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Revisited Doniach diagram: Influence of short-range antiferromagnetic correlations
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The Kondo lattice model including nearest-neighbor magnetic exchange interactions is studied here in a
mean-field approximation describing both the Kondo state and the intersite magnetic correlations. In the case
of antiferromagnetic correlations, our model yields a decrease of the Kondo temperature compared to the
one-impurity value, giving, therefore, a “revisited” version of the Doniach diagram with a rather flat Kondo
temperature in the nonmagnetic case, as observed in several cerium compounds. Our model shows also that
short-range magnetic correlations can appear at a temperature clearly larger than the Kondo temperature, as
observed in compounds such as Cg@u CeRu,Si,. [S0163-182607)04642-Q

[. INTRODUCTION describe the model including short-range antiferromagnetic
correlations in the Kondo lattice for the nonmagnetic case
It is well known that the one-impurity Kondo effect is and finally, in Sec. IV, we apply our theoretical results to
described by the perturbation theory at higher temperaturegerium Kondo compounds and in particular to the pressure
than the Kondo temperature and is characterized by a heavglependence of their Kondo temperature.
fermion behavior at low temperaturt€n the other hand, in
Kondo compounds, there exists a strong competition be- Il. STATE OF THE PROBLEM:
tween the Kondo effect, which tends to demagnetize the sys- THE EXPERIMENTAL SITUATION
tem, and magnetism which tends to yield a magnetic order-
ing at low temperaturées® It results that some cerium Kondo
compounds are nonmagnetic and are characterized by
heavy-fermion (or “Fermi-liquid”) behavior at very low

Since the purpose of the present paper is to re-examine in
detail the Doniach diagram shown in Fig. 1, we will first
dy its present status. Let us call, the Kondo tempera-
ture for a single impurity andly, the Neel (or Curie in a few
) , . "Fases temperature, as if there were no Kondo effect. For the
erally in antiferromagnetic order, and have a smaller heavy- S - 2 . .
fermion character. Among the first class, compounds such agcnange Hamiltoniaki =—Js,- S, Ty is proportional to
9! ’ P exp(—1/|Jxp|) and Ty to |Ikp|? wherep is here the den-
CeAl;, CeCus, and CeCySi, have enormous values of the KP NO KPL P
magnetic susceptibility and electronic specific-heat constant,
typically larger than 1 J/mole Kand present 2 behavior
for the magnetic resistivity at very low temperatures. In the T
second class, compounds such as GeAleBg, CeAg, or T
CeRh,Si, order magnetically, most of them in the antiferro-
magnetic order and only a few in the ferromagnetic order,
and present a smaller, although still large, heavy-fermion
behavior characterized by values ptypically of order 100 T
mJ/mole K2. No
The competition between the Kondo effect and the
Ruderman-Kittel-Kasuya-YosidgRKKY) interaction has
been previously described by the well known “Doniach
diagram,”® which will be presented in the next section. We Tn
will show that the predicted behavior of the &léemperature
Ty is well followed experimentally in several cerium Kondo >
compounds, while the deduced Kondo temperature has a be- 0 I el
havior clearly different from that of the one impurity value.
The purpose of the present paper is, therefore, to present a FIG. 1. Doniach diagram: Plot of the Meand Kondo tempera-
“revisited” version of the Doniach diagram. In Sec. lll, we tures as a function dflp|, as explained in text.
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which have |Jxp| values smaller than the critical value
|Jkplc, as previously observedFrom the proportionality
T, (K) [NEePezste relationship betweery and 1T, we could deduce that the
a0 correspondind k values for the compounds with largép|
values must be much smaller than thg values for com-
pounds with small|Jcxp| values. For example, a pre-
vious analysis of the magnetic resistivity curves for both
CeAl; and CeAlL compounds which are on the two sides of
the magnetic—nonmagnetic transition, has given a value of
1.43 for the ratio of the correspondifdy p| values?? if then
20 one takes simply the exponential dependence of the Kondo
temperature according to the Doniach diagram, this would
lead to a rapid increase @ik from CeAl, to CeAl;, while
the estimation ofTx from the specific-heat results would
give a Ty roughly smaller by a factor 10, for CeAl than
that for CeAl.
‘Ife'“‘zs'z . Recent measuremehtof the resistivity and specific heat
1 2 3 a under high pressure up to 17 kbar at low temperatures have
p(GPa) been performed in a CeRBi, compound. At normal pres-
sure, it orders antiferromagnetically with a relatively large
FIG. 2. Experimental curves of the pressure dependence of thealue of the Nel temperatureTy=35 K and a relatively
Neel temperature for some cerium compounds. The full lines corsmall value of the electronic specific-heat constant22.8
respond to the left scale for the Blelemperature, while the dotted mJ/mole K2. The Nel temperature decreases rapidly with
line of the CeRRBSI, compound corresponds to the right scale.  pressure and disappears at 9 kbar. On the other hand, the
electronic specific-heat constant increases rapidly and goes
sity of states for the conduction band at the Fermi energythrough a broad maximum around 14 kbar at a valug-ef
Thus, for smalllJp| values,Ty, is larger tharT, and the 80 mJ/mole K, which is much larger than the normal pres-
system tends to order magnetically, frequently with a reducsure value. Thus, if we apply the proportionality relationship
tion of the magnetic moment due to the Kondo effeoty the ~ betweeny and 1T, we obtain a clear decreasef, by a
contrary, for large|Jxp|, Tko is larger thanTy, and the factor of roughly 3, in the pressure range where the com-
system tends to become nonmagnetic and does not ordgpund changes from antiferromagnetic to nonmagnetic and
magnetically. The real ordering temperat(ifg, therefore, then a slow increase dfx above 14 kbar. In fact, we must
increases initially with increasingyp|, then passes through be careful in analyzing the variation dfc under pressure,

a maximum and tends to zero at a critical Vall]gp|c cor- because the proportionality relationship betwegnand
responding to point of Fig. 1. 1/Ty is valid only in the nonmagnetic case. But, above 9
Such a behavior ofTy has been experimentally ob- kbar, the value offx deduced fromy is first decreasing and
served with increasing pressure in several cerium Kondghen increasing smoothly, yielding a rather smooth variation
compounds, namely CeAf’ CeAg® CePdAl;° of T above 9 kbar. On the other hand, resistivity

CePtGa? Celn,, ' CePd,Si,, 2 CeAu,Si,, 1 CeCw, 2 and  measurement$reveal aT® behavior at ambient and 7.3 kbar
CeRh,Si,.}* A maximum has been observed in some ofpressure, but once antiferromagnetic order is suppressed, a
them, such as CeA(Ref. 8 or CePgAl ;,° but in all these  Fermi-liquid T2 dependence develops with a slopethat
compounds, the Ne temperature decreases finally and tendglecreases slowly. Takirgy proportional to T2, we obtain
to zero at high pressures, as shown in Fig. 2. A similar variaa very smooth increase dfx by a factor 1.3 between 12.4
tion of Ty has also been observed in(®e,Rh;_,) ,Si,*® and 17 kbar. Thus, there is, in Cef8i, compound, an al-
CeSi,, ' or CeNiPt;_,,1" with a variation of the relative most flat behavior offx and it is clear that there is no ex-
concentrationx. We will discuss in detail the first case ponential increase with pressure, as expected for the one-
later on, but the two other cases, namely Ge®ef. 1§ or  impurity value Ty, for the Kondo temperature.
CeNi,Pt, _,,'" are not really relevant for our present study  Going back now to the case of ®u;_,Rh,) ,Si, (Ref.
since the experimentally observed transition to nonmagi5) alloys, it is well established that one goes from a non-
netism corresponds probably here to a change of vaféhce.magnetic case fox=0 to a magnetically ordered case with
This type of transition to an intermediate valence has beeimcreasingx and the transition itself occurs at roughly
also observed in alloys such as(Ce,Pd; _,) ,Si, (Ref. 19  x=0.07. Recent studié$of these alloys have shown that the
or CeM, Pd,_, (with M= Ni or Rh).2* experimentally deduced Kondo temperatufg remains

In conclusion, the variation of the detemperature which  roughly constant and of order 20 K when the relative con-
is predicted by the Doniach diagram is well followed in centrationx is varying fromx=0 to x=0.2, in the concen-
many cerium Kondo compounds. However, the precedingration range where the detemperature disappears; let us
description appears to be too much simplified for the reafinally notice that cerium does not undergo any valence
Kondo temperatur&x which is experimentally observed in change in this concentration range, so that our present study
such cerium compounds. In fact, compounds with largewill be applicable.
|Jkp| values have clearly much larger values than those Thus, we will discuss in the following section a possible

CeAu,Si,

CePd, Al

CePtGa
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explanation for such a smaller value Bf compared to the which describes the Kondo formation of the singlet state
value that could be deduced from the Doniach diagram for &etween thd and conduction electrons, and

given value of|Jxp| , by introducing short-range magnetic

correlations in the Kondo lattic¥. Our calculation is per- Fiic o=t fivs0)=(fs50fio) )
formed in the “nonmagnetic regime,” where the proportion-
la(l)li;[\l);(;elationship betweeny and 1T, is surely well fol- neighbors, as in the RVB approach.

. The Hamiltonian(1) can, therefore, be written in the
.Moreover, the occurrence of short-range magnetic Cores oan-field approximation:
lations has been experimentally observed by neutron-
diffraction experiments at low temperatures in Cgfu
CelnCuw, 28 CeRW,Si,, 1525270 Ce, ,La,RuU,Si, (Refs. 15 H=EqX nf,+ > eCh,Cio— Ik 2 Ni(Chfip+F1,Cip)
and 27-29 alloys. It has been found that incommensurate i ko 7
and antiferromagnetic correlations develop at low tempera-
tures belowT z,,=60—70 K in CeRwSi, or T, =10 K in 342 (i st sotiot Tivsiffofivso)
CeCu;, which are clearly larger than the Kondo temperature Lo

which describes the magnetic correlations between nearest

Tk=14-23 K (in CeRW,Si,) or Tx=5 K (in CeCy), for 5
these two compounds which do not order magnetically at =232 N =32 Thieolivsi- (4)
low temperatures. As we will see later on, one extra result of ' "o
our calculation would be to compute the correlation tempera- \ve consider here only spin independent and translation
ture T, in addition to the lattice Kondo temperatuf@ in  jnvariant solutions for which we havex; ,=\ and
the nonmagnetic domain. I'ii.s5,=I. Then, we describe the conduction band in the
tight-binding approximation and write
Ill. THE THEORETICAL MODEL

W
We consider the following Hamiltonian to describe the sk=72 cok-R, (5)
Kondo lattice with short-range magnetic correlations: R

wherez is the number of neighbors of a given atom. Thus,

H= Eoiz nif0+; Sk”ﬁa—JKZ gicélf_JH% SIS the Heisenberg term of the Hamiltonié#) can be written as
| 1 23T
( ) JHFE Cok- Rf:,afk,(r:THE 8kf’k\—,o'ff,(r' (6)
wheren! =f*f,_, nS =ci c, S, ands’ are, respec- KR X

number of conduction electrors for a wave vectok and  finite bandwidth for thef states, while the Kondo interaction
spin o, the spin forf electrons on sité, and that forc ~ Ji produces a hybridization between the conduction band of
electrons. In Eq(1), we take a zero widtli band, a conduc- width 2W and thef band of effective width BW, with B
tion band with a width ¥V and a constant density of states. given by
The third term is thes-f exchange term andl (<0) is the
Kondo coupling. Here, we add to the regular Kondo lattice zJyr
the last term of Eq(1) which describes an Heisenberg inter- B= w (@)
action between neighboringmagnetic moments; in the last
term of Eq.(1), i + & designs the nearest neighbors of atom The Hamiltonian(4) is easily diagonalized and the result-
We take here eithed,;>0 for a ferromagnetic coupling or ing eigenvalues are given by
Jy<<0 for an antiferromagnetic one, but in fact we will L
mostly be interested by the cadg<0. Also, we take here NN > N
first Jx andJy independent from each other, although in fact E= (o= E[sk(1+8)+ Eol= NENES S R
it is not the case, sinc@, is proportional top|Jk|? in the (8)
classical RKKY interaction, wherp is the density of states -~ ) )
for the conduction band; finally in the last section, we will ~ The positionE, of the startingf energy and the Fermi
assume a relationship betwegpandJ, in order to derive a  €NergyEe have to be determined self-consistently in order to
“revisited” version of the Doniach diagram. obtain

We treat here the Hamiltoniail) in a “mean-field” ap-
proximation similar to that used by Coleman and AndPei. <Z f* £, >=1
This approximation allows us to find simultaneously the s 7 '
Kondo effect! and the antiferromagnetic correlations in a
method analogous to that of the resonating valence bond <2 o >—n

lo¥lo

(RVB) introduced by Andersoff. Thus, we introduce the ©

two following mean values for the nonmagnetic state,
namely, Thus, within this special mean-field approach, we have to
deal with two hybridized bands of energigs (k) given by
Nie=(cl,fig) =(f{,Ci0), (2 Eq.(8) and, using the two condition®), we have to deter-
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mine the two quantities andI” as a function of temperature. Thus, the simple analytical results obtained at0 allow
Then, when\ becomes equal to zero, the correlation func-us to have first simple conclusions. According to Ekf), A

tion (s°S') becomes also zero in our mean-field approxima-has the same dependence as in earlier calculations without
tion; the temperature at which becomes equal to zero cor- correlations’ but the bandwidth is renormalized by the cor-
responds, therefore, to the real Kondo temperatilig, relations:Wq=W(1—B). Sincel’ remains positive for rea-
Similarly, the temperaturé.,, at whichI" becomes zero cor- sonably smallJ, /W values, W, can be larger or smaller
responds well to the temperature at which short-range maghan W and consequentl)x can be decreased or increased

netic correlationgS'S/, ;) disappear. depending on whethel; is negative or positive. Moreover,
Finally, the mean-field parametexsandI" are obtained from the calculation of the energil3) at T=0, we have
by minimizing the total energy found that the nonmagnetic phase is stabilized, i.e., that the
Kondo state is more stable than the state without Kondo
E=2 E(RVFET (KN +E (RVEE~(K)) 1=z Jul2 effect W =0), whenJ,<O0.
El; [E"(0TE" () (OTE" (k)] : Thus, if the exchange Heisenberg interaction is antiferro-

magnetic §;<<0), A and consequently the real Kondo tem-

—230%, (10 peratureTy, as it will be explained later on, are reduced and
where the summation is made over all tstates and(E)  the nonmagnetic Kondo state is stabilized by the antiferro-
is the Fermi-Dirac function. magnetic short-range correlations. On the other har, i§

positive, the correlations increase according to Eq(11)
IV. THE THEORETICAL RESULTS and make the nonmagnetic phase less stable according to Eq.
FOR THE SYMMETRIC CASE AND THE COMPARISON (13). In fact, the problem of ferromagnetic short-range cor-
WITH EXPERIMENTS relations is more delicate, since the nonmagnetic phase is not

the most stable one fa#;>0. In the following, we will

We will now present the results obtained for the consid-giscyss only the case of short-range antiferromagnetic corre-

ered nonmagnetic case, so that we cannot deduce the vargsions (3, <0) which decreasa and stabilize the nonmag-
tion of the Nesl temperature here, but just the temperatur

hetic phase. However, the preceding theoretical results can

Teor, related to the short-range magnetic correlations. Morégccoynt for the experimental fact that the heavy-fermion be-
over, we restrict ourselves to the case of a half-filled conducy,vior is much more often observed in nearly antiferromag-

tion band f=1) whereE, and the Fermi energ§r are  petic systems than in nearly ferromagnetic ones.
consequently equal to each other; we set Hege Ex=0. Then, we have performed calculations at finite tempera-
The situation is symmetric with respect&=0. The total  yres only in the case of antiferromagnetic correlations
resulting density of states presents a gap around the 2€(9,,<0), for the nonmagnetic solution and the half-filled
energy; it is very large and mostly mfcharacter on the tWwo  conduction bandE,=E-=0. The mean-field parameteks
sides of the gap. Then, the total density of states decreasgiqr are obtained by the minimization of the total energy
rapidly when one goes further from the zero value and f'”a”ygiven by Eq.(10). We have derived the andT curves as a
reaches the constant value assumed for the conduction banfction of temperature for different, andJy values and

Thus, we will present here ;uccessivczaly some analyticgle resyits depend essentially on the ratidJ, rather than
results which have been obtained B0, and then the . the individual values ofi andJ,,. Both thex andT

calculations performed at finite temperatufeginally, we  \ersus T curves start from a nonzero value, increase first, go

will present theJy dependence o and T, when a real-  ,:69h a maximum and decrease down to zero at a tempera-
istic relationship betweedy andJy is taken into account. ;e corresponding to, respectivelilc and T, in the
At T=0, analytical calculations can be performed and the, esent mean-field approximation, as previously explained.

results depend on the relative valueshoandI'. Three dif- | ot s finally make a short remark on the definitioriTaf in
ferent cases should be considered and the shape of the Wor mean-field approximation: in the one-impurity case,

hybridized bands strongly depends on the parameters, as Pigiere are different forms for the prefactor before the expo-
viously explained in Ref. 24. We will dISCl_JSS here only the nential, depending on the used approximation or also even-
case of small values dk,/Jx and more precisely the expres- y |y for example on the crystalline field splittings, but most
sions given below are valid whefdyl'| is smaller than ot the j, dependence arises from the exponential itself.

JKN?/W. Thus, we have firstly obtained far However, in the lattice case, there are not many available
W(1-B) W(1—B) calculations and in our case, the p(efactor dpes not depend
)\%( )exp( ) 11y onJdg; further work would be certainly very interesting to
Jk Jk improve this description.

Figure 3 shows a typical plot of the two temperatufgs
and T, versusJy for a given large valudy, /W= —1. The
Kondo temperatur&y , which is obviously equal to the one-

1 JK\? impurity Kondo temperaturf o for J4y=0, remains con-
'~—+——0, (120  stant for smalld, values; after a very weak maximuriiy
4 W(1-B) S S K
decreases slowly, indicating that the short-range antiferro-
) magnetic correlations tend to decredse. The temperature
- (13

and we have also computed, in the same lifitand the
energyE of this solution

W J2N\2 zJy( 1 J2N\2

E=—_—__*~ ==, =* T.or Femains equal tdx up to thel, value of the maximum
2 w@ia-B)? 414 w?3(1-B)?

of Tk and thenT, increases linearly witld,, according to
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FIG. 3. Plot of the Kondo temperatuiB (full line) and the
correlation temperatur&,,, (dashed lingversusly, for Jy=—1.

FIG. 4. Plot of the one-impurity Kondo temperatui®g
(dashed-dotted linethe real Kondo temperatuiig (full line), and
the correlation temperaturg,,, (dashed ling as a function ofly
the very simple lawl .,,=J,;, predicted in the region where using formula(14) with a=0.25.

A=0 with a number of neighborsa=6. Thus, it is remark-

able to notice that there are essentially two regiding=Tx for the experimentally observed rather constant valuegof

for small|Jy| values compared tplx| and T, >Tx When  observed in CeR}Si, (Ref. 14 compound under pressure
the effect of antiferromagnetic correlations overcomes thavhen there is no longer any antiferromagnetic order. The
Kondo effect. A similar effect had been obtained in thesimilar behavior observed in QRu,_,Rh,) ,Si, (Ref. 15
Monte Carlo study of the two-impurity Kondo alloys can also be accounted for by the present model. Re-
Hamiltonian®* sistivity measurements under pressure in Cg®iy (Ref.

But Jx andJy cannot be considered as independent fron.3) compound seem to yield also a similar behavior.
each other and it is necessary to take into account the rela- On the other hand, Fig. 3 gives a clear explanation of the
tionship between them to obtain the real dependence of theccurrence of short-range antiferromagneticlike correlations
Kondo temperatur@y versus/Ji|. The exchangs-f Hamil-  in CeRu,Si, or CeCus; compounds at a temperature clearly
tonian itself yields both the RKKY interaction with an inter- larger thanT, . These compounds correspond to quite large
action going agJy|? and the Kondo effect, but we cannot J,; values, while other compounds corresponding to smaller

derive together these two effects with only ted Hamil-
tonian and that is the reason for introducing both e
exchange and Heisenberg terms in the Hamiltonian
Since thef-f interaction termJ,; comes mostly from the
indirect RKKY interaction, we take in the following:

Jy values would have equdly and T, values.

Thus, Fig. 5 provides, therefore, a “revisited” version of
the Doniach diagram, but only for the nonmagnetic region
above the instability point where the Nel temperaturd
disappears: The real Kondo temperatiige as defined for

) the lattice departs strongly from the one-impurity value and

In=—ald| (14 remains roughly constant withlc| and moreover, we can
with a positive @ value for the antiferromagnetic correla- add in this diagram a temperatufg,, corresponding to the
tions.

Figures 4 and 5 give plots of the Kondo temperatlige
and the correlation temperatufg,, as a function ofl, for a
small valuee=0.25 and a large value=2 of thea param-
eter. We have plotted for comparison the nonperturiuodd
tained forJ,=0) Kondo temperatur@ .

For the small valuea=0.25, the three temperatures
Tk, Tko, and T, are equal to each other, since thef
correlations have almost no real effect. On the other hand
for «=2, we see that the real Kondo temperatiieis first
increasing witHJy| and almost equal tdy,, goes through a
maximum, and decreases for langg| values. On the other
hand, the correlation temperaturg,, is much larger thaif ¢
and increases rapidly withlk|. Thus, for a largex value,
both Tx andT,,, depart strongly from th&, curve.

Thus, according to Fig. 5, strong antiferromagnetic short-
range correlations decrease drastically the Kondo tempera- FiG. 5. Plot of the one-impurity Kondo temperatui,
ture with respect to that defined for one impurity and yield dashed-dotted linethe real Kondo temperatuf (full line), and
roughly constant values of versus|Ji|. Since pressure the correlation temperatur,, (dashed ling as a function ofl,
makes Ji| increase, the preceding theoretical result accountssing formula(14) with a=2.

1.0
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Temperature

00
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appearance of short-range correlations. These two defined The present theoretical derivation has been performed
temperatures can be observed experimentally in cerium conwithin a special mean-field approximation for the nonmag-
pounds. Indeed, a full calculation describing completely thenetic case. The results are consequently valid in principle not
Jk dependence of botfiy and Ty would be necessary to too close to the instability point of the Doniach diagram

have a complete description of the Doniach diagram. and the present model implies a Fermi-liquid behavior. How-
ever, a so-called “non-Fermi-liquid” behavior is often de-
V. CONCLUDING REMARKS veloping close to thé point and the behavior of the Kondo

) ) lattice near the magnetic instability is extensively studied
Thus, the three main conclusions of our model can bgrom poth theoretical and experimental points of view; in
summarized as follows: particular, a dense Kondo regime corresponding to a Fermi-
_ (i) We propose here a “revisited” version of the Doniach |iquid behavior has also been obtained niear the nonmag-
diagram and we show that the real Kondo temperafiréor  npetic regime at low temperatures with respect to the single-
the lattice is roughly constant wifdx| or under pressure in jon Kondo temperaturd>8
the nonmagnetic region above the instability pdinwhere Experimental studies would be very interesting to perform
the Neel temperaturd’y disappears. We can also understandin nearly antiferromagnetic systems, in order to observe this
qualitatively why the electronic specific-heat constants areather constant value of in a given range ofJy| in the
generally much larger for the nonmagnetic cerium commonmagnetic domain. It would also be interesting to check if
pounds than for the magnetically ordered ones. the behavior ofl is really different in nearly ferromagnetic
(i) We can account for the occurrence of antiferromag—systems than in nearly antiferromagnetic ones.
neticlike short-range correlations in some cerium compounds’ Finally, further theoretical work including the study of the
such as CeCyiat a temperatur&,,, clearly larger thaf . magnetic phase or the approach to magnetism from the non-
(i) We can finally understand why the heavy-fermion magnetic side would be necessary to develop, in order to get

behavior is much more often observed in antiferromagnetig fyll description of the Doniach diagram with both the
(or nearly antiferromagneticsystems than in ferromagnetic Kondo and Nel temperatures.

ones.
Our results can be related to the exhaustion problem of
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