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UFe2 ~Laves phase, fcc crystal structure! is a ferromagnet withTC5165 K. Previous neutron elastic mea-
surements have established that the Fe moment is 0.6mB and that the moment on the U atom is almost zero
because of the cancellation of the spin and orbital moments, which are both about 0.23mB , but 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 performed onRFe2~R5Tb, Ho, Er!
suggests that two dispersive modes should be seen at low energy~i.e., less than;20 meV!. However, onlyone
mode has been found in UFe2 and this involves the precession of the Fe spins. We propose that the acoustic
mode involving the uranium spin is sufficiently broadened in~q,v! space that we cannot readily detect the
excitation. Nevertheless, the influence of the U-Fe exchange may be seen in~a! the presence of a gap in the Fe
spin-wave spectrum atq50, and~b! in an increasein the Fe spin-wave stiffness constant (D) as compared to
that found in pure Fe. This last property is a direct consequence of the hybridization between the U5f and
Fe3d electrons. We find also thatD 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 theRFe2 compounds,TC of 165 K in UFe2. @S0163-1829~96!05234-4#

I. INTRODUCTION

The study of the spin waves of theRFe2 ~R5Tb, Ho, Er!
cubic Laves phase compounds1–7 has presented a clear pic-
ture of the microscopic magnetic exchange interactions in an
alloy of Fe and a heavy rare earth. The principal result of
these studies is that the interaction between the two magnetic
species is relatively weak; the high Curie temperatureTC is
provided by the Fe-Fe interactions, whereas the anisotropy is
provided by the rare-earth ions.8 Indeed, this separation of

properties is behind the physics of technologically important
materials such as the hard magnets SmCo5, Nd2Fe14B, and
amorphous TbFe2. The magnetic anisotropy of the rare-earth
ion contributes substantially to the coercivity, especially in
uniaxial materials. Further details of the~weak-! coupling
mechanism between the 4f and 3d electrons have emerged
from local-density calculations,9 and these illustrate the im-
portant role of the 5d electrons in being sensitive to the 4f
moments and hybridizing with the 3d electrons. Theory and
experiments are in good agreement, confirming that most
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magnetic properties can be explained by the ‘‘standard
model’’ of rare-earth magnetism.10

Building on this well-established base we now pose the
question what happens to the magnetic properties when the
f -electron atom is replaced by Ce or U?~Unfortunately, the
Pr and Nd compounds do not form in the cubic Laves phase.!
Clearly, the situation is more complex, principally because
the f electrons in these systems can exhibit a high degree of
delocalization. As a result they can hybridize directly with
the 3d electrons, rather than indirectly via the 5d electrons
as in the cases discussed above. The face-centered-cubic
Laves-phase structure~Fig. 1! is particularly interesting as it
has short interatomic distances, thus providing opportunity
for such direct hybridization when thef electrons are not

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 Å with coordination number 6! is
actually shorter than that found in pure iron~2.8 Å with
coordination number 8!. The U-U separation~3.0 Å! in UFe2
is also smaller than the Hill limit11 of ;3.4 Å. The most
significant difference between theRFe2 compounds on the
one hand, and CeFe2 and UFe2 on the other, is that the Ce
and U compounds have much lowerTC’s and smaller mo-
ments on thef sites. It should be emphasized that the ab-
sence of a moment on theR site does not imply a smallTC .
Both YFe2 and LuFe2 have high values ofTC . It is the in-
teraction between thef and 3d electrons that appears to be
the key factor in reducingTC .

For CeFe2 the possibility of strong hybridization effects
was first discussed by Erikssonet al.12 Unfortunately, the
experimental situation in CeFe2 is not clear as recent reports
of neutron elastic13 and dichroism14 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
CeFe2.

In the case of UFe2 a number of studies have been under-
taken. Aldred15 summarized the earlier work and showed
that the material is a ferromagnet with a total moment of
1.09mB/~formula unit! and rather small anisotropy. Andreev
et al.16 focused particularly on the small anisotropy, and con-
cluded ~as did Aldred15! that the 5f electrons of uranium
must be largely itinerant. In apparent contradiction to the
small total anisotropy, Popovet al.17 showed that UFe2 has a
sizable rhombohedral distortion atTC . The intrinsic strain
~defined as the relative differences in length measured paral-
lel and perpendicular to the rhombohedral axis! is
14.531023. Whereas this is smaller than that found in
TbFe2~18.631023! or NpFe2~212.031023!, it is still almost
2 orders of magnitude greater than that found in Fe itself.18

One would expect, therefore, to find considerable total an-
isotropy in UFe2, because the distortion will contribute a
sizable term~in the form of a strain anisotropy! to the total
anisotropy. However, Popovet al.17 showed that the small
total value is due to an accidental cancellation of the magne-
tostrictive terml111 ~related directly through thec44 elastic
constant to the strain anisotropy! with an almost equally
large, but oppositely directed, term from the intrinsic anisot-
ropy. In a further series of experiments Sorokinaet al.19

measured the elastic constants as a function of temperature
and found a large softening of thec44 elastic constant near
TC . Eremenkoet al.

20 ascribed this to a strong magnon-

FIG. 1. Laves phase fcc cubic structure of theRFe2 com-
pounds. The larger spheres areR atoms, the smaller Fe. For theR
atoms there are two Bravais lattices, each one being generated by
the face-centering operator. Those based on the atoms at the origin
~000! are shown as solid circles, those generated from the atom at
~1/4,1/4,1/4! are shown as open circles. The Fe atoms are arranged
in tetrahedra surrounding the~3/4,3/4,3/4! point and its symmetric
equivalently related points.

TABLE I. Properties of theRFe2 and UFe2 compounds atT50 K. Data on rare-earth compounds taken from Ref. 8, those from UFe2
taken from Ref. 24. The heavy rare earths are assumed to have their full Russell-Saunders ground state. The quantitiesmtotal , mS , andmL are,
respectively, the total, spin, and orbital magnetic moments of the rare-earth~or uranium! 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. The nearestR-R ~or
U-U! distance in the structure is given by~)/4!a050.433a0 and the nearest Fe-Fe distance is given by~&/4!a050.3536a0 .

RFe2

a0
~Å!

TC
~K! Easy axis

mtotal
~mB!

mS

~mB!
mL

~mB!
m ~Fe!
~mB!

TbFe2 7.348 705 ^111& 9.0 6.0 3.0 1.5
HoFe2 7.301 614 ^100& 10.0 4.0 6.0 1.5
ErFe2 7.276 596 ^111& 9.0 3.0 6.0 1.5
UFe2 7.057 165 ^111& 0.01 20.22~1! 10.23~1! 0.60~5!
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phonon interaction. Mo¨ssbauer experiments were also
interpreted21 as showing that UFe2 is anomalous in compari-
son with the other rare-earth Fe2 Laves phases as, in the case
of UFe2, the Lamb-Mössbauer factor suddenly increased at
TC . We shall return to all of these points later in this paper,
but previous studies do show that UFe2 has unusual proper-
ties.

Evidence for strong hybridization in UFe2 between the U
5 f and Fe 3d electrons was first provided by Brookset al.22

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 Wulffet al.23 and
Lebechet al.24 showed that this was, in fact, the case. The
orbital and spin moments are both about 0.25mB , but they
are oppositely directed, and hence the net moment, which is
the sum of the orbital and spin contributions, on the U site is
close to zero. For a ‘‘normal’’ 5f 3 configuration we would
expect25 the ratio of orbital to spin (mL/mS) to be about22.5
so that the absolute magnitude of this ratio is strongly re-
duced~to ;1.0! in UFe2. It should be appreciated that, from
a theoretical point of view, theAFe2 series~A5U, Np, Pu,
and Am! are best treated as itinerant systems with a large
orbital moment.26 The neutron experiments23,24 on single
crystals of UFe2 also showed that the Fe moment was
0.6060.03mB , a substantial reduction from the 2.2mB of pure
Fe, or the 1.5mB found on Fe in theRFe2 series~Table I!.
The total moment in UFe2 is then 230.601~;0!51.2mB per
formula unit, and the magnetization results of;1.1mB ~de-
pending on the exact stoichiometry! show that, as expected,
the conduction-electron polarization is oppositely directed to
the Fe 3d moment.9

No measurements of spin dynamics or phonons have been
reported in UFe2. Our motivation for these experiments was
to examine how the hybridization between the 5f electrons
of uranium and the 3d electrons of iron affects the magnetic
exchange parameters and spin-wave spectra. These effects
are considerable.

II. SPIN DYNAMICS OF RFe2 SYSTEMS

The formalism for interpreting the experiments1–7 on the
RFe2 compounds has been developed and is particularly
clearly given in Clausenet al.6 Figure 2 shows the three
spin-wave branches we expect at low energy. There are three
additional modes involving optic vibrations of Fe atoms, but
they are too high in energy to be observed easily, although
some attempts have been reported on isostructural HoCo2.

27

The acoustic mode~1! involves bothR and Fe spins precess-
ing in phase. Mode~2! involves the precession of the Fe
spins only. This mode can be thought of as very similar to
that appearing in pure Fe. Mode~3! involves the energy of
the rare-earth ion making a precessional motion in the mo-
lecular field established by the Fe atoms. Following the
theory for theRFe2 compounds, the energies of modes~2!
and ~3! at q50 ~i.e., the gaps in the spectra! are given by

DE2512JR-Fe~SR22SFe!,
~1!DE3524SFeJR-Fe

whereJR-Fe is theR-Fe exchange energy andSR , SFe are
spins of the rare-earth atom and iron, respectively. The total

anisotropy is related to both the energiesDE1 andDE2. In
Fig. 2, E1 is shown with no gap, but one develops in the
RFe2 compounds at low temperatures. Note that we have
neglected crystal-field interactions at the rare-earth site.
Since the molecular exchange field of the Fe on theR atom
is strong theuMJ&5uJ& ground state of theR atom gives the
ground-state wave function and mode~3! is a measure of
energy needed to populate theuMJ21& state. Due to the
strong exchange theR atoms have their full moments, so
other states at higher energy are not accessible with dipole
transitions. In some rare-earth systems, particularly when the
transition element is cobalt, a small crystal-field exists,4,5,27,28

but as we observe no dispersionless modes, such as~3!, in
UFe2 we shall not discuss crystal-field effects. It is worth
noting at this stage that the intensity of mode~3! will be
proportional28 to the square of the spin of theR ~or U! atom.
Since the spin is so much smaller in the case of the U atom
than for a heavy rare-earth, the intensity of mode~3! may
well be small, even if it exists.

Equation~1! above contains an important change from the
formulas as written in the papers on isostructural rare-earth
compounds. We have replacedJ, the total angular momen-
tum, by the total spinS. In the equations of motion the spin
is the relevant quantity, but, in the localized 4f series, the
spin S and orbital L momenta are coupled together via
Russell-Saunders relationship, so that we usually writeJ in
the formula as the neutron dipole selection rules for trans-
verse spin waves involvêMJ61& operators. We recall

m total5gJ,

mS52~g21!J,

mL5~22g!J, ~2!

FIG. 2. The spin waves in ErFe2 at 295 K (;0.5TC) as a func-
tion of wave vector in thê111& direction, taken from Refs. 2, 5,
and 6. These are representative of the low-energy~E,30 meV!
modes in all the heavy rare-earthRFe2 series. Modes~1!, ~2!, and
~3! are discussed in the text.
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whereg is the Lande´ factor. In a system with a quenched
~L50! orbital momentg;2.0, and the orbital moment is
zero. This is not the case in UFe2. On the other hand, the
ratio mL/mS is far from that expected for a localized rare-
earth ion in UFe2.

The lack of dispersion in mode~3! is a consequence of the
weak exchangeJR-Fe. In theRFe2 systems this is some 2
orders of magnitude less thanJFe-Fe. Whereas this interac-
tion in UFe2 might be expected to be greater, because of the
direct hybridization, we can certainly still expect
JFe-Fe@JU-Fe. The strong dispersion in mode~2! arises from
the Fe-Fe interactionJFe-Fe, which gives a dispersion of this
Fe mode similar to that measured in pure iron. We can easily
evaluate experimentally the spin-wave stiffnessD for RFe2
in the relation

E25DE21Dq2, ~3!

and show that observed valuesD~RFe2!;D~Fe!;300
meV Å2, and that these values are almost independent of
temperature. Note that we have assumed theR-R interaction,
JR-R , is negligible. Whether this is valid also in UFe2 is
unknown.

III. EXPERIMENTAL DETAILS

A. Sample

All measurements have been performed on a single crys-
tal of UFe2 grown by the Czochralski technique at CEN-
Grenoble. Not all the original crystal was single, and in view
of the twinning problems encountered24 in the diffraction
experiments on a different UFe2 crystal, considerable care
was taken to characterize the crystal in detail. Neutron Laue
photographs, taken at the Laboratoire Le´on-Brillouin,
Saclay, France showed that a small part of the end of the
original crystal was not single, and this was removed. The
crystal dimensions are;6 mm diameter, with a length of 33
mm. ac-susceptibility and resistivity measurements showed
that the crystal becomes ferromagnetic at 165.5 K. This is
close to the value of 167 K established by Aldred as theTC
of stoichiometric UFe2. In none of the neutron experiments
described below did we find any evidence of additional
Bragg peaks or satellites at low temperature. All evidence
confirms that our crystal is single, close to stoichiometry, and
that UFe2 is a ferromagnet.

B. Neutron experiments

These were performed on thermal triple-axis spectrom-
eters at Siloe¨ ~CEN-G, Grenoble! and at the High-Flux Beam
Reactor at Brookhaven National Laboratory. In addition,
triple-axis spectrometers at the cold sources at Riso” National
Laboratory, Denmark, and at the Institut Laue Langevin
~ILL !, Grenoble, France, were used.

For the thermal spectrometers most of the experiments
were taken withkf fixed ~BNL! or ki fixed ~Siloë! at 2.62
Å21 ~14.3 meV! and a pyrolytic graphite filter in the appro-
priate place to reduce second-order contamination. Some ex-
periments were also performed~at Siloë! with ki54.1 Å21

~34.8 meV! to make constant-Q scans up to;15 meV at low

temperature. At the cold-source spectrometerskf51.5 Å21

~4.6 meV! was used with a Be filter to eliminate higher-order
contamination.

Pyrolytic graphite monochromators and analyzers were
used throughout with moderate collimation~;408!. Because
of the close proximity of most of the magnetic scattering to
the zone center~q50!, particular care had to be taken in
eliminating spurious phonons that arose either from the poor
collimation, or from the vertical divergence introduced by a
focusing monochromator. This was particularly true for the
initial measurements made at Riso”, which, although contami-
nated by phonon scattering, were the first to show conclusive
evidence of inelastic magnetic scattering, and defined the
region of~q,v! space that had to be examined. At the ILL the
cold-source spectrometer29 ~IN14! was used with incident
polarized neutrons from a bender and the analyzer was a
Heusler crystal so full polarization analysis was possible.
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-
sumably from surface domains, at higher temperatures. The
incident polarization corresponds to 0.81.

An experimental run was also made on the PRISMA
time-of-flight crystal-analyzer spectrometer30 at ISIS. No
magnetic excitations could be observed at PRISMA, but the
instrument was useful in mapping the optical phonons, see
Sec. VI.

IV. RESULTS

A. Fe mode

Figure 3~a! shows the results of scans in the@111# direc-
tion at a constant energy transfer of 1.5 meV. Note that,
despite the small value ofuQu51.54 Å21, the phonons can be
seen easily at 300 K, including the transverse acoustic~TA!
@111# phonon that would usually be ‘‘forbidden’’ as these
scans are purely longitudinal. The phonon scattering may be
scaled by the Bose factor and decreases substantially by
;150 K. The two spin waves6 q on either side of the@111#
position are seen at 50 and 100 K. At 150 K the spin wave
shows broadness and even at 200 K can be identified, al-
though the central part has now been ‘‘filled in,’’ corre-
sponding to overdamped paramagnons. On the right-hand
side, Fig. 3~b!, is shownx9~q,v!. This shows clearly both the
changing position of the peak inx9~q, E51.5 meV!, as well
as the presence of a signal aboveTC5165 K. The spin waves
up to;100 K are resolution limited.

At higher-energy transfers, and thus larger values ofq,
the TA phonons are well separated from the magnetic
modes, and focusing optics and wider collimation can be
used. Nevertheless, the spin-wave intensity falls as 1/E, so
that with an Fe moment of;0.6mB the experiments are dif-
ficult.

To determine which spins contribute to observed modes
we use structure factor arguments. Table II gives theelastic
structure factors for various Bragg reflections~zone centers!.
Figure 4 shows scans about three different reciprocal-lattice
points with the sample temperatureT5100 K. These three
zones have different elastic structure factors. By far the
smallest contribution from the phonons is found around the
points such as~111!. If we now turn to the magnetic signal,
we may deduce that the signal comes only from the Fe mo-
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ments. This may be seen as follows. First, the elastic struc-
ture factor at the~022! containsU contributions only, but no
magnetic scattering~center panel of Fig. 4! is seen around
the ~022!. Second, using the structure factors for the~111!
and ~222! reflections, we can calculate the ratio of intensity

assuming that the contribution from the uranium is zero. Us-
ing a conventional Fe form factor, as found24 for UFe2, we
find this ratio given by

Imagn~222!/Imagn~111!;1.6,

which is consistent with the observed intensities in Fig. 4.
Given our neglect of the dynamical structure factors, this
agreement is remarkable, and, coupled with the absence of
scattering at the~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 TC ~i.e., between 160 and 180 K!, where the signal
intensity decreases much faster than evident in Fig. 3. This
can be understood by comparing the volume of the resolution
ellipsoids for the two spectrometer configurations. It is ap-
proximately a factor of 30 times smaller withki51.5 Å21

~Fig. 5! than withki52.62 Å21 ~Fig. 3!. Thus, when the spin
wave becomes broad, less weight is collected in the detector
and it becomes difficult to observe the signal above the back-
ground. In contrast, below 100 K all experiments show that
the Fe spin wave is resolution limited. In addition, the ap-
pearance of all the spin-wave intensity in the spin-flip chan-
nel shows that the spin wave is a conventional transversely
polarized wave, since the neutron polarization is parallel to

FIG. 3. ~a! Neutron inelastic spectra taken at DN1 Siloe¨ reactor
with ki52.62 Å21 ~filter before sample! and with a neutron energy
gain of 1.5 meV. The signals above background~;25 cts! at 300 K
are from the phonons. At lower temperatures these are estimated by
applying the Bose factors to the signal determined at 300 K, and are
represented as shaded areas. The instrumental resolution inq space
is shown as a horizontal bar in the lower panel.~b! Thex9~q,v! of
the magnetic susceptibility@obtained by dividing the net magnetic
signal in ~a! by the Bose factor#.

TABLE II. Elastic structure factors for the zone centers~Bragg
points! for the fcc Laves phase in the zone (hkk), i.e., with an
@1,21,0# axis vertical as in the experiment. The geometric terms
give the contribution of each species to the structure factor.

(hkk) U Fe

111 21/& 1
200 0 0
022 1 0
311 11/& 1
222 0 2
400 21 2
133 21/& 1
422 1 0
044 11 2

FIG. 4. Scans taken at HFBR Brookhaven~H7! with ki52.67
Å21 ~filter before sample! and with a neutron energy loss of 5 meV.
The three scans are in the@111# direction with the sample atT5100
K, but from reciprocal-lattice points~222!, ~022!, and ~111! from
top to bottom.
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Hi @111#. Scans in other directions have shown that the dis-
persion of the Fe mode is isotropic.

B. Measure of the gap in Fe mode

The polarized-neutron capability of IN14 has also been
used to establish the gap in the Fe-spin-wave mode@DE2 in
Eq. ~3!# at low energy. Data taken in constantQ5@111# are
shown for two different configurations and temperatures in
Figs. 6~a!–6~d!. These data establish unambiguously that
DE250.39~2! meV at 50 K, and that it decreases consider-
ably on warming to 100 K. Unfortunately, because of the
large loss of intensity due to the Bose factor, this is difficult
to measure nearT50. There is some inconsistency between
the values with the focusing and flat monochromators, espe-
cially atT5100 K, and this may be due to resolution effects.
With both configurations it is clear thatDE2 decreases as the
temperature is increased. Note that the tail on these
constant-Q scans is a resolution effect as the ellipsoid
touches the sides of steeply rising dispersion curve. To simu-
late this effect we found empirically that adding a term pro-
portional to the energy transfer,E, to the normal Lorentzian

form was able to well represent the data. See the solid lines
in Fig. 6. The resolution of IN14 is sufficiently good to avoid
observing either the longitudinal or ‘‘forbidden’’ transverse
acoustic phonons.

C. Search for additional modes

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
respect to mode~1! of Fig. 2. Proving that something is
absent is, of course, difficult. That is one of the reasons we
have used so many different spectrometers. In the process we
have characterized the phonons of this material and made
innumerable scans in~Q,v! space, including constant-Q
scans, sampling the first three Brillouin zones, and including
a variety of zone-center and zone-boundary points. Since our
present understanding~see Sec. V below! leads us to believe
the acoustic mode involving Fe and U should lie below the
Fe spin wave, we present in Fig. 7 three scans of interest, all
with polarization analysis. Figure 7~a! shows that the trans-
verse acoustic phonon is not a mixed magnon-phonon mode.
Figure 7~b! shows a scan at lower energy than the Fe mode,
but at smallq, where any damping effects might be expected
to be small. Figure 7~c! shows that no strongly overdamped
magnetic mode contributes to the~E;0! incoherent scatter-
ing.

FIG. 5. Data taken with polarization analysis at IN14. The inci-
dent wave vector waski51.55 Å21. A Be filter was used to sup-
press higher-order contamination and polarization was by a curved
bender after focusing PG~002! monochromator. The analyzer is
focusing Heusler. The polarization was 0.81. The data have not
been corrected for incomplete polarization. A horizontal magnetic
field of 1 T saturates the sample along the@111# direction. The
energy transfer is 0.5 meV in neutron energy loss. The instrumental
resolution inq space is shown as a horizontal bar in the lower
panel. Solid points are spin-flip~i.e., magnetic! and open points
are non-spin-flip~nonmagnetic!.

FIG. 6. Constant-Q scans at the~111! reciprocal-lattice point
with IN14. ~a! and~b! have the same experimental conditions as in
Fig. 5~c! and~d!. Incoming wave vector reduced toki51.3 Å21 and
flat monochromator. The data here have been corrected for incom-
plete polarization. The dashed lines indicate background, the solid
lines are the results of fits with an asymmetric Lorentzian form~see
text! to determine the gaps in the magnetic spectra. The numbers
above the energy axis give the results of these fits.
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These scans, and many others with spectrometers at BNL
and Siloë, show the absence of any low-energy scattering up
to ;10 meV, apart from the Fe mode. These statements are
based on the assumption that any extra modes would be as
sharp as the Fe modes, i.e., approximately resolution limited
at low temperature.

V. ANALYSIS OF RESULTS

In Fig. 8 we present the dispersion of the Fe mode at
T5100 K. In attempting to analyze this data we are at a
considerable disadvantage. The theory we have discussed in
Sec. II predicts three low-energy modes, and we have ob-
served only one. First, this suggests the theory is inappli-
cable, or at best qualitative. Second, even if we follow the
theory, we have too little information to solve for all the
parameters. At this stage we shall use the theory of theRFe2
systems as a guide, being aware of possible shortcomings.

We first note the expression for the Fe spin-wave gap in
Eq. ~1!. If SU,2SFe there would be no gap in the spectrum
of the Fe spin wave, or at least nothing greater than the gap

of less than 0.1 meV found in pure Fe,31 instead the ‘‘acous-
tic’’ mode would have a gap and be at higher energy. So the
finite gap in the Fe spin wave can be interpreted that
SU.2SFe. In our case atT5100 K the iron moment is
0.55mB so SFe50.275mB , since theg factor for Fe is nor-
mally taken as 2. This inequality then givesSU.0.55mB .
Recall that we have usedSU as an effective spin, in place of
the normalJ that occurs in the formula given for rare-earth
materials. Recognizing that there is an orbital moment also
associated with the uranium site, it is necessary to know the
Landé factor g to obtain a value for the moment from this
effective spin, see Eq.~2!. It is exactly that value ofg that is
unknown in the case of uranium in UFe2, since the polarized
neutron experiments23,24 have shown thatmL andmS do not
have the values expected from Russell-Saunders coupling.
We cannot therefore relate the effective spinSU found in the
neutron inelastic experiments with the moment found in the
elastic experiments but our analysis does show that anon-
zeroeffective spin is required at the uranium site.

The formalism we have developed in Sec. II is valid for
the case of alocalized rare-earth ion interacting with Fe
spins. All the evidence presented so far about UFe2 shows
that both the uranium and iron moments areitinerant. Thus,
it is certainly not surprising that the predictions from the
model of a localized model are not substantiated when~itin-
erant! uranium moments are involved. However, it is surpris-
ing that we have been unable to find the acoustic mode of the
elementary magnetic excitations, because this should involve
contributions from both moments.

The iron spin-wave mode may be modeled with the for-
malism of Sec. II. The parameters required areSFe, SU ,

FIG. 7. Scans taken at IN14 with the same configuration as in
Fig. 5. ~a! ConstantE50.5 meV scan in direction@100# so as to
intersect transverse acoustic~TA! phonon, ~b! constant
Q5@1.05,1.05,1.05#, ~c! constantQ5@0.96,0.96,0.96# showing in-
coherent non-spin-flip scattering. The calculated instrumental reso-
lution is shown as a horizontal arrow. In all cases open points are
non-spin-flip ~nonmagnetic! and solid points are spin-flip~mag-
netic! scattering. Background levels are indicated as dashed lines.

FIG. 8. Dispersion atT5100 K of the Fe mode~experimental
points! together with transverse acoustic~TA! and longitudinal
acoustic ~LA ! phonons marked as dotted curves. Two different
analyses of the data discussed in the text are also presented on the
graph. In each case the model predicts the Fe spin wave and an
acoustic magnetic mode. These are marked as solid lines~model 1!
and dashed lines~model 2!, respectively, and the parameters are
shown in Table III.
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JU-Fe, and JFe-Fe. As noted earlier, we cannot fit these
uniquely with one curve. We fixSFe50.27mB . Two fits are
shown in Fig. 8 and the parameters given in Table III. The
first ~solid line in Fig. 8! is the best from the viewpoint ofx2,
but it gives bothSU andJFe-Felarger than we anticipate. The
second fit~dashed lines! in Fig. 8 keepsJFe-Fe fixed at 50
meV and gives a reasonable value ofSU . For any type of
acceptable fit, we find thatJFe-Fe is still considerably larger
than the value found in theRFe2 series~Table III!.

Perhaps the most remarkable result of this study is the
increase inJFe-Fe, despite the strong reduction ofSFe. We
believe this is a direct consequence of the 5f23d electron
hybridization. This increase inJFe-Femay be seen more di-
rectly by analyzing the low-q spin-wave regime. Figure 9
presents an analysis in terms of Eq.~3! E25DE21Dq2, at
small q. A dipole-dipole interaction, expressed as a modifi-
cation of Eq.~3! to giveE5Dq2(12q2) was considered by
Collinset al.31 in the case of Fe, but the accuracy of our data
and the limitedq range does not merit such an analysis. As

expected, this analysis confirms the large value ofJFe-Fede-
duced earlier. TheD values are given in Table III.

VI. PHONONS AND MÖ SSBAUER EFFECT

A. Phonon spectra

The anomalies in the elastic constants and magnetostric-
tion make the phonons in UFe2 of particular interest. Further-
more, in searching for the ‘‘missing’’ modes in this material
it became important to identify excitations, and we have
made a rather complete study of phonon modes below 20
meV. The phonon dispersion curves of UFe2 are shown in
Fig. 10. The phonons show a strong similarity to those of
LaAl2 and CeAl2,

32 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
some difficulty in deriving the frequencies with the model
used of theRAl2 compounds.33 More optic modes exist
above 20 meV. In this study we have not made an effort to fit
the phonon frequencies with a model, our object being to
identify the phonon modes in our search for magnetic modes.
As can be seen from Figs. 3 and 7, the phonons are suffi-
ciently strong in UFe2 that they can be observed at smallQ.
An alternative way of saying this, of course, is that the mag-
netism is weak.

The phonon modes show littleT dependence, with one
noticeable exception. The transverse acoustic@100# phonon
softens considerably with temperature. Figure 11~a! presents

TABLE III. Microscopic parameters used in the analysis of the inelastic scattering from theRFe2 systems. The parameters for theRFe2
systems correspond toT5295 K (;0.5TC) and have been collected from Refs. 1–7. The parameters for UFe2 correspond toT5100 K
(0.6TC) SFe corresponds to the Fe spin, assuminggFe52. The columnJR corresponds to the total angular momentum in the case of the rare
earths, but the ‘‘effective spin’’ in the case of UFe2. The 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.

RFe2

SFe
~mB!

JR
~mB!

DE2
~meV!

JFe-Fe
~meV!

JR-Fe
~meV!

D
~meV Å2!

TbFe2 0.75 ;3 - 26 20.95 -
HoFe2 0.75 4.7 16.6 26 20.43 ;280
ErFe2 0.75 3.6 8.8 30 20.32 280

UFe2
0.27 ~fixed!
0.27 ~fixed!

0.72~2!
0.56~1!

0.30~5!
103~5!

50 ~fixed!
20.10~3!
20.68~3!

440~30!
model 1
model 2

FIG. 9. Analysis of the lowq region for various materials.
Dashed line is best fit to Collins data~Ref. 29! giving D5325 ~10!
meV Å2 for pure Fe. The dotted curve corresponds toD5280
meV Å2 as given by Refs. 2, 5, and 6 for ErFe2 at 295 K. The gap
is suppressed in presenting this value ofD. The two solid lines are
fits to UFe2 at 100 and 50 K whereD values of 440~30! and 630
~50! meV Å2, respectively, are found.

FIG. 10. Complete phonon dispersion curves below 20 meV of
UFe2 at T5300 K. The dashed lines at lowq correspond to values
derived by taking the elastic constants determined by ultrasonic
experiments~Ref. 19!. The lines are guides to the eye. The open
points are from PRISMA, the solid ones are from DN1, Siloe¨.
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a series of scans around the~222! zone center atq5@0.3,0,0#
and shows how the transverse acoustic phonon softens with
decreasing temperature. The extrapolated slope of the disper-
sion curve, which gives the phonon velocity, is shown as a
function of temperature in Fig. 11~b! and compared with the
results deduced from ultrasonic measurements19 of the c44
elastic constant. Although the magnitudes of the phonon ve-
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 differentq regimes probed by
the two experiments.

The strong reduction~by ;30%! in the phonon velocities
connected with the transverse acoustic@100# phonon is fur-
ther evidence of a strong magnetoelastic interaction. This
contributes to the anisotropy, but there is an equally large,
but of the opposite sign, term in the single-ion~intrinsic!
anisotropy. The result, as discussed earlier, is a small total
anisotropy in UFe2.

17

B. Mössbauer-effect anomaly

McGuire et al.21 reported an unusual effect in the study
UFe2 with the Fe Mössbauer resonance. AtTC there is an

abrupt increase in the Lamb-Mo¨ssbauer factor~area under
the curve of the Mo¨ssbauer resonance!, and we show this in
Fig. 12. There is a different behavior for UFe2 compared to
the otherRFe2 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
RFe2 compounds.

In developing a theory to explain this effect Eremenko
et al.20 have considered three possible explanations. These
involve a magnetostrictive compression, a strong Fe-Fe mag-
netic exchange, and a magnon-phonon interaction. The mea-
surements of the unit cell parameter belowTC eliminate the
first possibility. In considering the exchange interaction Er-
emenkoet al.20 concluded that with aTC of ;167 K and a
Fe moment of 0.6mB a simple Heisenberg model suggests a
JFe-Fe;4 meV, and this would be insufficient to influence the
Fe vibrational amplitudes. They, therefore, proposed the
third solution, a strong magnon-phonon interaction with the
acoustic phonons.

Our measurements show two important differences that
must be taken into account in reapplying the theory of Ref.
20. First, we have found no evidence for any magnon-
phonon interaction, but, second, we have found that the
Fe-Fe exchange,JFe-Fe, is actually larger than found in the
RFe2 systems. Whether, this exchange interaction is, by it-
self, large enough to explain the anomalous Lamb-
Mössbauer shift in UFe2 as compared to that found in the
otherRFe2 compounds, will require a more careful examina-
tion of the theory of Ref. 20.

VII. DISCUSSION

There are two remarkable results emerging from the
present study of a strongly hybridized U 5f system.

~1! The first is the large Fe-Fe exchangeJFe-Fe~or equiva-
lently the large spin-wave stiffness constantD! deduced
from the Fe spin-wave mode. To our knowledge, it is un-
precedented that diluting Fe results in a larger Fe-Fe ex-
change. One can show that by taking the distribution of the
3d electrons and reducing the interatomic spacing of the Fe
atoms from elemental Fe~2.8 Å! to that in UFe2 ~2.5 Å! the
value of JFe-Fe should increase34 by about 20%, but this
would be offset by the reduction of coordination from 8 to 6
in going from the element to the compound. Theincreasein
JFe-Femust surely come from the 5f -3d interaction. Unfor-

FIG. 11. ~a! ConstantQ5~1.7,2,2! showing the softening of the
transverse@100# acoustic phonon as a function of temperature. The
data are corrected by the~k f

3 cotu! term necessary when using a
constantki configuration. The fits are Gaussian curves fixed at the
instrumental full width at half maximum. A small incoherent con-
tribution atE50 is also included. After fitting theT5300 K data,
the intensity for data taken at lower temperature is determined by
the corresponding factor; the only parameter in the fits at lower
temperatures is thus the frequency of the phonon. The two arrows
indicate the energy shift between 300 and 55 K. This figure also
shows the absence of any magnetic scattering in this energy range;
the Fe mode~2! is well outside this range. ~b! Temperature de-
pendence of the TA phonon velocity as deduced from the ultra-
sound ~Ref. 19! ~solid line! and neutron experiments at finiteq
values~data points!.

FIG. 12. Lamb-Mo¨ssbauer factor~area under the Mo¨ssbauer
resonance, see inset! as a function of temperature from UFe2 using
the 57Fe Mössbauer resonance~taken from Ref. 21!.
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tunately, our study of UFe2 introduces two further aspects.
~a! The reduction of the iron moment from 2.2 to 0.6mB
reducesTC since, in the simplest of theories, this is propor-
tional toJ3S2, whereJ is the exchange constant, andS the
spin value.~b! The strong reduction ofJFe-Fe ~or D! with
temperature. This is not found in either Fe~Ref. 29! or the
RFe2 systems,

6 nor is it accounted for in linear spin-wave
theory. Such a strongT dependence shows that nonlinear
effects, arising from the interaction between two or more
magnons, or between magnons and electrons, destroy the
Fe-Fe exchange, and hence drastically lowerTC . The strong
temperature dependence ofD shows that this simple formula
that TC}J3S2 cannot be used becauseJ is itself tempera-
ture dependent. The strong decrease in magnetization as a
function of temperature was also measured in the bulk mag-
netization by Aldred.15 He ascribed this to strong interaction
with the Stoner, or single-particle excitations. He suggested
that;40% of the change in magnetization with temperature
is due to the magnetization term, and;60% from the Stoner
excitations. Since we have not observed the Stoner modes
directly, we do not wish to speculate further on this analysis.
We do stress, however, that other independent measurements
found an unusualT dependence of the magnetic properties in
UFe2.

~2! The second point is the absence of any scattering in-
volving the uranium spins. Our exhaustive searches below 10
meV eliminate the possibility that a sharp spin-wave re-
sponse exists in this energy range. Our expectations from the
gap in the Fe spin-wave mode is that the acoustic mode,
which involves uranium spins@~1! in Fig. 2#, lies below the
Fe spin wave~see Fig. 8! so this is most puzzling. Of course,
a simple solution to this conundrum of the missing modes is
to note that the total U moment~see Table I! is almost zero
so that the total spin-wave response might only be from Fe,
much as it would be in YFe2, for example. However, this
argument is untenable. In spin-wave theory it is the spin, not
the total moment, that is important, together with the selec-
tion rules for the cross section, and the spin on uranium is
finite. From a simple perspective, although mode~3! might
be at high energy and weak, we would expect the acoustic
mode~1! to have roughly the same intensity as Fe-only spin
wave, mode~2!.

Two important effects arise from the magnetism of the U
5 f states:~a! the gap shown in Fig. 6 and~b! the increase in

the Fe spin-wave stiffness constantD @see Eq.~2!#. If the
spin on the uranium site was zero, there would be no spin-
wave gap, or it would be as small as found in pure iron. The
only solution we can propose for the absence of, in particu-
lar, the acoustic mode is that the spin wave is so strongly
broadened that the intensity cannot be observed with a triple-
axis spectrometer. Given the tendency for uranium spin
waves to broaden with hybridization35 this is a reasonable
hypothesis, although perhaps unsatisfactory from an experi-
mentalist’s viewpoint.

Our measurements have further elucidated the magneto-
elastic coupling in UFe2 and the unusual effect observed with
Mössbauer spectroscopy. More work should be done also on
the phonon spectrum.

Further experiments on UFe2 would be interesting. For
example, to extend the observation of the Fe-spin-wave
mode to higher energy to observe the interaction with the
Stoner modes. Time-of-flight experiments on polycrystalline
samples might be able to observe the density of states arising
from the ‘‘missing’’ modes, although the strong phonon scat-
tering makes these experiments difficult. CeFe2 represents an
interesting material for inelastic studies. We might expect the
dynamic behavior to be ‘‘midway’’ between theRFe2 situa-
tion and that we have discovered for UFe2. Recent Compton
scattering experiments36 have confirmed that the total mo-
ment on the Ce is small and gone someway to resolving the
different numbers in the literature, and experiments to search
for the Fe mode and the gapDE2 would be interesting. We
are making attempts to grow suitable crystals of CeFe2.
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