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Magnetic response function of the itinerant ferromagnet CeFg
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Neutron inelastic scattering experiments on single crystals of the itinerant ferromagnes@eWehat there
is a strong competition between the ferromagnetic ground state and an antiferrom&gRetipound state
with the wave vectoq:[%%%]. The ferromagnetic spin wave has a small temperature-independent gap of 0.25
meV and a reduced(compared to other rare-earth ;Fd.aves phases stiffness constant ofD
=155(5) meV &. The strong fluctuations around the AF wave vector give rise to an AF spin-wave dispersion
relationship that can be followed across the reduced AF Brillouin zone. The gap in the AF excitation spectrum
is ~1 meV at 15 K and rises te-5 meV above 100 K. At low temperature with a window 20 GHz, we
observe an apparent static AF component~dd.05uz superimposed on the ferromagnetic component of
1.2ug per Fe atom. The spatial correlations of these AF fluctuations extend over many unit cells at low
temperature. Our measurements have not detected any response directly from the Ce moments; so we assume
that their response is spread over a wide energy rangesiéaier spectra show an anomalous behavior of the
Lamb-Massbauer factor as a function of temperature and also show that the magnetic system is not saturated
even at largg5 T) fields, suggesting that short-range AF order may persist to higher temperatures than the
medium-range order observed in the neutron experimgB@l63-18208)09241-9

l. INTRODUCTION this quantity involving dichroisrfi° (on both the Ce. and
M edges$ as well as polarized-neutrbhand Comptotf scat-
The numerous studies of the magnetic excitations in théering have been reported. A consensus emerges that the net

heavy RFe, (R=rare earth) compounds with cubic Laves moment on the Ce site of 0.15up is mostly spin and that it
phase structure have provided important information on inis polarized opposite to the Fe moment of dg2 Although
teractions between the localized rare-earthahd itinerant the magnitude is smaller than that 6f0.50ug proposed by
3d electrons of F&2 By far the strongest interaction is the theory®!3the general physics of the itinerant nature of the
ferromagnetic one between the nearest-neighbor Fe atoméf states in CeRgs accepted. An implicit assumption is that
which have a separation almost identical to that in elementghere may be considerable hybridization between the itiner-
Fe. Thus YFg has as large a Curie temperat#5 K) as ant Fe 3l and Ce 4 states. The consequences of this hy-
the heavyRFe, compounds, and the main influence of the bridization remain to be elucidated.
rare earth is to introduce anisotropy, as would be expetted.  Additional work was stimulated by the experiments of
Since many of these compounds have practical applicationsRoy and Coles in the late 1980s, that a small amount of
the early interest was in the easy directions of magnetizatiorfjoping of another metal into the Fe site would induce a
which can frequently change as a function of temperaturgtable antiferromagnetic ground statather than the ferro-
due to complex nature of the RE single-ion anisotrdfijnis ~ magnetism of CeFg at low temperaturé®*® In neutron-
early work already noted the unusual situation in diffraction experiments on polycrystalline samples of GeFe
CeFeg(ay,=7.304 A, ferromagnetid@.~230 K), but it was  doped with Al, Co, and Ru, Kennedst al %'’ showed that
not until Erickssoret al® suggested that the Cd £lectrons the antiferromagnetidAF) structure (stable at the lowest
would beitinerantin this compound, and hence quite differ- temperatureshad a wave vector afj=[333]. These authors
ent from thelocalized 4f electrons associated with other also reported, albeit briefly, that AF reflections of the same
RFe, compounds, that it became of more general interest. Aype were present in their neutron powder patteirelow
major question has become the values of the momoth  ~60 K in the parent compound Cekéut the magnitude of
4f and &) associated with Ce, and experiments to probehe moment was too small for an accurate determination,
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although they estimated 0.15ug per Fe atom. They did not (002) 7
address the question of how AF reflections can appear in the
context of an apparently stable ferromagnetic ground state.
This was followed by a repdfton ac susceptibility measure-
ments on CeFg Despite the observation of anomalies below
~80 K, the authors concluded that there was no AF phase at
low temperature. However, work on the doped systéais ’ L\ ’
Al (Ref. 19, Ru (Refs. 20 and 211 and Re and IfRef. 22]
shows the prevalence of a stable AF ground state at low AN
temperature, and there is also a report that in the Ru system ~ (000)#——

\ /
=<
/ N\

K X

the AF phase may be suppressed with a magnetic field; this
leads to an appreciable magnetoresistahce. @ Nuclear Bragg point
An obvious question to ask about pure Cgklewhether O Antiferromagnetic zone center

the hybridization between the itineranf 4nd 3 electron
states is responsible for the AF interactions between the
Fe-Fe nearest neighbors. This might explain the apparent in-
stability of CeFg at low temperature and the ease with — o .
which stable AF is found with a small change in electron FIG. 1. (110) plane projection as used for the experiment. The
concentration. Unfortunately, we know of no theoretical solid points and thick solid lines give the allowed nuclear reflec-
treatments of the generalized susceptibility of GeFand  tions and ferromagnetic Brilouin zoneB2), respectively [Note
one of the objects of our present study is to motivate sucllnhaIt the (002 is forbidden in the Laves phase symmelnpiso
studies shown as open circles and dashed lines are the antiferromagnetic
) . . zone centers and their BZ, respectively.
Our own interest in Cekectually came from yet another P y

direction. We have recently reported on the low-energy spin;l_h ft first . s at low t " the di
wave spectra of the isostructural compound LJFe which us, atter our first experiments at low temperature, the dis-

the 5f electrons are alsitinerant?® Briefly, in UFe,, we plex was warmed fairly rapidiy~1 hj to room temperature
were unable to find any sign of the LIETmo;nent(whi;:h is and the largest crystal was found to have disintegrated into
known to be very smallin the inelastic response, but we did many small grains. A neutron powder pattern showed that

observe a considerable enhancement of the Fe spin—wa\yge sample was pure Cefwith the correct lattice parameter

stiffness constari. This latter is defined in the conventional and there was no sign of lines assc_>C|ated with GeFertu-
way where the Fe spin-wave energy at small wave vegtor nately, more crystals could be fabricated and these have not

is given by E=AE-+Dqg?+---, where AE, is the ferro- (yet) been destroyed because all subsequent experiments

magnetic gap and we neglect higher-order terms, Surpriélave employed slow cooling and heating. This disintegration

: o : does not occur for small pieces and is probably more a func-
ingly, in view of the fact that UFRgorders ferromagnetically . .
at only 165 K,D is even higher than found in pure iron, tion of the growth morphology than the compound itself.

which of course orders near 1000 K. We ascribe this en- The neutron inelastic scattering experiments have been

hancement of the Fe-Fe nearest-neighbor ferromagnetic irp_erformed on the INSther.ma} and INlZ(CO.Id) triple-axis
teractions to the hybridization between the © &nd Fe 3 spectrometers at the Institut Laue Langevin, Grenoble, and

states. Thus we had considerable interest in extending O@I::t())o\r,\gigirtgeLégi(tgreilrI?j}naantdSiFdZ;COIm r;}?gg'snsss f%tcfjhsein
neutron inelastic studies to Cefeas it promises to be a Y. g

second isostructural system in which thelectrons are itin- graphite monochrc_)mators have been_ US?d with .gf"i‘Ph“e fil-
erant ters to suppress higher-order contamination. An initial study

of the increase of the intensity at tkiEL1) reflection verified
that T is 235 K, which is the accepted value for stoichio-
Il. SAMPLE PREPARATION metric CeFe.
AND EXPERIMENTAL DETAILS The >Fe Mossbauer measurements have been carried out
using a®’Co/Rh source and a powdered single-crystal ab-
sorber containing about 5 mg Fe/gnThe spectra have been

a stoichiometric me]t is only fuIIy quuiq for temperatures recorded with the Cekeabsorber maintained at different
above~1200 °C. This paratectic formation makes Synthes'stemperatures between 4.2 and 300 K in either zero or exter-

of sizable single crystals via the Bridgman growth, Czochral- . . . .
ski growth, orgzoneyrefining extremel?/ diffic%lt, if not impos- nal fields up © 8 T applied parallel to the-ray direction.
sible. On the other hand, sizable crystals can be grown from

a binary melt using excess Ce as the sol?éntising this lIl. RESULTS

technique, single crystals of up to 5.2 g were grown at Ames
Laboratory out of a Ce-rich binary melt. The crystals are _
highly faceted and consist of a number of excellent crystals, We show in Fig. 1 the Brillouin zoneBZ) in the (110)

but with an overall mosaic of-1°. As usual with Ce com- plane. The thick solid lines define the ferromagnetic BZ.
pounds, the samples are sensitive to oxygen and the samplEsr the acoustic spin-wave excitations near the BZ centers,
were kept at all times in either a glove box or in a sealedcorresponding tay (the reduced wave vector from the BZ
(with He exchange gascan. However, a more important origin) small, the structure factors will correspond to
sensitivity of the large crystal was found to thermal shockthose for elastic scattering at the zone center. The rele-

— « - Antiferromagnetic zone boundary

Nuclear Brillouin zone boundary

The compound Cekeamelts incongruently at 925 °C, and

A. Overview of inelastic response at low temperature
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200

L\ mode is centered at tHepoints of the BZ and appears much
stronger in the ¢ &,€) (bottom left panélthan in the(¢,£,2-€)

0 0% o8 10 1z 127 o5 10 15 20° (top left panel direction. As we shall see, this is tlati-
EED) (rln) (L,1,E) (rlw) ferromagnetidluctuation spectrum and structure factor argu-
ments show that it arises only from the Fe moments.
FIG. 2. ConstanE scans at an energy transfer of 4 meVTat The total dispersion curves for the magnetic response are

=15 K in different directions around tr(é.ll) ferromagnetic zone given in F|g 3. The ferromagnetic Spin waves are similar to
center. The directions of the scans are marked in the insets. Th§gse observed in oth&Fe,, except that the spin-wave stiff-
center of each scaf=1 is the(111) (') point, and the two peaks peass js substantially reduced, but we observe afgierro-
close to that in¢ are the Stokes and anti-Stokes components of th%agneticspin waves propagating from tHe points in the
ferromagngtic Fe spin wave. The slightly Qiﬁerent intensities and Z. One of the surprising features of these dispersion curves
shapes arise from the resolution of the mstrument: The shad  that there appears very little, if any, interference between
peaks correspond to phonons. Note the strong antlferromagnetl[?1e two. Unfortunately, at the one point in the diagram, close

fluctuations present around thepoints (left-hand panelsand its -, -
absence arounH in the right-hand panels. The lines are guides tot0 the pointL’ where the two spin waves may be observed

the eye. Data taken on INSILL) with PG002—PG002 together, the AF spin waves have little intensity, and so this
ki=2.662 A1, and collimation 5060’ /open/open. ' question of interference is difficult to answer experimentally.

More details of the AF spin waves at low temperature are
vant structure factors ard(000)=ucet2ure, F(002)  shown in Fig. 4 in which constari-scans are shown around
=0, F(111)= ure— pce! (217, F(220)= nce, andF(222)  thel points, but in two different directions. These show that
=2ure. From these relationships, which have been well exthe spin waves are indeed well defined. In fact, at the lowest
ploited in past studies??*we can determine whether both or temperature both magnetic response functions appear to be
only one of the moments is contributing to the dynamic re-resolution limited in energy space, which signifies that there
sponse. Our studies of CefFshow that theentire inelastic  is little damping of the response.
signal reported in this paper arises from the iron moments.
For example, no acoustic spin waves are observed around the
(220 zone center. This is exactly the same situation as was
found in the study of UFe?® It does not mean that no mo- An overview of the total magnetic response across the BZ
ment is associated with Ce, but the most probable explanan the [111] direction as a function of temperature is shown
tion is that the Ce inelastic response is spread over a widm Fig. 5. As the temperature is raised to 200 K-( 35 K),
energy range, as is fouridfor example, in CeNji and such the Bose factofat an energy transfer of 4 meVeads to a
a response is hard to establish with a triple-axis spectrometeubstantial increase ef4.7 in observed intensity of the fer-
as used in the present experiments. romagnetic spin wave, but there is little change in its posi-

We start by showing in Fig. 2 constaBtscans E=4  tion. On the other hand, the AF fluctuatiotiaround L)
meV) in the (111) BZ in different directions at the lowest clearly do not follow the Bose factor, which implies that the
temperaturdl =15 K. The central signal aroung=1 in each  x(Q,w,T) reduces as a function gfat this wave vector and
case represents the ferromagnetic spin wave, which prop&nergy, and they also shift their position. On further warming
gates from the ferromagnetic zone centé=1 or q=0), to 300 K (T¢+ 65 K), the ferromagnetic response renormal-
and this cone of the ferromagnetic response function is thuges and spreads over a wider energy range. The ferromag-
cut in both the Stokes and anti-Stokes directions for a connetic spin waves at higher energy are shown as a function of
stant energy transfer of 4 meV. The slightly different inten-temperature in Fig. 6. There is only a small shift of the en-
sities and peak shapes registered are a consequence of #rgy of the ferromagnetic spin wave over the whole tempera-
spectrometer resolution. What is also clear is that a secoridire range; however, it clearly becomes considerably broader

B. Temperature dependence
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FIG. 4. Details of the AF spin waves around the point
333

222) taken with constank scans. The horizontal bar shows  pG g Details of the ferromagnetic spin wave at high energy as

the experimental resolution. The data were taken on 1T1 at LLB, nction of temperature. The horizontal bar shows the experimen-
with the configuration P®02—PG002 with collimation

30'/60'/open/open antt;=2.662 A1,

aboveT.. It is then difficult to separate the ferromagnetic

and AF responses in the zone.

IV. DISCUSSION OF NEUTRON RESULTS

tal resolution, and the shaded part is an estimated contribution from
phonons. The spectrometer configuration was the same as described
in Fig. 4. The lines are Gaussian fits to the spectra.

ments only. Moreover, the crystal-field-like mode that is
found in studies ofRFe, with heavy rare eartfisis most
easily identified around th@02) zone center, for which the

We start by returning to the point made earlier that theacoustic modes are forbidden as the elastic structure factor is

entire spectral response found in these experiments ariseker0 and here also we have found no measurable inelastic
from the Fe moments. This may be seen most clearly by thintensity. For the AF spin waves we flnd'that the intensities
absence of any signal around tf220) nuclear zone center, f_ollow closely those e_zxpected _from an iron-only contribu-
for which the elastic structure factor arises from the Ce moion- A good example is shown in the two left-hand panels of

Neutron counts (arb. units, ~2 min.)

PG(002)-PG(002) 50760"/Open/Open

Fig. 2. In the lower panel the scans trace a line in the BZ that
signifies a maximum contribution of the Fe moments,

INS-ILL k=2.662 Al, PG filter after sample whereas the line traced betwekrpoints in the upper panel
002) (222) connects BZ with zero Fe contribution to the acoustic modes,
E=4meV i ity i
so that the intensity is much reduced compared to that ob-
- 15K served in the lower panel. We have similar considerations
1600 = 500K ; throughout all Brillouin zones. Of course, at higher energies
w0t 300k pO (220) we would expect optic modes involving Fe, and perhaps also
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Ce, moments, but since these have not been mapped out even
for the heavyRFe, compounds, in which the rare-earth mo-
ments are much larger, they are beyond our present capabil-
ity. The nature of the Ce inelastic response remains unan-
swered by our experiments. This is the same situation as
found for UFe and probably signifies that the Gand U
response is spread over a wide range of both wave vector and
energy, much like is fourfd in CeNi,, and this is especially
difficult to detect with a triple-axis spectrometer. Even with a
time-of-flight experiment on a polycrystalline sample, as per-
formed in the CeNi studies, the difficulty would be in de-

& 59 (rly

tecting a presumably weak signal in the presence of the
FIG. 5. ConstanE scans E=4 meV) as a function of tempera- Strong dispersive scattering from the Fe moment sublattice.
ture across the zone in the longitudinal direction as shown in the At low temperature the analysis of the low-energy and
inset. All the scattering is magnetic; i.e., no phonons are seen in thi¢/ave vector part of the spectral response is shown in Fig. 7.
configuration. The shading is to help to distinguish the differentFigure qa) indicates that the ferromagnetic spin-wave stiff-
contributions. Spectrometer configuration as in Fig. 2. ness constant of 185 meVA? is substantially reduced
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much the sam¢0.21(5), 0.253), and 0.4(5) meV, respec-
tively] and this is consistent with little anisotropy introduced
from the RE or uranium sublattice. For comparison, recall
that the gap in pure Fe is0.1 meV. As expected, this is
quite different when the RE atom carries a large montast

in the case of Tb or Hp in which caseAEg can be as large
as 10 me\?

The dispersion of the AF spin waves at low temperature
and smallq is shown in Fig. T). The gap AE,g) at low
temperature is 1(@) meV, and in the relationshigE?
=(AEap) %+ (G0)? the value ofG=49(5) meV A. We have
found one material, FeRh, in which neutron experinm@nts
report a phase transition from AF at low temperature to
ferromagnetism at-350 K and then to paramagnetism at
~700 K. This situation is not the same, of course, as in
CeFe, in which both AF and ferromagnetic fluctuations ex-
ist simultaneouslybut it does give us some guidance as the
excitations involve principally iron. The AF spin-wave stiff-
nessG=116(3) meV A and is shown in Fig. 7 as a dashed
line.

We now turn to the temperature dependence of the ef-
fects, especially the AF response. Recall that the ferromag-
netic spin wave shows little changeigs. 5 and $up to 200
K (0.85T¢), and even abové (Fig. 6) this spin-wave re-
sponse is still present at high energies, albeit damped. The
situation is different for the AF response. Details of this are
shown in Fig. 8. In Fig. &) we show the gapaE; and
AEe as a function of temperaturdEg is independent of
temperature, whereaAE,g is strongly T dependent until

FIG. 7. (a) Experimental data for the ferromagnetic spin waves ghgout 150 K and then becomes difficult to measure, but is

from different directions fittedsolid line) to a quadratic dispersion
relationshipE=AEg+ Dg?, whereAEg is the spin-wave gap and
D is the spin-wave stiffness. The value ris 1555) meV A2,
Also shown are the slopes for elementaFe and YFe (b) Ex-

perimental data for the antiferromagnetic spin wave from differen

directions fitted (solid line to the relationshipE2=(AEap)?
+(GQ@)2. The value ofG=49(5) meV A. Also shown as a dashed
line is the relationshigwith G=115 meV A found in FeRh(Ref.
26).

from that of 250 meV & found in isostructural YEe Such a
reduction is consistent with the reducé&d of CeFg com-
pared to the otheRFe, materials. As a function of tempera-
ture, at least up to~180 K, there is little change in the
ferromagnetic responssee Figs. 5 and)6so thatD is es-
sentially independent of. We recall here that this is a com-
pletely different situation from that fouRdlin UFe, in which

D was foundincreasedat low temperaturgto as high as
~450 meV &), but was also found to bE dependent. If the

certainly larger than-4 meV. Another way to represent the
AF response is to construct the functigfi(Q,w,T) as a
function of temperature at the AF BZ center, here chosen as

the L point Q=(323). These points are determined by taking

‘the neutron counts, subtracting a background, and dividing

by the Bose factof1—exp(—E/kT)} 1. Although at higher
energy,E~10 meV and above, the phonon response be-
comes important and is difficult to subtract, the essential
physics of how the response function sharpens and lowers in
frequency as the temperature is decreased can be seen from
this figure.

The presentation of”(Q,w,T) for the AF fluctuations
allows one a relatively clear picture of the temporal aspect of
the AF fluctuations, but not of their spatial extent. To exam-
ine these more closely we have used the 4F cold-source
triple-axis spectrometer at the LLB and examined ehaestic
scattering as a function of temperature. To define this in
more detail, we note that the window of acceptance in energy
space of the spectrometersed withk;=1.55A"1) is ~150

changes in the ferromagnetic spin-wave constant may be ageV full width at half maximum(FWHM) or, equivalently, a

cribed to the hybridization between the itinerdnfof the
rare-earth or uranium atomand the Fe @ states, then the

frequency window oft20 GHz. The results of this experi-
ment are shown in Fig. 9. This figure shows two important

effects are quite different depending on whether we are corfeatures of the AF fluctuations. The first is that within the

sidering & (in the case of Ceor 5f (in the case of uraniujn
electrons hybridizing with the @ band. Of course, whereas
these are bothelectrons being hybridized with theddand,

resolution of the instrument we do see what appears to be a
stable AF component. The finite resolution of the instrument
must always be borne in mind. Certainly, with better energy

their spatial extent is different. Moreover, there is normallyresolution we would see a different temperature dependence.
one 4f electron associated with cerium, whereas thrée 5 With no energy resolution, as, for example, in the powder

electrons are associated with uranium. AlthoughDhealues

experiments reported by Kennedy and Cdfea,very small

for YFe,, CeFg, and UFg are all different, their ferromag- AF component may be visible at a relatively high tempera-
netic gaps AEg) in the spin-wave spectrum are all very ture. In brief, since we believe the AF fluctuations are tem-
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FIG. 9. Integrated intensities of the signal@#(553) observed
with the 4F2 cold-source triple-axis spectrometer at LLB (
=1.55 A~1). The integration was performed by rocking the crys-
tal through the Bragg positiofiransverse scapsThe dotted line is
the contribution from\/2 from the nucleaf111) reflection, and the
additional contribution to this reflection from the ferromagnetic or-
dering at the(111) position is shown as a dashed line. The addi-
tional magnetic scattering is shown as the experimental points, with
the solid line as a guide to the eye. The inset shows pbak
Energy (meV) intensity (solid circles and ling together with the FWHM of the
transverse scans as a function of temperature.

x"(Q, w, T) (arb. units)

FIG. 8. (a) Ferromagnetic £Eg, open circles and antiferro-
magnetic AEag, solid circles and squarggaps as a function of . )
temperature. The results farE - are shown for two AF BZ cen- l€ngths would not be expected on the basis of the cubic
ters, circlesQ=(31}) and square=(32). (b) x"(Q,»,T) as a  Symmetry of CeFgand the isotropic dispersion curvésg.
function of energy aQ=(323) for different temperatures. The solid 3)- Such a range for the AF correlations, over many lattice
hatched areas represent the dynamical response from the phonon<$#€s, demonstrates the unusual nature of the magnetic
this Q and must be subtracted from the experimental points to geground state in Ceke
the true magnetic response function.

o , . V. MO SSBAUER EFFECT EXPERIMENTS
poral rather than static in nature, their effects will be seen

differently by different techniques, depending on their tem- From the temperature dependence of the speqtradru-
poral resolution. pole doublet in the paramagnetic state and magnetically split
We can make an estimate of the magnitude of the magsextet in the ordered stateve confirm that CeFReorders at
netic moment responsible for the peak at low temperature abc=230(2) K(Fig. 10. More interesting is the observation
shown in Fig. 9. Although there is considerable uncertaintyof an anomalous behavior of the recoil-free fractibamb-
associated with knowing how to calibrate this intengig  Mossbaueff factor), proportional to the area of the spectra.
the intensities of the Bragg peaks from the crystal certaintyAs observed previously for Ugg” the f factor abruptly in-
suffer from extinctiof, we estimate a moment 6f0.05ug  creases below, whereas it exhibits a linear dependence
associated with the AF fluctuations of the Fe atoms. above(Fig. 11). From the slope of the linear part, one de-
The spatial correlations are also interesting and may bduces a Debye temperatufg of 323 K very close to the one
derived from the data shown in the inset. Here we show thé325 K) reported for UFe 2’ The unusual trend of thifac-
peak intensity and the experimental width of the peak. Thdor below T, which implies that the mean-square displace-
latter must be deconvoluted with the resolution of the instruiment of the Fe atoms decreases, can possibly be ascribed to
ment (also showh and is then directly proportional to 1/ the different Fe-Fe exchange interactions in U&ed CeFg
where( is the real-space correlation length. The correlationghan found in standar&Fe, compoundg?
of the AF fluctuations vary from~400 A at T<25 K to The shape of the spectra, related to the number and popu-
about half this value at 60 K, at which temperature the temiation of the magnetically inequivalent Fe sites, is usually
poral aspect of the fluctuations is such that they are outsideonsidered as a fingerprint of the direction of the iron easy
the energy window of the spectrometer. These scans hawxis of magnetizatio”® This led to the claim that the easy
been performed perpendicular @ where the resolution is direction of the iron moment in Cekgaried from parallel to
normally the best. In the longitudinal direction the instru-[100] below 150 K to a directiofuuw], which makes an
mental resolution is not sufficient to determine any experi-angle of about 20° with respect 00|, above 150 K. How-
mental broadening; however, anisotropy in the correlatiorever, the analysis of our high quality dafig. 10 indicates
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SOOUARRERRREIRON AR isotropic contributions td ¢ (dipolar fields of less than 1)T
sintie WY coantan ) ; e could lead to a small misalignment Hi; with respect to the
iron moment directiori? they can hardly be invoked to ex-
plain the observed intensities of the intermediatesktmuer
lines. A more natural explanation would be that Celsea
canted ferromagnet; i.e., a small antiferromagnetic compo-
nent is superimposed on a dominant ferromagnetic contribu-
tion. Note that one observes a monotonous temperature de-
pendence of the average hyperfine field. This suggests that
the AF component is present up T@..

TRANSMISSION

VI. CONCLUSIONS

t ¥ Following our experiments on Ugewe anticipated some
- . . surprises in the dynamical response function of GeWée
e I R R did not, however, expect it to be so radically different from
VELOCITY {mms) that of UFe: that no signal associated specifically with ei-
FIG. 10. 57Fe Massbauer spectra of Cefat different tempera-  ther the uranium or cerium moments in these materials can
tures and in an external fieldf & T at 4.2 K. Thequadrupole b€ understood on the basis of a wifie energy response
splitting was negativee?qQ~ —1.19 mm/3, and the average satu- function that is difficult to detect with a triple-axis spectrom-
ration hyperfine fieldH,; was 16 T. Note that the intermediate lines eter. In CeFgwe have found a strong reduction in the fer-
(arrows do not vanish at high fields. romagnetic exchange interactions and associated antiferro-
magnetic fluctuations in what is nominally regarded as a

that the magnetic configuration of CeFis more complex. erromagnet. o ,
Indeed, the observation of asymmetric spectra with inhomo- "€ dynamics presented in Figs. 8 and 9 bears a superfi-
geneous line broadening down to 4.2 K rules outla0] C|a[ resemblance tq the class!c soft-njode.phase transition,
easy direction. Moreover, fits implying four magnetically in- YPified by the studies of SrTiO;. We imagine a ferromag-
equivalent iron sitethis is the situation for a ferromagnet Netic ground statéanalogous to a stable structurg @nd the
with Fe moments pointing along an arbitraiyow] direc- development of AF fluctuations that prefer an AF ground
tion) could not reproduce the experimental data. stat_e(analogous to _structure)BThe freque_ncy of the fluc-
tuating AF phase, if we follow the classic Landau theory,

To shed more light on the actual spin configuration, we - )
performed additional experiments by applying an externa\"’gUId then be expected to decrease quadratically Witte.,
would be proportional tol — Ty, whereT, is the tem-

magnetic field. Due to the weak magnetic anisotropy o

CeFe, as revealed by the small gap in the ferromagneticperature of the phase transition. At the same time, intensity
spectrum and single-crystal magnetization datag antici-  (the central pegkappears in the elastic channé&<0), its

pate that a moderate field>0.2 T) will align the Fe mo- Magnitude depending on a coupling constant to some un-
ments along the field direction and lead to an extinction ofSPecified relaxing degree of freedom. This is an attractive

the two intermediate lines of the magnetically split 20@logy, giving a qualitative(phenomenological frame

sextef%3! This was not the case as Fig. 10 shows. The inwithin which to relate the observations reported in Figs. 8

termediate lines persist to at least 150 K in an applied field a&nd 9. Unfortunately, on closer inspection, any guantitative

large as 5 T. This clearly shows that the hyperfine figlgy ~ 2nalogy is flawed; the frequency of the soft mdgdee AF
does not align with the applied external field. Although an-fluctuations decreasesinearly, not quadratically(see Fig.
8), and there is evidence for a distinct change in the dynam-

ics around~60 K.

L Io | ' 1 Our neutron measurements suggest that these AF fluctua-
0.0 H °°°ooo B tions aredynamicin origin, and their observation therefore
= 00 1 depends on the time resolution of the measuring probe. They
< Sy %, E are unusually long range in their spatial extent—at least 400
% o2 F 3 B A (i.e., >50 unit cell3 at low temperature. As the tempera-
= ] ture is raised, their spatial extent reduces and their character-
< o3k ° 3 istic frequency increases. At the lowest temperature a rough
5 C ] estimate of the amplitude of these fluctuations at the Fe site
04 a 3 is ~0.05ug compared to the ferromagnetic component of
Z 1.2ug. Averaging over a long time, such as in the d8e
L4 1 | Ll |

bauer measurementsvhich have a frequency scale much
lower than the neutron proheshould therefore give no sig-
nal, at least foiT >60 K. This is not the case—effects of the
FIG. 11. Temperature dependence of the normalizgéd@7 K) AF fluctuations can be seen also in the $dbauer spectra
spectra are in Ceke Notice the abrupt change of the Lamb- and even up to relatively hlgh temperature. One way to rec-
Mossbauer factor al.. The Debye temperature of 323 K was oncile this apparent conflict is by realizing that 8&bauer
deduced from a fit of the linear part aboVe . measurement is sensitive to correlations at short distalaces

0 100 200 300
TEMPERATURE (K)
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few A), whereas neutron measurements are sensitive only tioon concentration, but must include the effects of doping
correlations that give reasonable “peaks” in reciprocalwith electrons of a different spatial extent. No doubt this
space. In the neutron case the correlation length must be afspect is sensitive to the mixing between thé &hd Ce

the order of 50 A to observe such a peak. At a given tem4f-5d band, but the full details need to be worked out in
perature this implies that for longer real-space correlationsnore detail before our observations can be put into a proper
there is a correspondingly higher characteristic frequency. Asontext. It would naturally be interesting to perform similar
the temperature is raised, a given real-space correlatioexperiments as described in this paper on doped CafFe
length naturally develops a higher characteristic frequencygdetermine whether ferromagnetic fluctuations remained in
but for the shortest Fe-Fe distance there is still enough cotthe stable AF state. The presence of an electronic instability
relation for a signal to fall in the relatively small frequency is further suggested by the observation of giant magnetore-
window of the Massbauer measurements. It would be inter-sistance effects in the Ru-doped materfals.

esting to explore this relationship between real-space corre-
lation length and frequency with high-resolution neutron
spectroscopy.

The wave vector of these AF fluctuationsgjs[333], and We have benefited from discussions with Mike Brooks,
this is exactly the AF wave vector found in many compoundsRoberto Caciuffo, Amir Murani, Gen Shirane, and Franck
in which Fe is replaced by another metat??1t corresponds ~ Wastin. The help of Bernard Hennion with the spectrometer
to a doubling of the unit cell along thd11) direction. This at LLB is appreciated. Support given to P.D. through the
suggests that there is an electronic instability in #i€q, ) EC-funded training program TMR is acknowledged. Ames
of CeFg and that a small change in the electron concentrataboratory is operated for the U.S. DOE by lowa State Uni-
tion leads to a stable AF ground state. Since these effects aversity under Contract No. W-7405-Eng-82. This work was
driven by a small amount of Ru doping, and Fe and Ru aresupported by the Director for Energy Research, Office of
nominally isoelectronic, it is not simply a question of elec- Basic Energy Sciences.
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