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We have investigated the magnetic excitations of LBuup to 800 meV using high energy inelastic
neutron scattering. There is clear evidence of magnetic scattering in the energy range up to 200 meV. This
scattering can be fitted to four broad peaks which we attribute to heavily damped crystal field excitations. We
also observed thelJ °H,—3F, intermultiplet transition at 363 meV, which is a clear evidence 8t 0f
URuW,Si,. We discuss our results with special attention to theoretical models proposed to explain the single ion
physics of URYSI,, in particular the antiferromagnetic transition.
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[. INTRODUCTION is comparable with the overall splitting of U CE€rystalline
electric field levels predicted from the CEF Hamiltonian in

The heavy fermion superconductor UfSi, has recently Ref. 3.
been the subject of several experimental and theoretical In this paper, we present inelastic neutron scattering data
studies'® From early studies, it was found that resistivity covering incident energies up to 800 meV that show the ex-
measurements showed a feature, reminiscent of a spin- dgtence of magnetic scattering of Uf8i, right up to 200
charge-density-wave-like transition, at the antiferromagnetieneV. From the analysis of our inelastic neutron scattering
transition of 17.5 K before undergoing a superconductingdata using ThR4Si, as a phonon background material, we
transiton at 1.5 K. However, neutron diffraction find that we can fit the magnetic scattering using possibly
measurementsfound that an extremely small ordered mo- four crystal field excitations with the highest one centered at
ment of 0.04g/U atom was associated with the antiferro- 156 meV, which is the highest CEF energy ever found in U
magnetic transition, which was difficult to reconcile with a intermetallics. Although the lowest dispersive excitation is
rather large entropy of 0.1RIn2 released through the mag- strongly temperature dependent in agreement with the previ-
netic transition. Although the superconducting state belowous single crystal datathe three others remain almost un-
1.5 K itself is an interesting subject, the main interest ofchanged from 4.5 to 40 K, i.e., temperature independent
research activities on URSi, has centered around how we within the experimental resolution. Apart from the CEF ex-
understand the small moment orderingTat=17.5 K. Two citations, there is also an intermultiplet transition df*Uat
recent NMR studies further illuminated the salient aspect 0863 meV, which is temperature independent too.
the antiferromagnetic phaSe.

In_c_)rder to explain the.origin of t_he antiferr(_)magnetic Il. EXPERIMENTAL DETAILS
transition, several competing theoretical proposalsiave
been put forward so far. Although each scenario proposes a For our experiments, we prepared four polycrystalline
different mechanism for the small moment transition with thesamples by arc-melting high purity elements: 43 g of
large entropy involved, they share the same view that th&Ruw,Si,, 40 g of (W ThygRwSL, 30 g of
antiferromagnetic transition cannot be entirely due to thg U, 1Y (9 RWSi,, and 30 g of ThRSi,. To ensure homoge-
usual magnetic dipole ordering. Furthermore, some of theseeity of the samples, we made five or six buttons with each
theorie$*’ are closely related to the exact nature of the Uweighing aboti 8 g for one composition, and each button
ion of URWSI, requiring either a valence admixture, a spe-was flipped and melted at least ten times as described
cific crystal field scheme, or specific ground and first excitecbefore® Before the inelastic neutron scattering experiments,
states. It is therefore one of the most pressing issues concemwe checked the crystal structure of our samples by using
ing URW,Si, to explore experimentally the single ion nature white-beam neutrons to confirm that all the four samples
of the U 5f electrons and their crystal field states. were single phase with the Th{3i, structure.

Neutron scattering is a very useful tool to study the single Inelastic neutron scattering measurements were made
ion physics of heavy fermions. However, early inelastic neuwith the HET (high energy transferchopper spectrometer at
tron scattering studié$ were limited in energy range and not the UK ISIS spallation neutron source. Neutrons are scat-
very conclusive as to the single ion nature of the U ion, stilltered from the sample into two forward detector banks, one
less a full crystal field splitting. For example, the single crys-at low scattering angle$=2.6°—7.2° at a distance of 4 m
tal work by Broholmet al? revealed a very dispersive low from the sample position, and a second bank covering the
energy excitation in the energy range 2-13 meV. To outhigher scattering angleg=9.3°—28.7° at a distance of 2.5
knowledge, there has been no reported inelastic neutron scatr from the sample. Two high-angle detector banks are lo-
tering work covering the energy range up to 100 meV, whichcated atp=110.4°—138.7°. Because of the geometrical ar-
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- : of a FWHM (full width at half maximum of 3.4 meV at the
(a) / elastic peak position and a FWHM of 1.6 meV at 100 meV
;o energy transfer. We show the inelastic spectra of both

| fo Ereeee URW,Si, (closed symbolsand ThRySi, (open symbols
6 g ] / taken at 22 K in Fig. (@). Since ThRySIi, has a very similar
molar weight to URySI, (the weight difference between the
/:mmv two compositions is about 1.2 % of the total weighwe

. ‘ . have used ThRuBi, as a phonon background material. We
0 6°Energy Tli‘;fer (melvf‘g 0 note that both spectra show indeed very similar features over
the entire energy range. One noteworthy point is the strong
phonon peak seen at 46.6 meV in ThRi. As one can see,
: , . in URW,Si, this peak has clearly moved to the slightly higher
0 20 40 60 80 100 energy position of 47.7 meV. Such a shift of the phonon peak
2.0 to a higher energy is totally unexpected since Y&y has a
@ higher atomic weight than ThR8i,, so we expect any pho-
@ non mode to move, if at all, toward lower energies. That the
(b) 46.6-meV peak moves instead toward a higher energy indi-
% cates that some interatomic interaction becomes stiffer by
6% in URWSIi, than in ThRySi,, or it may be the effect of
a magnon-phonon interaction. However apart from the
phonon-related features, one can note that there is an overall
difference between the two spectra right up to 100 meV
which we attribute to magnetic excitations of § Blectrons.
We can obtain magnetic contributions from Figa)lusing
S : | : | : either the ThRySI, data after allowing for the 46-meV pho-
20 40 60 80 100 non peak shift or high angle bank data of the Y8iy with a
scale factor obtained from the Thi&i, data as shown in
Fig. 1(b). In both cases, we find that there is a very broad and
FIG. 1. (a) Inelastic spectra of URSi, (closed symbolsand strong magnetic scattering above 30 meV, which extends up
ThRu,Si, (open symbols measured with the 2.5-m low angle de- O at least 100 meV. Our dafaalso show strongly asym-
tector bank on HET at 22 K with an incident neutron energy of Metric magnetic scattering below 20 meV, as seen in Refs. 2
E;=120 meV. The line underneath the open symbols is the fitting2nd 8.
result(see the tejt The full line underneath the closed symbols is ~ Although it is not clear from the data shown in Fig. 1
the sum of phonon spectra from the above fitted function and mag@lone that there is further magnetic scattering above 100
netic excitations for URySi, (shown at the bottom of the figure meV, extra evidence can be found in data taken with the
centered at 8, 48.6, and 99.2 meV, respectively. In the inset ifigher incident energy of 400 meV, giving a resolution of a
shown theE—Q relationship calculated for the sum of 2.5 m low FWHM of 12 meV at the elastic peak position and a FWHM
angle bank withE;=120 and 400 meV(b) Magnetic scattering of 5.5 meV at 350-meV energy transfer. We show the data of
obtained using the high angle bank data of the W&uwith a scale  URu,Si, (closed symbolsand (Th ¢Ug 1) Ru,Si, (open sym-
factor from the ThRySi, data(see the tejt bols) taken at 22 K from 50 to 250 meV in Fig. 2. Since the
latter composition has a very small U concentration, we can
rangement of the detectors with respect to the sample, thése it as a phonon background material without any problem.
energy €)—momentum(Q) relationship is non-trivial for Most scattering below 60 meV occurs through phonon-
each energy transfer with a given initial enerfgy. This is  related features. However, there is a clear difference between
illustrated in the inset of Fig. 1 for the sum of the 2.5-m low the two spectra from 70 to 200 meV. In order to obtain the
angle bank with incident energies of 120 and 400 meV. magnetic contribution to the spectrum of Uiy, we first
The scattering functionS(Q,w) in absolute units of fitted the spectrum of (TfyUy 1) RWL,Si, as shown by the full
mbmeV srtf.u."! as a function of wave-vector transfer line in the figure. Then we subtracted the fitting line from the
Q and energy transfetw, is obtained from the raw time-of- URu,Si, data[see the inset of Fig.(3)]. This difference can
flight data by normalizing to the incoherent scattering from abe fitted to two magnetic peaks centered at about 100 and
flat vanadium slab standard sample for each chosen incided60 meV, respectively. Even though there is evidence of two-
energy, and then to the incident flux using the integral of thephonon peaks at 93 and 95 in the two compounds, there is
incident beam monitor. additional magnetic scattering in URSi, in this energy
range. We have also estimated the magnetic scattering using
the high angle data of URB&i, with a scale factor obtained
from the (Th Uy ) RW,Si, data[see Fig. 2)], which also
In order to investigate the magnetic excitations ofshow the presence of the magnetic scattering right up to 200
URUW,Si, up to 100 meV, we measured inelastic spectra withmeV.
an incident neutron energy of 120 meV, giving a resolution Since we have determined the magnetic scattering in ab-
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IIl. EXPERIMENTAL RESULTS AND ANALYSIS
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TABLE |. Energy transfere and FWHM (full width at half
maximum I' of CEF excitations for URySi,, obtained from the
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energy excitation seen previously. In order to check if the
L00 magnetic scattering we observed in our data can also account
) for the bulk susceptibility, we have calculated the real part of
static isothermal susceptibility,(Q=0,0=0), using our in-
elastic neutron scattering data and the following fornttila:

@
9
v
1

S(Q,w)
X=f{1+n(w)}><mdw. (2

According to our calculation, the estimated bulk susceptibil-
ity is about 6< 10~ 2 emu/mole, in comparison with powder
averaged bulk susceptibilty value of about 3
X 10~% emu/mole at 22 K. The calculation ofy is strongly
influenced by the details of the low-energy part of the mag-
netic scattering, due to thedl/factor in Eq.(2). Since our
experiments were primarily aimed at studying the magnetic

FIG. 2. (a) The inelastic spectra of URS, (closed symbols ~ Scattering at higher energies, this estimatg @ reasonably
and (Th,gUo ) Ru,Si, (open symbolstaken at 22 K with an inci-  Satisfactory.
dent energy off;=400 meV. The full line is the curve fitting re- In order to further analyze the data and make a compari-
sults for the spectra of (FhUq)RWwSi,. The inset shows the son with relevant theories, we first fitted the inelastic spec-
blown-up picture of the magnetic scattering obtained using thdrum of ThRySi, seen in Fig. (&) using one elastic compo-
(Thy Uo ) RW,Si, data as a phonon blank material. The full line nent with the peak function of the HET instrument and five
through URySI, data is the curve fitting results using the phonon peaks describing the phonon spectra. Throughout our analy-
spectra and three DHSO functiofalso showh centered at 48.6, sis, we always used the response function of a damped
99.2, and 158.0 meMb) Magnetic scattering obtained using the simple harmonic oscillatofDSHO) to describe an inelastic
high angle bank data of the URSI, with a scale factor from the peak; this has a better behaved tail than the usual Lorentzian
(Tho 8Uo ) RU,Si; data(see the text function. To illustrate the accuracy of our fitting to the pho-

non spectra of ThRu®SI,, our fitting results are shown as a

solute units, we can compare our data directly with otheline underneath the data pointspen circles In order to
bulk properties. Inelastic neutron scattering data can be usefiibtract off the phonon spectrum from the data of Ly
to estimate the effective magnetic moment involved in thewe used the fitted functions with every parameter fixed ex-
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magnetic scattering process using the formula cept for the position of the strong phonon peak at 46.6 meV.
Using the modified phonon spectrum function, we find that
) 1 (S(Qo) at least two additional DSHO functions are needed in order

Meft™286) f2(Q) (D) to describe the magnetic excitations of USis below 100

meV. Through a simultaneous fitting of the magnetic scatter-
wheref(Q) is the form factor of U*. The appropriate form ing shown in Fig. 1a) and the inset of Fig. (@), we found
factor for each data set has been used in accordance with tiiee position and width of the four peaksee Table). How-
Q dependence of the energy transfsee the inset of Fig. ever, we varied the intensity of each peak in accordance with
1(a)]. Using this equation, we found that the magnetic scatthe properE-Q relationship of each configuration and the
tering integrated up to 200 meV accounts for 250U form factor of the U* ion. For example, the intensity of the
atom; for comparison, the ionic value of*Uis 3.51ug. peak at 48.6 meV is about three times smaller fgr
When we integrated the data up to 20 meV only, we obtained= 400 meV than forg;= 120 meV, which is in good agree-
an effective moment of about 1.39 in comparison with the ment with the form factor for respectiv@ values estimated
effective moment of 1.205 from the single crystal data. for each configuration. Similarly, the intensity of magnetic
Therefore, one can see that the high energy magnetic scatteseatterig below 20 meV is also adjusted for form factor
ing has considerable strength, almost comparable to the loworrections by comparing two data sets taken with
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E;=25 and 120 meV. Since the widths of the peaks are muck 0.5
larger than the instrument resolution, our simulation finds
that convolution with the instrument resolution function has
negligible effects on the DSHO fitting functions apart from -~

the lowest excitation centered around 5 meV. _3
The full lines through the data points of UR&i, in Figs. &
1 and 2 are the fitting result of magnetic spectra plus phonor >

[

scattering. The four DSHO functions used for the fitting of
magnetic contributions are shown at the bottom of the fig- £ 0
ures. The lowest excitation below 20 meV is the dispersive g
mode found in the previous single crystal wérklowever,
the three excitations above 30 meV have not been reportel
before. From the data taken with the incident energy of 120
meV at 4.5 and 40 K, we find that most of the magnetic 0~°200 ' - ' o ' =
excitations are temperature independent within the experi-

mental resolution. The only exception is the lowest energy Energy Transfer (meV)

excitation showing a very drastic reduction in intensity g 3. The inelastic spectra of URSi, (closed symbolsand
around the energy range of 5-10 meV, in agreement with thepry,si, (open symbolstaken at 22 K with an incident energy of
previous single crystal dafawe acknowledge that the actual 709 mev. The full line undemeath the open symbols is the curve
position and intensity of the peaks may vary depending ORitting result for the spectra of ThRS8i,. The full line underneath
how we model the magnetic scattering, in particular the peakne closed symbols is the sum of phonon and magnetic contribu-
around 100 meV. As we stressed earlier, however it is cleations plus an intermultiplet transition at 363 meV, shown at the
that the magnetic scattering is present even at very high emottom of the figuregsee the teyt
ergy. Nevertheless, we caution that the set of parameters
given in Table | may not be unique. We note that these values
were obtained from least square fitting procedures with thevith high energy excitations in other U compounds. Using
peak positions and widths as free parameters. In our analysike free-ion parameters of YOthe energy of the lowest
of the magnetic scattering, one may question particularly théntermultiplet transition for 3" ions is estimated at 448
position of the peaks found at 49 and 99 meV, since there anmeV for *H,— 3F,.12 On the other hand, a typical localized
strong phonon and two-phonon peaks near these energids.metal, UPd, shows it at 395 meV Probably strong hy-
Although one may vary the peak positions individually, how- bridization betweerf electron and conduction electrons of
ever we believe that one needs magnetic scattering center&tRu,Si, further lowers the transition energy to 363 meV, as
around those particular energies in order to explain the exs often the case with strongly correlated electron systems.
perimental data. It is rather surprising in the first place that we even observe
Given the large width of the observed CEF excitations, itan intermultiplet transition in a heavy fermion supercon-
is unlikely that we will be able to obtain quantitative repro- ductor URySi, similar to that of UPg, which shows very
duction of the spectra using the CEF Hamiltonian. Furtherwell-defined CEF excitation¥. Therefore the observation of
more, since the excitations overlap in the data, the CEF levthe 363-meV excitation constitutes compelling evidence of
els might well be to some extent mixed together throughthe U*" state of URYSI,.}” There is very little temperature
intervening conduction electron states. However, even @ependence of the intermultiplet peak. It was suggésted
qualitative comparisol with Ref. 3 shows that the strong the mixed valence behavior of the U ion might be respon-
feature at 40—-60 meV, never reported previously, to ousible for the unusual antiferromagnetic transition of
knowledge, is consistent with Santini and Amoretti's motlel: URWSi,. That the intermultiplet peak is temperature inde-
a transition ongﬂl“%. For us to identify the origin of two pendent, and is as narrow and strong as that inslJRdw-
peaks at 99 and 158 meV needs more theoretical studies; bever, make this scenario very unlikely.
they might be due tol';—1", and F3—>Fé transitions, Finally, the importance of our work regarding the physics
respectively. of URW,SIi, can be threefold(i) the most extensive experi-
Studies using even higher incident energies such as 70@ental studies of the crystal field level splitting of the U ion
and 850 meV further reveal an interesting feature around 368f URW,Si,, (ii) the finding of magnetic scattering right up to
meV, as shown in Fig. 3. By comparing the spectra of boti200 meV, andiii ) the observation of an intermultiplet tran-
URW,Si, and ThRySi,, we can confirm that it is from the U sition, the definite evidence of . Thus our experiment
5f electrons. Studies of other U dilute compounds,puts a strict test on any conceivable theory for the single ion
(Up1Thy 9 RwLSi, and (W 1Y 9RWSi,, do not produce physics of URYSI,.
such a feature. Curve fitting gives the center of the peak at In summary, we have investigated the high energy excita-
364+1 meV with a FWHM of 24-1.0 meV, larger than tions of URYSi,. From our results, we find that URSI, has
the instrument resolution of a FWHM of 15 meV at this strong magnetic scattering up to 200 meV, which can be
energy transfer. The difference between the two spectra benodeled with four broad CEF magnetic excitations. The ob-
low 300 meV is due to the magnetic scattering seen in Fig. 2servation of the intermultiplet transition also suggests that
The origin of the peak can be understood from comparisot** cannot possible be mixed valence.
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