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Doping-dependent study of the periodic Anderson model in three dimensions
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We study a simple model fdrelectron systems, the three-dimensional periodic Anderson model, in which
localized f states hybridize with neighborind states. Thef states have a strong on-site repulsion which
suppresses the double occupancy and can lead to the formation of a Mott-Hubbard insulator. When the
hybridization between th&andd states increases, the effects of these strong electron correlations gradually
diminish, giving rise to interesting phenomena on the way. We use the exact quantum Monte Carlo, approxi-
mate diagrammatic fluctuation-exchange approximation, and mean-field Hartee-Fock methods to calculate the
local moment, entropy, antiferromagnetic structure factor, singlet correlator, and internal energy as a function
of the f-d hybridization for various dopings. Finally, we discuss the relevance of this work to the volume-
collapse phenomenon experimentally observefigtectron systems.

DOI: 10.1103/PhysRevB.68.195111 PACS nunider71.10.Fd, 71.2%a, 71.15.Nc, 64.70.Kb

[. INTRODUCTION On the other hand, similar arguments for the single-impurity
multichannel Kondo model have led Gato find &c~a.

The periodic Anderson modéPAM) describes the quali- This cloud has never been observed experimentally and
tative physics of solids in which a set of localizélorbitals ~ Knight shift experiments from Boyce and Slichfemwere
having a strong on-site repulsion hybridizes with another seinterpreted to indicate the absence of a large cloud.
of noninteracting conductiord) orbitals! The basic mag- The charge excitations of the PAM also show interesting
netic features encapsulated in the PAM include the formatioffieatures. As in the one-band Hubbard model, a strong repul-
of moments on the localized orbitals due to the suppressiosion on the localized orbitals makes them exhibit the charac-
of double occupancy by the repulsion. The magnetic naturéeristics of a Mott insulator, including a suppression of the
of the ground state is determined by the strength of the hyeensity of states and a vanishifiglectron compressibilit}*
bridization between the localized and conduction electfons.The density of states can also exhibit a Kondo resonance as it
If the hybridization is small, then the magnetic ordering ofevolves to a single broad peak at weak coupfihg.
the localized moments takes place through the establishment While many of these general ideas are well accepted,
of a modulation of the conduction-electron spin density, ammuch of the quantitative physics of the PAM remains open.
indirect Ruderman-Kittel-Kasuya-Yosida couplihgFor  Only relatively recently has the phase diagram of the PAM
strong hybridization the screening of magnetic moments obeen studied by non-mean-field approaches such as the de-
the correlated electrons by conduction electrdk®ndo  terminant quantum Monte Caffo'® (QMC) and dynamical
screeningis expected. While some of these general ideas armean-field theor{# (DMFT). The former provides an exact
well accepted, others are still under stddor example, treatment of correlations on finite lattices but is computation-
Noziere’s notion of “exhaustion? that only the conduction ally demanding and therefore has so far been restricted in its
electrons near the Fermi surface can participate in singledpplications to the particle-hole symmetric point, where both
formation and hence there are not enough of them to forni andd orbitals are half filed. The DMFT approach works
singlets with all the local spins, has received considerablexplicitly in the thermodynamic limit and hence can observe
recent scrutiny. Related to this is the effectiveness of the finite-temperature phase transitions without recourse to
compensating cloud around each localized orbital. The sizénite-size-scaling techniques, but it involves the approxima-
of this cloud has been a subject of controversy. Argumentsion of ignoring the momentum dependence of the self-
based on scaling and renormalization-group ideas for thenergy.
single-impurity Kondo point to a cloud with lengtx There are several reasons to believe that the removal of
~velTk, wherevg is the Fermi velocity andlk is the  the restriction of half filling might reveal different physics.
Kondo temperaturé® Since Kondo temperatures are nor- First, half filling is the most optimal electron density for
mally of the order of tens of degrees, this leads to a largentiferromagnetism. Since a number of the potential systems
Kondo cloud of the order of thousands of lattice spaciags for which the PAM has been suggested as an appropriate
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Hamiltonian do not exhibit such magnetic correlations, it isf-d hybridization has substantial values on the Fermi sur-

desirable to study the properties of the doped system, foface. They also persist to doping levels where antiferromag-

which antiferromagnetism is considerably suppressed. netic correlations have been eliminated. However, their
Second, the noninteracting bands have special featuresharpness does appear correlated with the presence of mag-

which are unique to half filling. For example, in the absencenetism.(4) FLEX captures many of the same qualitative fea-

of interactions, the canonical choice of a momentum-tures exhibited by QMC in the dependence on the interband

independent hybridizatioV,=V, which corresponds to a hybridization of the local moment, antiferromagnetic corre-

hybridization of the localized orbitals with the conduction lations, entropy, and internal energy, especially at weak cou-

orbitals on the same site, gives rise to a band insulator at haffling, where the HF internal energy is not very accurate. At

filing. Meanwhile, the choice V= —2V/(cosk,+cosk, the same time, as is well known, FLEX has difficulty repro-

+cosk,), which, instead, hybridizes the localized orbitals ducing the Mott-Hubbard gap in the strong-coupling lifit.

with the conduction orbitals on the nearest-neighbor Sies,

leads to a metallic state at half filling; yet, this hybridization Il. MODEL AND METHODS

V| vanishes at the half-filled Fermi surface and, therefore, is

also somewhat artificial. While the addition of strong corre-

lations is expected to modify the physics greatly, it is still e will study the grand-canonical Hamiltonian

possible that the properties of the PAM reflect these special

featL_Jres of the no_ninteracting limit at ha[f fiI_Iing. . H—pN= 2 {[_tddd?adja_tfd(ditrfjo+fingjo)]
Finally, the particle-hole symmetric point is a very special (i, ) o

one for analytic theories. For example, second-order pertur-

bation theory(SOPT) in the on-site interaction becomes ex- +H.cl+ 81X Nig— > (Ngigt Niig)

act at thestrong-couplingimit, in addition to being exact at o oo

the weak-coupling limit. This odd result is only true at half

filling and, indeed, is only true for models with a single- +Uf2 Ngi Ny - 1)

impurity band hybridizing with a single conduction band. [

Stqdying the PAM off half filling yviII therefore give valuable diT(r and fiTo- created (conduction andf (localized electrons

|n3|g_ht into the nature of ana_lytlc approaches to the case qf;ip spin o on the lattice sitei. We consider a three-

multiband systems, where this anomalous success of SOR{ 1 ansional periodic simple-cubic lattice, wheie j) is a

I oceur at any filling. , . sum over nearest-neighbor bonds. Therefore, this term repre-
A specific instance v_vhere all three issues come into playants the nearest-neighbor hybridization integfaés, hop-
IS tf:_e Anderr]son |mpur|ty m?del and” theéE_Al'g/l aﬁlthey arepings) of thed-d (tyq) andd-f (t;q) orbitals. The remaining
applied to the ceriuniCe) volume collapse.™ " While re-  ,ne o icle terms are; , which measure theorbital energy

cent QMC studies of the half-filled PAM have lent greater,q, o/ \yith respect to that of the orbital (which was chosen
quantitative understanding of this probléfithe relevance of to be zero by conventionand the chemical potential. The

this work for the Ce volume-collapse phenomenon would becharge-density operator on sitén orbital d with spin o is

much better justified if the same physics could be demon-" =~ '+ . . . .
strated in the doped system. Ngi.=d;,di, and similarly forng;,.. Finally, U; describes an

effective on-site repulsion between the localiZezlectrons.

In this paper we will present a detailed study of the mag- ; ) ) )
netic, charge, and thermodynamic properties of the PAM for When the hopping term is Fourier transformed, the result

various band fillings. We will make use of the exact QMC, N9 €XPression 1%y, ol 1o Sieot Vil oot o),
approximate diagrammatic fluctuation-exchange approximawIth &k _2tdd(C°Skx+C°Sky+Cos.kZ) anq Vie=

tion (FLEX), and mean-field Hartree-FoddF) methods. ~ 2tq(cosk,+cosk, +cosk,). Th? particular choice of=

We will concentrate on the effects of doping of additional ~Ur/2 and u=0results in (ng)=(nH=1((nq)
electrons into the system for parameter regimes where thg >o(Ndic) €tC). This is the so-called “symmetric” PAM, in
number of localizedi.e., f) electrons still remains approxi- which both orbitals are half filled regardless of the choice of
mately 1. This is a natural consequence of the Mott-Hubbard!l the other parameters and temperature.

gap in the PAM and similarly is also the experimental situa- \iVe will EXpress all energy_units in this paper in terms of
tion in at least one application of interest—the Ce volume-taa=1. We will also seU/t44=6 throughout the paper and
collapse transition. varyty/tyq for several fillings and; /tyq. Fora- andy-Ce,

Our key conclusions are the followingl) The more ac- respectively, calpulated values f_or the effective hopping and
curate treatment of correlations provided by QMC and FLEXCOUlomb-repulsion parameters in eV8 4§g~0.90 and 0.74,
shift the HF transition to stronger coupling and decrease it&a=0-19 and 0.14U~5.7 and 591 Our choices of the
sharpness. HF for the PAM gives more accurate energies 8100€l parameters are therefore in rough agreement with the
low temperatures near strong coupling than weak Anti- values _for cerium. Finer tl_mmg_ would not be useful given the
ferromagnetic correlations remain robust for a range of dop@PProximations inherent in using a two-band madel.
ings of the conduction band. By comparison the one-band
Hubbard model loses its long-range antiferromagnetic order
more rapidly upon doping:~2%(3) Anomalies in the singlet The determinant-QMC method that we employ is stan-
correlator, entropy, and internal energy persist even when theéard and has been described many times in the liter&ture.

A. Periodic Anderson model

B. Determinant quantum Monte Carlo
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Its key features are an exact treatment of the interactions vieal renormalization-group method on the Matsubara frequen-

a path-integral representation of the partition function ancties to accelerate evaluation of the FLEX self-energies and

the decoupling of the interaction via the introduction of afluctuation propagators.

Hubbard-Stratonovich field, whose possible configurations

are then summed over stochastically. The approach is able to ll. RESULTS AND DISCUSSION

study several hundred interacting electrons, much greater

than other exact approaches like diagonalization, but still In this section we will show how the properties of the

representing small lattices, especially in three dimensiond?AM evolve from strong to weak coupling at several differ-

This is an especially serious consideration in determining thént fillings. We begin by describing the orbital occupations,

presence or absence of long-range order. Local quantitieshowing how the charge is transferred with the temperature.

such as the internal energy and near-neighbor Spin Corre|a—his h8|pS establish relevant temperature scales in these

tions have much smaller finite-size effects. The simulationgimulations. We then show short-range magnetic

reported here are on lattices of 64X4x4) spatial sites ~correlations—measures of the local moment and singlet

with fillings ranging from(n)=2.0 to(n)=3.6 electrons per formatlon_—before turning to the issue qf long-range antifer-

site, where(n)=(ng)+(n). romagnetism. The section concludes with results for the en-
Besides finite spatial-lattice size, a crucial bottleneck infropy and internal energy and a general discussion of the

the determinant QMC is the “sign problenf” which, relation of their behavior with magnetism.

roughly speaking for this application, restricts the tempera- As mentioned in Sec. Il A, the PAM Hamiltonian in Eq.

tures accessible to simulation to those greater tdan (1) with e¢=—U¢/2 andu=0 has particle-hole symmetry—

~W/50, whereW is the noninteracting bandwidth. (ng)=(ns)=1—i.e., both conduction and localized orbitals
are half filled, regardless of all other parameters. We will

compare the properties of the PAM at two electron densities
C. Fluctuation-exchange approximation with the behavior at half filling. The densityn)=2.2 is only

We will also study the PAM using the FLEX lightly doped away from half filling and allows us to exam-

approximatiorf® The FLEX approximation can be motivated $§etzzl:2.?ld:]ty_0£ %‘eaiesgus%tglnsggths l:?t'éegr]oomaﬁr:ﬁgtsgl'
in various different ways. It can be thought of as an exten- ity n)=2.6, as w ! ) ug

sion of the Hartree-Fock theory, in which the bare interactiorf"’lecs(?aS C(;fséc;n%\'l;a?]%iec’;%%S?:gfﬂﬂtgeeegnse?gﬁrgsﬁgih tlginbmh

is self-consistently screened by the exchange of electron-ho
. . . nf>"“1.
and electron-electrottwo-particle fluctuations. Or it can be Finall | taf its f "
viewed as a conserving approximation within the frameworkf_”_ inafly, we ashc_) EreseE 1‘2 er resuNi 80r ar? X tr:me-
of Baym-Kadanoff’'s generating-functional formaligthAn- 'ﬁ'ngt c?sle, Itn w IIC <tnd> ) Ia? (ne) 'h’ w ;ereb €
other view is as an extension of the random-phase approxﬁ ect ot electron-electron correfations are snown to be mini-
mal, as is expected since this is equivalent to a very low

mation (RPA), in which the two-particle propagators of RPA lectron densitv b ticle-hole t ¢ i
are self-consistently included in the self-energy. Yet anothe S €Cron density by a particie-hole transformation.

but a very elegant one, is that FLEX is the first step in the . .
parquet-approximatior®8  two-particle  self-consistency A. Orbital occupations

scheme. ) We begin by examining the evolution of the local orbital
FLEX suffers from lack of the two-particle self- gensity with the temperaturBin Fig. 1. At highT the orbit-
consistency found in the parquet approximation, whichgis are equally filled since energies likg, which distin-
renormalize; the bare vertic@which are used to_ calculate guish the orbitals from each other, are washed out by large
the fluctuation propagatorswith vertex corrections. Al-  thermal fluctuations. A is lowered, the occupations shift.
though it is possible to formulate FLEX to work in By T~0.125 (3=1/T~8), much, but not all, of the charge
spontaneously-broken-symmetry statesth an anomalous  tansfer fromf to d orbitals is complete for this value ofy
self-energy, such as a magnet or a superconductor, FLEX as- g 8. For smallet,, the occupations reach their asymptotic
commonly practiced rarely does so. The only such FLEXyround-state values at higher temperatures owing to the pres-
calculations to this date include those for a superconddttor. ence of a larger Mott gap. Figure 1 also shows the data for
For previous results using FLEX for Hubbard-like models, the Hartree-Fock solutions to the problem, demonstrating
along with comparisons with QMC, see Ref. 32. that these techniques are in qualitative agreement with the
The normal-state FLEX solutions of Hubbard-like modelseyact QMC calculations for the temperature dependence of
are also known to give the incorrect strong-coupling limit. It ihe orpital densities, despite the fact that Hartree-Fock pre-
is not known if the broken-magnetic-symmetry solutions jjcts magnetic order below~U/4 (= 1.5 forU;=6), well
may give the right limit for main thermodynamic quantities gpoye any possible QMC transition temperature. The FLEX
at strong coupling. results are in even better qualitative agreement with the exact

The FLEX approximation used in this paper incorporatesQMC results in the entire temperature range shown.
all four channelgdensity, magnetic, singlet, and triplet fluc-

tuationsg. In order to satisfy certain symmetries, all these
four channels are needed. In fact we also tested FLEX with-
out using the particle-particle fluctuations, and it turned out Figure 2a) shows the dependence of therbital moment
that the resulting accuracy is lower. We also use the numeri(—mﬁ)s((nm—nm)2>=<nf)—2<nmnm> on the hybridiza-

B. Local moment
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FIG. 1. The dependence of thandd orbital occupations on the L A AL A= AR AR ARRALARARE

_ Axdx4 T 6x6%6 1
temperatureT at t{q=0.8 for (n)=2.2. Other parameters atgy T 0.9 e = ox =

=1 andU;=6 (throughout this papgrande;=—2.785. Also, the
lattice sizes in this paper are alk#4 X 4 unless otherwise specified.
Results for QMC, FLEX, paramagnetic Hartree-F¢BIMHF), and
antiferromagnetic Hartree-FodAFHF) are shown.

T[T T [ TT T[T TToTT,

tiont;4 at low temperature. Here data for several dopings are
shown. For all three caseém?) is fully formed at weak

hybridization, and, as expected, it is reduced;gsncreases FLEX =8.0
and the system becomes less strongly correlated. Even for j’>2=0
relatively largetsy, howevery mff) is significantly enhanced - %ﬁg

over its uncorrelated value ¢fnZ;)=1/2. For example, the
value (m?)=0.8 att;u=1 and(n)=2.2 corresponds to a
double occupation ofn¢;;ng;)=0.10, a value reduced by a
factor of 2.5 from the result in the absence of correlations, FIG- 2. (@ The dependence of the QMC local moment on the
(nsirnsi ) ={(ns; )(ng;)=1/4. Although the moment is re- hybridizationt;q at low temperaturd =1/8 (8=1/T=8) for (n)
duced ag, increases, even at largg;, the moment is well = 20. 22, and 2.6e¢=—-3.0, —2.785, and—2.6, respectively.
enough formed to allow for interesting magnetic ordering to°_the" Parameters are the same as in FigoflThe FLEX results for
occur. EorU/t=4. the half-filled one-band Hubbard model the same parameters for three-different lattice sizes, showing finite-
o ' size effects are small. The quantity shown is thBe=0, A7=0

has(m“)=0.77 at lowT, a value comparable to the smaller . . - I

f1h in Fi “vet th band Hubbard del still component of thef-orbital magnetic susceptibility, which is the
0 h'l()j'se Il"ll Ig'l 2a); yet, the one- an u . ar (;no e SL. same as the QMC local moment shown(an (Ref. 34. The QMC
exhibits clear long-range antlferromagnetlp order for this, g FLEX results are very similar.
U/t. Later in this paper, we will examine antiferromagnetism

in the PAM. ‘.
In Fig. 2b) the FLEX results for the local and instanta- = (f! ffr)5_< 'T)
neous component of the magnetic susceptibiljpy,(AR SRR I fi,

=0, A7=0), are shown for different lattice siz& This R
quantity is the equivalent of the local moment. As depicted inand likewise forSy;. This definition ofcy is a natural ex-
the figure, the FLEX and QMC results are very similar, al-tension of the dot product of the local electron-spin and con-
though FLEX somewhat underestimates the local momengluction electron spin on the same lattice site which is widely
The finite-size effects are very small, as would be expectetsed to measure singlet formation within a PAM with on-site
for a local quantity. fd hybridization. As discussed above, our model has an in-
tersitefd hybridization which leads to singlet formation of
the local electron spin with conduction electrons on neigh-
boring sites®

We will now turn to the issue of the Kondo screening of  |n Fig. 3 we show the dependence @f; on the hybrid-
the local moments. Here we probe the formation of localizationt for different fillings, calculated by QMC. There is
Kondo singlets, in which one conduction electron and oney qualitative difference between tiia)=2.6 case, and the
localized electron in nearest-neighbor sites form a bound sinn)=2.0 and 2.2 cases. In the latter there is a sharp onset in
glet state. In order to do that we use the singlet correlatofhe singlet correlatocy neart;q=0.6. This was suggested
which is the nearest-neighbor interbalnd fpin—spin correlatiofp be intimately related to the Kondo volume-collapse sce-
function and is defined bg;y= 3 E{‘”(Sﬁ-sdj), where nario in our previous work fofn)=2.0.2° This onset moves

C. Singlet correlator
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FIG. 3. The hybridization dependence of the singlet correlator, R R L R o R LS N AR
which measures the degree of the local antiferromagnetism between ? 48 ® I E
anf moment and the conduction-electron spins on the neighboring gt I ]
. . - 3F o ]
sites. Parameters are the same as in Fig. 2 c? E axdxd a
é‘ 2
to smallert;qy and becomes much less shargrat=2.6. The =
(n)=2.0 and 2.2 cases are almost identical, as will be seen

throughout this paper. Thus the fact that our choice of hy-
bridization vanishes at thén)=2.0 Fermi surface as noted
earlier—but not at thén)=2.2 Fermi surface—shows that

Q- AT=0)

the former artificiality has no impact on the conclusions in BLEX =30

Ref. 20. g jq>2=0
Let us callTk the temperature where the local singlets are I Iy

formed. We expecTi(t;4) to increase withq.> The behav- - 26

ior of the singlet correlator in Fig. 3 can then be explained: ;
the temperature used in the simulatioriB=(1/8) crosses s
Tx. As the crossing point depends on band filling we ob- £, 4. (3 The dependence of the antiferromagnetic structure
serve different onsets, as discussed above. The crossiig offactor on the hybridizatiot,y, as computed with QMC. Parameters
andTy also explains whyy—0 for smallty. are the same as in Fig(&. (b) The FLEX results for the same
parameters for three-different lattice sizes. The quantity shown is
the Q=Que=(m,m,7), A7=0 component of thd-orbital mag-
netic susceptibility, which is the same quantity agan[Ref. 34).

Another possible phenomenon for the PAM is anti- The QMC and FLEX results are very similar. Note the finite-size
ferromagnetic ordering of the moments. Figur@4shows  scaling of the FLEX results. That antiferromagnetism persists at
QMC results for the equal-time antiferromagnetic structurdarget;y, when singlet formation is expected in the case of on-site
factor S¢;, the sum of the staggered correlations of thehopping betweeriandd orbitals, reflects our near-neighbor choice
local f spins across the lattice S (T,q=(m,m,m)) of f-d hybridization. Antiferromagnetism is clearly absent fortgll
= (2/3N)2;;(—1)""IS;;- S . This structure factor is normal- at(n)=2.6.
ized in such a way that if there is only short-range magnetic
order, S; is of order unity, whereas if there are long-rangeture depends oty . As in the three-dimensional single-band
correlationsS;; is of order the lattice sizéand hence di- Hubbard modelTy is low at smallt¢y4, rises to a maximum,
verges in the thermodynamic linit and then falls again at large,. The important point is that

In Fig. 4b) we show FLEX results for the instantaneous a set of simulations at fixed temperature, such as those of
antiferromagnetic susceptibility,,,. Just as the instanta- Fig. 4, can potentially cut across thig vst;q curve, yielding
neous, local susceptibility is the FLEX equivalent of the lo-the impression of the existence of AF order only in some
cal moment,y,, is the FLEX analog of the QMC structure intermediate range dfy. With this in mind, we believe the
factor®* We will discuss the issue of long-range order below.falloff of AF order at smallt;q for (n)=2.0 and 2.2 reflects
However before doing so, we emphasize the key observatioonly that Ty has gone below the simulation temperature.
that such an order fofn)=2.6 is clearly completely sup- Meanwhile, the falloff at large;q4 may also reflect this re-
pressed. duction of Ty or the competing formation of Kondo singlets.

In interpreting these results further, and in particular thewe note that in the PAM with on-site hybridization, one
possible occurrence of long-range order{ah=2.0 and expects singlet formation to usurp long-range magnetic order
(ny=2.2, it is important to emphasize that the Negnpera- completely at large;q .12 Our FLEX results suggest the in-

D. Antiferromagnetism
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tersite hybridization is different in this regard. Only a very 0.8:...|...|...h,1.2.-|..-.... AR RS RRRR RARF
detailed study including finite-size scaling can sort out these 0.7 Feoper . =
different possibilities. 06F-. - ® E
To reemphasize, despite all these complications, Fig. 4
still carries an unambiguous message; the fillimg=2.6
has a very different behavior in its magnetic properties: there
is no long-range order. We have already seen that the singlet
correlator still exhibits a growth witkyy at(n)=2.6. Below
we will see that, in the same way, tkie)=2.6 entropy and
energy still behave rather similarly to cases where the densi-
ties are close to half filling.

0.5F
04F
0.3F
0.2F E
ok O o

0 E [o0 QMC <n>=2.0
F a2 QMC <n>=2.6

T
P

S(t,, T=0.125)-S 2,0, T=0)

0.1F| — FLEX <n>=20| 3

F | -—— FLEX <n>=2.2 E

E. Entropy -0.2F | - FLEX <n>=2.6 S =
I X ) N P NI NS T BN NS NI P ST

"0 0204 06 08 1 12 14 16 18 2

The low-temperature entrog$(T=T,,,) offers a means
of probing Kondo-singlet formation as well as antiferromag- u
netic orde_r. Specificglly, the entropy per atom of free s_i)in— FIG. 5. The dependence of the entropy on the hybridizatign
moments IS In_2, which ca_n be _reduced by the formatlon Oiaoth QMC and FLEX results are shown. Parameters are the same
local singlets in cooperation with the surrou_ndlng valenceg i Fig. 2a), and thet;;=0 entropy of thed system is removed as
electrons or by the onset of magnetic order. Sincef tiedd  giscussed in the text. The QMC and FLEX results agree rather well,
subsystems decouple at snigy, the free-moment regime is  especially in the atomict{y=0) limit where they produce the In 2
realized by thef qlectrons in this strong-coupling limit for entropy due to the formation of local moments.
Tiow @bove the NdetemperatureTy, yet well below some
characteristic temperature of moment formatioiy,,
=0.125 is a reasonable choice since Fi¢p) Zhows fully
formed f moments at smalt;y for this temperature, while
Tn—0 ast{y—0. The entropy of thal subsystem may be

(n)=2.6. One note should be added at this point; as the
entropy drop fokn)=2.6 took place at a smalléry, we did

not pursue calculations for highgy values. From Eq. 2 it is
clear that a thin grid of temperatures is needed to get the
exactly calculated fotrq=0, and affjo,=0.125 has already  gnropy for a givent;y. We were not able to reach the
reached its T=0 limit _Sd(tfd:o’T:O):0'433 22, needed low temperatures due to “sign problems,” as men-
9'294 62, and 0.31277 fdn)=2.0, 2.2, gn_d 2',6’ FESPEC- tioned in Sec. Il B. The drop in the entropy is also sharper in
tively. These nonzer8y values aff =0 are finite-size effects o (ny=2.0 case. Then)=2.2 results(only shown for

of the 4x4X 4 lattice arising from the degeneracies of the FLEX) are almost identical to then)=2.0, as seen in other
levels at the Fermi surface, which are a non-negligible fraCQuantities as already noted. The FLEX and QMC results still

tion of states in the Brillouin zone for small lattices. The ;¢ fully agree as one approachgg=2 (weaker cou-
electrons are moved away from the Fermi surface by th ling) because FLEX becomes truly valid only fiog=3, as
Mott-Hubbard gap and are not affected by such finite-sizg, o il show in the following section.

effects. We calculate the entropy for the fully interacting sys- Examination of the singlet correlatéFig. 3) and antifer-

tem from romagnetic structure factdfig. 4) suggests that the sharp

. drop in the entropy for thén)=2.0 and 2.2 cases could be

i m 2) related to both the formation of the Kondo singlets and the

T aT’ onset of the antiferromagnetism. Magnetic order, however, is
ruled out for the(n)=2.6 case, where there is nevertheless
still a significant drop in the entropy with increasitg .

S(ttq,T)=S.— JT dT1’
and

S.=4In4—(n)In(n)—(4—(n))In(4—{n)), (3

using fits to the QMC energies as described elsewffete. F. Internal energy

In Fig. 5 we show the dependence of the ldwentropy In this section we present results for the internal energy as
on the hybridizationt;q at T=0.125. In order to make the a function of t;y at the relatively low temperature of
analysis of the entropy more meaningful, we p8ft;y,T) =0.125(in one case 0.167 Because the one-body part of

—S4(t;g=0,T=0) as a function of;4 . After this subtraction the Hamiltonian dominates thg, dependence of the internal
the entropy curves in Fig. 5 start with the value In2tgt  energy, we report our results here as differences from the
=0, reflecting the fred moments. The FLEX results are HF—either the PMHF solution or the broken-symmetry
slightly off, representing the weak-coupling nature of the ap-AFHF solution—in order to better expose the more interest-
proximation, but it is very interesting to see such a weak-ng effects of correlations. This also makes sense given that
coupling diagrammatic approximation doing so well at thethe HF solutions must be upper bounds on the correct inter-
strong-coupling limit, capturing all of the local-moment en- nal energy aff=0. Moreover, we might expect the PMHF
tropy at the lower fillings and 90% at the highest filling. For solution to be correct in the weak-coupling limit;{— )
(n)=2.0 the QMC entropy starts to drop aroutyg=0.6;  and have observed previously that the AFHF energy is cor-
this value moves down to a smaller value tgf=0.2 for rect in the strong-coupling Ilimit t(z—0) at low
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FIG. 6. The difference of the internal energy for various solutions from the PMHF solliof e, as a function oty /(tig+1),
which is 0 and 1 at the strong- and weak-coupling limits, respectively. The results for QMC, FLEX, and AFHF are @@dmn= 2.0, (b)
(n)=2.2, (c) (n)=2.6, (d) (n)=3.6. In(d) es=—5.4, and in(c) B=6. Other parameters are the same as in Fig\. 2n all cases QMC
agrees with AFHF toward the strong-coupling limit and with FLEX toward the weak-coupling limit. In the rather extreme-filling ¢dise of
the energy differenck — Epye is two orders of magnitude smaller than the other cases, implying that the correlations are negligible and the
PMHF solution is quite accurate. In general, at the weak-coupling limit, PMHF gives the right solution except when the AFHF solution has
a lower energy than the PMHF as(i#® and(b), which can happen for small finite systems; then, AFHF gives the right solution at the weak-
as well as the strong-coupling limit.

temperaturé®3® With these two limits in mind, we first in Figs. a) and 6b). Here one is at half filling or very close
present results as a function of the ratjg/(t;q+1), where to it, and the AFHF solution on small lattices is lower in
values 0 and 1 correspond to the strong- and weak-couplingnergy at the weak-coupling limit than the PMHF. In the
limits, respectively. thermodynamic limit, these offsets vanish, which is also sug-
Figure 6 presents our results for the correlation energygested in the FLEX size dependence tests to be cited shortly.
E—Epuur @s a function oty /(t;g+ 1) at four different fill- In Fig. 6(d) there is no stable AFHFor other magnetic
ings:{(n)=2.0(a), 2.2(b), 2.6(c), and 3.6(d). We calculate solution at any coupling strength. In additi@ Epyr is
E with three different methods: QMC, diagrammatic FLEX, very small compared to Figs(@—6(c). Indeed correlations
and mean-field AFHF. In the strong-couplit@omig limit, are not important in this case of extreme filling. Note that
AFHF gives the correct energy at every filling, agreeing withwhile thetotal fillings (n) vary in Figs. &a)—6(c), in each
QMC* Toward the weak-coupling limit, FLEX agrees with case(n;)~1 and the correlation energies are of comparable
QMC very well, giving not only the correct weak-coupling size. In sharp contragh;)~1.8 in Fig. &d), confirming the
limit itself but also the correct leading-order dependence omeneral understanding that correlations are largest near half
1ft:4. The PMHF solution is, in general, corregitthe weak-  filling of an interacting orbital and diminish for fillings of
coupling limit but, as is evident from Fig.(6, approaches this orbital away from half filling.
this limit with an incorrect dependence ort;}/. The FLEX approximation is always paramagnetic if one
There is an apparent constant offset between the PMHBoes not include the anomalous-self-energy diagrams. There-
and other curves, including AFHF, at the weak-coupling limitfore, unlike the mean-field treatments of correlations, FLEX
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FIG. 7. The difference of the FLEX internal energy from the 04 ——— ——— ———]
PMHF internal energy, plotted as a function of the hybridizatign L (b p=8.0 1
for different lattice sizes for the purpose of evaluating the finite-size 03F <i>= b
effects.(a) (n)=2.0, (b) (n)=2.2, (c) (n)=2.6. Parameters are the C e 20FLEX ]
same as in Fig. 2. These finite-size effects are generally small. 0'22_ TaiEEL ]
has no anomalies arising from the solution switching from a = I ]
broken symmetry(e.g., antiferromagneticto the uniform ? 0'1:_ g
(paramagneticstate as occurs in Fig(®. Such HF transi- 4 5 1
tions are absent in Figs(& and &b) since the AFHF solu- Of g
tion is always stable. C ]
The results in Fig. 6 were forX44x 4 periodic cells. To 0.1F " .
illustrate the effects of size dependence, Fig. 7 shows i & AE() = E(,)-E©0) ]
ErLex— Epmur Calculations done for 44X 4, 6X6X6 and o2l f N .
8x8x 8 periodic cells. As expected the finite-size effects on 0 ! e’ 3
the internal energy are generally small. This is because the VEL

internal energy is basically a local quantity. Note, however,
the upward shift irEg ex— Epmne With an increased cell size
for largertiy in Figs. 7@ and 7b), which correspond to
Figs. @a) and Gb), respectively. These shifts are in the di-
[iﬁ:ﬁlzgtwer:rnz\éept&z Eogr?éa;togffies at the W: a dk'qoqu“ng\FHF internal energy at large, breaking away at an intermediate

. gorous methods in 195, value. This breakaway, which happensvat 1.3 (tq~0.6) for
6(a) and @b). It is also the case that the lowest=0 HF (N)=2.0 and 2.2, and ab~2.2 (t;g~0.2) for (n)=2.6, might
;olution at the WeaK'CQUF?“”g limit is PMHF for all fillings have implications on the volume-collapse phenomeribi.The
in the thermodynamic limit. FLEX results for the same parameters, with the atomic-lirtyig (
=0) offsets removed. The agreement with QMC is quite reasonable
although the breakaway is more gradual than seen for the QMC

. . L results in(a).
We now discuss some of the implications of these results

for the potential presence of sharp switches in the PAM ena possibility also was previously discussed in the context of
ergy which could drive phase transitions in appropriate systhe Anderson impurity modéf. We now revisit this issue
tems. from a different perspective than given in our earlier wotk.

In the recent worl for the PAM at half filling (n) Figure 8a) shows our QMC and PMHF internal energies
=2.0, we noted coincident anomalous behavior in three disrelative to the AFHF resultss — E re, for all three fillings
tinct low-temperature quantities &g was increased beyond at the low temperature of =0.125. Since the physical de-
about 0.6: the singlet correlator increased abruptly; a Kond@endence of the hybridization on volumetig~V~2, we
resonance appeared and grew at the Fermi level; and tHeve chosemzt{dl’zocv to label our horizontal axis. Note
internal energy broke away from the AFHF result it hadfirst the AFHF to PMHF transition abt =0.96 (t;q=1.09)
closely followed at smallert;q. We suggested that the which occurs asv is decreased for the fillingn)=2.6.
abruptness of this change in internal energy, evidently assd//hile there are no HF transitions at the two other fillings for
ciated with the screening of the local moments by the conthe 4x4x4 cell, such transitions do occur in the thermody-
duction electrons, was not inconsistent with the physics ohamic limit atv=0.87 and 0.74 t¢4=1.33 and 1.83) for
the volume-collapse transitions in the rare-earth metals. Sugn)=2.6 and 2.2, respectively, but there is none exactly at

FIG. 8. (a) The dependence of the QMC and PMHF internal
energies relative to the AFHF as a function of the inverse-square-
root hybridizatiorv =t; ;. Parameters are the same as in Fig).2
For all three fillings, the QMC internal energy agrees with the

G. Crossover behavior in the PAM
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(n)=2.0. These mean-field calculations describe a transitioexamining the low-temperature dependence of a variety of
from a “localized” AFHF phase, with thé bands Hubbard quantities as a function of the hybridizatity between thé
split away from the Fermi level, to an “itinerant” PMHF and d orbitals: local moment, singlet correlator, antiferro-
phase, with the mergefdbands overlapping the Fermi level, magnetic structure factor, entropy, and internal energy. Re-
in fundamentally the same way as realistic HF and modifiedsults from the determinant quantum Monte Caf@@MC),
local-density methods describe the volume-collapse transHuctuation-exchange approximatiofrfLEX), and Hartree-
tions in the rare-earth meta®While having some degree of Fock (HF) methods have been compared.
validity, it has been argued in Ref. 18 that the realistic HF Beyond exploration of the properties of the nonsymmetric
and modified local-density-approximation transitions occurPAM itself, these results provide further insight into the ef-
too close to the itinerant limit for the rare earths, correspondfect of more exact treatments of correlations on mean-field
ing to too-small values af in the present PAM analog. The approximations to phase transitions driven by changes to the
QMC results in Fig. 8) appear to support this suggestiin. ratio of atomic hybridization to Coulomb repulsion, such as
While both AFHF and PMHF values must be upper boundghe volume-collapse transitions in the rare-earth metals. In-
on the exact QMC atf =0, itis interesting that at largethe  deed this problem has also motivated many of our parameter
QMC values are quite close to the AFHF upper boundchoices for the PAM, which were generally selected to main-
whereas at smaller they appear to bend and stay well away tain approximately oné electron per site while varying the
from the downward-moving PMHF bounds. The net effect isnumber ofd electrons and consequently the total filli(rg).
a downturn in the QMC energies with decreasingwvell One of the fundamental results of this work is the coinci-
before the PMHF curves cross below the AFHF, as evidentlence of systematic changes in the measured quantities
for (n)=2.6 and likely to be so in the thermodynamic limit across particular values of the hybridizatidgy~ 0.6, 0.6,
for (n)=2.2. This is at least suggestive of the correlatedand 0.2 for(n)=2.0, 2.2, and 2.6, respectively. Fgy less
version of the collapse transition, although, a compellingthan these values, the local momentX), singlet correlator
case is hindered by the internal-energy contributions omitted~0), and f-subsystem entropy~In2) are all approxi-
by the PAM. mately constant, while the internal energy is well approxi-
It should also be emphasized thatwass decreased, the mated by AFHF, i.e., a regime of well-formed, unscreened
onset of the downturns in the QMC energies in Figg)8v local moments. Fot¢y greater than these values, the local
~1.3, 1.3, and 2.2t¢4~0.6, 0.6, and 0.2) fofn)=2.0, moment and entropy drop, the magnitude of the singlet cor-
2.2, and 2.6, respectively, coincides with the onset of rapidelator grows, and the internal energy falls below that of
increases in magnitude of the singlet correlator and withAFHF. The singlet correlator suggests Kondo-like effects in
similar rapid decreases in the low-temperature entropy athis regime, although, there is a complete absence of antifer-
discussed earlier. Moreover, from tH@)=2.6 case, we romagnetic correlations only at the largest fillifg,) = 2.6,
know that all these features occur and coincide in the abwhere this identification appears unambiguous. It should be
sence of antiferromagnetic correlations, so that their fundaacknowledged that changes withy for (n)=2.6 are also
mental origin is likely associated solely with the screening ofsomewhat more gradual than those closer to half filling, and
the local moments by the conduction electrons. for this reason we used slightly different criteria for the
As noted earlier the FLEX approximation does not pro-crossovet:q4 values: the first significant breakaway from the
duce the Mott gap and therefore may overestimate Kondoeonstant values fofn)=2.6 vs a location of particularly
like excitations for smallet;y, which never disappear from rapid change fo{n)=2.0 and 2.2.
the spectrum, even at the atoniétrong-couplinglimit. This We have presented the correlation enegy Epyye most
failure of FLEX leads to an underestimation of the internalof the way between the strong- and weak-coupling limits by
energy as seen &t;=0 in Fig. 6, due to the spurious pres- varying t;q from O to very large values. The exact QMC
ence of Kondo-like excitations at this limit. Nevertheless, itenergies interpolate smoothly between the AFHF result at the
is interesting to focus only on the, dependence and remove strong and PMHF result at the weak-coupling limit for)
these atomic-limit offsets by usinyE(t:g)=E(t;q) —E(O) = 2.6, and we expect similar behavior at other fillings in the
and plottingAE— AE srye in the case of FLEX, as is done in  thermodynamic limit. Approximate diagrammatic FLEX
Fig. 8b). As may be seen, the agreement with Fige)8s  agrees very well with QMC towards weak coupling and is
really quite good, although, the breakaway from the AFHF isdistinctly improved over PMHF by not only reaching the
more gradual than in the QMC. It is tempting to attribute thiscorrect weak-coupling limit but also including the leading
more gradual behavior in Fig.(® to the persistence of order dependence dﬁ,l away from this limit. Moreover, the
Kondo-like excitations in FLEX to the Iarges;tzt{dl/z, FLEX curve is smooth like QMC and generally of the same
whereas presumably such excitations cease for the QMC rahape throughout the fully range, although, it increasingly
sults in Fig. 8a) beyond some critical values of, possibly  underestimates the internal energy as the strong-coupling
where the QMC and AFHF curves become essentially degerimit is approached since the FLEX approximation does not
erate. produce the Mott gap. Even so this is a gradual effect and the
t;q dependence compares favorably to QMC even within the
V. SUMMARY AND CONCLUSIONS strong- and intermediate—coupl_ing regimessy=<2. In
general the FLEX results are in remarkably good overall
In this paper we have extended our previous stdlies  agreement with QMC, suggesting this approach as a useful
the periodic Anderson modé@PAM) to nonsymmetric cases, approximation for the study dfelectron systems.
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Due to the crudeness of the PAM model, it is difficult to Kondo volume-collapse scenaridwhile it is interesting that
make a compelling argument on thermodynamic groundshe associated decay in the local moment is reminiscent of
that it exhibits some transition similar to the volume-collapsethe Mott-transition perspectivé.
transition in the rare-earth metals. However, mean-field HF
calculations for the PAM and for realistic all-valence-orbital
treatments of the rare earth metals both yield transitions of
the same fundamental nature, and the latter are certainly cari- We would like to thank Wei Ku for useful discussions and
catures of the volume-collapse transitions. It thus makeg critical reading of the manuscript. Work at University of
sense to ask how the correlated and HF results differ for thealifornia, Davis, was supported in part by Accelerated Stra-
PAM and to presume similar differences should be obtainedegic Computing Initiative Grants, IUT Agreement Nos.
in the realistic case. We find that for decreastig’® (or,  B507147 and B511275 with Lawrence Livermore National
volume the correlated energies break away from the “local-Laboratory(LLNL ), and by NSF-DMR-0312261 and NSF-
ized” AFHF results at values df,? (or, volume consider-  INT-0203837. T.P. would also like to acknowledge CNPq
ably larger than where the “itinerant” PMHF energies crossBrazil for financial support. Work at LLNL was performed
down through the AFHF curve and become stable. Moreovernder the auspices of the U.S. Department of Energy by the
this breakaway coincides with the decrease in the local moYniversity of California, Lawrence Livermore National
ment and-subsystem entropy, and the increase in the singlettaboratory, under Contract No. W-7405-ENG-48. We also
correlator. The coupling of the thermodynamics with the sin-thank the staff at the Materials Research Institute at LLNL
glet correlator behavior is certainly consistent with thefor their support.
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