PHYSICAL REVIEW B VOLUME 54, NUMBER 10 1 SEPTEMBER 1996-1

Magnetic excitations in the itinerant ferromagnet UFe,

L. Paolasini
European Commission, Joint Research Center, Institute for Transuranium Elements, Postfach 2340, D-76125 Karlsruhe,
Federal Republic of Germany
and Dgpartement de Recherche Fondamentale sur la Mati@ondense, SPSMS/MDN, CEA-Grenoble,
F-38054 Grenoble Cedex 9, France

G. H. Lander
European Commission, Joint Research Center, Institute for Transuranium Elements, Postfach 2340, D-76125 Karlsruhe,
Federal Republic of Germany

S. M. Shapiro
Physics Department, Brookhaven National Laboratory, Upton, New York 11973

R. Caciuffo
Dipartimento di Scienze dei Materiali e della Terra, UniversiisAncona, and Istituto Nazionale Fisica della Materia,
Via Brecce Bianche, 1-60131 Ancona, Italy

B. Lebech
Physics Department, Riddational Laboratory, DK-4000 Roskilde, Denmark

L.-P. Regnault
Departement de Recherche Fondamentale sur la Mat@ondense, SPSMS/MDN, CEA-Grenoble, F-38054 Grenoble Cedex 9, France

B. Roessli
Institut Laue-Langevin, 156 X, F-38042 Grenoble Cedex, France

J-M. Fournier
UniversiteJ. Fourier, F-38000 Grenoble, France
(Received 10 January 1996; revised manuscript received 7 May) 1996

UFe, (Laves phase, fcc crystal structyiie a ferromagnet witlT -=165 K. Previous neutron elastic mea-
surements have established that the Fe moment js;0a6d that the moment on the U atom is almost zero
because of the cancellation of the spin and orbital moments, which are both abquj Ot28 are oppositely
directed. We have now examined the spin dynamics from a large single crystal with both thermal and cold-
source triple-axis spectrometers. Comparisons with the extensive work perform@BegiiR=Tb, Ho, Ep
suggests that two dispersive modes should be seen at low dnergiess than-20 meV). However, onlyone
mode has been found in Ufand this involves the precession of the Fe spins. We propose that the acoustic
mode involving the uranium spin is sufficiently broadeneddnw) space that we cannot readily detect the
excitation. Nevertheless, the influence of the U-Fe exchange may be s@githie presence of a gap in the Fe
spin-wave spectrum &f=0, and(b) in anincreasein the Fe spin-wave stiffness constab)(as compared to
that found in pure Fe. This last property is a direct consequence of the hybridization betweenfthadJ5
Fe3d electrons. We find also thdD is strongly temperature dependent, presumably due to two-magnon
interactions. Thus, this effect, together with the low moment on the Fe atoms, results in the comparatively low,
as compared to thBFe, compoundsT¢ of 165 K in UFe. [S0163-182606)05234-4

I. INTRODUCTION properties is behind the physics of technologically important
materials such as the hard magnets SgpQ@dd,Fe B, and
The study of the spin waves of thFe, (R=Tb, Ho, Ep amorphous TbEge The magnetic anisotropy of the rare-earth
cubic Laves phase compourid§has presented a clear pic- ion contributes substantially to the coercivity, especially in
ture of the microscopic magnetic exchange interactions in anniaxial materials. Further details of tHeveak) coupling
alloy of Fe and a heavy rare earth. The principal result ofmechanism between thef 4nd 3 electrons have emerged
these studies is that the interaction between the two magnetfoom local-density calculationsand these illustrate the im-
species is relatively weak; the high Curie temperailgds portant role of the 8 electrons in being sensitive to thd 4
provided by the Fe-Fe interactions, whereas the anisotropy imoments and hybridizing with thed3electrons. Theory and
provided by the rare-earth iofidndeed, this separation of experiments are in good agreement, confirming that most
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localized. Some of the properties of the compounds dis-
cussed in this work are given in Table I. The Fe-Fe distance
in this structure(~2.5 A with coordination number )6is
actually shorter than that found in pure ir¢2.8 A with
coordination number)8 The U-U separatio3.0 A) in UFe,

is also smaller than the Hill limit of ~3.4 A. The most
significant difference between tieFe, compounds on the
one hand, and CekF@nd UFg on the other, is that the Ce
and U compounds have much low&¢’s and smaller mo-
ments on thef sites. It should be emphasized that the ab-
sence of a moment on tiR site does not imply a small:.
Both YFe and LuFg have high values of . It is the in-
teraction between thé and 3 electrons that appears to be
the key factor in reducing ¢ .

For CeFg the possibility of strong hybridization effects
was first discussed by Erikssaet all? Unfortunately, the
experimental situation in Cekés not clear as recent reports
of neutron elastit® and dichroisn* measurements are not in
agreement with one another on the magnitudes of the mo-
ments at the two sites. More work is required to understand
CeFe.

, In the case of UFRga number of studies have been under-
O U ° Fe taken. Aldred® summarized the earlier work and showed
that the material is a ferromagnet with a total moment of

FIG. 1. Laves phase fcc cubic structure of tREe, com-  1.09 up/(formula unib and rather small anisotropy. Andreev
pounds. The larger spheres &eatoms, the smaller Fe. For tie et all®focused particularly on the small anisotropy, and con-
atoms there are two Bravais lattices, each one being generated lsyuded (as did Aldred®) that the 5 electrons of uranium
the face-centering operator. Those based on the atoms at the originust be largely itinerant. In apparent contradiction to the
(000 are shown as solid circles, those generated from the atom amalltotal anisotropy, Popoet all” showed that UFghas a
(1/4,1/4,1/4 are shown as open circles. The Fe atoms are arrangegizable rhombohedral distortion & . The intrinsic strain
in tetrahedra surrounding th&/4,3/4,3/4 point and its symmetric  (defined as the relative differences in length measured paral-
equivalently related points. lel and perpendicular to the rhombohedral axis

+4.5x1073. Whereas this is smaller than that found in
magnetic properties can be explained by the “standard’bFe(+8.6x10 %) or NpFe(—12.0x1073), it is still almost
model” of rare-earth magnetismf. 2 orders of magnitude greater than that found in Fe itelf.

Building on this well-established base we now pose theOne would expect, therefore, to find considerable total an-
guestion what happens to the magnetic properties when thisotropy in UFeg, because the distortion will contribute a
f-electron atom is replaced by Ce or @nfortunately, the sizable term(in the form of a strain anisotropyto the total
Pr and Nd compounds do not form in the cubic Laves phaseanisotropy. However, Popoet all’ showed that the small
Clearly, the situation is more complex, principally becausetotal value is due to an accidental cancellation of the magne-
thef electrons in these systems can exhibit a high degree dbstrictive term\,44 (related directly through the,, elastic
delocalization. As a result they can hybridize directly with constant to the strain anisotrgpwith an almost equally
the 3d electrons, rather than indirectly via thel ®lectrons large, but oppositely directed, term from the intrinsic anisot-
as in the cases discussed above. The face-centered-cubapy. In a further series of experiments Sorokiegall®
Laves-phase structuk€ig. 1) is particularly interesting as it measured the elastic constants as a function of temperature
has short interatomic distances, thus providing opportunityand found a large softening of the, elastic constant near
for such direct hybridization when thk electrons are not T.. Eremenkoet al?® ascribed this to a strong magnon-

TABLE I. Properties of theRFe, and UFg compounds aT =0 K. Data on rare-earth compounds taken from Ref. 8, those from UFe
taken from Ref. 24. The heavy rare earths are assumed to have their full Russell-Saunders ground state. Thewgyanjitiesandu, are,
respectively, the total, spin, and orbital magnetic moments of the rare{gartiraniun) site [see Eq.(2)]. The final column gives the
moments found on the Fe sites. The numbers in parentheses refer to standard deviations on the least-significant digit. Ryw&krearest
U-U) distance in the structure is given lw3/4)a,=0.433, and the nearest Fe-Fe distance is giver(¥®/4)a,=0.353@,.

Qg Tc Hiotal Ms ML wu (Fe
RFe, A) (K) Easy axis (ug) (ug) (uB) (uB)
TbFe, 7.348 705 (111 9.0 6.0 3.0 1.5
HoFe 7.301 614 (100 10.0 4.0 6.0 15
ErFe 7.276 596 (11D 9.0 3.0 6.0 1.5

UFe, 7.057 165 (111 0.01 —0.221) +0.231) 0.605)
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phonon interaction. Mssbauer experiments were also 75 | —
interpreted® as showing that URds anomalous in compari- ExF
son with the other rare-earth feaves phases as, in the case rre,
of UFe,, the Lamb-M®sbauer factor suddenly increased at T=295K
T . We shall return to all of these points later in this paper, 20 n
but previous studies do show that UReas unusual proper- 2)
ties.

Evidence for strong hybridization in UF&etween the U
5f and Fe 3 electrons was first provided by Brooks al?2
in a theoretical paper. They predicted that one consequence
of the hybridization would be a reduction, as compared to the
free-ion value, in the orbital moment on the uranium. Using
polarized neutrons and elastic scattering Welffal?®> and
Lebechet al?* showed that this was, in fact, the case. The 3)
orbital and spin moments are both about Qg5 but they 5
are oppositely directed, and hence the net moment, which is
the sum of the orbital and spin contributions, on the U site is a
close to zero. For a “normal” §° configuration we would 0 | | | |
expect® the ratio of orbital to sping, /us) to be about-2.5 0 0.2 04
so that the absolute magnitude of this ratio is strongly re- [q4,9,q] (rlu)
duced(to ~1.0) in UFs,. It should be appreciated that, from i
a theoretical point of view, théFe, series(A=U, Np, Pu, FIG. 2. The spin waves in Ergat 295 K (~0.5T¢) as a func-
and Am are best treated as itinerant systems with a largéon of wave vector in thé111) direction, taken from Refs. 2, 5,
orbital moment® The neutron experimerfts? on single and 6. These are representative of the low-end%30 meV)
crystals of UFg also showed that the Fe moment wasmodes in all the heavy rare-eartFe, series. Modeg1), (2), and
0.60£0.03ug , a substantial reduction from the Z20f pure  (3) are discussed in the text.
Fe, or the 1.nz found on Fe in theRFe, series(Table ).
The total moment in URgs then 2<0.60+(~0)=1.2ug per  anisotropy is related to both the energieg; and AE,. In
formula unit, and the magnetization results-el.1ug (de-  Fig. 2, E; is shown with no gap, but one develops in the
pending on the exact stoichiomekrshow that, as expected, RFe, compounds at low temperatures. Note that we have
the conduction-electron polarization is oppositely directed tmeglected crystal-field interactions at the rare-earth site.
the Fe & moment® Since the molecular exchange field of the Fe onRhatom

No measurements of spin dynamics or phonons have beés strong thgM ;) =|J) ground state of th& atom gives the
reported in UFe. Our motivation for these experiments was ground-state wave function and mod® is a measure of
to examine how the hybridization between the éectrons energy needed to populate the;—1) state. Due to the
of uranium and the @ electrons of iron affects the magnetic strong exchange thR atoms have their full moments, so
exchange parameters and spin-wave spectra. These effecther states at higher energy are not accessible with dipole

._.
W
I

<J2>g=3.6
<82>g,=0.66
Jerpe=-032 mev
Jre-pe=30 meV

Energy (meV)
]

are considerable. transitions. In some rare-earth systems, particularly when the
transition element is cobalt, a small crystal-field exfst$’-?®
Il. SPIN DYNAMICS OF RFe, SYSTEMS but as we observe no dispersionless modes, sudB)am

UFe, we shall not discuss crystal-field effects. It is worth
The formalism for interpreting the experimehtSon the  noting at this stage that the intensity of mot® will be
RFe, compounds has been developed and is particularljroportionaf® to the square of the spin of tti (or U) atom.
clearly given in Clauseret al® Figure 2 shows the three Since the spin is so much smaller in the case of the U atom
spin-wave branches we expect at low energy. There are threRan for a heavy rare-earth, the intensity of ma8e may
additional modes involving optic vibrations of Fe atoms, butyell be small, even if it exists.
they are too high in energy to be observed easily, although Equation(1) above contains an important change from the
some attempts have been reported on isostructural H8Co formulas as written in the papers on isostructural rare-earth
The acoustic modél) involves bothR and Fe spins precess- compounds. We have replacédthe total angular momen-
ing in phase. Modg2) involves the precession of the Fe tym, by the total spirS. In the equations of motion the spin
spins only. This mode can be thought of as very similar tgs the relevant quantity, but, in the localized 4eries, the
that appearing in pure Fe. Mod8) involves the energy of spin S and orbital L momenta are coupled together via
the rare-earth ion making a precessional motion in the moryssell-Saunders relationship, so that we usually wite
lecular field established by the Fe atoms. Following thethe formula as the neutron dipole selection rules for trans-
theory for theRFe, compounds, the energies of mod@  verse spin waves involvéM ;1) operators. We recall
and(3) at g=0 (i.e., the gaps in the spectrare given by
AE,=127x.rd Sr—2Sre), HMtota= 9,
_ 1
AE3—24SF37R_|:E ( ) ,U«szz(g—l)J,

where Jr.ce is the R-Fe exchange energy ar&k, Sg. are
spins of the rare-earth atom and iron, respectively. The total uL=(02-g)J, 2
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whereg is the Landefactor. In a system with a quenched temperature. At the cold-source spectrometgrs1.5 A™!
(L=0) orbital momentg~2.0, and the orbital moment is (4.6 me\j was used with a Be filter to eliminate higher-order
zero. This is not the case in UEeOn the other hand, the contamination.
ratio u /ug is far from that expected for a localized rare-  Pyrolytic graphite monochromators and analyzers were
earth ion in UFe. used throughout with moderate collimati6ér40'). Because
The lack of dispersion in mod@) is a consequence of the of the close proximity of most of the magnetic scattering to
weak exchang€/g.re. In the RFe, systems this is some 2 the zone centefq=0), particular care had to be taken in
orders of magnitude less thafi..re. Whereas this interac- eliminating spurious phonons that arose either from the poor
tion in UFe, might be expected to be greater, because of theollimation, or from the vertical divergence introduced by a
direct hybridization, we can certainly still expect focusing monochromator. This was particularly true for the
Jre-r&Ju-re- The strong dispersion in mod@) arises from initial measurements made at Rischich, although contami-
the Fe-Fe interactio._re, Which gives a dispersion of this nated by phonon scattering, were the first to show conclusive
Fe mode similar to that measured in pure iron. We can easilgvidence of inelastic magnetic scattering, and defined the
evaluate experimentally the spin-wave stiffn€&dor RFe,  region of(q,w) space that had to be examined. At the ILL the
in the relation cold-source spectromefér(IN14) was used with incident
polarized neutrons from a bender and the analyzer was a
E,=AE,+Dq? 3) H(_aus_ler crystal so full polarization analysis was possib!e.
2 2 ’ Flipping ratios were 9.6 at 100 K, and 11.2 at 50 K. This
shows that there is a small depolarization of the beam, pre-

and SZhOW that observed valueB(RFe)~D(F&)~300  gymably from surface domains, at higher temperatures. The
meV A% and that these values are almost independent of,cident polarization corresponds to 0.81.

temperature. Note that we have assumedr#R interaction, An experimental run was also made on the PRISMA
Jr-r, 1S negligible. Whether this is valid also in UF&  {ime-of-flight crystal-analyzer spectromet®rat ISIS. No

unknown. magnetic excitations could be observed at PRISMA, but the
instrument was useful in mapping the optical phonons, see
Il. EXPERIMENTAL DETAILS Sec. V1.
A. Sample IV. RESULTS
All measurements have been performed on a single crys-
A. Fe mode

tal of UFe, grown by the Czochralski technique at CEN-
Grenoble. Not all the original crystal was single, and in view  Figure 3a) shows the results of scans in thElL1] direc-

of the twinning problems encountefédn the diffraction tion at a constant energy transfer of 1.5 meV. Note that,
experiments on a different UFerystal, considerable care despite the small value ¢§|=1.54 A%, the phonons can be
was taken to characterize the crystal in detail. Neutron Lauseen easily at 300 K, including the transverse acouy$#o
photographs, taken at the Laboratoire oheBrillouin, [111] phonon that would usually be “forbidden” as these
Saclay, France showed that a small part of the end of thecans are purely longitudinal. The phonon scattering may be
original crystal was not single, and this was removed. Thescaled by the Bose factor and decreases substantially by
crystal dimensions are6 mm diameter, with a length of 33 ~150 K. The two spin waves g on either side of thgl11]

mm. ac-susceptibility and resistivity measurements showegosition are seen at 50 and 100 K. At 150 K the spin wave
that the crystal becomes ferromagnetic at 165.5 K. This ishows broadness and even at 200 K can be identified, al-
close to the value of 167 K established by Aldred asThe though the central part has now been “filled in,” corre-
of stoichiometric UFg. In none of the neutron experiments sponding to overdamped paramagnons. On the right-hand
described below did we find any evidence of additionalside, Fig. 8b), is showny’(q,w). This shows clearly both the
Bragg peaks or satellites at low temperature. All evidencehanging position of the peak (g, E=1.5 me\}, as well
confirms that our crystal is single, close to stoichiometry, andas the presence of a signal abGwe=165 K. The spin waves
that UFe is a ferromagnet. up to ~100 K are resolution limited.

At higher-energy transfers, and thus larger valuegof
the TA phonons are well separated from the magnetic
modes, and focusing optics and wider collimation can be

These were performed on thermal triple-axis spectromused. Nevertheless, the spin-wave intensity falls & 86
eters at SiloéCEN-G, Grenoblgand at the High-Flux Beam that with an Fe moment of 0.6ug the experiments are dif-
Reactor at Brookhaven National Laboratory. In addition,ficult.

B. Neutron experiments

triple-axis spectrometers at the cold sources at Riational To determine which spins contribute to observed modes
Laboratory, Denmark, and at the Institut Laue Langevinwe use structure factor arguments. Table Il giveselaestic
(ILL), Grenoble, France, were used. structure factors for various Bragg reflectiq@sne centens

For the thermal spectrometers most of the experimentEigure 4 shows scans about three different reciprocal-lattice
were taken withk; fixed (BNL) or k; fixed (Silo€) at 2.62  points with the sample temperatufe=100 K. These three
A~1(14.3 meV and a pyrolytic graphite filter in the appro- zones have different elastic structure factors. By far the
priate place to reduce second-order contamination. Some egmallest contribution from the phonons is found around the
periments were also performédt Silo® with k;=4.1 A™*  points such ag111). If we now turn to the magnetic signal,
(34.8 meV) to make constan® scans up to-15 meV atlow  we may deduce that the signal comes only from the Fe mo-
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FIG. 3. (a) Neutron inelastic spectra taken at DN1 Sileactor
with k;=2.62 A~ (filter before sampleand with a neutron energy
gain of 1.5 meV. The signals above backgrogr®5 ctg at 300 K
are from the phonons. At lower temperatures these are estimated l?é/
applying the Bose factors to the signal determined at 300 K, and are

[9,9,q] (rlu)

[4,9,9] (rlu)

FIG. 4. Scans taken at HFBR Brookhavii7) with k;=2.67
A~ (filter before sampleand with a neutron energy loss of 5 meV.
The three scans are in thil1] direction with the sample d&t=100
K, but from reciprocal-lattice point§222), (022), and (112 from
p to bottom.

represented as shaded areas. The instrumental resolutipspace

is shown as a horizontal bar in the lower panglb) The ¥'(q,w) of

assuming that the contribution from the uranium is zero. Us-

the magnetic susceptibilitiobtained by dividing the net magnetic iNg @ conventional Fe form factor, as fodfidor UFe,, we
signal in(a) by the Bose factdr

ments. This may be seen as follows. First, the elastic struc-

find this ratio given by

| magr{ 222/ mag 110 ~ 1.6,

ture factor at thé022) containsU contributions only, but no o _ _ _ o
magnetic scatteringcenter panel of Fig. ¥is seen around Which is consistent with the observed intensities in Fig. 4.

the (022). Second, using the structure factors for tid1)

Given our neglect of the dynamical structure factors, this

and (222) reflections, we can calculate the ratio of intensity 29réeément is remarkable, and, coupled with the absence of

TABLE II. Elastic structure factors for the zone centéBsagg
pointy for the fcc Laves phase in the zonbkk), i.e., with an
[1,—1,0] axis vertical as in the experiment. The geometric terms
give the contribution of each species to the structure factor.

scattering at th€022), shows conclusively that the spin wave
involves Fe spins only.

Turning to low energy we show in Fig. 5 data at a series
of temperatures from the IN14 with complete polarization
analysis. These data are reminiscent of Fig. 3 except that
they show a larger change in the intensity of the spin wave

near T (i.e., between 160 and 180)Kwhere the signal

(hkKk) u Fe intensity decreases much faster than evident in Fig. 3. This
can be understood by comparing the volume of the resolution
111 —1n2 1 ellipsoids for the two spectrometer configurations. It is ap-
200 0 0 proximately a factor of 30 times smaller with=1.5 A™!
022 1 0 (Fig. 5 than withk;=2.62 A"* (Fig. 3. Thus, when the spin
311 +1W2 1 wave becomes broad, less weight is collected in the detector
222 0 2 and it becomes difficult to observe the signal above the back-
400 -1 2 ground. In contrast, below 100 K all experiments show that
133 —1W2 1 the Fe spin wave is resolution limited. In addition, the ap-
422 1 0 pearance of all the spin-wave intensity in the spin-flip chan-
044 +1 2 nel shows that the spin wave is a conventional transversely

polarized wave, since the neutron polarization is parallel to
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1,1,1) Constant k;
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FIG. 6. Constanf) scans at th€111) reciprocal-lattice point
[a.a,q] (rlw) with IN14. (a) and(b) have the same experimental conditions as in
) o ) ~ Fig. 5(c) and(d). Incoming wave vector reduced kg=1.3 A"t and
FIG. 5. Data taken with polarization analysis at IN14. The inci- fiat monochromator. The data here have been corrected for incom-
dent wave vector wak;=1.55 A™%. A Be filter was used to sup- plete polarization. The dashed lines indicate background, the solid
press higher-order contamination and polarization was by a curveghes are the results of fits with an asymmetric Lorentzian fésee
bender after focusing P@02 monochromator. The analyzer is texy) to determine the gaps in the magnetic spectra. The numbers
focusing Heusler. The polarization was 0.81. The data have nojpgyve the energy axis give the results of these fits.
been corrected for incomplete polarization. A horizontal magnetic

field of 1 T saturates the sample along thEL1] direction. The

energy transfer is 0.5 meV in neutron energy loss. The instrumenta_tprm was able to We,” represent_the d_at_a. See the solid Il_nes
resolution inq space is shown as a horizontal bar in the lower!" Fig. 6. The resolution of IN14 is sufficiently good to avoid

panel. Solid points are spin-flifi.e., magnetig and open points observjng either the longitudinal or “forbidden” transverse
are non-spin-flipflnonmagnetig acoustic phonons.

HIl [111]. Scans in other directions have shown that the dis- C. Search for additional modes

persion of the Fe mode is isotropic. )
We have discussed at length the measurements of the Fe

spin-wave for a good reason. No sign has been found of any
other mode. This is an unexpected result, particularly with
The polarized-neutron capability of IN14 has also beerrespect to mod€l) of Fig. 2. Proving that something is
used to establish the gap in the Fe-spin-wave njdds, in absent is, of course, difficult. That is one of the reasons we
Eqg. (3)] at low energy. Data taken in consta@t=[111] are  have used so many different spectrometers. In the process we
shown for two different configurations and temperatures irhave characterized the phonons of this material and made
Figs. Ga)—6(d). These data establish unambiguously thatinnumerable scans ifQ,w) space, including constaf-
AE,=0.392) meV at 50 K, and that it decreases consider-scans, sampling the first three Brillouin zones, and including
ably on warming to 100 K. Unfortunately, because of thea variety of zone-center and zone-boundary points. Since our
large loss of intensity due to the Bose factor, this is difficultpresent understandirigee Sec. V beloyeads us to believe
to measure neaf=0. There is some inconsistency betweenthe acoustic mode involving Fe and U should lie below the
the values with the focusing and flat monochromators, espe-e spin wave, we present in Fig. 7 three scans of interest, all
cially at T=100 K, and this may be due to resolution effects.with polarization analysis. Figure(@ shows that the trans-
With both configurations it is clear thatE, decreases as the verse acoustic phonon is not a mixed magnon-phonon mode.
temperature is increased. Note that the tail on thes&igure 1b) shows a scan at lower energy than the Fe mode,
constantQ scans is a resolution effect as the ellipsoidbut at smally, where any damping effects might be expected
touches the sides of steeply rising dispersion curve. To simuo be small. Figure (€) shows that no strongly overdamped
late this effect we found empirically that adding a term pro-magnetic mode contributes to tfE~Q) incoherent scatter-
portional to the energy transfeg, to the normal Lorentzian ing.

B. Measure of the gap in Fe mode
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5 T . T FIG. 8. Dispersion af =100 K of the Fe modéexperimental
E c) 096096096 | pointy together with transverse acoustiA) and longitudinal
N 200 F | acoustic (LA) phonons marked as dotted curves. Two different
g T=100K 1 analyses of the data discussed in the text are also presented on the
g graph. In each case the model predicts the Fe spin wave and an
g 100 voss? ot acoustic magnetic mode. These are marked as solid (medel 1
§ W202000 o2 e, ‘jt and dashed linegmodel 2, respectively, and the parameters are
z 0 ' : : shown in Table III.

02 01 0 01 02
Energy (meV)
of less than 0.1 meV found in pure Beinstead the “acous-

FIG. 7. Scans taken at IN14 with the same configuration as irtic” mode would have a gap and be at higher energy. So the
Fig. 5. (a) Constant==0.5 meV scan in directiofl00] so as to  finite gap in the Fe spin wave can be interpreted that
intersect transverse  acousti¢TA) ~ phonon, (b) constant S;>2S... In our case aff=100 K the iron moment is
Q=[1.05,1.05,1.0% (c) constantQ=[0.96,0.96,0.96showing in- 0,554, so S,=0.275uz, since theg factor for Fe is nor-
coherent non-spin-flip scattering. The calculated instrumental resqnga|ly taken as 2. This inequality then giv&s>0.55u5 .
lution is shown as a horizontal arrow. In all cases open points argacall that we have uses), as an effective spin, in place of
non-spin-flip (nonmagnetie and solid points are spin-flifmag-  he normald that occurs in the formula given for rare-earth
netic scattering. Background levels are indicated as dashed "nesmaterials Recognizing that there is an orbital moment also

sociated with the uranium site, it is necessary to know the

. S
Thgs_g scans, and many others with spectrometers gt B'\lfl_ﬁand’efactorg to obtain a value for the moment from this
and Silog show the absence of any low-energy scattering Uyt cive spin, see Ed2). It is exactly that value of that is

to ~10 meV, apart from the Fe mode. These statements afgnown in the case of uranium in UEesince the polarized
based on the assumption that any extra modes would be

h he Fo modes. i atel tion lim Butron experiment$?* have shown thaty, and ug do not
sharp as the e modes, 1.e., approximately resolution limitefl,ye the values expected from Russell-Saunders coupling.
at low temperature.

We cannot therefore relate the effective sgjpfound in the
neutron inelastic experiments with the moment found in the
V. ANALYSIS OF RESULTS elastic experiments but our analysis does show thabra
zeroeffective spin is required at the uranium site.

In Fig. 8 we present the dispersion of the Fe mode at The formalism we have developed in Sec. Il is valid for
T=100 K. In attempting to analyze this data we are at athe case of docalized rare-earth ion interacting with Fe
considerable disadvantage. The theory we have discussed spins. All the evidence presented so far about JUstews
Sec. Il predicts three low-energy modes, and we have okthat both the uranium and iron moments dneerant Thus,
served only one. First, this suggests the theory is inappliit is certainly not surprising that the predictions from the
cable, or at best qualitative. Second, even if we follow themodel of a localized model are not substantiated w(i&m-
theory, we have too little information to solve for all the eranj uranium moments are involved. However, it is surpris-
parameters. At this stage we shall use the theory oRff@  ing that we have been unable to find the acoustic mode of the
systems as a guide, being aware of possible shortcomingselementary magnetic excitations, because this should involve

We first note the expression for the Fe spin-wave gap ircontributions from both moments.

Eq. (1). If Sy<2Sg. there would be no gap in the spectrum  The iron spin-wave mode may be modeled with the for-
of the Fe spin wave, or at least nothing greater than the gamalism of Sec. Il. The parameters required &g, Sy,
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TABLE Ill. Microscopic parameters used in the analysis of the inelastic scattering froRResystems. The parameters for tREe,
systems correspond 6=295 K (~0.5T¢) and have been collected from Refs. 1-7. The parameters foy tiifeespond tolr =100 K
(0.6T¢) Sgecorresponds to the Fe spin, assumiipg=2. The columnlg corresponds to the total angular momentum in the case of the rare
earths, but the “effective spin” in the case of UF& he fits to the data for models 1 and 2 are shown in Fig. 8. The numbers in parentheses
refer to standard deviations on the least-significant digit.

SFe JR AEZ er»Fe JR—Fe D 2
RFe, (1s) (18) (meV) (meV) (meV) (meV A?)
ThFe, 0.75 3 ] 26 —0.95 ]
HoFe, 0.75 47 16.6 26 —043 ~280
ErFe, 0.75 3.6 8.8 30 —032 280
0.27 (fixed) 0.722) 1035) ~0.103) model 1
UFe, 0.27 (fixed) 0.561) 0.305) 50 (fixed) —0.643) 44030 model 2

Jures and Jeoree As noted earlier, we cannot fit these expected, this analysis confirms the large valug/gfg.de-
uniquely with one curve. We fi.=0.27u5 . Two fits are  duced earlier. Th® values are given in Table II.
shown in Fig. 8 and the parameters given in Table Ill. The .

first (solid line in Fig. § is the best from the viewpoint of, VI. PHONONS AND MO SSBAUER EFFECT

but it gives bothS, and Jr..rclarger than we anticipate. The A. Phonon spectra

second fit(dashed linesin Fig. 8 keepsJe..r. fixed at 50
meV and gives a reasonable value &f. For any type of
acceptable fit, we find thaf. . is still considerably larger
than the value found in thBFe, series(Table IlI).

Perhaps the most remarkable result of this study is th
increase iNJge.ren despite the strong reduction 8. We
believe this is a direct consequence of the-8d electron
hybridization. This increase iFg..cc may be seen more di-
rectly by analyzing the lovg spin-wave regime. Figure 9
presents an analysis in terms of H§) E,=AE,+Dg? at

The anomalies in the elastic constants and magnetostric-
tion make the phonons in Ukef particular interest. Further-
more, in searching for the “missing” modes in this material
jet became important to identify excitations, and we have
made a rather complete study of phonon modes below 20
meV. The phonon dispersion curves of Yrge shown in
Fig. 10. The phonons show a strong similarity to those of
LaAl, and CeA},* with a suitable renormalization due to
the heavier U and Fe atoms, although in a detailed compari-
son of the phonons at the zone-center point there does seem

smallg. A dipole-dipole interazction, gxpressed as a mOdiﬁ_some difficulty in deriving the frequencies with the model
cation of Eq,(3) to giveE=Dg7(1-q') was considered by used of theRAl, compounds® More optic modes exist

Collins et al3!in the case of Fe, but the accuracy of our data X .
and the limitedg range does not merit such an analysis. Asabove 20 meV. In th'S.StUdY we have not made an effor.t to fit
the phonon frequencies with a model, our object being to

identify the phonon modes in our search for magnetic modes.
T T As can be seen from Figs. 3 and 7, the phonons are suffi-
ciently strong in UFgthat they can be observed at sm@ll
- An alternative way of saying this, of course, is that the mag-
netism is weak.
The phonon modes show littlé dependence, with one

S N noticeable exception. The transverse acoyst@d] phonon
g softens considerably with temperature. Figuréal presents
Al —
B
80
=
)
(=] —
=
&
L
7] £
)
£
2
&
0 0.5 1 1.5x102
q2 (A?) N L e
00 02 04 06 08 10 08 0.6 0.4 02 00 02 04
FIG. 9. Analysis of the lowq region for various materials. Reduced wavevector q (rlu)
Dashed line is best fit to Collins datRef. 29 giving D =325 (10)
meV A2 for pure Fe. The dotted curve correspondsie=280 FIG. 10. Complete phonon dispersion curves below 20 meV of

meV A? as given by Refs. 2, 5, and 6 for EgFat 295 K. The gap  UFe, at T=300 K. The dashed lines at low correspond to values

is suppressed in presenting this valueDofThe two solid lines are  derived by taking the elastic constants determined by ultrasonic
fits to UFe at 100 and 50 K wher® values of 440(30) and 630 experimentdRef. 19. The lines are guides to the eye. The open
(50) meV A2, respectively, are found. points are from PRISMA, the solid ones are from DN1, Siloe
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resonance, see ingets a function of temperature from Ufasing
the 5’Fe Massbauer resonanctaken from Ref. 21

T
L b) eqQ=01722 ]
1400 o Q=(0.54.4)
- — Ultra-sound 4

abrupt increase in the Lamb-Msbauer factofarea under

the curve of the Mesbauer resonangeand we show this in

L 8° i Fig. 12. There is a different behavior for UFeompared to

1000 |-— T the otherRFe, systems. Physically what this means is that at
Tc there is a decrease in the mean-square displacement of
the Fe atoms, which does not appear to be the case in the
RFe, compounds.

FIG. 11. (a) ConstantQ=(1.7,2,2 showing the softening of the In developing a theory to explain this effect Eremenko
transversé100] acoustic phonon as a function of temperature. Theet al?® have considered three possible explanations. These
data are corrected by th&? cot 6) term necessary when using a involve a magnetostrictive compression, a strong Fe-Fe mag-
constantk; configuration. The fits are Gaussian curves fixed at thenetic exchange, and a magnon-phonon interaction. The mea-
instrumental full width at half maximum. A small incoherent con- surements of the unit cell parameter beldw eliminate the
tribution atE=0 is also included. After fitting th&=300 K data, first possibility. In considering the exchange interaction Er-
the intensity for data taken at lower temperature is determined bymenkoet al?° concluded that with & of ~167 K and a
the corresponding factor; the only parameter in the fits at lowelFe moment of 0.6 a simple Heisenberg model suggests a
temperatures is thus the frequency of the phonon. The two arrowsr._ _ ~4 meV, and this would be insufficient to influence the
indicate the energy shift between 300 and 55 K. This figure alsq-g " viprational amplitudes. They, therefore, proposed the
shows the absence of any magnetic scattering in this energy ranggirq solution, a strong magnon-phonon interaction with the
the Fe modg?2) is well outside this range. (b) Temperature de- acoustic phonons.
pendence of the TA phonon velocity as deduced from the ultra- - heasyrements show two important differences that
sound (Ref. 19_ (solid line) and neutron experiments at finitg must be taken into account in reapplying the theory of Ref.
values(data points 20. First, we have found no evidence for an -

. , y magnon
a series of scans around tt&22) zone center aj=[0.3,0,0 phonon interaction, but, second, we have found that the
and shows how the transverse acoustic phonon softens witfe-Fe exchange7r..re is actually larger than found in the
decreasing temperature. The extrapolated slope of the dispdrfe, systems. Whether, this exchange interaction is, by it-
sion curve, which gives the phonon velocity, is shown as &elf, large enough to explain the anomalous Lamb-
function of temperature in Fig. 1) and compared with the Maossbauer shift in UReas compared to that found in the
results deduced from ultrasonic measureniénté the c,,  otherRFe, compounds, will require a more careful examina-
elastic constant. Although the magnitudes of the phonon vetion of the theory of Ref. 20.
locities given by the two measurements are very similar, the
neutron experiments do not see the sharp discontinuity ob-
served in the elastic constant data. We can only suggest that
this is a consequence of the differaqtregimes probed by
the two experiments.

1200 '

Phonon velocities
(m/sec)

0 100 200 300
T (K)

VIl. DISCUSSION

There are two remarkable results emerging from the
: . N present study of a strongly hybridized U System.

The strong reductioby ~30%) in the phonon velocities (1) The first is the large Fe-Fe exchangg. . (or equiva-
connected with the transverse acou$li®0] phonon is fur- lently the large spin-wave stiffness constdd) deduced
ther evidence of a strong magnetoelastic interaction. Thiggom the Fe spin-wave mode. To our knowledge, it is un-
contributes to the anisotropy, but there is an equally largeprecedented that diluting Fe results in a larger Fe-Fe ex-
but of the opposite sign, term in the single-iGintrinsic)  change. One can show that by taking the distribution of the
anisotropy. The rels7ult, as discussed earlier, is a small totaJq electrons and reducing the interatomic spacing of the Fe
anisotropy in UFg. atoms from elemental F@.8 A) to that in UFe (2.5 A) the
value of Jre.re Should increasé by about 20%, but this
would be offset by the reduction of coordination from 8 to 6

McGuire et al?! reported an unusual effect in the study in going from the element to the compound. Tihereasein
UFe, with the Fe Mmsbauer resonance. At there is an  Jro.remust surely come from thef53d interaction. Unfor-

B. Mossbauer-effect anomaly
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tunately, our study of UReintroduces two further aspects. the Fe spin-wave stiffness constddt[see Eq.(2)]. If the
(& The reduction of the iron moment from 2.2 to g6 spin on the uranium site was zero, there would be no spin-
reducesT ¢ since, in the simplest of theories, this is propor- wave gap, or it would be as small as found in pure iron. The
tional to 7xS?, where 7 is the exchange constant, aBdhe  only solution we can propose for the absence of, in particu-
spin value.(b) The strong reduction offg..g. (or D) with lar, the acoustic mode is that the spin wave is so strongly
temperature. This is not found in either ARef. 29 or the  broadened that the intensity cannot be observed with a triple-
RFe, system$, nor is it accounted for in linear spin-wave axis spectrometer. Given the tendency for uranium spin
theory. Such a strond dependence shows that nonlinear waves to broaden with hybridizatiththis is a reasonable
effects, arising from the interaction between two or morehypothesis, although perhaps unsatisfactory from an experi-
magnons, or between magnons and electrons, destroy timeentalist’s viewpoint.
Fe-Fe exchange, and hence drastically loWgr The strong Our measurements have further elucidated the magneto-
temperature dependence®fshows that this simple formula elastic coupling in UFRgand the unusual effect observed with
that Tox7xS? cannot be used becaugeis itself tempera- Maossbauer spectroscopy. More work should be done also on
ture dependent. The strong decrease in magnetization astlze phonon spectrum.
function of temperature was also measured in the bulk mag- Further experiments on Ukevould be interesting. For
netization by Aldred?® He ascribed this to strong interaction example, to extend the observation of the Fe-spin-wave
with the Stoner, or single-particle excitations. He suggestedhode to higher energy to observe the interaction with the
that ~40% of the change in magnetization with temperatureStoner modes. Time-of-flight experiments on polycrystalline
is due to the magnetization term, and0% from the Stoner samples might be able to observe the density of states arising
excitations. Since we have not observed the Stoner moddeom the “missing” modes, although the strong phonon scat-
directly, we do not wish to speculate further on this analysistering makes these experiments difficult. Cef@presents an
We do stress, however, that other independent measuremertgeresting material for inelastic studies. We might expect the
found an unusual dependence of the magnetic properties indynamic behavior to be “midway” between tHeFe, situa-
UFe,. tion and that we have discovered for YF&ecent Compton

(2) The second point is the absence of any scattering inscattering experimentshave confirmed that the total mo-
volving the uranium spins. Our exhaustive searches below 1fhent on the Ce is small and gone someway to resolving the
meV eliminate the possibility that a sharp spin-wave re-different numbers in the literature, and experiments to search
sponse exists in this energy range. Our expectations from tHer the Fe mode and the gayE, would be interesting. We
gap in the Fe spin-wave mode is that the acoustic modegre making attempts to grow suitable crystals of GeFe
which involves uranium sping1) in Fig. 2], lies below the

Fe _spin wave{s_ee Fig. _850 this is most puzzlir_lg._Of course, ACKNOWLEDGMENTS
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