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The indirect exchange model of Ruderman, Kittel, Kasuya, and Yd&#&KY ) is used to calculate the
magnetic phase diagram of M(M’),X, (M=Ni, M’=Co or Cu,X=Si or Ge. It is found to reproduce, in
a qualitative way, the measured magnetic phase diagram. Estimated values of the electron mean free path,
concentration of conduction electrons, and electrical resistivity, which are deduced from these calculations, are
in agreement with experimental results. Linear augmented-plane-wave calculations are also performed, and
their results are in agreement with some of the RKKY results.

I. INTRODUCTION have magnetically like a light Ln atofn.
The Ruderman-Kittel-Kasuya-Yosidd&RKKY) model is
Compounds of the WI,M"),X, system M=Ni, M’ an indirect exchange model, which correlates the concentra-

=Co or Cu,X=Si or G@ crystallize predominantly in the tion of conduction electrons, with the ground-state mag-
body-centered tetragonal ThSi,-type structure(l4/mmm  Netic structuresT=0 K).?~*° Also, when combining it with
space group They are all paramagnetic at room temperaturemolecular field th.eory, it predicts an oscillatOfy behavior of
(RT~295K) and undergo magnetic transitions into a varietyTn Upon changingz™* We therefore consider a one-
of magnetic structures below this temperat(fegy. 1).1-5 dimensional(1D) RKKY model for the description of the

The main features portrayed by these diagrams are th@agnetic interaction and structures in this system. .
following: (a) Only the U atoms order magnetically with In the present work we reconstruct the measured magnetic

structures characteristic of ferromagnetic U basal plane$ ase diagrams of the M(,M'),X, compounds(Fig. 1) at

. . =0 K using calculations in the isotropic 1D RKKY model
\S;fcigfz jl(%ngqt)he_rtﬁéretj;_%?g;e:zlds 2%?;?&9;; tggr:/”?l/io (see the Append)x In order to validate some of the RKKY
th . TI’,I b.U tic structure d ds st | results, we use linear augmented-plane-waAPW) calcu-
ec axis. The( ). magnetic structure depends strongly on,iqn¢'sing thavienss programt213
the M concentration; i.e., the magnetic structure highly cor-
relates to changes in the concentration of conduction elec-
trons,z"? and(c) “oscillatory” behavior of Ty upon varia-
tions in M concentration. The measured magnetic structures and the magnetic tran-
These unique characteristics of theNU(M "), X, system  sitions temperatures of the M(M’),X, compounds are
make it most suitable for the study of the magnetic and elecsummarized in two magnetic phase diagramsXetSi or
tronic nature of U. Ge (Fig. 1, and Refs. 4 and)5
In the U(5f) atom the electronic configuration is not as  These measured magnetic phase diagrams are character-
well known as in the lanthanide (Lnf4 atoms: the ized by five different magnetic structurésig. 1). They are
5f-shell radius is significantly larger than that of thEghell ~ dominated byk=(0,0,1) [AF-Il, corresponding to(+ —)
and its electron energies are close to the Fermi energy. Thusacking of ferromagnetic U plangsnd having smaller
the total angular momenturd is not a “good” quantum regions of k=(0,0,2/3) [ferrimagnetic, (+ + —)], k
number® In the UM,M’),X, compounds, the distance be- =(0,0,1/2)[AF-IA, (+ + — —)], k=(0,0,0) [ferromagnet-
tween adjacent U planes is5 A, with two planes of non- ic, (+ +)], and incommensurat¢C) sine-modulated struc-
magnetic X atoms between theénr. Obviously, a direct ex- tures.
change interaction between planes of U is negligible. Thus One of the tests of the isotropic 1D RKKY model will be
any magnetic ordering of U along tfeeaxis should be re- its ability to describe the observed sequence of magnetic
lated to an indirect exchange interaction. In this context thestates as a function & concentration and, in the case of the
U 5f shell is expected to have a behavior similar to that ofSi series, its ability to predict the existence of the unique
the Ln 4f shell. Strong evidence of this similarity was found ferrimagnetic enclavéFig. 1).
in the (U, NOCo,Ge, compounds where U was found to be-  The value of the lattice parameter ratita was found to

Il. EXPERIMENTAL RESULTS
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FIG. 1. The experimental magnetic phase diagrdi {s mag- L N T
netic structurg of the UM,M"),X, systems withM =Ni and M’ 2 4 6 8 10 12 14
=Cu or Co and@ X=Si or (b) X=Ge. Only the U atoms order Conduction electrons per U atom, z
magnetically with structures characteristic of ferromagnetic U basal
planes stacked along the tetragomadxis according to the wave FIG. 2. Calculated magnetic phase diagrams of J3Mi(c/a
vectork=(0,00). The U-ordered moments are parallectdHerez =2.4037) &0 K showing the magnetic propagation vector vs num-

is the number of conduction electrons per U, assumed to be propober of conduction electrons per U atom f@ A =1 A and (b) A
tional to the number of valence electrons of fleatom. Squares =200 A. The corresponding usual notation of the main structures is
indicate nonmagnetic CaB8e,-type compounds. shown in the diagram.

be independent of pressure in previous high-pres@uypeto ~ 9ram of UNgSi; (c/a=2.4037 at~10 K) in the rangez
0.63 GPa neutron-diffraction  measurements  on =0-20 was calculated for various values of the conduction
U(Ni;_,Cu,),Ge, compounds wittk=1 and 0.95(i.e., iso- electron mean free pathin the range of 1<. It was _found
tropic linear compressibilities for both compoundsAlso,  that forh=1-5A, only the AF-l and ferromagnetic struc-
no change in the magnetic structures due to application dilres are possiblgFig. 2@)], which strongly disagrees with
pressure of the compounds was observed. This is consistelie €xperimental resulfgig. 1(a)]. For higher values ok
with the isotropic 1D RKKY model, where no change in the the calculated magnetic phase diagram shows more compli-
ordered magnetic state is expected for constaand c/a. cated magnetic structures, but an enclave like range exists
Moreover, the isotropy of the linear compressibilities, found®nly for )‘_>30A nearz=11. Another enclave appears for

in crystallographically anisotropiuniaxia) materials, can »=200A in the vicinity ofz=4 [Fig. 2(b)]. For 200 A<)
probably be explained by a free-electron-gas-dominated<> NO significant changes are observed in the calculated
compressibility. This is a reasonable result for materials ifmagnetic phase diagram. Similar results were obtained in the
which the magnetism is mediated by conduction electron§alculations of the UNiGe, compound ¢/a=2.3049 at~10

(i.e., RKKY interaction. Following the free-electron-gas K. z=0-20. Thus the value of =200A was used for all
model!® the observed compressibilities ledze 9.7(2) and ~ reported calculations. _

10.1(1) for x=1 and 0.95, respectivell. Thus the addition UNi,Sh, (c/a=2.4037) The calculated phase diagraop

of 5% Ni (change of from 1 to 0.95 results in an increase @S @ function ofz at constantc/a) of UNi;Si, [Fig. 2b)]
of ~5% in z. shows two principal regions that can describe the observed

sequence of magnetic transitions as a functioiviafoncen-
tration, as well as the existence of the unique encldig.
Il RKKY CALCULATIONS 1(@]: The region withz=1-5 (region «), which is in
The magnetic ordering was calculated, usingAsCcAL  agreement with previous calculatiohsnd the region with
program, by summation of the Fourier transform of thez=7-14 [region 8, expanded in Fig. &], for which no
RKKY exchange coefficiend(k) over all U sites inside a calculations were done previously. In both regions there is an
sphere with a radius of 150 fEq. (A4) in the Appendij. enclave of 8<q<1 between two large areas @ 1. In both
For each of the compounds the valuesctd and N were  regions, starting from the enclavewhich is related to
fixed andq in [ko=(0,09)] with minimal magnetic energy UNi,Si,) and decreasing the magnetic structure changes to
[Eq. (A3)] was calculated as a function af[Egs. (A4)—  AF-l (q=1) and then to ferromagneticq&0) passing
(A6)]. through small regions of structures with<@<1. Starting
Mean free path determinatiorThe magnetic phase dia- from the enclave and increasirg the magnetic structure
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(c/a=2.4037) and(b) UNi,Ge, (c/a=2.3049) & 0 K and \ 2'468.0 85 9.0 95 10.0 105 11.0 11.5
=200A, showing the magnetic propagation vector vs number of
conduction electrons per U atom. The corresponding usual notation
of the main structures is shown on the diagram.

Conduction electrons per U atom, z

FIG. 4. Calculated magnetic structures for theMJM'),Si,
compounds corresponding to their lattice parameter &t and
changes to AF-I. This behavior is in very good agreemennhumber of conduction electrons per U atam,
with the observed phase diagrdfig. 1(a)] for both calcu-
lated regions if the changes rare explained by substitution No significant change is found in the general appearance
of Ni by Cu (decreasing) or by Co(increasingz); see Sec. of the calculated phase diagrams as a function/ef Nev-

V. ertheless, as/a increasedi.e., as we replace Ni with either

UNi,Ge, (c/a=2.3049) The calculated phase diagram of Cu or C9, the different magnetic regione., ferro, AF-I,
UNi,Ge, shows in general the same features, which werderri, etc) appear for smallez values in both calculated
obtained in the calculated phase diagram of A8§i As was phase diagraméFigs. 4 and b The width of the ferrimag-
previously described, the W(,M"),Ge, experimental mag- netic enclave goes through a maximum at L8 (Fig. 4).
netic phase diagrarfFig. 1(b)] lacks the unique ferrimag-
netic enclave observed in the M(M"),Si, experimental

magnetic phase diagralfig. 1(a)]. Notwithstanding, a close V. LAPW CALCULATIONS

examination of the enclave in the calculated UB& phase In order to validate the RKKY calculations, the electronic
diagram is intriguind Fig. 3(b)]. Two significant differences structure of W ,X, compounds K =Co,Ni, Cu; X
are detected at the corresponding regioffrig. 3):  (a) The  =Si, Ge have been investigated using the linear augmented-

enclave positions for UNSIi, and UNi,Ge, are atz=11 and  plane-wave (LAPW) program wiengs.*2'® The program
12, respectively(b) The enclave in the UNGe, phase dia- takes the crystallographic structure of a compound and the
gram is almost symmetric, unlike the asymmetric enclave irelectronic structures of its atoms as the input and calculates
the UNi,Si, phase diagram. the number of conduction electrons, the partial density of
The effect of c/aln order to study the effect affa onthe  states(DOS), and Fermi energyEg). The number of con-
calculated phase diagrams of the(Ny;_,Cu),X, and duction electrons per formula unit of W, and X and the
U(Co, _yNiy),X, systems, we calculated the magnetic struc-total number of conduction electrons per formula unit were
tures as a function of (in the range 7—14for the com- calculated and are 3-3.5, 0.9-1.3, 1.6-2.2, and 8-10.5, re-
pounds for which we have experimental ddia., x=0, spectively. The DOS scheme of Uf ®lectrons andM 3d
0.05, 0.1, 0.25, 0.5, 0.75, 0.85, 1 agye-0, 0.5, 0.75, 0.9, electrons obtained for M,Si, and UM ,Ge, are depicted in
0.95, 1 forX=Si; x=0, 0.25, 0.5, 0.75, 0.9, 0.95, 1 ayd Figs. 6 and 7, respectively. The DOS scheme dfJEe, is
=0, 0.125, 0.75, 1 foX=Ge). The value ofc/a for each of in very good agreement with the results obtained previously
the compounds was taken from observed neutron-diffractioby the augmented-spherical-wa&SW) method!’
data at low temperatures(<10 K) and room From these results it is clear that the total number of con-

temperature$;>1416 duction electrons per formula unit for the two systems is in
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FIG. 5. Calculated magnetic structures for theMJM'),Ge,
compounds corresponding to their lattice parameter @&t#oand
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CaBeGe,-type structurdsee Fig. 1b)].
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for UM,Ge,.

the range of 8—-10.FregionB in the RKKY calculated phase
diagramgFig. 2)] and not in the range of 1-{4egiona (Fig.

2)]. As we move from UCgX, to UCwX,, one can see that
for all compounds the U 6band is crossed by Fermi energy,
with a contribution of roughyl 3 U 5f electrons to the con-
ducting bandFigs. 6 and Y. At the same time, the®states

of the M atom move to lower energies away frdgp and the
probability for a 3 contribution to the conduction band de-
creasesFigs. 6 and 7. This tendency is accompanied with a
decrease irEg. The resulting effect of this trend should
yield an almost fixed magnetic moment on the U atom and a
decrease in the magnetic moment of the transition metal with
an increase of its atomic number.

V. DISCUSSION

The results of the isotropic 1D RKKY calculations are in
qualitative agreement with the experimental magnetic phase
diagrams. The number of conduction electrons per U atom in
the UM,M"),X, compounds deduced from the isotropic 1D
RKKY calculations could be either in the range £ 1-5
(regiona) or in the range okz=7-14(regionB) (Fig. 2. In
order to resolve which of the two regions describes best the
experimental phase diagram, we take into account all avail-
able experimental data. The analysis is discussed below and
summarized in Table I.

LAPW calculations for these compounds result in values
of z=8-10.5 conduction electrons per U atgifable .
Moreover, a value ofz~10 is evaluated for the
U(Ni, Cu),Ge, compounds when applying the free-electron-
gas model to the high-pressure neutron-diffraction results
(Ref. 14, Table).

One of the most obvious characteristics of the experimen-
tal magnetic phase diagrams of M(M"),X, is the exis-
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TABLE |I. Comparison between calculated and experimental

magnetic phase diagrams of theMJ(M '), X, systemzis the num-
ber of conduction electrons per U atomjs their mean free path,
andp, is the electrical resistivity. The calculatgd, is deduced

from zand\ corresponding to the enclave appearance and using the

free-electron-gas modéEqg. (1)].

Calculated Experimental
Characteristic Regioa Regionpg results
z (RKKY) 1-5 7-14 18
z (LAPW) 8.0-10.5
P, (ucm) <45 <16 8@
A (R) >200F ~12¢
>30° ~6¢
X=Si Enclave area at Cu Bigger Smaller Smaller
side vs Co side
AF-l area at Cu  Bigger Smaller Smaller

side vs Co side

#High-pressure neutron-diffraction results, using the free-electron-

gas modelRef. 14.

PHondaet al. at low temperaturéRef. 18.

°\ at which the enclave appears.

9From electrical resistivity, assumingat which the enclave ap-
pears, and the free-electron-gas model.

tence of regions with €q<1 (Fig. 1). Whereas for mag-
netic structures witly=0 or 1 the magnetic period is one to
two halves of a unit cell in the direction (5—-10 A), for
structures like AF-IA(+ + — —) it is four halves of a unit
cell in thec direction (~20 A). Obviously, for IC magnetic
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FIG. 8. Mean free path of the electrons,as a function of the
number of conduction electrons per U atanfor several electrical
resistivities in the regime of the free-electron-gas model.

~4 (region «), leads to an electrical resistivity o,
<4.5u0 cm (Fig. 8, Table ). (2) The experimental electri-
cal resistivity of UN}Si, at low temperature isp,
=80 cm.!® Using this value, we estimate~11A for
regiona and\ ~6 A for region 3 (Fig. 8, Table ). The total

structures the magnetic period is much larger. In the RKKyelectrical resistivity, being the sum of electrical resistivities

model, the amplitude of the spin-density oscillations, trans
ferring the magnetic interaction, is being damped exponenf

tially with e Ri’* [Eq. (A1) in the Appendi}. Therefore, it
is reasonable that for 1AN<5 A our RKKY calculations
show only the AF-I and ferromagnetic structures and that th
enclave in thez=7-14 region does not exist below
=30A and stabilizes only fok =200 A (Fig. 2). Thus, ac-
cording to the isotropic 1D RKKY model, we may estimate
that in the UM,M"),X, compounds the mean free path of
the conduction electrons is of the order of 100 A at low
temperatures. Such a long mean free path is characteristic
the free-electron-gas model for metals at room temperature.
This approximation is also consistent with the results o
tained in the high-pressure neutron diffraction of the
U(Ni;_,Cu,),Ge, compounds mentioned abotf.

Following the free-electron-gas approximationye use
the relation between and the electrical resistivity,, ,

177

_pM(

whereM,, is the molecular mass of the mater{a g/mol)
and p is the mass density of the materi@h g/cnt). The

Mm 2/3

zp

D

caused by different mechanisms, includes also the Kondo

ffect, which, if exists, raises the resistivity. Thus the exis-
tence of the Kondo effect in UNbI, can explain the discrep-
ancies between the calculated and experimeptaand A
é(alues(TabIe ). Even though both regions could explain the
experimental electrical resistivity, the values corresponding
to regionB are closer to reality.

Two qualitative characteristics observed in the experi-
mental magnetic phase diagram of theMUM’),Si, com-
pounds are thafl) the enclave at the Cu side of the phase
g}agram is smaller than on the Co siddég. 1(@)]—i.e., it is
asymmetric relative to UNBi,—and(2) the AF-1 area at the

p.Cu side of the experimental phase diagram is smaller than

the AF-I area at the Co sid€ig. 1(a)]. Assuming a correla-
tion between the number of valence electrons ofithatom

and conduction electrons this atom donates to the unit cell,
the number of conduction electrons per U atamnjs ex-
pected to decrease for a continuous substitution of Co by Ni
and then of Ni by Cu. This assumption is in agreement with
the LAPW resultdFigs. 6 and Y and with the high-pressure
neutron-diffraction result¥* Therefore, the CdCu) side in

the calculated phase diagram corresponds to higimsalle)

z values than the enclave’s. Thus the two qualitative charac-

mean-free-path dependence on the number of conductiaeristics mentioned above are in agreement with regiamd

electrons for different electrical resistivities is depicted in
Fig. 8. This figure can be used in two different ways1)

in disagreement with regioa [Fig. 2(b), Table I
From the summary of the above discussion, presented in

Taking\ >30 A for UNi,Si,, where the enclave first appears Table I, we conclude that the experimental results corre-

atz~10.5(region ), leads to an electrical resistivity @f,
<16u£) cm (Fig. 8, Table ). On the other hand, takiny
>200A for UNi,Si,, where the enclave first appears zat

spond to regionB. Therefore, we find that the number of

conduction electrons per U atoms in these compounds is of
the order of 1Q(Fig. 2.
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Discrepancies between the experimental and calculatedonic nature of U in the compounds discussed.
phase diagrams exist and are worth discussing, as they can

lead to the refinement of the theoretical model. ACKNOWLEDGMENTS
The main difference between the experimental magnetic
phase diagrams of W{,M’),Si, and UM,M’),Ge, is the The authors thank Dr. Moshe Kuznietz, and Haim Pinto

appearance of the ferrimagnetic enclave in the forfireg.  for fruitful discussions, which helped shed light on some of
1(a)] and its absence in the latfgfig. 1(b)]. This is in agree- the above problems.

ment with the RKKY and LAPW calculations, which show

no ferrimagnetic enclave for the UpBe, compound. Nev- APPENDIX

ertheless, the RKKY calculations suggest that there will be ) .
such an enclave when we will replace Ni with Ca ( |SOtr0p|C 1D RKKY modelThe RKKY model describes

>11.5). Candidate compounds for examination of this pre_the indirect exchange interaction between a pair of magnetic

i ; ; toms via polarization of conduction electrons. The interac-
diction, such as (Lo, Nig5),Ge, and UCaq, 75Nig 25-,G6,, a ) . : : .
crystallize in the CaBj«Gez—type structure IPA{/nmm space tion of ;pmSi localized at_Ri with the spin den_sny o_f the
group and could not be discussed in the frame of the preserfionduction electrons polarized Iy at R; results in an indi-
work. rect interaction ofS; with S; described by the Hamiltoniah
Discrepancies exist also with regards to the exact value of 52
g for the .various struptures. Thevalue pf the ferri!'nagneti_c = — 9_7722_sz F(2keRij)(S - Sj)e—Rij (AL
enclave in the experimental W{,M"),Si, phase diagram is 2 EriF
0.667, whereas the calculated value is not less than 0.85.h
This discrepancy may be a result of the use of an isotropi/"¢"®
model applied to an anisotropitetragonal crystal structure. X COSX SinX
The mutual effect oz andc/a on the magnetic structures F(X)= ————, (A2)
of the UM ,M"),X, compounds is depicted in Figs. 4 and 5 X

for U(M,M"),Si, and UM ,M"),Ge;, respectively. We find is the number of conduction electrons per magnetic atom,

that for a givenz, by changmgc/a.n 'S not possible to Jstis the exchange constant of the interaction of the localized
reproduce the sequence of magnetic transitions found in thgpin with the conduction electronkg is the Fermi energy
experimental magnetic phase diagrarfi§g. 1). Conse- '

: . A ) . and\ is the mean free path of the conduction electrhs.
qguently, any discussion of the magnetic interactions in th

e . . . L.
. X . The interaction energy is deduced from a variational so-

U(M,M"),X, compounds in the framework of the isotropic |, .. g = ; )

1D RKKY model, requires that changes in the transition—lu“on to the Hamiltonian in Eq(A1) and by using the Fou

o TSN . rier transformi®
metal concentration will correspond to changes in the num-

ber of conduction electrons per U atom, as well as the ob-
servable changes in thea values. E=—N>, J(k)|SJ? (A3)
K

VI. CONCLUSIONS whereS, is the Fourier transform d&, N is the number of

magnetic atoms](k) is the Fourier transform aJ;; |19
In this work we discuss the validity of the RKKY model

description of the magnetic interactions in theNUM '), X, 1 R

systems. From a comparison of calculations using isotropic J(k)= mE J; e, (A4)
1D RKKY, LAPW, and free-gas-electron models, with the H

experimental magnetic phase diagrams, we conclude the foing J;j is the RKKY exchange coefficient. Assuming a

lowing. _ _ ~ spherical Fermi surfac¥,
(1) The isotropic 1D RKKY model gives a qualitative
description of the experimental magnetic phase diagrams of 9r 72
the UM,M’),X, systems. Jij =7J§fE—F(2kFRij)e‘Rii I (A5)
F

(2) The magnetic ordering in these systems depends

strongly on thg number of conduction e_Iectrons per U atomwherekF is deduced from the isotropic approximation
(3) The estimated value of conduction electrons per U

atoms in these systems is 10. This number varies in the range

" . . T3 [6za
8-12 as we change the transition-metal concentration in Ke=— —_ (A6)
U(M,M")2X5. a T c

(4) The estimated values of the mean free path, electrical
resistivity, and number of conduction electrons per U atom, Minimal magnetic energy would be achieved for maximal
deduced from the isotropic 1D RKKY and free-electron-gasJ(k) [Eq. (A3)]. A PASCAL program was written, using the
models, are in agreement with experimental results. above equations, to calculalék) for fixed values ofz, c/a,

(5) Some discrepancies between the experimental phased\. The calculations yield the value & for which J(kg)
diagrams and those calculated using the isotropic modés maximum. The magnetic structure with minimal energy
were found. Future study of these discrepancies, for exwill thus consist of ferromagnetic planes modulated viigh
ample, using an anisotropic 1D RKKY model, may lead to aalong c. In this work we discuss zero-temperature calcula-
deeper theoretical understanding of the magnetic and elet¢ions only.
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