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High-pressure'>*Gd Mossbauer measurements on Gd metal, Gg@&dJRw,Si,, and GgCo;,N; were
performed at 4.2 K. The maximum pressures reached were about 18 GPa. The resulting volume reductions of
20-30 % were determined using high-pressure x-ray diffraction. The pressure dependence of the electric-field
gradients and hyperfine fields obtained for the first three systems was compared with predictions from first-
principles band-structure calculations. Significant changes of the hyperfine parameters are observed, especially
for elemental Gd metal. With increasing pressure, an increase of the electron density at the Gd nuclei is found
in all compounds. The values of the hyperfine field initially increase with pressure. For Gd metal the induced
structural phase transitions result in large changes in the electric-field gradient at the n¥lgusTiie
intermetallic compounds show no structural phase transitions and relatively small changes ithe com-
bination of experiment and calculations indicates that the transition-metal magnetic moments decrease at high
pressure. Although for zero pressure predictions of the electric-field gradient and the hyperfine fields, based on
the calculations, are quite accurate, the calculated pressure dependence of the hyperfine parameters for Gd,
GdCos;, and GdRySi, does not in all cases lead to a satisfactory agreement with experiment. The application
of pressures therefore may give additional stimulus for the improvement of the theoretical description of band
structures and hyperfine paramet¢&0163-18207)00133-]

I. INTRODUCTION The principal crystal field parameterA$. Depending on the
rare-earth element, the charge cloud of tHeshell (in the
In the past century the strength of permanent magnets hagesence of the exchange field resulting from the neighbor-
followed an exponential growth with time, and new develop-ing magnetic atomscan have a more disc-liké‘oblate”),
ments continué.During the last decades improvements havegr a more rugby-ball-like(“prolate”) shape. The electro-
been made in permanent magnet materials consisting of rargeagic interaction of this nonspherical charge cloud with the
earth intermetallic compounds. The high magnetic anisoteysia) field causes thef4charge cloud, and its magnetic
ropy required is provided by the rare-earth sublattice, while g,,ment 10 be oriented in a preferential crystallographic di-

high magnetic ordering temperature and magnetization M3 ction. This is the main factor determining the magneto-

from transition elements like iron or cobalt. The permanemcrystalline anisotropy of the rare-earth sublatfide.

magnet materials with the best intrinsic properties often con- As part of a systematic study on the origin of the crystal

tain a third element like boron, nitrogen, or carbon. field. several series of compounds have been stdddd
The intrinsic properties of a rare-earth intermetallic com- ' P )

pound determine the maximum strength that it can reacfrMPlOYing Gd Mossbauer spectroscopyMS), - the
when applied as permanent magnet. Other factors, like thelectric-field gra_dle_n(EFG) at thenuclear sitecan be mea-
microstructure that can be realized during the productiorfureéd. The principal component of the EFG 1,
process, and the incorporation of secondary phases, afe @ V/dz%), in which thez direction is parallel to the axis
equally important for the performance of the permanen®f the tetragonal, rhombohedral, or trigonal system studied
magnet. Gadolinium MS is especially useful, since Gd has a half-
In a crystal, the valence electrons of the rare-earth atorfilled, spherical 4 shell which thus gives no contribution to
hybridize (except for the 4 electron$ with those of the the EFG at the nucleus. The EFG has therefore the same
nearest neighbor atoms. The charge cloud of thelell is  origin as the crystal field experienced by thé dlectron
usually located relatively close to the nucleus, which pre-<cloud. Since the #i shell takes virtually no part in the chemi-
vents it from participating in the chemical bonding betweencal bonds between the elements, the crystal field parameter
the atoms. Depending on the crystal structure and on th#und for a Gd compound can also be used for isomorphic
other elements in the compound, a nonspherical potentialompounds of other trivalent rare earths.
results at the site of thefdelectrons(the “crystal field”). Coehoornet al? showed that the main factor causing the
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EFG at the Gd nucleus is the asphericity of the @&hd X m Source
valence electron densities of Gd itself. This on-site aspheric-
ity is caused by the hybridization with the neighboring ele-
ment valence electron states. In these studigd Mass- Au
bauer results and band-structure calculations were compared.
The implication is that the EFG is quitel@cal property, and BeCu
less a property of the whole lattice. It was found that a phe-
nomenological relationship of the ty;ﬁezo= —w V,, exists, ,
although it was also shown that a concise physical basis for l/ \ T
this relation is absent. \/K_____
Zero-pressure band-structure calculations are generally w
quite successful in describing the obsertehdsin the val- ///M
ues of EFG and the magnetic hyperfine fieRj,§ as a func-
tion of the constituting elements. The numerical values can \[/
show systematic deviations, however. In order to get an even
better understanding of the behavior of the EFG Bpd and BeCu
to test the accuracy of the calculations, it appeared desirable
to vary a key parameter of the calculations, namely the unit
cell volume. Experimentally, this can be done by applying a — 1 mm
large hydrostatic pressure, and measuring t&d Mass-
bauer spectra and the lattice parameters as a function of the FIG. 1. A cross sectional view of the diamond anvil cell used for
pressure. the MS experiments, with the Au-Pt alloy shielding.
The high-pressure experiments were performed for Gd
metal, GdCg, GdRW,Si,, and GdCo,;-N,. Gd metal is t0 occasionally observe pressure inhomogeneities of a few
relatively soft, and therefore large effects may be expecteddercent. . .
GdCos has the hexagonal CaCustructure and it is related ~ The Mdssbauer source consisted of SmPdnriched to
to the Strong permanent magnet Srri})C(GdRuZS|2 has 96% in 1548m Wh|Ch was pre_pf’ired as deS-Cfibed in Ref. 8 in
the tetrahedral ThGSi, structure. It has a very large EFG at Order to get as high an activity as possible. The countrate
zero pressure. G0N, is one of the newly found oObtained was about%$10° s™* y-ray photons(slightly de-
Th,Zn,-type compounds with the elements N or C at anPending on the sampleof the Mossbauer transition at 86
interstitial lattice position. In these compounds, Co carries &8V. Nevertheless, due to the small resonant absorption,
magnetic moment while Ru does not. The measurements af¢Pical measurement times were 2 weeks per spectrum. All
the first high-pressuré®*Gd MS measurements on Gd com- SPectra have been analyzed by means of a least-squares fit-
pounds published in literature. The experimental results ofi"g Procedure, involving diagonalization of the full nuclear
Gd metal have been previously published by’ us. Hamiltonian and using a transmission integral. The indepen-
dently refined variables consisted of the isomer i}, the
effective hyperfine field B,;), and the quadrupole splitting
Il. EXPERIMENTAL PROCEDURES (QS). From the last quantity, the EFG tensor elem¥igj
AND HIGH-PRESSURE APPARATUS was obtained. The angleé between the hyperfine field and
the c axis was kept as an adjustable parameter. The source
For the MS measurements we used a diamond anvil cellnewidth at 4.2 K was calibrated to be 0.37 mm’s which
(DAC) as described in Refs. 7 and 8. The diamonds are ogquals the normal valug the absorber linewidth equals the
0.29 carats, and have 0.8 mm diameter flat tips. In Fig. 1 aatural linewidth of 0.25 mms.
cross sectional view of the DAC is presented. Due to the High-pressure x-ray diffraction on Gd metal has been per-
high y-ray energyE.,, the Mossbauer Debye-Waller factors formed by Akellaet al,** and also by other authot$!®
are small, and cooling of source and DAC with absorber isThey were also able to determine the structural changes that
necessary. The entire DAC is also relatively transparent foGd exhibits. A general difficulty with high-pressure x-ray
the high energy gammas, which calls for special measures tiffraction is that the diamond anvil cell limits the maximum
ensure adequate shielding. The typi¢pbwdered sample scattering angle as well as the x-ray intensities. In several
used in experiments up to 20 GRP&200 kbaj is 70 um  high-pressure x-ray diffraction experimental setups existing,
thick and 0.4 mm in diameter, before pressurizing. The gasthe energy dispersive method is used. The x-rays are often
ket material consisted of 20@m thick tungsten or Rglr,,  produced by tunable high intensity synchrotron soutées.
sheet, preindented to a thickness of about 100. We studied the other compounds at high pressure with a
Pressure was applied stepwise at room temperature. gpecial design diamond anvil cell, using a conventional x-ray
pressure transmitting medium was used for obtaining a fairlysource with a Mo target. Powder x-ray diffraction patterns
hydrostatic pressure. Pressure calibration was perfoiimed were recorded in transmission scattering geometry at several
situ and at low temperature with the ruby fluorescencepressures. Since we perform a powder diffraction experi-
method®° Fine ruby chips were included in the sample ment, the small amount of powder has to be sufficiently
chamber. The ruby fluorescence was excitgdab5 mW  finegrained(grain size< 40 um), in order to get a good
green HeNe lase{543.5 nm. The pressure calibration error directional averaging and clear diffraction rings. The tung-
amounted to not more than 0.3 GPa which made it possiblsten carbide backing plates of the diamonds have a conical
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aperture with an opening angle of 30°. This limits the maxi-yalence electron statéezzz(val)zEp,dEUV‘Z"Zd"’(vaI) follows
mum 26 angle realizable to 30°. As gasket material, thefrom equations

same tungsten foil as employed in the $8bauer measure-

ments was used. Above about 8 GPa a diffraction line of 4 el /[S(r)

tungsten becomes visiblelue to the decreased thickness of V5,7 (val)= 52 3 p,o 1

the gasket Strong broad dots of the single-crystal diamonds e\ T p,o

are always present. The special DAC and the x-ray apparatus

was kindly provided to us by Wijngaarden and de Groot do 4 el /S(r)

from the Free University in Amsterdam. Vz; (vah=3 dmeg\ (3 ANg,q- @
d,o

The detection of the low intensity x-ray beam was only
possible with a commercial “image plate.” The intensity is The constants?(|e|/4meo) and 2(|e|/4me,) may be re-
low because of the small sample size and the attenuation Baced by 7.74 and 5.54, respectively, whep(Val) is ex-
the diamonds and the sample. The image plate absorbs thep}‘essed in units of 28V m 2 and(S(r)/r3) in 363 (ag is

rays efficiently (up to 90%. The high sensitivity and the 1o Bohr radius= 0.5292 A. The quantitiesAn, , and
possib.ility of image processing are big advantages over norAnd represent the asphericities of the &nd Ed’l;hells
mal Rantgen films. The recording of one x-ray photographwith’‘;pin(r and are given by the equations

takes about 40 min. The image plates used were kindly pro- '
vided by the Onze Lieve Vrouwe GasthuBLVG) hospital

1
in Amsterdam. Anp,g=§(nx,a+ Ny.o) =Nz gs

I1l. EXPERIMENTAL RESULTS 1
And,az Ny2—y2 ¢+ Nyy o= E(nxz,o"" nyz,u) Nz, (2

In general, the signal-to-noise ratios of the high-pressure
spectra are not high because of the low absorption intensityhere Ny, Ny, andn,, are occupation numbers of the
and the low counting rates. Fortunately the intermetallicGd 6p orbitals, andnyz_y2 ., Ny, Nxzor Nyzp, and
compounds have relatively simple spectra: they show a doth , = are occupation numbers of the Gdl rbitals. The
blet, the distance between the two peaks roughly being quuantities<S(r)/r3>p,(, and(r —3)4 , are the expectation val-
termined byV,,, the width byB, and the center of mass by yes of the radial parts of thepsand 5 wave functions
the IS. The spectra and fits are shown in Fig. 2, the resultgeighed withr ~3. The functionS(r) arises in a relativistic
are displayed in Tables I and II. Although the signal to noiseyreatment of the EFG, and has been given in Ref. 16.
ratio is not high, the IS value is accurate 100.01 mm/s. The magnetic hyperfine field measured at the nucleus is
Typical errors for the high-pressure data ar®.3x10™"  caused by the Fermi-contact, orbital, and dipolar interac-
Vm~2 for V,,, and =1 T for By. For Gd metal a few tions. For Gd, the latter two can be neglected, since they give
assumptions were necessary to analyze the spectra, as Washtributions ® 1 T or less. The Fermi-contact hyperfine
already described in Ref. 6. With increasing pressure th§ield stems from the electron spin density near the nucleus,
structure of Gd transforms from hexagonal towards a morgyith the predominant contribution from the region within the
and more cubic structure: from hcp to a Sm-type structure athomson radius+.® For Gd,r+= 180 fm, much larger than
1.5 GPa, and from Sm type to dhcp at 6.5 GPa. The maihe nuclear radius which equals about 6%iResults of first-
assumption is that/,, is restrained to zero for the site with principles calculations of hyperfine fields on Gd nuclei in a
cubic local symmetry. large number of intermetallic compounds at zero pressure

The results of the high-pressure x-ray diffraction are plot-have been reported by Coehoorn and Buschbimt was
ted in Fig. 3. The intermetallic compounds show no crystalfound that calculated hyperfine fields are in very good agree-
lographic phase transitions or distortions at the pressuresent with experiment, provided a correction is made for a

reached. This is consistent with the Mbauer results. systematic error of about 35 T. Systematic errors have also
been found in calculations of the hyperfine field of Fe, Co,
IV. FIRST-PRINCIPLES BAND-STRUCTURE and Ni'® and have been ascribed to a failure of the LSDA to
CALCULATIONS accurately treat the exchange interaction between the spin-

polarized 31 shell, and thes-type core electron®*°It is an

The first-principles band-structure calculational methodopen question whether for the case of Gd a similar explana-
used is described in detail in Refs. 2 and 3 and referencegon may be given. In view of this unresolved and possibly
cited thereinV,, and B, are calculated anA2 can also be quite fundamental issue, the comparison between theory and
calculated within the model. We have not attempted to calexperiment of the pressure dependence of hyperfine fields is
culate to isomer shift. The augmented spherical WABW) of great interest.
method employing the atomic sphere approximatiasA) The calculations for systems under pressure were per-
is used. Exchange and correlation effects are taken into adermed using the lattice parameters and atomic positions that
count by the local spin density approximatigbSDA). It follow from an isotropic scaling of the unit cell using the
was shown that the main contribution Y4, is that of the  experimental crystallographic data. For hcp Gd, GelGod
6p and 5 valence electrons of Gd itself. Their total contri- GdRWSI, zero-pressure data were used; for dhcp Gd, data
bution is calledV,(val). for p=7.5 GPa were used.A calculation for fcc Gd was

The electronic charge densities are expressed in terms gerformed for the purpose of comparison. The cubic lattice
the spin-polarized occupation numbers of Gd énd X parameter was chosen such that the atomic volume be equal
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FIG. 2. Mossbauer measurements on @ GdCaq; (b), GdRW,Si, (c), and GdCo47N 5 (d) at the pressures indicated in GPa, and at 4.2
K.
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TABLE |. High-pressure!®Gd Mossbauer results for Gd metal at 4.2(Ref. 6. The last column gives
the relative occupancies of crystallographic sites with local cut)i@ad local hexagonah) symmetry. The
VI refers to the hexagonal sites; for the cubic st8¥ was assumed to be equal to zero. For the cubic and
hexagonal site8,;, 1S, and# were assumed identical.

Pressure vhex Bu IS 6

GPa VIV, 10tvm—2 T mms ! deg h:c
0 1.00 +3.8 -39.7 +0.018 32 1:0
1.4 0.95 +4.8 —28.0 -0.08 60 1:0
3.2 0.89 +7.3 -325 -0.04 57 13
5.3 0.85 +5.3 —-21.6 -0.11 51 13
9.8 0.78 +6.6 -95 -0.16 52 1:1
17.0 0.70 +8.0 +10.7 -0.25 52 1:1

to that for hcp Gd ap=0. Calculations ap=0 have been that for the stable, high moment solution. In the figure, the

performed using the following data: corresponding magnetic moments are indicated with an open
Gd(hcp: a=3.636 A, c/a=1.590 47, circle. In the tables, the data f&/Vy=0.90 correspond to
Gd(fcc): a=5.097 A, the stable high moment state. Féf\VV,=0.87 and 0.84 we
Gd(dhcp: a=3.636 A, c/a=3.247 21. find only one stable solution. In GdRSsi, there is a very
GdCa; a=4.973 A,c/a=0.798 11, small induced moment at the Ru sites, equal t®.05,
GdRu,Si,: a=4.1588 A,c/a=2.3072;z=0.38. —0.04, and—0.03ug for reduced volumes equal to 1.00,

We have not performed calculations for g&b;-N; un-  0.91, and 0.83, respective{fable VIII). Moments at Si are
der pressure. The atomic sphere radii were varied in propowithin =0.005¢g equal to zero at all volumes considered.

tion to the unit cell volume. For GdGo we used In the calculations presented above the effect of a possible
red:fco=1.35:1 and for GdRuSi, we used change of thec/a ratios with pressure has been neglected.
led:fru:lsi=1.231:1. We have investigated this issue by performing a number of

The results of the calculations are given in Tablg{idtal ~ additional calculations for hcp Gd and GdCdhe results
and partial magnetic moments at Gd sitesid in Tables are given in Table IV. For hcp Gd, we have var@d, while
V=VIIl (EFG’s and hyperfine fields The calculations for keeping the volume per atom equal to the experimental vol-
GdCaq; revealed a discontinuity in the variation of the mag- ume. As far as we know, the experimental information avail-
netic moments with the volume. This becomes apparent fromable does not show a pressure dependence ot/iheatio
Fig. 4, which shows the volume dependence of the magnetifor hcp Gd. In Ref. 11 no change itVa is reported. For
moments at the two Co sites. A stable high moment state i6dCag, x-ray diffraction shows that the/a ratio decreases
found at and above a reduced volunwVy=0.90. At from 0.798 forV/Vy=1 to 0.764 forVy=0.9. In Table IV
VIV,=0.90 we find a second, metastable, solution with aresults of calculations for botiya ratios, using the same unit
total energy per unit cell which is only 3 meV higher than cell volume, are given fol/Vy=0.9. For GdRySi, the

TABLE Il. Mo ssbauer results of high-pressure measurements on three intermetallic compounds at 4.2 K.

p sz Bhf IS 0
Compound GPa VIV, 10'Vm—2 T mm/s deg
GdCos 0 1.000 +10.1 —7.45 0.24 0
3.0 0.960 +9.9 -1.1 0.20 0
5.4 0.937 +10.1 -19 0.19 0
9.6 0.875 +9.8 0 0.16 0
14.0 0.841 +9.4 (-)11 0.12 0
18.0 0.805 +8.9 (-)6.2 0.10 0
GdRWSI, 0 1.00 —18.45 —28.2 0.43 50
4.1 0.96 —-18.5 —26.4 0.39 50
6.0 0.95 —18.8 —26.2 0.37 50
9.1 0.92 —-19.2 —26.4 0.35 50
17.9 0.83 —-19.1 —-25.5 0.30 50
Gd,Coy N5 0 1.000 +14.9 ~-10.3 0.45 0
4.2 0.965 +16.2 —-4.8 0.42 0
9.8 0.919 +16.0 (=)7.9 0.38 0
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FIG. 3. Pressure-volume relations, and the pressure dependences
of the length of thea axis, of the compounds GdGa(circles, 8 \//VO

GdRu,Si, (squares and GgCo,;N 5 (triangles.

FIG. 4. The calculated magnetic moments of the Co atoms at the

c/a ratio varies less than 1% across the pressure interval; ang 2 sites of GdCa plotted vs the normalized volume.
studied. Calculations of the effect ofa changes have there-

fore not been performed. the dominant effect for elemental Gd and for Gd&iy In
these systems thed5olarization originates exclusively from
V. DISCUSSION the interaction with the Gd#moments, which remain con-

stant. A second and much larger effect is observed for
GdCag;,, in which the 5 shell is polarized by the on-sitef4
First we discuss the volume dependence of the siteshell, as well as by the direct exchange interaction with the
resolved magnetic moments, as obtained from the bandspin split Co-3l states. GdCgis a strong ferromagnet, with
structure calculations. Whereas thé dontribution to the the majority spin 8l shell fully occupied ap=0. Therefore,
moment is stable, the valence electron contribution decreasese pressure dependence of the Co moment is relatively weak
in all systems with pressure. The data given in Table Illaroundp=0. However, upon the application of pressure the
show that the dominant contribution to the moments, and t@d bands broaden, and a transition occurs to weak ferromag-
their pressure dependence, results from tthielectrons. The netism, with a high density of majority and minority Ca+3
decrease of the induceddbmoment with pressure results states at the Fermi level. As a result, the pressure dependence
from two effects. First, the application of pressure widens theof the Co moments is much larger, and the moments de-
5d band, which therefore becomes less polarizable. This isrease rapidly. As shown in Fig. 4, this decrease is even

A. Magnetic moments and hyperfine fields

TABLE lIl. Calculated volume dependence of partial and total moments at Gd sites(hti@dGd(fcc),
Gd(dhcp [cubic (c) and hexagonalh) sited, GdCg,, and GdRySi,. The total moment includes thef 4
contribution. The calculatedf4moment is slightly lower than g, as the result of a small occupation of
4f minority spin states. In all cases, the difference is less thand.Units: ug per atom. The error in

Lot IS =0.01ug .
\Y
System Vo Ms Mp Mg Mot
Gd(hcp 1.00 0.019 0.161 0.562 7.74
0.97 0.020 0.156 0.554 7.73
0.94 0.021 0.154 0.556 7.73
0.91 0.023 0.151 0.552 7.72
0.88 0.025 0.147 0.548 7.71
Gd(fco) 1.00 0.012 0.163 0.558 7.73
Gd(dhcp 1.00 0.008 0.152 0.489 7.66)
0.019 0.141 0.497 7.66)
0.80 0.011 0.105 0.365 7.4%)
0.023 0.094 0.370 7.46)
GdCog 1.10 0.041 0.105 0.459 7.54
1.00 0.041 0.089 0.419 7.50
0.90 0.041 0.073 0.391 7.43
0.84 0.031 0.037 0.266 7.26
GdRu,Si, 1.00 0.017 0.023 0.176 7.16
0.91 0.016 0.022 0.168 7.13

0.83 0.015 0.020 0.160 7.10
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TABLE IV. Calculated dependence on tieéa ratio of the magnetic moments, electric-field gradients,
and hyperfine fields for hcp Gd and GdgoNote that the ideal hcp structure is obtained for
c/a=(8/3)"?=1.633, and that the experimental value for hcp-Gd is equalde=1.590 47.

v Kot Vz{val) Bhi

System Vo cla (ug) (10t vm2) ©)
Gd(hcp 1.0 1.68 7.73 —-1.9 =75
1.633 7.73 +1.6 -7.0

1.59047 7.73 +3.8 -6.0

1.56 7.72 +6.6 —-4.3

1.53 7.72 +8.0 —-2.4
GdCos 0.9 0.79811 7.43 +13.7 +40.5
0.764 7.43 +14.2 +38.7

expected to be discontinuous at a reduced volume of abowbtained for the cubic and hexagonal sites in dhcp Gd. We
0.90. At the same time, the induced Gd-polarization de- note that, experimentally, the two hyperfine subspectra have
creases rapidly with pressure. not been resolvedTable ).

Whereas the p and & partial (orbital resolved magnetic Upon making a comparison between calculated and ex-
moments more strongly contribute to the magnetization, thgperimental hyperfine fields, we will concentrate dmanges
hyperfine field is most sensitive to thes artial magnetic ~ with volume, rather than the absolute values, in view of the
moment. An expression for the relation between the partiabystematic error in calculated hyperfine fields at zero pres-
magnetic moments and the hyperfine field has been given bsure (see Sec. Y. For hcp and dhcp Gd, and for GdCat
Eqg. (A1) in the previous section. Although it has been de-moderate pressures, the calculations predict stable or slightly
rived from calculational results for systems at zero pressurancreasing 6 partial magnetic moments with pressure, and a
it is shown in Fig. 5 that it also provides a fair description of decrease of the sum of thep@nd 5 partial momentgsee
the pressure dependence of the calculated hyperfine fields, frable IIl). In such a case, the application of £41) predicts
terms of the pressure dependence of the partial magnetic mehat the hyperfine field becomes larderore positive with
ments. The figure gives estimated values of the hyperfingressure. The predicted trend is in agreement with the experi-
field, using Eq(A1), for all systems and volumes for which mental observations. However, the experimental increase is
calculated momens are givenin Table IlI, as a function of thenuch larger than predicted. For hcp Gd, frow=V, to
actually calculated hyperfine field8p¢(calc)=—12 T for  v=0.94v,, the difference is about a factor 2, and for GgCo
fcc-Gd at V=V, other data taken from Tables -Vl  fom V=V, to V=0.9V,, the difference is a factor 3—4.

Table Ill shows that the § partial magnetic moment, and \yhereas the calculated hyperfine fields of hcp Gd

hence the hyperfine field, is very sensitive to structural de\/:VO) and dhcp GdatV=0.8V,, average of the cubic and
tails: for fcc Gd, the 8 magnetic moment is only about half hexagonal sitdsdiffer by only +6.5 T, the experimentally
the value obtained for hcp Gd, and a similar difference iSobserved increase of the hyperfine field 429 T. For

GdCa, the calculations predict that the hyperfine field shows

40 — T T a maximum, and decreases upon decreasing the unit cell vol-
" © Gd (hep) ':' ume below a reduced volume ®7V,=0.9. Unfortunately,

— ; gg Eg?cc)p h) o the sign of the hyperfine field could not be determined ex-
“ 20l a cd (dhcp:c) | perimentally, and the experimental maximum of the hyper-
) o GdCo, fine field (if there is a maximurnhhas a value close to zero, so

o x GdRu,Si, 4 we cannot tell whether the prediction {at least qualita-
L tively) correct.
- Or (o) 7 For GdRySi, the 6s, 6p, and 5 polarizations all de-
mﬂ crease with pressure, leading to opposing contributions to the
/ pressure dependence of the hyperfine field. Experimentally,
—_20 ¥ i By increases slightly with pressure, but with a rate which is
L L . much smaller than for Gd and Gdg o
-20 0 20 40 In conclusion, calculated hyperfine fiel¢gnd their pres-
sure dependengare strongly correlated to calculated partial
Bhf<CO|C'> [ﬂ magnetic momentgand their pressure dependenckow-

ever, the predicted pressure dependence of hyperfine fields

FIG. 5. Comparison of hyperfine fields estimated from partial2drees at best only qualitatively with the experlmentgl re-
(orbital resolvedimagnetic momentiusing Eq.(A1)], with actually ~ Sults. For Gd and GdGahe change of the hyperfine field
calculated hyperfine fields. The figure includes results for all syswith pressure, close t¥=V,, is underestimated by a factor
tems and volumes for which data are given in Table II. 2-4 by the calculations.
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TABLE V. Results of calculations for hcp Gd at different pressufedn GP3. An is defined as in Eq.
(2), (r %) is expressed im, *, V,val) is the sum of the four contributions of the different orbitals and spin
statesV,, is expressed in 8V m 2, the calculated Gd momepi®®in g, and the hyperfine fieldByy

inT.
v S0
Vo P An r? V,,(val) Ve Bf© Br™
1.00 0 ®1 0.0199 19.7 3.8 3.8 —6 —40
6pl 0.0021 21.3
5d1 0.0267 2.18
5d| 0.0008 1.72
0.97 0.7 ®7 0.0208 21.9 4.2 -2
6pl 0.0018 23.7
51 0.0253 2.22
5d| 0.0017 1.77
0.94 1.6 ®7 0.0213 23.1 4.6 4.8 +1 -28
6pl 0.0021 25.1
5d1 0.0240 2.24
5d| 0.0026 1.80
0.90 3.0 ®7 0.0208 24.9 4.8 +3
6pl 0.0022 27.1
5d1 0.0234 2.28
5d| 0.0032 1.83

B. Electric-field gradients

For the systems studied, the observed relative changé
with pressure of the EFG’s are much smaller than the relativé
changes of the hyperfine field. The largest relative change
was observed for Gd: an increase of the EFG at the hexag

nal sites of about a factor 2, from 3.8x 10?1 V.m 2 for
VIVo=1to+8x102*V m 2 for V/V,=0.7 (Table |). For
hcp Gd theory and experiment compare favorably; is
about 25% larger foV/Vy=0.94 than forV/V,=1.0. As

shown by_ Table V, the increase o_f the EFG with pressure i%dRL&Siz the calculated and experimental values/of, for
the combined effect of an increasing value(8{r)/r3) and

point symmetry is lower, allowing a nonzero EFG due to

Qteractions with atoms outside the first shell of nearest
eighbor atoms. Apparently, these interactions are non-
negligible in the case of dhcp Gd.

For GdCg and GdRySi, the experimental volume de-
%’endences of the EFG'’s are quite small. In the case of gdCo

the calculated changes in the EFG are larger than the experi-
mental changes, and they have the opposite sign. The large
calculated increase &f,, with pressure is related to a strong
increase of calculate¢S(r)/r®) values(see Table V). For

V/Vy=1.0 andV/V,=0.83, agree within a few percent. Al-
An [mainly (6p') valueg. However, whereas experiment though, in view of the error margins involved, this agreement
shows that this trend for the EFG on the hexagonal sites i satisfactory, a significant disagreeméabout 20% is ob-
continued after the transition to the Sm-type phase and fiserved forV/V,=0.91 (see Table VII). As shown by the
nally the dhcp phase, assuminvg,=0 on the cubic sites,

table, the predicted “dip” in the EFG &¢/V,=0.91 is re-

theory predictgi) that the EFG at the hexagonal site in dhcplated to a relatively low value de(r)/r3>6p. An analysis of
Gd atV/V,=0.8 is significantly smaller than the value de- the origin of errors in the predicted volume dependence of

rived from experiment4.2 versus 6.4 1021V m~?2), and

V,, is beyond the scope of this paper. It should be based on
(i) that the EFG at the cubic site is not equal to zero, and ira comparison with results from full potential band structure
fact not much smaller than the EFG at the hexagonal sites:alculations, such as presente@'ifor Gd,Fe; ;X5 (X=C and

We note that the “cubic” sites only have a cubic nearestN) and GdCg at zero pressure, and it should include pos-
neighbor environment, and that the actual crystallographisible contributions due to semicore{borbitals.

TABLE VI. The results at different pressurés (in GPg for the calculated and experimental EFG’s
(Veubhexexplin 1021 v m~2), the calculated momentsufyp nexin 1g), and the calculated and experimental

hyperfine fields BE>"®®Pin T) at the Gd nuclei in the high-pressure dhcp phase of Gd.

\%

Ve R R L A
1.00 0 2.3 4.0 7.65 7.66 —22 -3

0.80 8.2 3.3 4.2 6.4 7.46 7.47 -9 10 —-11
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TABLE VII. Band-structure calculation results for Gdg.orhe pressure is given in GPAn is defined
as in Eq.(2), (r 3 inag3, V,,in 10! Vm 2, andBy; in T. u°¥ represents, respectively, the calculated
moments of Gd, Co (€ site), and Co (3 site) (given in vertical order for each value of the pressure

: )
VA P An r3 Vyval) VP pcake Beae B
1.10 -8  6p]  0.0272 25.2 10.9 754  +33.9
6p/  0.0259 22.4 —1.57
5d7  0.0558 1.30 ~1.55
5d]  0.0704 1.85
1.00 0 @]  0.0267 30.5 12.3 10.1 750 +38.7 -75
6p|  0.0234 26.9 —-1.50
5d7  0.0598 1.38 —~1.46
5d/  0.0583 1.90
0.90 9 ®1  0.0260 375 14.1 10.0 743  +41.2 (-)1
6p/  0.0221 329 -1.35
5dT  0.0590 1.50 -1.28
5d]  0.0461 1.98
0.84 15 ®7  0.0246 42.4 14.5 9.5 726 +324 (—)15
6p/  0.0180 37.8 -0.84
5d7  0.0630 1.59 —-0.54
5d|  0.0536 1.99

VI. CONCLUSIONS

[Eq. (A1)] between the calculated hyperfine field at Gd sites
and the calculated partial magnetic moments at Gd sites. It is

In this paper experimental results on the pressure depemuite accurate for a large number of compounds at zero pres-
dence of the!™Gd hyperfine parameters of Gd, GdCo sure, as well as at elevated pressures for the systems studied
GdRuSi,, and GdCo;;N; have been presented. Using pres-in this paper, and reveals how the hyperfine fields are related
sures up to 18 GPa, significant changes of the EFG, hypete the & moments andindirectly) to the much larger p and
fine fields, and isomer shifts have been observed. In order tbd moments.
be able to interpret the observations in terms of the pressure In spite of earlier findings that first principles predictions
dependence of magnetic moments and the electron densibf the EFG and hyperfine fields at Gd nuclei in compounds at
distribution, first-principles ASW band-structure calculationszero pressure are quite accurate, we have found that first
of the EFG and hyperfine fields have been performed. As arinciples calculations of the pressure dependence for el-
first result, we have formulated a quantitative relationshipemental Gd, GdGgp and GdRySi, do not in all cases lead to

TABLE VIII. Band-structure calculation results for GdRSi,. The pressure is given in GPAn is
defined as in Eq(2) (r ~3) in ag 3, V,/val) in 10°?* V m 2, and the hyperfine field8,; in T. The calculated
momentsu 3 represent the Gd, Ru, and Si moments, respectiftely to botton).

v <S<_>>
P YA An r3 V,val) Vet e Bgal BEx!
0 1.00 6 —0.0317 35.0 —17.9 —-185 720 +106 —28.2
6p| —0.0296 39.5 —0.05
5d1 —0.0244 2.00 0
5d| —0.0325 1.64
11 091 &7 —0.0304 30.3 —15.8 -19.2 713  +11.3 —26.4
6p| —0.0283 33.8 -0.04
5d1 —0.0230 1.99 0
5d| —0.0211 1.61
20 083 7 —0.0294 41.4 -19.2 -19.1 7.10 +9.9 —255
6p| —0.0264 46.1 —-0.03
5d1 —0.0183 2.15 0
5d| —0.0149 1.81
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a satisfactory agreement with experiment. The calculatedbout 30. For these systems, the hyperfine field is about 20 T
pressure dependence of hyperfine fields is too small by kwer than expected from a best fit Bﬁ?'c versusus. One
factor 2-5. The calculated pressure dependence,phifees  may take this negative contribution from nemlectrons into
satisfactorily with experiment for hcp G@mall pressurgs  account by fitting the calculated data using the relationship
but shows, in the case of Gdgeven the wrong sign. We

expect that these results will stimulate the formulation of

improved theory and calculational methods for hyperfine pa- BE=B2 + agust+ ap a(ppt m). (A1)
rameters, and conclude that experimental studies of the pres-

sure dependence of hyperfine parameters provide a critical

test for such new developments. Our set of calculated data was not varied enough to dis-
tinguishp andd contributions. In order to keep the param-
ACKNOWLEDGMENTS etrization as simple as possiblp, and d moments are

summed, and a sin arameter is used. We have found
We acknowledge the use of the x-ray DAC of the Free 9%, q P S U ve Tou

. gk . h i0fAl i h Icul iati f hy-
University in Amsterdam and the image plates of the Onzé[ at expressiotAl) describes the calculated variation of hy
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Lieve Vrouwe Gasthuis in Amsterdam. The experimental ad-gig&esge.lr?s W';r:]lgaa ffvz :;I' 4 +u7s '[]I_;ﬁhf 23 8x3 T, &
vice of R. J. Wijngaarden and D. de Groot is gratefully ac- We wouIﬁBIi,ke to Fr)hda_ke WO comﬂn?énts concerning the
knowledged. This work was part of the research program of N ) ) . Ing
the “Stichting voor Fundamenteel Onderzoek der Materie,,parametr'|zat|on of hyper'fme fields in terms of part!al mo-
(FOM), which was financially supported by the “Neder- ments. First, we emphasize that the definition of partial mag-
Iandse, Organisatie voor V)\//eterrl)spchappel?j{k Onderzoek’n.etiC moments s specif_ic fo the band_-structure method_ used
(NWO) (in particular, to the choice of the basis set and to the size of

' Wigner-Seitz sphere radliHence, the parameter values ob-
tained from the fit are at best only valid in this specific con-
text. Second, the coefficientg (I =s,p,d) are determined

More insight into the various contributions to hyperfine by the specific shape of the Ga,66p, and & wave func-
fields at Gd may be obtained by analyzing the relationshigions, which depends on the environment of the Gd atoms
with the partial magnetic momenjss, u,, and uq at Gd studied. The set of parameters given above has been derived
sites due to 6, 6p, and 5 valence electrons, respectively. from data on metallic systems at zero pressure. It cannot be
The partial moments may be obtained from the ASW bandexcluded that the, coefficients change appreciably with the
structure calculations by integrating the wave-function-degree of ionicity of the bonds between Gd and its environ-
resolved spin densities over the Gd Wigner-Seitz spheres. Aent, or with pressure. However, we regard parametrization
first contribution to the hyperfine field is due to the polariza-Useful as a means of obtaining more physical insight. The
tion of s-type core states by the spin-polarizetistates. The Validity of this parametrization s_cheme to.hyperfme fields for
spin-polarization of & valence states, with a finite electron Systems under pressure was discussed in Sec. V.
density near the nucleus, leads to an additional direct contri- It is of interest to remark that there is strong experimental
bution to the hyperfine field. On the other hand, the polariza€Vidence for opposite contributions fandd-type valence
tion of 6p and & states only has an indirect effect on the electron polarization to the Gd hyperfine field. From the
hyperfine field, by modifying the spin polarization near the@nalysis of hyperfine fields and magnetic ordering behavior
nucleus due to the-type core states. of Gd-based compounds containing nonmagnetifLa

For all systems studied in Ref. 17 is one order of ~Probe atoms, Dorméfihas concludeéd thaty/as~—0.1. In
magnitude smaller thap, whereasu,, varies typically be- ~ addition, we remark that the terfy in Eq. (1) may be
tween 0.1 and 0.3 times.%? From a study of the, p, and  associated with the contributidf; due to the polarization of
d contributions to the hyperfine field by analyzing the datacores electrons due to the f4Amoment on the same atom.
presented in Ref. 17 we conclude that, in spite of the smalExperimental work on highly ionic systems, for which no
value of ug, the direct & contribution is quite important. other contribution is expected, should reveal this term di-
This may be seen by inspection of Fig. 1 in Ref. 17, whichrectly. One often assumes thBf,~—33.2 T, as obtained
displays for a large number of intermetallic compounds therom the hyperfine field at Gd in gadolinium iron garftet
calculated hyperfine fiel:¥° as a function ofus. These and other systems with Gd in a highly oxidized state. This
guantities are strongly correlated. The largest deviation fronvalue may be compared to the value Bﬁf, given above,

a best fit is obtained for systems such as Gd and GdzZnyhich after the above-mentioned correction for the system-

APPENDIX

which have an exceptionally high ratiguf+ wug)/us, viz.,  atic error in the calculations of about 35 T become43 T.
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