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Hybridization model for the magnetic-ordering behavior
of uranium- and cerium-based 1:2:2 intermetallic compounds
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It is shown that the occurrence of magnetic ordering in UT2X2 and CeT2X2 intermetallic com-
pounds, where T denotes a transition metal and X represents Si or Ge, and the magnetic-ordering
temperatures in those compounds that order magnetically, are related to the strength of the f dhy--
bridization. Values for this hybridization strength in various series of such ternary and pseudoternary
compounds are obtained via a semiquantitative band-structural approach, and the systematics in
these values are used to determine the ordering trends in the phase diagram of a Kondo lattice.

I. INTRODUCTION

An enormous class of ternary intermetallic compounds,
and one in which a rich variety of electronic ground states
has been observed, is formed by the tetragonal MT2X2
compounds. For our purposes M is restricted to ura-
nium or cerium, T denotes a transition metal (3d, 4d, or
5d), and X is silicon or germanium. Simple Pauli para-
magnetism and long-range (anti) ferromagnetic ordering
are found in these 1:2:2compounds, along with the more
exotic phenomena associated with "heavy-fermion" be-
havior, e.g. , large effective electron masses, coherence,
superconductivity, and the coexistence of superconduc-
tivity and antiferromagnetism.

In these compounds, the magnetic moments if
present are only found on the f atoms, not on the tran-
sition metals (the well-known exception being the Mn-
containing compounds). Since most of these compounds
crystallize in only two allotropic derivatives of the BaA14
structure (either the body-centered tetragonal ThCr2Si2
structure, with space group I4/mmm, or the primitive
tetragonal CaBe2Ge2 structure, space group P4/nmm)
they are ideally suited to study the influence of the di-
verse constituents on the f-electron magnetism. For
overviews of the experimental properties of these com-
pounds we refer to Refs. 1—3.

Now that such a large collection of experimental data is
available regarding the physical properties of these com-
pounds, we should attempt to confront these data with a
theoretical framework. Ab initio calculations of the size
of the magnetic moments and of the transition tempera-
tures have been carried out by Cooper and co-workers.
In their calculational scheme, they have treated both hy-
bridization and Coulomb exchange effects simultaneously
in the presence of interconfigurational correlation effects.
In this way, they are able to successfully compute the
magnetic moments and transition temperatures of a num-
ber of U- and Ce-based compounds adopting the NaCl
structure. Band-structure calculations are not able to
correctly predict these magnetic properties because they
include only those aspects of the valence fluctuations that

can be captured by time averaging. Therefore, the true
character of the 4f or 5f states is missed and has to be
included by adding an additional on-site scattering term
or interconfigurational correlation effects. Due to com-
putational limits such calculations have not been carried
out for the compounds considered in the present paper.
Bearing this in mind, we propose a phenomenological
"f dhybri-dization model" to account for the systemat-
ics in the observed magnetic-ordering temperatures, de-
noted by T for both long-range ferromagnetism and an-
tiferromagnetism. In particular, the nonmonotonic vari-
ations found in T, and the f dhybrid-ization parameter
for the mixed pseudoternary compounds are nicely in ac-
cord. Hopefully our simple model will stimulate more
theoretical work and new experimental efforts to confirm
the validity of the proposed ideas, and will serve as a
guideline to roughly predict properties of new materials.

In Sec. II we will introd. uce the concepts concerning the
(magnetic) phase diagram of the Kondo lattice and a sim-
ple band. -structure approach, which allows us to estimate
the hybridization strengths for different compounds. In
Sec. III we apply these band-structural concepts to ac-
tually calculate the f dhybridiza-tion for various series of
MT2X2 compounds and, in combination with the phase
diagram of the Kondo lattice, use these values to explain
the experimentally observed systematic behavior of the
magnetic properties of these compounds. Finally, our
conclusions are given in Sec. IV.

II. PHASE DIAGRAM OF THE KONDO LATTICE
AND THE ROLE OF HYBRIDIZATION

We consider these (Ce,U)T2Az compounds as a peri-
odic array of 4f (in the case of Ce) or 5f (in the case of U)
spins in which an indirect, conduction-electron-mediated,
magnetic interaction between the local moments is in
competition with a Kondo-type spin-compensating mech-
anism. By comparing the binding energy of a Kondo
singlet:
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with that of a Ruderman-Kittel-Kasuya Yosjda (RKKY)
antiferromagnetic state:

k~T~KKv oc J N(0)

where K(0) is the conduction-electron density of states
at the Fermi level, and J an exchange coupling constant,
Doniach ' derived a phase diagram for this so-called
"Kondo lattice. " The stability of the difI'erent states in
the T Jpla-ne is illustrated in Fig. 1(a). A similar phase
diagram was given by Brandt and Moshchalkov for their
"concentrated Kondo systems" (CKS) and is shown in
Fig. 1(b). Doniach established that at T = 0 a second-
order phase transition separates the RKKY ground state
from the fully spin-compensated ground state (Kondo
metal) at a critical value of J = J . For J & J, the ground
state consists of magnetically ordered, but partially com-
pensated, f spins. According to Fig. 1, there will always
be an initial increase of T„ the magnetic-ordering tem-
perature, with J. T will pass through a maximum and
then drop to zero as J is increased above its critical value.

More recent theoretical studies have extended and sub-
stantiated these ideas.

(1) The existence of an "instability region" in the phase
diagram was indicated, where a pressure-induced first-
order phase transition may occur between a mixed and
a pure Kondo phase. This idea was applied to explain
pressure experiments on Ce and CeAl2.

(2) It was shown that, even for large values of J, mag-
netic regions can still exist in the phase diagram, de-
pending on the number of conduction electrons. Here an
exact equivalence was obtained of the Kondo lattice with
infinite J to the Hubbard model with infinite U.

(3) Via the functional integral method 2 or by applying
a scaling theory of critical phenomena various authors
have studied the "coherence transition" in the Kondo
lattice.

(4) The stability of different nonmagnetic (Kondo)
and magnetic [RKKY- (anti) ferromagnetic; Nagaoka-
ferromagnetic] ground states as a function of the
conduction-electron concentration was recently invest-
igated, using a variational method. It was shown that
the "lattice enhancement" of the Kondo effect can push

the value of J to lower values than previously thought.
Although strictly speaking some of the above deriva-

tions are only valid for small J/W [W oc 1/1V(0) in
the above notation], because of the restricted validity
of the SchrieKer-WolfI' transformation, there seems to
be broad agreement on the general characteristics of the
above-sketched phase diagram, both theoretically and ex-
perimentally. Particularly, in some dilution and pressure
studies on Ce compounds, the predicted transition from
local-moment magnetism, via a maximum in magnetic-
ordering temperature to a nonmagnetic or reduced-
moment state has been confirmed. Examples are the
initial increase and subsequent fall of the Curie tempera-
ture of ferromagnetic CeAg with hydrostatic pressure,
the Curie and Kondo temperatures of CeNi Pt~, the
characteristics of CeSi, and the pressure dependence
of the Neel temperatures of the CeT2Si2 compounds with
T=Rh, Pd, Ag, and Au. ~g

We will show that it is possible to use the same
phase diagram (Fig. 1) to account for the variation in
magnetic-ordering behavior observed in a wide range
of (U, Ce)T2X2 compounds (A=Si, Ge). Our proce-
dure will be the following: First we determine how the
value of J evolves in a given T series [e.g. , U(3d) 2Si2 or

Ce(4d)qGe2], then we place these systems in the phase
diagram starting on the left-hand side and in order of
increasing J. Finally, we demonstrate that the observed
T sequences are generally consistent with the phase di-

agram.
In order to proceed, we must create a conduction-

electron —f-electron exchange-interaction parameter J,t',

and here we invoke hybridization according to the pro-
portionality

(see Refs. 20 and 21), where V, t is the hybridization
matrix element for conduction-f-electron hybridization
and Ey is the location of the f level relative to the
Fermi energy E~. If we take E~ —Ey to be constant
in a given transition-metal series, we can, by calculating
the conduction-f hybridization of the compounds, ob-
tain an estimate of J,p. It is commonly believed that
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FIG. l. (a) Phase diagram for the one-
dimensional "Kondo-necklace" model [from
Doniach (Ref. 7)], and (b) the phase dia-
gram according to a classification of con-
centrated Kondo systems [from Brandt and
Moshchalkov (Ref. 9)].
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in these 1:2:2 compounds the hybridization between f
states and conduction electrons is mainly governed by
J d-hybridization. ' Indeed, our key experimental pa-
rameter is the variable number of d electrons, and its
effect on T, . To avoid confusion of terms, we note that
our J,g only plays the role of an exchange parameter; it
is not the true Coulomb exchange.

Justification for the constant (E~ —Ey) can be ob-
tained from photoemission experiments. These estab-
lished that the f level is strongly pinned to (just below)
the Fermi level, whereas the d band is pulled down in en-
ergy, away from the Fermi level with increasing number
of d electrons. In the following we assume that the f d-
hybridization depends, first, on filling the d band and,
second, on the distance between d and f atoms in the
crystal structure. Thus, with an increasing number of
d electrons the hybridization decreases (less overlap of
the d and f bands), which in turn implies a reduction
of Jpy. This reasoning agrees quite well with the sim-
ple band model for the U(3d)2Ge2 compounds as given
previously by Dirkmaat et al. The second assumption
is rather analogous to the Hill criterion, which states
that when U-U interatomic distances are too large (larger
than 3.5 A) there will be no direct overlap of the 5f wave
functions. We now propose that a similar criterion may
apply for the U-T interatomic distances, in other words,
if dpi z is too large no J'-d hybridization will occur. Con-
sequently, Jpy will increase both with decreasing number
of d electrons and with decreasing U-T separation.

An indication for the relative importance of these two
effects can be obtained by following the band-structure
approach as put forward by Harrison and Straub. so (A
review of this technique and other tight-binding meth-
ods is given in Ref. 31.) The method was initially
used to calculate the d-band structure of solids,
but was later adapted to compute the coupling be-
tween atomic orbitals of s, p, d, f symmetry in dif-
ferent compounds. This formalism combines Ander-
sen's muffin-tin-orbital (MTO) theory with transition-
metal pseudopotentials to obtain a general hybridiza-
tion ("coupling" ) matrix element Vii~ . From Eq. (Bl)
of Ref. 30:

V -=( -~/ .)[( ) ~/~ ] (4)
The input parameters are the atomic radii of the respec-
tive atoms (ri and ri ), the interatomic distance d, the
angular momenta l, l' (l = 0, 1, 2, 3 for s, p, d, f or-
bitals), and the symmetry of the bond m. Note that m,
in Eq. (4) is the electron mass. rjii is given byso

(—1)' +' (t + l')!(2l)!(2l')!
6' 2~+~')I]1!

( (2l + 1)(2l' + 1)
((1+m)!(I —m)!(1'+ m)!(I' —m)! )

(5)
with m = 0, 1, 2, 3 for o, m, b, and y bonds. Such consid-
erations were recently applied to discuss various trends in
the hybridization of UTX compounds. The V~~ matrix
elements are the largest ones, other Vj~ equal a numer-
ical constant ((1) times this value. Thus, for describing

trends it is sufficient to calculate only these (cr) elements
and we will drop the index m. Furthermore, to obtain a
real hybridization strength, the number of nearest neigh-
bors should be taken into account, and the contributions
of all nearest neighbors should be summed. As long as
we restrict ourselves to isostructural compounds with an
equal site occupation in the unit cell, this consideration
does not play a role. As indicated above the important
parameters in determining the f dh-ybridization matrix
elements are the U-T interatomic distance, and the num-
ber of d electrons of the transition metal. The former
directly enters into Eq. (4) (d = du z ) and the latter via
the tabulated rg values. The rI values with l = 2 and
3 (d and f) in Eq. (4) are obtained from fits to known
bandwidths of pure metals or from free-atomic data. We
have used those values calculated from the MTO band-
widths of the pure d and f metals [see the last columns
of Tables I (for d) and II (for f ) in Ref. 29]. Moreover, we
do not incorporate the V„y (V,y) terms that arise from p f-
(8 f) hyb-ridization. Although these terms can be large,
they do not change very much within a given T series of
compounds, and, thus, are thought not to infI.uence the
observed systematics with T as the variable.

We summarize the model with its basic ingredients as
applied to the (Ce,U)TqA2 compounds.

(1) The f-ligand hybridization in these compounds is
governed by f dhybrid-ization, the strength of which is
calculated via the "hybridization matrix elements" VdI of
the Harrison formalism.

(2) The Schrieffer-Wolff transformation [Eq. (3)] is
used to relate this hybridization strength to a df-
exchange-coupling parameter Jgy. The distance of the
f level from the Fermi level, E~ —Ey, is constant, since
the f level is "pinned" to the Fermi energy.

(3) The exchange coupling constant J and a
conduction-electron bandwidth t/V yield the phase dia-
gram (T,/ W vs J/W) as given in Fig. 1, which spans the
entire range from local-moment ordering for small J/W
to a fully spin-compensated ground state for large J/W.
This phase diagram is relevant for the magnetic-ordering
properties of these (Ce,U)T2A2 compounds.

(4) The conduction electrons in these compounds have
significant d character. Therefore we examine only fd-
hybridization and W represents the d bandwidth.

There are two remarks that should be made with re-
spect to the above protocol. First, the various steps
will not (and need not), in general, be exactly true, but
only represent a first-order approximation. As indicated,
they are, to some extent, corroborated by photoemission
experiments and general band-structure considerations,
however, an exact correspondence cannot be expected.
For instance, E~ —Ey, W, and the proportionality con-
stant in Eq. (3) can differ somewhat from compound to
compound. Nevertheless, we argue that a small (large)
value of Vgy should result in a small (large) Jgy value,
which in turn determines the sequence along the hori-
zontal axis in the Doniach plot (Fig. 1).

The second comment is that from erst principles we
do not know whether a calculated Vgy value of a particu-
lar compound is to be considered small or large, i.e. , the
absolute location in the diagram is not directly deduced.
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TABLE I. Crystal-structure data, hybridization matrix elements (Vqy), and magnetic-ordering
temperatures {T,) for UTqSi2 compounds. The nature of the magnetic order is given in paren-
theses after the ordering temperature; the abbreviations denote the type of magnetism as follows:
AF antiferromagnetism, FM ferromagnetism, and P (Pauli) paramagnetism. For CaBe2Ge2 type
compounds (indicated by superscript "a") only the shortest dIJ-z is given, but an. average Vdf has
been calculated by taking into account two difFerent dU T distances, see also Ref. 34.

Compound

UCrqSi2
UMn2 Sip
UFe2Si2
UCogSi2
UNi2Si2
UCu2Si2
UCoNiSi2
UNiCuSi2
URu2Si2
URhgSi2
UPdgSi2
UOs2 Sip

UPtzSi2
UAu~Si~

du r (A.)

3.274
3.234
3.095
3.100
3.092
3.189
3.091
3.136
3.164
3.209
3.241
3.179
3.113
3.211
3.322

V«(eV)
0.269
0.273
0.320
0.290
0.270
0.204
0.283
0.237
0.418
0.354
0.308
0.458
0.436
0.376
0.293

T, (K)
27 (AF)

80—100 (FM, U)
—(p)

90 (AF)
124 {AF)

103—107 (FM)
115 (AF)
162 (AF)
17.5 (AF)

130—137 (AF)
97, 150 (AF)

—(p)
4.9 (AF)
35 (AF)

48, 78 (AF ?)

Ref.

35
36
36

35 and 37
23 and 37

37
38
38
39

40 and 41
40 and 41

41
35 and 42

43
35, 41, and 44

CaBe2Ge2 crystal structure; others adopt the ThCr2Siz structure.

TABLE II. Ordered magnetic moments (p, ,~), as ob-
served in neutron-scattering experiments for several UT2Si2
compounds. For the type of magnetism see Table I.

Compound

UCo2Si2
UNi2Si2
UCu2Si2
URugSi2
URh2Si2
UPd2Si2
UPt2Sig

pard (pR/U)

1.42
2.7 "
1.61
0.037
1.96
3.37'
1.67

Ref.

37
23
37
47
40
40
43

Three magnetic phase transitions were observed, with some
ambiguity regarding the lowest-temperature structure and
values for the ordered moment.

Spin-density-wave type.
'Modulated-amplitude spin structure, in this case the maxi-
mum observed value for the ordered moment is given.

The Vgf values only become meaningful in a particular
series of (Ce,U)(nd)2Aq compounds where a sequence of
Vdf values can be calculated. In this way it is possible in
many cases—as will be shown below —to derive the rela-
tive positions of various compounds in a given series, and
to correlate the experimentally obtained magnetic tem-
peratures with the predictions of the phase diagram. For
example, if in a given series those compounds with the
highest calculated Vpf values are experimentally found
to be nonordering (Pauli) paramagnets, there would be
agreement with the model, while in the opposite case
(high Vgf values in compounds with strong local-moment
magnetic ordering), the model clearly fails to account for
the observed phenomena.

As the Ce-based compounds generally order at lower

temperatures than their U-based counterparts and as,
additionally, no simple systematics is observed on chang-
ing the X element (this is in agreement with Ref. 20, for
isostructural, isoelectronic X substitution in some CeTX
compounds), we will describe the (Ce,U)T2(Si, Ge)2 in
four separate series. Note that the vertical (TjW) scales
of the curves are also determined in a phenomenologi-
cal way. Namely, the highest observed magnetic-ordering
temperature in a given series of compounds is taken to
correspond to the maximum in the phase diagram.

III. COMPARISON OF EXPERIMENTAL DATA
WITH THE f-d HY'BRIDIZATION MODEL

A. UT2Si2 compounds

In Table I we have collected the U-T interatomic dis-
tances, the calculated Vgf values, and the magnetic-
ordering temperatures of the UT2Si2 compounds. The
first encouraging observation from the entries of the ta-
ble is that in the series where nonmagnetic compounds
are found (3d, 5d) these compounds indeed possess the
largest V~f values of that series (UFe2Si2 and Uos2Si2)

The first series we discuss in detail is the U(3d)2Si2
series of compounds. Considering the crystal-structure
data (du 7) of Table I and the number of d electrons,
the following order of increasing Vgf (and thus J~f) can
be expected: Cu -+ Ni ~ Co + Fe. Namely, in the T=Ni,
Co, and Fe compounds the dU ~ are almost equal, imply-
ing that the hybridization will solely be determined by
the d-band filling. With decreasing number of d electrons
this hybridization should increase as discussed above. For
T=Cu both the increased distance and the increased d-
band 6lling imply a smaller hybridization, thus complet-
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ing the trend. For T=Cr and T=Mn it is not a priori
clear as to where to put these systems, because lower d-
band filling and larger dU z have opposite efI'ects. Now
Harrison's approach, as discussed above, can be used to
calculate the hybridization matrix elements (see Table I).
The result confirms the indicated trend, and in addition
places the T=Cr and Mn compounds in the sequence
in the following way: Cu ~ Cr ~ Ni ~ Mn ~ Co ~
Fe. This sequence can be combined with the presence
or disappearance of magnetism according to the associ-
ated T 's as given in Table I. Note that the outcome for
UMn2Si2 should be regarded as anomalous because of
the existence and high-temperature ordering of the Mn
moments in addition to the U magnetic moments. Here
the above picture is too simple and in this case spin-split
(magnetic) d bands have to be considered. The results
for the U(3d)2Si2 systems, interpreted in the framework
of the Kondo-lattice model, are shown in Fig. 2 together
with those for the U(4d)2Si2 and U(5d)2Si2 compounds.

The maximum in the curve corresponds to a temper-
ature of 190 K, which is the highest transition tem-
perature observed in these silicides. It was found in
U(Ruq ~Rh )zSi2 with x = 0.7. We remark that the
apparent agreement of the datapoints with the drawn
curve of the phase diagram is somewhat artificial. As in-
dicated above, the model does not yield absolute values
of Jjgf / W, nor does it predict the ordering temperatures,
only the order of J, in which we put the systems of a
given series into the phase diagram, is given. Yet it is
not trivial that this should always work. For instance,
the transition temperatures as found in the U(5d)2Si2
series are consistent with the derived sequence of Vgf val-
ues, whereas if the calculated Vgy values for UOs2Si2 or
UIr2Si2 would have been smaller than that of UPt2Si2
this could (given the ordering temperatures of Table I)
never be reconciled with the phase diagram. Thus, in
Fig. 2 we relate the experimentally obtained magnetic-
ordering temperatures (or the absence of magnetic or-
dering) to the relative strength of the f dhybridi-zation.
The values of the f dhybridizati-on as calculated are only
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I'IG. 2. Schematic phase diagram for the Kondo lattice
together with magnetic-ordering temperatures of the UT2Siq
compounds. The dashed lines indicate the Kondo and RKKY
temperature. The thick line indicates the effective magnetic-
ordering temperature in the presence of the Kondo efI'ect. +
symbols indicate 3d metals, is used for 4d, and A for Sd
metals.

comparable for a given set of nd transition metals; hence,
a horizontal shift is possible between the difFerent rows
of transition metals. It was already mentioned that the
systems that do not order magnetically are indeed char-
acterized by the largest V&t in a given series (see Table I).
Moreover, many of the ordering temperatures are consis-
tent with the derived sequences. In particular, the region
around the maximum is interesting. It is clear that, in
principle, very high magnetic-ordering temperatures can
be obtained when two compounds from both sides of the
maximum are alloyed. If the lattice parameters show a
monotonic behavior, then the J of a given pseudoternary
alloy can be expected to lie in between that of the two
boundary compounds. As a consequence the possibility
arises of higher-ordering temperatures in the aforemen-
tioned case, if the atomic disorder does not destroy the
magnetic ordering. This has in fact been used to deter-
mine whether UNi2Si2 should be placed to the left or to
the right of the maximum. Namely, the ordering tem-
peratures of UCoNiSi2 and UNiCuSi2 were determined
(see Table I), and it was found that UNiCuSi2 orders
at a higher temperature than both parent compounds,
whereas UCoNiSi2 orders at a temperature in between
that of UNi2Si2 and UCo2Si2. As shown in Table I the
calculated Vpy values of these alloyed compounds lie in
between those of their parent compounds. Not only are
these data consistent with the positioning of UNi2Si2 to
the right of the maximum, but now the observed peculiar
behavior of the ordering temperatures, which was pre-
viously not understood, follows naturally from the pro-
posed phase diagram.

UMn2Si2 is not shown in Fig. 2, but its position be-
tween UNi2Si2 and UCo2Si2 can be considered reason-
ably in view of the U moments ordering below 80—
100 K. Nevertheless, this may be fortuitous, as in other
series the systematics is found not to apply to the Mn
compounds with their large Mn moments. This then
leaves UCr2Si2 as the main exception here, since it
should be placed near UNi2Si2 in our systematics, but
orders at a much lower temperature. Also the absence
of any change in the reported ordering temperature of
U(Cuq Cr )2Si2 with 0 & x & 0.84 (Ref. 46) remains
unexplained. Whether a local moment exists on the Cr
atom is an open question. And the hybridization efFect
of moving into the left half of the 3d series with Cr (ng
= 4) is not known.

In the 4d series our model does not indicate from
first principles whether to place URh2Si2 to the left or
to the right of the maximum, but alloying studies in
the U(Ruj ~Rh~)2Si2 system, where very high ordering
temperatures are observed on the Rh-rich side (up to
=190 K for x = 0.7) indicate positioning of URh2Si2,
with its ordering temperature of 130 K, on the low- J
side. Also no clue is available as to whether UAu2Si2
should be placed to the left or to the right of the maxi-
mum in the 5d series, but parallel to the data on the Ag
and Au containing Ce compounds (see below) we chose
to display it on the left-hand side of the phase diagram
(Fig. 2).

In general one expects to find a full U 5f moment in
compounds on the left-hand side of the diagram, and re-
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duced moments in compounds on the right-hand side.
However, it is not at all clear how one should visualize
a "magnetic ordering of partially Kondo-screened mo-
ments, " and whether this could indeed be observed via
neutron diffraction. In any case, the effective moments,
as seen in the high-temperature susceptibility do not
show a systematic difference between compounds from
the left- and right-hand sides of the diagram. A com-
parison of the ordered moments in the magnetic state,
as observed in neutron-scattering, is not straightforward,
since not all ordered moments are known, many com-
pounds show complicated magnetic order, and the ob-
served magnetic moment at low temperature depends on
the crystal-field levels. The compounds for which the
magnetic structures and the ordered moments were in-
deed reported are collected in Table II. No simple trend
(e.g. , systematic moment reduction with increasing J) is
apparent in these ordered moments, although the im-
portance of hybridization effects has been stressed in
UPt2Si2, and URu~Si2 has a strongly reduced magnetic
moment.

We remark that typical high-p compounds, such as
URu2Si2 and UIr2Si2, are located near the magnetic-
nonmagnetic border in the phase diagram. Still it is ap-
propriate to emphasize that for a proper treatment of the
region where the magnetism disappears, a more sophisti-
cated model is needed, which includes the occurrence of

coherence effects and allows for a magnetic transition
within the heavy-Fermi-liquid state.

B. U T2 Ce2 con.pounds

Unfortunately, in the germanide series less compounds
are known to crystallize in BaA14-type derivatives. In
particular, the compounds with T=Cr, Ru, and Os do
not exist with the 1:2:2composition. However, there are
two compounds (with T=Co and Ir), where the mag-
netic properties are known for two different but closely
related crystallographic modifications. The results for
the UT2Ge2 compounds are collected in Table III and
shown in Fig. 3. Due to the limited number of com-
pounds in the 4d and 5d series, the positioning of
UPd2Ge2 and UPt2Ge2 with respect to the maximum
cannot be derived. However, the different magnetic-
ordering temperatures of the LT and HT (low- and high-
temperature) crystallographic phases of UIr2Ge2 are con-
sistent with the phase diagram. The T=Rh compound is
tentatively put at the transition point between the pure
Kondo and mixed Kondo regime where it was previously
placed. Note that for the compounds crystallizing in
the CaBe2Ge2 structure no z parameters are available in
these germanides. Thus, in these cases the dU T values
could only be estimated. This was done by calculating
the distances as if the compound adopts the more sym-

TABLE III. Crystal-structure data, hybridization matrix elements and magnetic-ordering tem-
peratures for UT2Ge2 compounds. Abbreviations as in Table I. "LT" and "HT" denote a low- and
a high-temperature crystal-structure modification, respectively.

Compound

UMn2Geg
Upe2Ge2
UCo2Geg
UCo2Ge2
U&i2Ge2
UCugGe2
U (Co0.875»0.125)2 Ge2
U(Coo. 75Nio 25)2Ge2
U(Cop 5N4 5) 2Ge2
U(Cop 5Nip 5)2Ge2
U(CO0. 25»0.75)2Ge2
U (COO. 75 Clio. 25) 2 Ge2
U(Coo. 5Cuo, 5)2Ge2
U(Co0. 25Cu0. 75)2Ge2
U(Nip 75Cup. 25)2Ge2
U(Nip 5Cup, 5)2Ge2
U(Nio. 25 Clip. 75)2Ge2
U(Nio 1Cllo 9)2Ge2
URhzGe2
UPd2Ge2
UIr2Ge2

HTa

UPt2Geg

du-T (A)

3.364
3.199
3.182
3.080
3.128
3.266
3.153
3.134
3.135
3.131
3.133
3.199
3.213
3.235
3.182
3.213
3.234
3.250
3.205
3.309
3.289
3.194
3.261

Vgf (eV)

0.215
0.263
0.248
0.302
0.251
0.177
0.259
0.266
0.260
0.262
0.255
0.230
0.215
0.197
0.222
0.205
0.192
0.184
0.356
0.272
0.346
0.412
0.344

T. (K)
100—150 (FM, U)

—(p)
174 (AF)

—(p)
77 (AF)

100—110 (FM)
46 (AF)
19 (AF)
21 (AF)
—((10)
51 (AF)
130 (AF)
100 (AF)
102 (FM)
135 (AF)
140 (AF)
133 (FM)
115 (FM)

140 (AF)
33 (AF)
19 (AF)
72 (AF)

Ref.

22 and 36
22 and 36
49 and 50
22 and 49
22 and 37
22 and 51

34
34
34
52
34
51
51
51
53
53
53

53 and 54
55
40
56
56
57

CaBe2Ge2 (P4/n7n7n) crystal structure.
"Estimated value; exact z parameters not known.
Exact crystal structure not known.

d Pmmm crystal structure.
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FIG. 3. Schematic phase diagram for the Kondo lattice,
with magnetic-ordering temperatures of the UT2Ge2 com-
pounds.

metric ThCr2Si2 structure. A calculation of the V~y val-
ues of UPt2Ge2 and UIr2Ge2 by assuming the same
z parameters as determined in UPt2Si2 and UIr2Siq, re-
spectively, yielded slightly different results, but the or-
der in the 5d series was not affected. The same remains
true if one recalculates the values of UIr2Si2 and UPt2Si2
(CaBe2Ge2 type) with ThCr2Si2 structural parameters.
In the case of UCo2Ge2 the calculated Vgf is very large
due to the short c axis, whichever crystal structure and
reasonable set of z parameters are assumed.

In the U(3d)2Ge2 series, many ternary and pseudo-
ternary compounds have been investigated, so that here
a systematic study can be done. First of all it is shown
that the existence and disappearance of magnetic order
in the case of the two different phases of UCo2Ge2 (Ref.
49) fits quite well into the model, i.e. , the nonordering
(HT) phase has the largest V~f value. As UCo2Ge2"
has a very high T, it must be placed at or near the
top of the bell-shaped curve. According to the calcu-
lated Vgf sequence in the 3d series (see Table III), the
T=Cu, Co, and Ni compounds should be positioned
as shown in Fig. 3. Additional support for this position-
ing comes from the study of pseudoternary alloys (see
also Table III). In particular, high ordering temper-
atures are found in the U(Niq Cu )2Ge2 compounds
by Kuznietz et at. Their plot of T, versus x, in this
case, shows a maximum around x = 0.5, which is di-
rectly related to the maximum in our phase diagram.
Upon replacing Co by Cu in U(Coq Cu~)2Ge2 the or-
dering temperature decreases ' as expected, but the
shallow minimum (x = 0.5 and 0.75 samples order at
slightly lower temperatures than UCu2Ge2, see Table III)
is not reproduced by our model. Note that both these
series possess the ThCr2Si2 crystal structure and rela-
tively long e axes. A different situation is encountered
in the U(Coq Ni )2Ge2 series that tpe have studied.
Here rather low ordering temperatures are found, indi-
cating mixing to the right of UNi2Ge2. This is consis-
tent with short c axes and the CaBe2Ge2 type of crystal
structure, and with the fact that all these alloys show
larger Vgf values than that of UNi2Ge2, but smaller than
that of UCo2Ge2 . The initial increase in the calcu-
lated hybridization matrix elements Vdy (see Table III)
upon going from UCo2Ge2 via U(Cop sqsNip q2s)2Ge2

C. CeT2Siz compounds

For the T=jd series no magnetic order is found [except
for CeMn2Si2 where the Mn local moments order below
379 K (Ref. 58)]. Therefore, these systems are shown on
the nonmagnetic (right-hand) side of the phase diagram
given in Fig. 5. Note that the heavy-fermion supercon-
ductor CeCu2Si2 has the lowest Vgy, and thus lies closest
to the magnetic instability in this 3d series.

200

350
Lj(Co, „Ni „),Ce,

0.28

100,
'
0.24

0
0.0 0.5

0.22
3.0

FIG. 4. Magnetic-ordering temperatures ( ) and calcu-
lated Vaf values (o) versus x for U(Co& Ni )2Ge2 com-
pounds.

(x = 0.125) to U(Cop ysNlp 2s)2Ge2 (x = 0.25) is due
to the strongly decreasing dU T values, which apparently
outweighs the effects due to the increasing Ni content.
For larger x, the dU T values vary less dramatically, and
the increasing d-band Ailing leads to a decreasing Vgf.
Starting with UCo2Ge2, the trend of an initial decrease
in T, (up to x = 0.25) and a subsequent increase (for
x ) 0.25) can be followed in the calculated Vgf values.
This is graphically illustrated in Fig. 4. Although there is
a striking correspondence, the agreement should not be
considered more than qualitative, because the calculated
Vdf 's for UNi2 Ge2 and UCo2 Ge2 are too close to explain
their largely different ordering temperatures.

Until now the influence of the p fmix-ing has been
neglected. The importance of this effect, as indicated
before, is shown by the fact that no simple systemat-
ics can be found upon changing the A element (e.g. , Si
by Ge). Thus, p fmixin-g may play a role especially
in the cases where compounds with different structures
are compared. However, here the difhculty arises that
for many compounds the exact positional parameters of
the X element are not accurately determined. In the
U(3d) 2Ge2 compounds the Ge coordination of the U
atom is almost the same for the compounds crystalliz-
ing in the ThCr2Si2 structure, i.e. , each U atom is sur-
rounded by eight Ge nearest neighbors (NN's) at approx-
imately the same distance. The changes in distances
and character of the eight transition-metal next-nearest
neighbors (NNN's) are much larger, and, as we have ar-
gued, this causes the observed variation in magnetic be-
havior. Whether this reasoning also holds for CaBe2Ge~
type of compound (e.g. , UCo2Geq T) is not a priori clear
because the U coordination changes, and z parameters
have not been determined.
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CeT,Si,

Cu Ni Co Fe
I ~ A I A I A I A
I ~~ I ~ I ~ I

RU Pt Ir" Ir Os
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FIG. 5. Schematic phase diagram for the Kondo lattice,
with magnetic-ordering temperatures of the CeTqSi2 com-
pounds. The question mark attached to Pd is explained in
the text.

In the 4d and 5d compounds the magnetic ordered
region is reached for T=Rh, Pd, Ag, and Au (see Ta-
ble IV). According to our systematics J~~ should in-
crease as Ag + Pd + Rh ~ Ru for T=4d, and Au —+

Pt ~ Ir~+ ~ IrH+ ~ Os for T=5d. We remark that for
CeIr2Si2 both a LT and a HT phase (of ThCr2Si2 and
CaBe2Ge2 types, respectively) exist, neither of which or-
ders magnetically. These systems are shown in Fig. 5. In
these series, Severing et al. have estimated a consistent
set of Kondo temperatures from quasielastic neutron-
scattering linewidths. They found the following values
for T~. CeCu2Si2y 10 K CeRu2Si2, 15 K; CeRh~Si2,
33 K; CePd2Si2, 10 K; and CeAu2Si2, 1.7 K. These val-
ues should help us in determining positions in the phase
diagram (see below). Special difficulties arise in the 4d
series for T=Rh and Pd. CeRh2Si2 has the highest order-
ing temperature of the Ce silicides, and thus sets the scale
for this phase diagram. CeAg2Si2, with the lowest calcu-
lated Vgy value in the Ce(4d)2Si2 series, should certainly
be placed on the left-hand side of the diagram. Now it is
diKcult to decide whether to place CePd2Si2 to the left

or to the right of the maximum. The large difFerence (in
V(gf value) between the Ag and Pd compounds with their
approximately equal Neel temperature suggests placing
them on both sides of the maximum, which is, how-
ever, inconsistent with Vgg(CePd2Si2) ( Vgf(CeRhqSiq).
Hence the question mark in Fig. 5. By dilution experi-
ments Das and Sampathkumaran recently claimed that
CePd2Si2 occupies the top position in Doniach s phase
diagram, which is in contradiction to the high ordering
temperature of CeRh2Si2. For T=Ru the nonmagnetic
side is reached, and its heavy-fermion characteristics in-
dicate its proximity to the magnetic-nonmagnetic bound-
ary. A qualitatively similar T—J phase diagram was sug-
gested by Severing et al. for the CeT2Si2 compounds
with T=Au, Rh, Pd, Ru (here there was a problem with
CeRh2Si2 whose large T, was attributed to the larger
anisotropy in this system).

Given the above evidence for the very low T~ in
CeAu2Si2, this system should be placed on the left-hand
side of the diagram. Then by going to the T=Pt and
Ir systems, the rest of the magnetic part of the diagram
is skipped, and these are positioned on the nonmagnetic
right-hand side, and finally nonmagnetic CeOs2Si2 nicely
completes the 5d series.

Last, we mention experiments of Thompson et al.
on the pressure dependence of the Neel temperatures of
CeT2Si2 with T=Rh, Pd, Ag, and Au. In CeAg2Si2 and
CeAu2Si2 it was found that T showed only a weak linear
dependence on the applied pressure (although of difFer-
ent signs), whereas in CeRh2Si2 and CePd2Si2 a strong
nonlinear decrease of T was observed. Applied pressure
can be expected to increase the hybridization, and thus,
result in a shift to the right in the phase diagram. The
pressure results were indeed interpreted in this way by
Thompson et al. It was argued that T~ ( T for T=Ag,
Au; the magnetic exchange dominates, and the stable
local-moment ordering is hardly influenced by pressure
efFects. In contrast, for T=Rh, Pd, the opposite holds
(TIr ) T,), and the increasing strength of the Kondo
spin-compensation rapidly suppresses T, with pressure.

TABLE IV. Crystal-structure data, hybridization matrix elements, and magnetic-ordering tem-
peratures for CeT2Si2 compounds. Abbreviations and footnotes as de6ned in Tables I and III.

Compound

CeMn2Si2
CeFe2 Si2
CeCoqSi2
CeNi2Si2
CeCu2Si~
CeRu2Si2
CeRh2 Sip
CePd2Si~
CeAg2Si2
CeOs2Si2
CeIr2Si2
CeIrq Sip
CePt2Si2
CeAuqSi2

do, r (A.)

3.321
3.176
3.143
3.131
3.218
3.225
3.265
3.256
3.408
3.224
3.259
3.217"
3.246
3.340

Vgy (eV)

0.181
0.213
0.208
0.194
0.150
0.290
0.248
0.233
0.164
0.327
0.284
0.307
0.268
0.221

T (K)
379 (AF, Mn)

—(p)
—(p)
—(p)
—(p)
—(p)

36—39 (AF)
8.5—10 (AF)
8—10 (AF ?)

—(p)
—(p)
—(p)
—(P)

8—10 (AF)

Ref.

58 and 59
59
41
41
60

61 and 62
63 and 64
63 and 65

41, 63, and 66
62
62
62
67

63 and 66
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TABLE V. Crystal-structure data, hybridization matrix elements, and magnetic-ordering tem-
peratures for CeT2Ge2 compounds. Symbols defined as in previous tables.

Compound

CeMn2Geq
CeFe2Ge~
CeCo2Ge2
CeNi2Ge2
CeCu2Ge2
CeRu2Ge2
CeRh2Ge2
CePd~Ge2
CeAg2Ge2
CeIr2Ge2
CePt2Ge2 "
CeAuqGe2

do -z (A.)

3.426
3.317
?
3.221
3.296
3.294
3.340
3.330
3.487
3.299
3.335
?

Vaf (eV)

0.150
0.164

?
0.164
0.130
0.256
0.216
0.204
0.143
0.264
0.228

?

T. (K)
316 (FM)

—(p)
—(p)
—(p)

4.i (AF)
7.5—11 (FM)

i5 (AF)
5.1 (AF)

5—8 (AF?)
?

2.2 (AF)
15 (AF)

Ref.

70
71
72
73

74 and 75
76 and 77

78
79 and 80
76 and 81

82
67 and 83

76

CaBe2Ge2 (P4/nmm) crystal structure.
Estimated value; exact z parameters not known.
A monoclinic variant of the CaBe2Ge2 structure was reported for this compound in Ref. 83.

D. CeT~Gel compounds

Ni
I
1

Fe J„/W

FIG. 6. Schematic phase diagram for the Kondo lattice,
with magnetic-ordering temperatures of the CeT2Ge2 com-
pounds.

The properties of this series of compounds are collected
in Table V and Fig. 6. For the 3d compounds the only Ce
magnetic ordering is found for CeCu2Ge2, the other sys-
tems remain nonmagnetic (again with the usual appear-
ance of Sd moments in the Mn compound). An indication
for the unusual behavior that can be obtained while cross-
ing the magnetic-nonmagnetic boundary is given by the
Ce(Cuq Ni )2Ge2 pseudoternaries. ' Here a continu-
ous increase in T~ with x was reported, accompanied by
drastic changes in the ground-state properties. Succes-
sive phases with local-moment ordering, heavy-fermion
band magnetism, and heavy Fermi-liquid behavior were
identified yielding a very rich phase diagram. ' In the
4d series the same problem arises as in the silicides.
Namely, it is diKcult to determine where the Pd com-
pound should be placed with respect to the top position,
which is again determined by the Rh system. To the
right it would imply passing two systems with higher Vgf
in view of its ordering temperature, but to the left one
would expect (in between the T=Ag and T=Rh com-

pounds) a somewhat higher ordering temperature. In
the 5d series the lack of experimental data prohibits a
systematic treatment with only CePt2Ge2 being fully
characterized. For T=Ir the crystal-structure data are
known, but magnetic properties were not reported. In
contrast, for T=Au the magnetism was studied without
reporting on the crystal-structure data.

IV. CONCLUSIONS

The systematic behavior of the magnetic properties of
(Ce,U)T2X2 compounds as a function of the transition
metal T has attracted considerable experimental atten-
tion in the past. However, little theoretical guidance was
offered for treating the diversities of the magnetic order-
ing. Our hybridization model is the first attempt to clar-
ify the mechanism underlying the absence or presence
of magnetic ordering and the nonmonotonic variation
of the magnetic-ordering temperatures of those (ternary
and pseudoternary) compounds that do order magneti-
cally.

We have shown that the magnetic-ordering character-
istics of the (Ce,U)T2X2 compounds are determined by
the strength of the f dhybridizat-ion. By means of a sim-

ple phenomenological band-structure approach we have
calculated Vpf hybridization matrix elements for four dif-
ferent (Ce,U)T2X2 series of compounds (with X=Si, Ge),
and used their relative values within a (Ce,U) (nd) 2X2 se-
ries to explain the observed trends, within the Doniach
phase diagram for a Kondo lattice. The success of this
f dhybridiza-tion model in interpreting the experimental
data on these four different 1:2:2series, may be taken as a
strong justification of the initial assumptions. Additional
experiments, such as pressure and new pseudoternary
compounds are needed to extend the experiment-model
comparison.
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