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Valency of rare earths in RIn; and RSn,: Ab initio analysis of electric-field gradients
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In RIn; and RSn; the rare earthR) is trivalent, except for Eu and Yb, which are divalent. This was
experimentally determined in 1977 by perturbed angular correlation measurements of the electric-field gradient
on acd impurity. At that time, the data were interpreted using a point charge model, which is now known
to be unphysical and unreliable. This makes the valency determination potentially questionable. We revisit
these data, and analyze them usafiginitio calculations of the electric-field gradient. From these calculations,
the physical mechanism that is responsible for the influence of the valency on the electric-field gradient is
derived. A generally applicable scheme to interpret electric-field gradients is used, which in a transparent way
correlates the size of the field gradient with chemical properties of the system.
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[. INTRODUCTION tion schemes based @ initio methods are available nowa-
days(see, e.g., Refs. 8—13lt is the goal of this paper to
Many rare earthgR) and group llla or IVa element&X) revisit the SS data using aab initio electronic structure
form stableR X3 compounds in the AuGustructure(Fig. 1).  method. We will examine whether the same conclusion about
They can be considered as dmelement metal homoge- the valencies can be reached, and we will show how this way
neously diluted in arsp-element metal, and therefore serve of analysis significantly increases insight about the EFG. It
as a good case to study the interaction betwkamd sp  will be pointed out how this new understanding can be used
electrons in the regime of lardeelectron concentrations. For to solve questions in related actinide compounds.
instance, predictions of the Rudermann-Kittel-Kasuya-
Yosida (RKKY) model about the appearance of magnetism
on the intrinsically magneti® atoms immersed in a matrix Il. FORMULATION OF THE PROBLEM
of nonmagneticX atoms can be testédAnother question _
that has attracted much attention is the valency of the rare A.The EFG at X in RX,
earth elements in these compounds. In pure rare earth metals In this paper, we will deal with the main component,
they are trivalent, except for Eu and Yb, which are divalent.of the EFG tensor. The electric-field gradient tensor is a sym-
In compounds too, most rare earths are trivalent, except fametric traceless tensor of rank(five independent compo-
Sm, Eu, Tm, and Yb, which appear in a divalent as well as iments, formed by the second derivatives of the electric po-
a trivalent configuration. What will be the rare earth’s va-tential due to the electrons, evaluated at the nucleus. The
lency in an RX; compound? Valencies can be inferred physical interpretation of its main componan, is that it is
through, e.g., lattice constant measuremeRfs" ions are  proportional to the deviation from cubic symmetry of the
larger thanR®*, leading to a larger lattice constant in the (valence electron charge distribution in the near vicinity
former case. Whereas this effect is 10% for pure rare erths(<0.2 A) of a particular nucleuX,, which is either a regu-
it rapidly reduces wherR is diluted. ForR=(Eu, Yb) in lar constituent of the solid or a highly diluted impurity
RSn; andRIn3, a small increase of less than 2% can be seelfV,,=0 means a charge distribution with cubic or higher
when compared to othd®Ing and RSn; compounds:* This symmetry. The value ofV,, is determined by the chemistry
was taken as an indication for the divalency of Eu and Ybof the first few atoms surrounding,. The AuCy structure
also in these particular series of compounds. The temperature
dependence of the susceptibility of Yb in YhIsupported P
this assignment. The question was finally settled when ~
Schwartz and Shirléyin 1977 measured the electric-field A
gradient(EFG; see Sec. Il fat a*'Cd impurity inRIng and ® ®
RSn;. For R=(Eu, Yb) the electric-field gradient showed a ®)
dramatic drop of 50% relative to other rare earths, which by ® ®
a simple point charge modésee the Appendjxcould be
related to a changing valency. The effect was so striking that ZI
Y

O

the Schwartz and Shirle§8S measurements are considered
as the archetypical example of valency determination by
electric-field gradients ever sinéé.

A weak point in the analysis of SS is their reliance on a FIG. 1. TheRX; structure in a less traditional setting withat
point charge model. It was the only model for EFG interpre-the center of the unit cell, showing the local symmetry of Xhsite.
tation at that time, but much more sophisticated interpretaBlack = R, white = X.
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FIG. 2. (a) ExperimentalV,, on Cd inRIn; and RSr; (Ref. 4. (b) Electronic enhancement factkrderived from(a), if ZER“:B and
Zf‘ffLSn):(l,Z) is used. The value cheR“=2 is indicated too(c) ExperimentalV,, on Sn inRSn; (Refs. 1, 16—18 (d) The electronic
enhancement factde derived from(c), assumingZ&'=3 andz&"=2.

is shown in Fig. 1, in an unconventional setting with an atom (1)
X at the center of the cell. The 12 other atoms in Figfalr

R atoms and eighK atoms are the 12 nearest neighbors of \yith e the electron charge arfdl) a known function of the
X. The point symmetry aX is 4/mmm which is lower than \clear spinQ is measured in barns (1=10 28 m?) and

cubic: V,, on X will be different from zero. If in the entire ;i1 \/m2. In this paper alV,,—whether they are calcu-
. . zz . zz
crystal a singleX atom is replaced by some other atofy, lated or measured—are given in units o19/m2. They

:,ZTUQOIHJfS{/mmth\,% atc:]hallsrfoslti;v\/lxllle:/eerpal?him%?;r;(r:]t?on can be converted td°%Sn Massbauer splittingeQV,,/2
2z g ' (mm/s by multiplying with 0.124914 and intlCd PAC

R, X)X, is different from the original interaction : . .
éR,XgHX? which changes the sizésut noq[ the symmetiy frequencieeQV,,/h (MHz) by multiplying with 20.0693.

of the charge distribution nedg,. In reality, we will replace
more than one atorX by an impurityX,, but the concentra-

tion of Xy will be low enough to prevent interactions be- . .
tween different impurities. In experimental conditions this, Using the perturbed angular correlati®?AC) method, SS

means that one can introduce impuritkésat a ppm concen- 1N 1977 measuredf,, at a*'Cd impurity (=Xo) in as many
tration intoRXs, measure/,, at X, (which will be different ~ RINs and RSn; compounds as they were able to prodfice.
from V,, at X), and still learn something that is valid for the Their results are shown in Fig(@. The large drops at Eu
pure RX; compound. Experimental methods that can deterand Yb (Euln could not be producgdare immediately vis-
mineV,, are Massbauer spectroscopyS), perturbed angu- ible. These results were analyzed using a point charge model
lar correlation spectroscoffPAC), nuclear quadrupole reso- (PCM; see the Appendix for a detailed descrip}id®S used
nance spectroscopyNQR), and otherd? V,, cannot be a valueQ=0.44 b for the'*'Cd quadrupole moment, which
measured directly. The quantity that is experimentally access very different from the valu&€=0.83 b known today’
sible is theelectric hyperfine splittind\E,;: a splitting in the  This invalidates their original PCM analysis, which was
electronic and nuclear energy levels that is proportional tdased on a fortunate but accidental numerical agreement
the product ofV,, and the nuclear quadrupole moméntlf  with experiment. Using the correct value of the quadrupole
for the nucleus, we knowQ from nuclear physics, then the moment, their line of thought can be reformulated as follows.
condensed matter propen;, can be obtained fromE; in If a reasonable choice is made for the effective charges,
the following way: sayZg'=3 (“trivalent” ) andZ:=1, the electronic enhance-

AER=1(1)eQV,,,

B. A point charge model analysis
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ment factork can be extracted from the measuiégd. This D. Questions to answer
is shown in Fig. 2), based on the SS data. As the chemical |, the preceding sections, we sketched several questions
properties of all lanthanides are quite similar, one does nofy4t gurab initio study should answer. They can be summa-
expectk tq vary very much as a function & This is clgarly rized as follows.(1) Why is V,, at Cd in RIng and RS
the case in Fig. @), except forR=(Eu, Yb). Such a jump  gyongly reduced foR=(Eu, Yb)?(2) Why is this not(or at
in Kk is telltale for a sudden change in chemistry, for instancqa 5t much lessthe case fol/,, at Sn2(3) Why is V,, at Cd

. . . zz * Y4
a change in valency. If one looks to the valueWy, in Fig. i, these compounds much smaller thég, at Sn, and more
2(a), one sees thﬂltdrops_byafactor of 2 for ngfrh'séf‘? generally, how can we understand the sizeVgf at the
consistent withZy,=2 (“d|v§1ﬁlent';f%, such thatZy,—Zin  g/mmmisite in these compound€®) Why is V,, at Cd in
=1is (_)nly ha!f asﬁlarge agp —_Zm =2. Moreover, |f_k IS RS half as large as iRIng if R# (Eu, Yb)?
determined using@y,=2, then thisk more or less fits inthe  In order to tackle these questions, we will use a visualiza-
trend of other rare eartfjiriangle in Fig. 2b)], which could  tion tool—theanisotropy functiom p(E)—that allows for a

be taken as additional support for divalent Yb. Similar transparent interpretation of the qualitative behavioWgf.
anomalies and drops M,, can be seen for Eu and Yb in the

RSny, series. If an effective chargel=2 is used, it can be
understood whyV,, for the RIng series is on average twice Ill. COMPUTATIONAL DETAILS
as large as that for theSn, series:Z&—7%"=2 is twice as
much asZ&'—z&"=1. Determination ok with Z& =2 is
not possible here, as it leads to a division by 0.

Within density functional theoryDFT), the full-potential
linearized augmented plane wau&LAPW) method as
implemented in thevie codé® was used to solve the Kohn-
Sham equations. For all calculations reported here, the gen-
eralized gradient approximatih(GGA) for the exchange-

The preceding section describes some successes of t@grrelation functional was used. The EFG Xrin RX; was
PCM to understand the valencies in these compounds. Curialculated using the crystallographic unit cell fBiX; as
ously enough, these successes come together with some s@own in Fig. 1(contains four atoms If an impurity X, is
rious failures as well. For instanc¥,, for Cd in EuSg and  introduced, the cell is first doubled in all three directions
YbSn, would be expected to be zerdf,—Z&=0. Figure  such that the new supercell contains 32 atoms. Then the ori-
2(a) shows that this is not the case. Even worse, the PCMjin is shifted to arX atom, and theX atom at the new origin
completely fails when it is used to explain the EFG on Sn inand those at the new corners of the supercube are replaced by
the RSn, series. Measuriny,, in such a case can be done X,,. This supercell has bcc symmetry, and can be represented
with Mdssbauer spectroscopy dh'Sn.*****No impurities by a primitive cell with 16 atoméL impurity Xo, 4 R, and 11
are needed here, and one would therefore expect an eveqatoms, which is our actual supercell used for the calcula-
better-defined and easier situation for the PCM. In Fig) 2 tions. As we cannot take into account strong correlations
V,, on Sn appears to be much larger than on Cd, which  very accuratelysee Sec. IV ¢ we will not aim for absolute
gives hope to observe a drop of much larger absolute magccuracy of the calculated,,. We therefore adopted an av-
nitude. If the trivalent caseg—Z"=1 corresponds to erage lattice constant of 4.6418 A for all compoufaich
about 18<10?! V/m?, one would expect that for Eugwith  deviates at most 0.1 A from the experimental lattice con-
zM—7eM=0 Vv, is zero or at least rather small. The data in stant$ and did not allow for possible relaxation of the posi-
Fig. 2(c) show that with some optimism a drop can be ob-tions of atoms surroundin¥,. It was checked for one ex-
served for both Eu and Yt depends on the particular mea- ample(Cd in Smir) that a change in the lattice constant of
surement, the data of Sanchetall® are best documented 0.1 A changesV,, on Cd by 10%. Taking into account
and most systemadicBut it is certainly not a large drop, and relaxation of the neighbors of Cd changes the nearest-
also the enhancement factor in FigdRis not too seriously neighbor distance by 1% and,, by 3%. This shows that our
affected. choice of a constant and unrelaxed lattice yields an accuracy

It is not clear why the PCM appears to give good insighton V,, of 10%, which is sufficient for our purposes. More-
about some aspects of the problem, but badly fails for veryver, this approach allows us to attribute all changeg,iyto
related aspects. In such a case, can one trust the “insighthe chemistry of the compound and not to the size of the unit
that the PCM offers there where it works? Or is the agreecell, which allows for a clearer determination of the physics
ment with experiment just good luck? After all, why should at work. For the same reason of not aiming for absolute
the effective chargesi be identical to the concept of a accuracy, we adopted rather low requirements for computa-
valency(see Sec. IV C for an exact definition of the lafer tional precision. In the FLAPW procedure wave functions,
Schwartz and Shirley wrote: “We will not attempt a quanti- charge density, and potential are expanded in spherical har-
tative interpretation of the value &f,,, which would require  monics within nonoverlapping atomic spheres of radiyg
a rather elaborate calculation of dubious value in light of theand in plane waves in the remaining space of the unit cell.
present understanding of the contributions to electric-fieldRyr values of 2.5 bohr were chosen f&rin the small unit
gradients in metals and alloys.” This “present understand-cell and for Cd in the supercelRyr for X in the supercell
ing” has much improved by now, and giving a quantitative and for R in all cases was taken to be 2.65 bohr. The maxi-
interpretation ofv,, by modernab initio methods is exactly muml for the waves inside the atomic spheres was confined
what we will do in the remainder of this paper. to I ,a—=10. The wave functions in the interstitial region were

C. Shortcomings of the PCM
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is the partial density of statep{DOS) in the muffin-tin
sphere around an atom, aff} is the Fermi energy. The
FIG. 3. Solid symbols: calculated,, on X and calculated/,, ~ integral pi(E1) counts the number of; electrons in a
on a Cd impurity in a series of mostly hypotheticalX@@ucom- ~ muffin-tin sphere with an energy less th&p. In our region
pounds K=Rh—Xe). Open symbols: experimental values fr 0f the periodic tablg€Rh to Xe) the orbitals being filled are
=Sn. 4d, 5s, and 5. From these, the spherically symmetris 5
_ can be excluded to have a relation with,. In the region
expanded in plane waves with a cutoff k.= 8/RyT for  where 4 is being filled(Rh to Cd V,, hardly changes, and
the small cell andk = 7/Ryr for the supercell. The charge it changes much more from In to Xe where the dccupa-
density was Fourier expanded up ®,,,=14. A mesh of tion is constant. This makes a significard dontribution to
165 speciak points was taken in the irreducible wedge of V. unlikely. If, howeverAp(Eg) for X is plotted against
the Brillouin zone for the small cell, and 75 for the supercell.V,;, We see an excellent linear correlation wif,. This
These relatively low requirements enabled us to calculatéhows that thep anisotropyAp(Eg) determinesV,,: if p
many different cases with nevertheless limited computer reelectrons accumulate in they plane (where the four Eu
sources. The numerical accuracy ¥p, was checked to be neighbors arg thenV,, is positive[Eq. (4)]. If the p charge
better than 5%, and the Density Of Statgghich will be  piles up preferentially along thedirection,V,, is negative.
shown in Sec. IV to be the key ingredient of the explanation This implies that we can use tipeanisotropy to interpre¥,,
did not change any more when going to stronger requirein terms of the chemical bond, as done for instance in Ref.
ments. 21. We will heavily rely on this in the remainder of the paper.
We can go one step further in the interpretation if we plot
IV. EFG CALCULATIONS IN RX Ap(E), i.e., as a function of the enerdy[Fig. 4(c)]. For all
X this gives a fairly similar function: a region of slightly
negative valuesp{, excesy at low energies, followed by a
As a first step, we want to understand why in theregion of strongly positive values, excesy a steep de-
impurity-free serieRSn;, V,, at Sn has the particular value crease to strongly negative valugs, xces$ and a rise to
of about 18& 10?* V/m? [see Fig. 20)]. To that end, in Fig. 3  roughly zero(spherical symmetjy The main feature that
V,, is calculated aiX in EuXs, for X=Rh—Xe (“regular” distinguishes the different elementsis the position of the
GGA is used, as opposed to the open core scheme that wifiermi energyEe, i.e., the filling of thep band. The value
be applied in Sec. IV L We do not care whether our fixed Ap(E=Eg) determines the actug anisotropy for that X,
lattice constant of 4.6418 A is the right one for these com-and hence determinés,,. From Rh to Xe, the position of
pounds, or even whether these compounds exist @pab-  Eg gradually moves from left to right through theaniso-
ably most of them will ngt What matters is understanding tropy. For Rh and Pd&r lies in the slightly negative region
the physical mechanism that determines the valu¥,6fin (small and negativ&/,,). For Ag to Te it lies in the positive
such structures. Figure 3 shows thgt, is close to zero for region, at ever larger valuggrowing and positive/,,), and
transition metalgRh to Cd, steadily increases up to Te and for | and Xe it went down the steep hill and lies in the
then suddenly changes to large and negative values for | amegative regior{large and negativ¥,,). The heavier the,
Xe. One of the values\,, on Sn in EuSg—can be com- the stronger the electrons are bound. This leads to a de-
pared with experimerifrom Fig. 2c)] and agrees with it. In  creasing width of the band and hence to larger values of the
Sec. Il A it was told thatV,, expresses the deviation from anisotropy function. This explains why,, can be(but not
spherical symmetry of the electron density in the immediatemust be larger for the heaviesX.
environment ofX. In Ref. 10 an explicit expression of this ~ One can note a similarity between the trend of the squares
asphericity is given in terms g andd orbitals (s orbitals  in Fig. 3 andV,, on Ag— Xe impurities in hcp Cd?~**In
have intrinsic spherical symmejrye will see soon that we the latter case the environment of the impurity is constant
need only thep orbitals here, and for them this expressionand built from Cd atoms only. In Fig. 3 the symmetry and
reads distances of the environment are fixed, but ¥eeighbors

) 1
Rh Pd Ag Cd In Sn Sb Te I Xe

A. V,,at X in EuX;
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change together with the probe. They still asp®lements,
however, just as Cd is. Therefore the explanation given for
the trend of impurities in CdRef. 25 and Fig. 2 in Ref. 24
applies also here, and can be understood as an equivalent
formulation of the idea described above and in Fig. 4.

B. V,,at Cd in EuX;

Working towards our actual problem, we now add Cd as
an impurity to the series dfmostly hypothetical EuX; com-
pounds. These are supercells with 16 atoms, Cd is & an
site. In Fig. 3,V,, on Cd is shown(again using “regular”
GGA). Here too there is one point (Eugrthat can be com-
pared with experiment, and taking into account the arbitrary
lattice constant and the absence of relaxation around the im-
purity, there is good agreement. The value\vgf, on Cd is
comparable td/,, on X for Rh to Cd and then remains es-
sentially constant at low positive values, except for | and Xe
where it is either zero or large and positive. In Figc)5
Ap(E) is shown for Cd. For all cases, the shape of this
function is quite similar to the one of Cd in Eugd~or the
lighter X, Ap(E) is rather broad and displays a maximum
that is near 4 eV forX=Rh and moves closer t&g for
heavier X. From X=Cd onwards, this maximum initially
moves in the opposite direction, and then returns while
Ap(E) becomes narrower with steeper features. Apart from
the beginningRh and Pdand the endl and Xe), the filling
of the Cdp band is fairly constant.

This behavior can be understood in detail by inspection of
the DOS and consideration about the lattice structure and
hybridization. We will not present this discussion here, as it
would bring us too far from the main topic of the paper. Be
it sufficient to mention that changes p(Eg) and the re-
lated changes iV,, are due to changes in G}, while Cd
p, remains fairly constant. At first sight this is unexpected, as
it is Cd p, that interacts with the variabl®, while Cd p,,
interacts with the constant H&ig. 1). However, for thoseX
where the deviation betweer,, on Cd and orX is largest,
there are nX p, states available at those energies where the
dominant Cdp, weight is. This prevents direct interaction,
and allows the indirect influence ofX p,, on Cd
pxy—mediated by Eu—to dominate.

C. The role of f electrons

Although DFT in its local density approximatiai.DA)
or GGA formulation provides an accurate description for
many materials, it fails in a few situations. One example is
when correlation effects become important, as is the case in
lanthanides. Strong on-site Coulomb repulsion splits the 4
DOS?2’ For a rare earth eleme®=[Xe]4f"5s? with n
nominal f electrons, an integer number of at least 1 f
electrons are localized at the atomic site and do not partici-
pate in the bonding. In thé DOS they yield a sharp peak

function of energy of X in EuXs. (For all pictures, the curves are Well below (15 eV) the Fermi energyFig. 6@a)]. If the re-
vertically displaced for clarity. The leftmost part of each curve startsmainingf electron is localized too, only two band electrons
at zero on the vertical axis. The vertical axis is calibrated by the(5S°) remain that are chemically active. In this case, the rare
double arrow in each picture, which has the indicated length. Th&arth is said to be divalent. In such cases often an unoccupied

Fermi energy is at 0 eY.

f-electron peak is found in the DOS a few eV abdae. In
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FIG. 6. Schematic picture of the partial DOS ofa divalent
' i ' ' and (b) trivalent lanthanide in a compound, with nominal
=10 3 0 3 10 f-electrons per lanthanide atom. The vertical line indicates the
Fermi energy.
R’ c)
1;‘; —‘—"/\\_,/ rare earth § and & states, which therefore acquire sofne
S |ca ”/\// character. The filled part of thielectron peak is left with
% In /\/ less than one electron. Such a situation is labeled as trivalent,
8 | s ’_’—\_/’ as three electrons are chemically active now. If LDA or GGA
=z "’f\/—' are used, the strong correlations betweenftakectrons are
cli __,,/\_/_ o largely missed: alh f electrons are treated as band electrons,
CE oo and consequently they are all found in a single, unsplit peak
| l/ —— Te at Er .?8=%DFT calculations that go beyond the LDA/GGA
< 0'00 / _/\/_, , level can to some degree improve on the treatment of corre-
o ¢0.2 lation: LDA+U,?® self-interaction correction(SIC),2"30-34
Wit —] \ - open core calculatior$;?° etc. Strangeet al®! showed that
T J T T with LDA +SIC a divalent or trivalent situation can be im-
-1 -5 0 3 10 posed on a rare earth atom in a compoudresulting in the
energy (eV)

correct DOS as given in Fig.)pand that the lowest total
FIG. 5. (a) Partial 5,, DOS of Cd in EX. (b) Partial 5, ~ €Nergy is found for that valency that appears in natsee
DOS of Cd in EXs. (c) 5p anisotropyAp(E) [as in Eq.(4) butas ~ @lso Refs. 27, 30, and 32-B4This proved that the DOS
a function of energlof Cd in EuX,. The inset shows a detail for Picture in Fig. 6 derived from experiment is correct, and we
EuSn,. (For all graphs, the curves are vertically displaced for clar-Will use this picture from now on as the criterion to distin-
ity. The leftmost part of each curve starts at zero on the verticaguish between valencies.
axis. The vertical axis is calibrated by the double arrow in each We did not use LDA-SIC or LDA+U, but the less so-
picture, which has the indicated length. The Fermi energy is at (phisticated “open core” scheme. The reason for this subop-
eV) timal choice—which was nevertheless sufficient for our
purposes—was our need to calculate simultaneously a
other cases, however, the remainifiglectron is bandlike quantity that is not implemented in many DFT codes. At the
too. It then participates in the bonding, and is seen in théime this work was carried out, no code with LDA
DOS as a sharpelectron peak that straddles the Fermi en-+U/LDA +SIC and EFG calculation was availaljlmean-
ergy [Fig. 6(b)]. This singlef electron hybridizes with the while, the new version of theviEN code—wiEN2k (Ref.
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TABLE I. V,, on Cd (16 atom supercgland X=(In,Sn) (no
supercell in severalR X; compounds, simulating trivalent and di-
valent situations with regular GGA and open core calculations, re-

spectively.

Ve v e

trivalent divalent trivalent divalent

Smirg 4.9 1.1 11.1 7.5
Eulng 4.7 1.4 10.6 8.4
Gding 4.3 1.5 10.0 8.4
SmSn 4.6 0.8 16.6 13.7
EuSn 4.1 1.3 16.2 13.6
GdSny 4.2 1.5 16.1 13.5
EuCd; 3.7 1.8
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V,, is consistently about2—3)x10?* V/Im? lower in the di-
valent case. Using EuGdas an example, we now examine
the mechanism of this reduction. Figur@)7shows the total
DOS near the Fermi energy for the trivalent and divalent
cases. The only difference is the presence of the Hiygak

at the Fermi energy. In order to see how thipeak influ-
encesV,, on Cd, thep,, DOS of Cd is compared for both
valences in Fig. (b): in the trivalent case, a number of states
has been moved from the unoccupied region just above the
Fermi energy to the occupied region just below it. This indi-
cates a strond-p hybridization in thexy plane. Figure )
shows that for the direction thef-p hybridization is much
less pronounced. The reason for this difference can be under-
stood from Fig. 1: thé-carrying Eu atoms are in the locay
plane that contains the Cd. The @g, orbitals are pointing
towards Eu, which is not true for Cgl,. An increase of the

(35—has LDA+U included. In an open core calculation, number of occupied j,, states while the number of occu-
the f-electrons are removed from the valence bands, and aggied 5p, states remains constant means that tpeafisot-
treated as atomic electrons. They cannot hybridize with theopy function reaches a higher value at the Fermi energy
other valencespd electrons any more and are perfectly lo- [Fig. 7(d)], which corresponds to an increas¥d, in the
calized. Such a situation is similar to the divalent case of Figtrivalent case.

6(a), where thd states have no effect on the occupied part of
the broad bands below the Fermi energy. A “regul&’ no
open corg¢ LDA/GGA calculation, however, puts afl elec-

This mechanism is summarized in Fig. 8: the effect of the
presence of ahpeak on thep,, band is that it digs a hole at
energies higher than the energy of fhgeak, and makes an

trons at the Fermi energy, which is similar to the trivalentextrap,, peak at the position of thepeak. Depending on the
situation of Fig. 6b). In Table I,V,,0on In or Sn and on Cd position of Eg, the p anisotropy and therefor¥,, will be

is given in SmSg, Sminy, EuSn, Eulny, GdSn, and

either unchanged Hr=E,), increased Er=E,) or un-

GdlIng for the trivalent and divalent situations obtained with changed Er=E3). The increase is of the order of magni-
regular and open core calculations. This is compared witiude of 3<10°' V/m?. Looking at the criterion for di- or

V,,on Cd in hypothetical EuGd Both for Cd and In or Sn,

—_
=1
)

trivalency in Fig. 6, we see thd&-=E, corresponds to a

; 0.157 )
a C
=2 trivalent )
28 divalent
g 8 e trivalent
% 2 divalent
Q K §
e 6 g 0.10
g &
= o
=]
4 A &)
0.054
2
0 T T T T 0 T T T T T
S -1 0 1 2 2 1 0 1 2
b) d)
trivalent > 0.06
% divalent 5 trivalent
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2
i% ' 0.04
& o
a v
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Q QO

o
—_
1

o
<3
0

0.00 4

T T
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energy (eV)

-0.02 T T T T
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energy (eV)

FIG. 7. All pictures are for EuGd The solid line is for divalent Eu, the gray line for trivalent Ea) Total DOS,(b) Cd 5py, DOS, (c)
Cd 5p, DOS, (d) Cd 5p anisotropy function.
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a) ¢ smaller thanV,, at Sn, and more generally, how can we
: ' : p understand the size &f,, at the 4mmmsite in these com-

4 pounds? The shape of tieanisotropy as a function of the
filling of the 5p band(Fig. 4 and Sec. IV Ais the answer.
The Cdp band is almost not filled, and thganisotropy is
low in that region. The Sp band is filled with two electrons,
and the anisotropy reaches a much higher value.

Question 4: Why isV/,, at Cd inRSn; half as large as in
Ring if R#(Eu,Yb)? The filling of thep band involves
changes oW,, in a range of 2% 10°* V/m?. The difference
between Cd inRSn, and RIng is only 2x 1071 V/m?, less
than one-tenth of this. We saw thdj, of Cd tends to keep a

: : : similar value throughout thBX; series, and a difference of
b) P : only 2x10%* V/im? is “similar” on the scale of thep-band

: 1 : filling. We must therefore look for quantitative details that
cannot be explained in our present approach, which is meant
for discovering mechanisms. As seen in Fig. 3 and Table I,
our calculated values for Cd iRSn; are very similar to the
values for Eulg. This can be due to the averaged lattice
constant and to the details of thpeanisotropy for Cd. We
cannot fully answer our fourth question, and can only con-
clude that more realistic modeling is needed here. A sugges-
tion for a possible answer can be inferred from Fi¢c)5
(inseb, where a significant drop in thg anisotropy closely
: : below the Fermi energy is seen. It would not be surprising if

the Fermi energy in an accurate calculation is a little bit

E, E, E, energy shifted to fall below this drop, which would considerably
lower V,,.

These answers were derived from an analysis of the shape
and filling of the anisotropy functiodp(E), which is cal-
culated for the atom/nucleus of interest’Cd and *'°Sn)
and other related atoms in similar and maybe hypothetical
compounds. The shape of the anisotropy function is corre-
lated with the partial DOS of other atoms.

partial DOS

anisotropy function

FIG. 8. Schematic presentation of the effect of the lanthanfde 4
peak(arrow) on (a) the 5p,, and 5, DOS of the Cd impurity and
(b) the Cd 5 anisotropy function.

trivalent case, whil&Eg=E; is the divalent one. This means
we showed that and understood why the position of fthe
peak lowersV,, with about 3< 107! V/m? (order of magni-

tude if the rare earth changes from a tri- to divalent state.
VI. CONCLUSIONS AND OUTLOOK

We revisited electric-field gradient measurements that
were interpreted by a PCM analysis to be a proof for the
In Sec. Il D, four questions were raised. They have beerlivalency of R=(Eu,Yb) in RX;3 (X=In, Sn). The PCM
explicitly or implicitly answered in Sec. IV. These answers seemed to work well for part of the problem, but not for
will be made explicit and summarized now. other parts. Why? Because the apparently good results of the

Question 1: Why isV,, at Cd inRIn; andRSn; strongly ~ PCM were just good luck. The PCM predicts a relative drop
reduced forR=(Eu, Yb)? For trivalent rare earths, hybrid- of V,, if the valency changes. We showed it must be an
ization between rare earfhstates(in the xy plane and near absolute drop. By accident, the order of magnitude of this
Er) and Cdp,, states increases the @dnisotropylexcess —absolute drop is similar to the relative drop that the PCM
of p,y and hence/,, (Figs. 7 and 8. This increased/,,is  predicts if for the effective char ‘E{f the valency number is
the regular value of (2—4910? V/m? that is observed in used (there is no compelling reason why this should be
Fig. 2(a). For divalent Eu and Yb thépeak shifts a few eV doneg. Our ab initio analysis shows how the drop 9%, can
higher to the unoccupied region. The increasé&/gfis un-  be related to a valency using the DOS. This gives insight in
done, and it drops by 8107 V/m? (order of magnitude how the chemical bonds in these compounds are responsible

Question 2: Why is this notor at least much leghe  for the value ofV,,.
case foV,, at Sn? The same mechanism as for Cd exists for In the past decades, work has been doné/gnin RXg
Sn, leading to the sanmebsoluteamount of reduction o¥/,,  compounds, whereR is an actinide instead of a rare
(Table ). This absoluteeffect is in contrast to theelative  earth®*~**The mechanism how to understa¥g, as a func-
effect expected from the point charge model. Becaigsds  tion of p-band filling will remain valid for actinides, too.
much larger for Sn than for Cd, the effect is relatively Moreover, for the light actinides up to Np alf ®lectrons are
smaller and easily obscured by other fluctuation¥ j. itinerant(bandlike. No SIC is needed here, since LDA/GGA

Question 3: Why isV,, at Cd in these compounds much gives accurate resulté*°With the ideas presented here, one

V. DISCUSSION AND SUMMARY
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cannot only obtain a deeper insight in the meaniny gffor ~ bond between an impurit{, and (R, X)—is reintroduced by

AuCu; actinide compounds, but even aim for quantitativelytwo means. First, this EFG due to the lattice of point charges

correct calculations. On a more general level, we expect thaivhich are external to the atoiy) amplifiesv'f‘zt by a de-

the method of EFG analysis we presented here can be usefigrmation of the electron cloud around,. This is expressed

in many more cases where physical information has to bgy the so-called Sternheimer antishielding factor-(i.%)

deduced from EFG measurements. that can be obtained by Hartree-Fock calculations and is

available in tables for many atorfi§Values of (1~ y°) are

often large and positive, e.g., 30.27 %= Cd and 23.34 for
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APPENDIX: THE POINT CHARGE MODEL

Not being able to calculate detailed electron densigss  The electronic enhancement factor is a “leftover” parameter
pecially near the nuclelsn the 1970s, the wave functions that absorbs all inaccuracies of the other parts of the model.
were neglected. Instead, the charge distribution of the eledt can be determined only by comparing a PCM calculation
trons that is continuous in reality was imagined to be conwith a corresponding experiment. This makes the PCM ab-
centrated as point charges on the nuclei, and each nuclesslutely unpredictive as far as the value\gf, is concerned.
was attributed some effective charg&". The contribution Combining Eqgs(Al) and(A2), V,, can be expressed as a
to V,, of such a lattice of point charges can be calculatedunction of known quantities, wittk and (z‘,;“—z‘;ff) as pa-
exactly by a sum over the entire lattice. For the case of theameters. The latter depends in a rather well-defined way on
4/mmmposition inR X3, this sum can be shown to converge the host matrix only, whilek reflects in an uncontrollable
to the expressidif=4° way the chemistry between the host matrix atg

The point charge model has a long tradition in the inter-
e8.67 & z2M pretation of electric-field gradients in solids. It is now well
T 3 (A1) established that calculating the electric-field gradient from

first principles is in all respects superior to the PGke,
with a, the lattice constant. Now the effect of the continuouse.g., Refs. 8—13 Nevertheless, it appears hard to eradicate,
wave functions—sensitive to the details of the chemicaland in some communities even still gets refifiéd.
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