .3

In this Report we shall concentrate on the region to
left of the QCP, i.e., on the magnetic long-range ordered
of the Doniach phase diagram. Despite there being clea
dication for scaling behavior in this magnetic side, as illu
trated in Fig. 1,4 no systematic study has been performed
this region. Our aim here is to obtain and follow the mo
fications on the nature of the spectrum of magnetic exc
tions in the ordered antiferromagnetic phase asTN is reduced
by the pressure. In order to carry out this program we rely
electrical transport measurements under pressure.
present analysis is possible since electron-magnon scatt
is the basic mechanism responsible for the temperature
pendence of the resistivity of our compound.5 Through the
fits of the resistance vs temperature,R(T) curves, we are
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able to determine the main parameters of the magnon s
trum. In our system, and quite generally for antiferroma
nets, this assumes therelativistic form,6

v5AD21D2k2. ~1!

The quantityD is the spin-wave gap, which arises from a
isotropy either in the magnetic interactions, or of the sing

FIG. 1. The ordering temperatureTN versus the coefficientC/T
of the linear term of the specific heat for some heavy fermions.
TN decreases,C/T increases. The line is a guide to the eyes. T
data is taken from Ref. 4.
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ion type andD is the spin-wave velocity. Note that in th
absence of the gap, the spectrum is linear in wave vecto

II. EXPERIMENTAL RESULTS AND ANALYSIS

CeCoGe2.25Si0.75 is an antiferromagnet with a Neel tem
perature,TN55.5 K.7 This is a layeredcompound with te-
tragonal lattice parameters~for x50), a54.319 Å andc
59829 Å @Ref. 8# and we may expect that two-dimension
~2D! magnetic fluctuations play an important role in this sy
tem. TheR(T) curves of this compound for different pre
sures are shown in Fig. 2.5 These measurements allow for
straightforward determination of the critical Neel tempe
tures. These show up as a break in the resistance curve
more precisely, as a minimum in the second derivati
(d2R/dT2). The dashed lines in Fig. 2, represent theoreti
fits using the equation,5

R~T!5R01AD3/2T1/2e2D/TF11
2

3 S T

D D1
2

15S T

D D 2G .
This expression is based on the scattering of conduction e
trons by antiferromagnetic magnons with the dispersion
lation given by Eq.~1!. It holds for temperatures smaller tha
the spin-wave gap, i.e.,kBT,D and although only data be
low '0.65TN has been used to determine the parameter
the fit, it describes the data in all the temperature reg
below TN . This is not the case if we consider just a powe

FIG. 2. Low-temperature resistance curves of CeCoGe2.25Si0.75

at different pressures. The lines correspond to fits using the exp
sion given in the text and data forT,0.65TN . For P58.5 kbars
the resistance varies linearly with temperature in the range inv
gated suggesting that for this pressure the systems is at or abov
critical pressure.
01240
-

-
or,
,
l

c-
-

of
n
-

law dependence forR(T). The coefficientA in the equation
above is related to the spin-wave velocityD by, A}1/D3 or
A}1/G3, whereG is an effective magnetic coupling betwee
the Ce ions. From the fit of the resistance curves for differ
pressures we can extract the three parametersR0(P), A(P),
and the spin-wave gapD(P). The last two are shown in Fig
3, together withTN(P) also obtained from the transport dat

We point out that the contribution of the antiferroma
netic magnons, which scatter the conduction electrons, to
specific heat can also be easily calculated. It is given
Cmag5CD7/2T1/2e2D/T@11(39/20)(T/D)1(51/32)(T/D)2#
where the constantC}1/D3. This expression together with
linear temperature-dependent contribution due to the he
electrons, i.e.,C/T5g1Cmag/T, fits very well the low tem-
perature,T<0.65TN , specific heat data of Eomet al.7 for
the same compound, withx50.75 and for that withx50.9
as shown in Fig. 4. In particular the spin-wave gap forx
50.75, extracted from the specific heat data,D/kB57 K is
in excellent agreement with that obtained from t
resistance.5 For x50.9, we get,D/kB58.9 K.5 Notice that
this increase of the gap for thex50.9 with respect to thex
50.75 compound is consistent with the results in Fig. 3,
the former system corresponds to the latter in an app
pressure that we estimate to bePequiv'4 kbars~see Fig. 3!.

s-

ti-
the

FIG. 3. Parameters obtained from the fits of the resista
curves at different pressures.D is the spin-wave gap, the quantit
A}(1/D3), where D is the spin-wave velocity andTN the Neel
temperature. All these quantities are extracted from the trans
data. The solid theoretical curve forTN is obtained from the behav
ior of the gap described by the linear dashed line and Eq.~4! with
G/kB53.9 K taken as constant.
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III. DISCUSSION

Figure 3 reveals some unexpected results. As the crit
Neel temperature is reduced by pressure, the quantityA re-
mains nearly constant while the gap above a certain pres
has a pronounced decrease with pressure. This beha
seems to imply that the reduction of the Neel temperat
with increasing pressure is correlated to that of the spin-w
gap . Within a spin-wave theory, for an antiferromagnet w
magnons described by the dispersion relation, Eq.~1!, it is
easy to show that the critical temperature is given by

~S11/2!G

kBTN
5

1

N (
k

11a

a212a1~12gk
2!

, ~2!

whereG is an effective coupling between local moments
spinS, directly proportional to the velocityD. For a 3D cubic
system with nearest-neighbor interactions we obtain,G
5A3(D/a) where a is the nearest-neighbor distance. T
quantity a is essentially the ratio between the part of t
Hamiltonian that leads to a magnetic stiffness and the ani
ropy responsible for the gap. It is given by

11a5A11S D

G D 2

.

FIG. 4. Specific heat data of Eomet al.7 for the x50.75
and x50.9 compounds and the fits using the equation for
specific heat given in the text. Forx50.75, TN55.5 K, g
581 mJ/mole K2 and forx50.9, TN54.0 K, g5139 mJ/mole K2

~see text and Ref. 7!.
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The k-dependent term,gk5(1/r )(ke
ikW•dW , wherer is the ef-

fective number of neighbors.
For a 3D system andS51/2, a straightforward calcula

tion leads to

kBTN5
G

2A11S D

G D 2F12
A3

p

D

G
arctanS pG

A3D
D G . ~3!

Note that even in the absence of anisotropy,D50, there is a
finite Neel temperature,kBTN5(1/2)G.

It will turn out important for our analysis to consider als
the two-dimensional case in view of the layered structure
our compound. For ad52 system there is long-range ord
at finite temperatures only in the presence of a spin-w
gap. The critical temperature is given by

kBTN5
2~S11/2!G

A11~D/G!2lnF11
p2

2~D/G!2G , ~4!

where for a square lattice,G5A2(D/a), with a the nearest-
neighbor distance. Notice that asD→0, the Neel tempera-
ture vanishes, as expected for an isotropic system ind52.

We have used Eqs.~3! and ~4! to calculate the effective
coupling G, above approximately 4 kbars, in the followin
way. We obtain the gap (D/kB55.0 K) and Neel tempera
ture (TN53.7 K) from the transport measurements at
given pressure (P55.5 kbars), and using Eqs.~3! and ~4!,
we determineG/kB53.9 K for the 3D case andG/kB
54.4 K in 2D where we tookS51/2. These turn out to be
physically reasonable values for the effective magnetic c
pling in this compound and do not allow to discrimina
between the 2D or 3D results. Note that, since we have fo
the velocityD to be pressure independent, the effective co
pling G}(D/a) in fact increases with pressure since the a
erage nearest-neighbor distance decreases with press7

This increase is consistent with Doniach’s phase diagram
heavy fermions and the approach to the QCP, although
results indicate that the variation ofG is small9 to account for
any significant variation ofTN as given by Eqs.~4! and ~3!.
In particular if the trend in the pressure dependence of
quantities,A(P) andD(P) is maintained up to the quantum
critical point, the simple spin-wave expression forTN in the
3D case, can never account for the vanishing of the crit
temperature at the quantum critical point. This is not the c
if the system is governed by two-dimensional fluctuatio
The critical behavior in this case is controlled by that of t
spin-wave gap and even if the effective coupling increas
the Neel temperature decreases as the gap vanishes wi
creasing pressure.

For thed52 case, the shape of the critical line close toPc
can be obtained using the expression for the gap corresp
ing to the dashed straight line in Fig. 3, which is describ
by the equationD(P)52.25(Pc2P) ~in Kelvins!, with Pc
57.5 kbars. Using this expression for the gap and the p
vious, fixed value forG, in Eq. ~4!, we obtain the theoretica
critical line shown in Fig. 3 for the two-dimensional cas

e
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Note that we get a very sharp, nonalgebraic, drop of
critical line close to Pc , since TN(P)}1/u ln Du}1/u ln(Pc
2P)u. If we fit the results forTN(P) with a power law, either
with the mean-field exponentc51/2 or c5z/(d1z22)
52/3 as expected for a 3D nearly antiferromagnetic me
we get values forPc much larger than that for which the ga
extrapolates to zero. Since the collapse of the critical line
the present approach is much faster than a power law,
present mechanism of a soft gap and two-dimensional s
wave excitations is a candidate to account for the behavio
TN(P) in CeRh2Si2 @Ref. 10# and other antiferromagneti
heavy-fermion systems where the drop ofTN close toPc is
very abrupt.

For completeness let us point out that at a pressure of
kbars, the resistance varies linearly with temperature dow
the lowest temperatures of our experiments indicating tha
this pressure the system is or has gone through the qua
critical point.

Notice that the present analysis assumes that the l
moments of the Ce ions remain unquenched down to
QCP. This assumption is supported by studies in ano
heavy fermion that show that local moments persist eve
the QCP.11

Equations~3! and ~4! were used on the analysis of th
parameters obtained from the resistance data for press
above'4 kbars. Below this pressure the behavior of the
parameters is anomalous. In particular the sharp rise of
quantityA in Fig. 3 may be related to a pressure effect on
two magnetic transitions existing in the parent compou
that merge close to the concentration of the material stud
here.7,8 Note also that the increase in the gap at low pressu
is consistent with the specific heat data of Fig. 4. In case
fluctuations are dominant at these pressures, it is possib
te

y
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reconcile this small increase of the gap at low pressures w
out an accompanying variation of the critical temperature

IV. CONCLUSIONS

The temperature dependence of the resistance of the c
pound CeCoGe2.25Si0.75 is determined by electron-magno
scattering. From the transport measurements it is possib
obtain the variation with pressure of the Neel temperatu
the spin-wave velocity and the gap in the spectrum of th
modes. Above a certain pressure we find that the gap
creases with pressure and this is accompanied by a redu
of the critical temperature even though the effective coupl
G}(D/a) is increasing due to the decrease of the latt
parameters. This correlation between the Neel tempera
and the spin-wave gap suggests that, in the pressure r
close to the QCP, the system is dominated by tw
dimensional fluctuations and it is the presence of the gap
guarantees the existence of long-range magnetic order c
to Pc . The approach presented here raises several impo
questions. First, how close to the QCP does the spin-w
theory holds? Second, which is the mechanism that ma
two-dimensional fluctuations so crucial while at the sa
time the system becomes more isotropic, in the sense of
softening of the gap, as the QCP is approached. We h
further studies will be able to elucidate these intrigui
questions.
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