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First-order phase transition in UO,: U and O NMR study
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A nuclear magnetic resonanédMR) study is reported for a fscooperative Jahn-TellgdT) system with
antiferromagnetic ordering, UQwhere we have performed magnetic actinid®y) as well as nonmagnetic
ligand (’O) NMR studies in a 5-electron system. The observé®U hyperfine interaction is consistent with
an axially symmetric 5-wave-function character for J below a first-order transition temperatuiig
=30.8 K. Thus, the orbital degeneracy in the cubic crystalline field is lifted by a magnetic ordering combined
with a JT distortion. On the other hand, modulation phenomena it“thespin-echo decay provide evidence
of a lattice distortion just belowy, which gives rise to an axially symmetric electric-field gradient at the
oxygen sites. These results indicate that, in a cooperative JT transition which occurs as a result of coupling
between % quadrupoles and lattice distortion, the behavior of tliegBadrupoles can be investigated using
uranium NMR, while the lattice distortion can be studied with the nonmagnetic ligand NMR. Among magnetic
structures and JT distortions, proposed on the basis of neutron scattering experiments and theoretical work, the
noncollinear &-type structure is the most likely, because either tkeol 2k would cause an orthorhombic
distortion. With respect to low-energy spin-wave excitations, nuclear spin-lattice relaxatioﬁ'fdtea; both
sites show & behavior belowT,, which suggests the presence of gapless excitations due to strong magnon-
phonon coupling.

DOI: 10.1103/PhysRevB.63.104404 PACS nuni®er75.25+z, 76.60-—k

. INTRODUCTION more detail. As the first step, we have perfornfédJ and
"0 NMR studies in uranium dioxide, UQ which one can
In magnetic compounds, orbital degeneracy in a highlyregard as a well-localizedf5-electron system.
symmetric crystalline field can become the driving force to  Uranium dioxide is an ionically bounded semiconductor
generate a phase transition, often with anomalous magnetigith U** ions (H,). The crystal structure of UQis the
behaviors. A well-known example is the so-called cooperaface-centered-cubic fluorite structure. In the presence of a
tive Jahn-TellekJT) transition in which lattice distortions lift cubic crystalline field, the ninefold degeneracy of thid,
the orbital degeneracy at low temperatures and then an aligistate is reduced to tripldt; andI', states, a doubldt, and
ment of orbital moments is realized. In the casd-efectron  a singletl’;. Rahman and Runciman predicted theground
systems with strong spin-orbit couplings, we often treat it agriplet separated by 170 meV from a first excitégl doublet,
the ordering off quadrupoles, which can occur without lat- diagonalizing the complete Hamiltonian for WY@ncluding
tice distortion if an effective quadrupole-quadrupole interac-Coulomb, spin-orbit, and crystal-field termén fact, pulsed
tion arises from exchange-type interactions through conduaaeutron experiments observe such an excitation at 150‘meV.
tion electrons. The degeneracy of a ground state with an even number of
Recently, studies with respect to quadrupole degrees ddlectrons per magnetic ion can be lifted by magnetic or qua-
freedom have been carried out not only for well-localizeddrupolar ordering at low temperatures. Of this, uranium di-
4f-electron systems but also for uranium intermetallic com-oxide is a striking example with a single first-order magnetic
pounds in which the b electrons can show more itinerant transition, suggesting that the exchange interactions and the
character. This may be a key point for understanding anomaguadrupole-quadrupole interactions via phonons are compa-
lous magnetic states as typified by the antiferromagneticable in sizé®
(AFM) ordering with a tiny moment-0.02ug, observed in From the Curie-Weiss behavior of the magnetic suscepti-
UPg; (Ref. 1) and URyYSI, (Ref. 2. In order to discuss these bility, the effective moment is estimated to be about30
exotic microscopic properties found in uranium intermetallicwhich is somewhat larger than that of thg ground state,
compounds, we need to know the typical local properties 02.83ug, but smaller than that of théH, state, 3.585.
U** (5f2) or U (5f%) ions under the crystalline field in  Uranium dioxide shows a type-I AFM structure witB01)
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(a) 2k-structure (b) 3k-structure and the small characteristic energy scale. Recently, we have
observed!’*yb NMR signals in the Kondo semiconductor
X y &y X \S\ ol YbB;,,* but only at temperatures much lower than the en-
' ergy gap. So we have performed th&U NMR at T<Ty,
@ @ @ @ since we can expect a moderately long relaxation time due to

the spin-wave gap in the AFM state. In this study, we have
‘&)‘ \®A Y\l td ‘O\ 50/ performed zero-field NMR experiments to utilize the large
hou C
"

hyperfine field from the &' ions in a magnetically ordered
state. Further, we have prepared 93%J-enriched samples.
Y S i & X
O : oxygen at z=1/4 O :uranium at z=0

/J' As a result, we succeeded in observiig) NMR signals at
zero applied field, of which papers have already been pub-
lished in Refs. 14 and 15. In Sec. IV A, we discuss ff&J
hyperfine interaction in more detail. Another important result

O : oxygen at z=-1/4 O :uranium at z=1/2 is the observation of an axially symmetric electric-field gra-
dient (EFG) at oxygen sites belowly via 'O spin-echo
FIG. 1. The(001) projection of the fluorite structure to display modulation caused by the quadrupole splitting. This leads to
the & and & structures which are possible in YQRef. 10. Inthe  the conclusion that the K3structure is the most likely of

2k structure the displacements are alq@d0), whereas inthel  magnetic structures proposed on the basis of the neutron

structure they occur alongl11); dashed and solid arrows are for scattering experiments.

down and up displacements. In & 2tructure the magnetic mo-

ments lie along(110) whereas in a B structure they are along

(111. Il. EXPERIMENTAL PROCEDURE

We prepared two 93%3*U-enriched samples of UO

ferromagnetic planédelowTy=30.8+0.3 K. In a multido- i ) -
One (UG No. 1) was made by heating uranium oxide at

main crystal, the directions of moments cannot be deter
mined by neutron diffraction. However, as a result of a de-1273 K under an atmosphere of _h_ydrzosgen. Another sample
tailed analysis, Faber and Lander proposed a noncollinear AU0Qz No. 2) was made by oxidizing *U-metal powder

structure where moments occupy all folr10) directions whi_c_h hgg been pu_Iverized into small particles by heating a
within an (001) plane[Fig. 1(a)].¢ They also found a small purified 2%%U-metal ingot at 673 K under an atmosphere of

shift (0.014 A) of the oxygen atoms from their equilibrium hydrogen. The x-ray diffraction patterns of both samples
position with no change in the unit cell dimensions. The'Vere well indexed by the cubic fluorite structure with a lat-

magnetic excitations in the AFM state were measured byiC& constant oa=5.47 A, but the peak near the phase tran-

Cowley and Dolling, who identified the first example of an Sition (30.5 K) in the magnetic susceptibility of UNo. 2 is
interaction between magnons and phonbRecent inelastic ~ ¢léarer than that of UONo. 1, and the Curie term of UO
neutron scattering experiments have confirmed the resulfd0- 2 at low temperatures, which could be attributed to local
obtained by Cowley and Dolling, and furthermore observed anoments  of impurities, is almost unobservable. Both
dispersive inelastic response between 3 and 10 meV even ffMples were pressed into 7-mm-diam pellets and sintered
the paramagnetic state aboUg, suggesting the presence of Under an atmosphere of hydrogen, because of the better fill-
a 1k rather than multk dynamical JT distortion$. ing factor resulting in a bettgr S/N ratio for NMR S|gr_1als and
The theory of UQ by Allen gives a satisfactory explana- shorter pulses for the available power. AfO enriched
tion of the first-order phase transition through the spin-lattices@mPlé of UQ was prepared by a similar method to that of
interaction® The physical mechanism for the quadrupolar Y2 NO. 2. This powdered sample was sealed in a quartz
coupling is a modification of the crystalline field acting on tube of diameter 8 mm. _ ,
the 5f electrons by the motion of surrounding?Oions.  'ne NMR experiments were carried out using a conven-
Allen’s model, however, assumed & &tructure, whereas in t1onal pulsed phase-coherent spectrometer. In NMR mea-
the model of Faber and Lander thé &tructure in Fig. (a) surements at zero field, a pqlsed, phz.ise-lncoherem spectrom-
was proposed. Furthermore, as a result of more caref ter was also useq to S|mp.I|fy exper!m_ental conditions. The
analysid® or neutron scattering experiments under a magfidh-speed averaging function of a digital storage scope was
netic field!2 the % structure with the R crystallographic utilized forﬂmeasurementfs of nuclear spin-lattice rela_lxatlon
distortion was also proposed as seen in Fih).10n the ates. The”'O (nuclear spin =5/2) NMR spectra, obtained

other hand, experimental NMR studies of actinide sites hav8Y SWeeping a magnetic field at a constant frequengy
never been reported in solids, because #f nucleus has were measured by recording the output of a boxcar integra-

the extraordinarily small nuclear gyromagnetic ratio of 0.78410r- Magnetic fields were applied using a superconducting
MHz/T and a poor natural abundance of 0.72%. It is thereSClenoid with a maximum field of 12 T. We obtained the
fore very difficult to detec?®U NMR signals in a sample MR shift K from the following relation:

prepared using natural uranium under an applied magnetic

field of about 10 T. In addition, the actinide nuclear relax- Ho_H

ation timesT, andT, are usually too short in magnetic com- K=—2 % 100%, (1)

pounds because of the extremely large orbital hyperfine field Hres
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whereH = vy/yN, andH . is the field evaluated from the l I I I I
peak position of the spectrum. For tHéO NMR, 7y, uyo,
=5.772 MHz/T andvy=62.1 MHz. i' Zero field, 1.5 K

The search for®®U (1 =7/2) resonance signals was per- ! N
formed using U@ No. 1 sample at zero field and below 4.2
K. Since the hyperfine field at the U sites is estimated as
270+20 T from the M®sbauer experiment§!’we concen-
trated our search on frequencies between 150 and 250 MHz.
The U NMR spectrum was obtained by measuring the
intensities of spin-echo signals averaged by the digital stor-
age scope at each frequency.

The nuclear spin-lattice relaxation rafg¢* was measured
by the standard saturation recovery technique. A single satu- 3 \E
ration pulse is applied at timebefore a spin-echo sequence, {
and the recovery of nuclear magnetization is obtained by
changingt. The nuclear spin-lattice relaxation rate is deter- 140 160 180 200 220 240 260
mined by fitting recovery curves, fot’O NMR in the ab- Frequency (MHz)

Egzce of quadrupole splitting, to a single exponential func- FIG. 2. 2% spin-echo spectrum in the AFM state of Y@t
' 1.5 K.

Spin-Echo Intensity (arb. units)

M () —M(t) t
M) :M‘)exp(_ﬂ

: (2)  clearly observed, although it was not observed in tA#J
Mossbauer spectrum because of the inherently poor resolu-
and for 2°®U NMR, to the following function for the mag- tion. In rare earth and actinide ions an electric quadrupole
netic relaxation process: interaction normally exists even at a site of cubic symmetry
if magnetic ordering is present, because the spatial alignment
t 6t of the magnetic moments also implies that of the orbital
exp{ - T_l) +B ex;{ - T_l) angular momentum, resulting in an axially symmetric charge
distribution around the nucleus. Almost equal separation of
15 28t the resonance frequencies,#1@.4 MHz, indicates an axi-
+Cex% T, +D exy{ B T_l) - ally symmetric EFG at the**U sites. Thus, we obtain the
electric quadrupole interaction as follows:
Here M (t) andM(e°) are the nuclear magnetization at time
t after the saturation pulse and at thermal equilibrium, re- 5
spectively. In Eq(3), A, B, C, D, andM,, are equal to 1/84, eqQ
3/44, 75/364, 1225/1716, and 1, respectively, if the initial h
condition is such that the central transition=1/2— — 1/2)
is completely saturated and populations of the other spifyhereeq is the maximum principal component of the EFG
levels are unaffected. The recovery curve could be fittedensor evaluated at the nucle@®js the nuclear quadrupole
more accurately for the UONo. 2 sample than the UNo.  moment, and is the angle between the principal axis of the
1 sample, although no substantial difference of spectra wagaximum EFG tensor and the direction of the hyperfine
observed between these samples. The recovery curve in thigld. The analyses of the magnetic hyperfine field and the
UO, No. 1 sample might be affected by a relaxation procesg|ectric quadrupole interaction produced bglectrons will
due to the local magnetic impurities which show a Curiepe performed in Sec. IV A, showing that the observed quad-

M () —M(t)

(3cogh—1)|=392+11 MHz, (4

term at low temperatures in the magnetic suceptibility.  rupole interaction is of the same order as the hyperfine split-
ting produced by thé s ground state of &' .
. EXPERIMENTAL RESULTS We have measured thledependence of the magnetic hy-

perfine fieldH,; and the quadrupole splitting in the AFM
A. 2% NMR -
state of UQ. The signals cannot be observed above 14 K

Seven?*®U (1=7/2) resonance lines have been observedecause of too short relaxation time. Below 14 K there is
in UO, at 1.5 K and zero field® The 2*®U spin-echo spec- little variation in the magnetic hyperfine field or the quadru-
trum is shown in Fig. 2. As far as we know, this is the first pole splitting. This indicates no change in the distribution of
NMR observation for magnetic actinide ions. The hyperfine5f electrons around the nucleus at low temperatures, and is
field at the U sites is evaluated as 252@5 T, which  consistent with a similar finding by neutron scattering for the
agrees with that obtained from tié€®U Mossbauer experi- ordered moment.
ments within their experimental errof8!” The extremely Figure 3 shows thél dependence of thé*U nuclear
large hyperfine field is considered to be the orbital field duespin-lattice relaxation ratéYT; '), which exhibitsT’-like
to 5f electrons of the’H, state. The most striking feature is rather than activated behavior. The spin wave excitations in
that the electric quadrupole interaction at th&U sites is  UO, will be discussed in Sec. IV C.
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FIG. 3. Temperature dependence ofT({)/ in the AFM state. K °
The solid and open circles represent the relaxation rate&¥ts ~, i ° ]
and 'O nuclei, respectively. = °
v[:v 200 B ° ]
B. O NMR °
The ’O(1=5/2) NMR spectrum in the paramagnetic i Too . i
state, obtained from spin-echo signals with a pulse condition ° 006 5,
of 4.2 us—r—8.4 us at 300 K and 61.6 MHz, is shown in the o
inset of Fig. 4a). The symmetric spectrum with a full width 0 Lot | ' ' ' ' '
at half maximum(FWHM) of 3x 102 T indicates no quad- 0 50 100 150 200 250 300

rupole splitting and no anisotropy of the NMR shift, which
can be understood from the cubic point symmetry at'ti@
sites. Figure @) presents thel dependence of the NMR FIG. 4. (a) Temperature dependence of the NMR shift at{f@
shift. The weakT dependence of the NMR shift suggests thatsites at 61.6 MHz in the paramagnetic state, which indicates a rather
the transferred hyperfine field is rather small. In thes y small transferred hyperfine coupling constant. The inset shows the
analysis, the isotropic hyperfine coupling constaffi,,, is 'O spin-echo spectrum in the paramagnetic state. It is measured
estimated to be about 16 T/ug. This means that overlap with the pulse condition of 4.2.s—7—8.4 us. (b) Temperature de-
with the 5f wave functions is of secondary importance. Onpendence of (1/T;) at 62.1 MHz, which stands in sharp contrast
the other hand, in the paramagnetic state, the nuclear spiMLith the constancy of thé’O NMR shifts in the paramagnetic state.
lattice relaxation ratél; ! rapidly increases a$ decreases

towards Ty as seen in Fig. @). This behavior stands in [YAGP= 1 Ag=0l M), (6)
marked contrast with th&-independent NMR shift, which \ynere

reflects local uniform susceptibility(q=0,0=0) at the

Temperature (K)

oxygen sites. Using the Fourier componeftsof the trans- |YAq=ol = Aisd ~ 1073 T/ ug,
verse hyperfine coupling constant and the imaginary part of
the transverse dynamical susceptibiligy(q,w), we can |*f(q)|?= co(a,a/2)cos(q,al2)co(q,al2)

generally express the nuclear spin-lattice relaxation rafe as +sin2(qxa/4)sinz(qya/4)sin2(qza/4). R
1 2ksTH2 In Eq. (6), the f(q) is the hyperfine form factor. The impor-
S N > |Aq|2X”(q1wN)1 (5) tant point is that the form factor at the oxygen sites is can-
T ,ué q celed just at an AFM wave vect@=(2m/a)(0,0,1). In the
same way, we confirm that the form factor due to dipolar
wherekg and wy are Boltzmann’s constant and the NMR field is also zero just &. According to the inelastic neutron
frequency, respectively. Assuming that the hyperfine field agcattering experiments, a large quasielastic response having a
the oxygen sites is dominated by an isotropic transferred-orentzian shape with spatial correlation length 5.5 A at
hyperfine field fromf moments at the uranium sites rather 31.7 K is observed abovéy aroundQ.®*? Although these
than an on-site hyperfine field, the Fourier componenform factors are canceled out just@f the 17(Tl’l) should
|17Aq|2 can be calculated to be reflect the enhanced AFM components aroadvithin a
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T T T T T ] @ T | T | T |
U('0),. 28K, pulse condition (1.4 us - T - 2.8 is) =
g (a) 28K, 10.76 T
(@) =30 ps : — _
L . o —e— 1.81us/3.6us
2 g —o— 18us/36
§ g us us |
E (b) =80 us B~
> — 17}
b= |-
g 20 =
= =
[ (d) =500 ps  —| [=]
[=} - -
=3 W = TR .
2 75]

10.0 10.5 11.0 11.5
Ho = Vvoftn
External Field (T}

(b) 28K, 10.13 T
—e— 1.4ps/2.8us |
—o— 14us/28us |

FIG. 5. 70 spin-echo spectrum in the AFM state of L@t 62.1
MHz for various time intervals between/2 and = pulses. The
dotted line represents the positiontd§= v,/ yy . The spectrunte)
corresponds to the typical powder pattern spectrum in the AFM
state.

range of 1£ rather tharg=0 in the dynamical susceptibility.
Considering that the dipolar field at the oxygen sites is two . | . | , |
orders of magnitude larger than the observed isotropic hyper- 0 200 400 600
fine field, the relaxation process via the dipolar field would
be dominant in'’(T; ). Another possible interpretation for
the behavior of*’(T; %) in the paramagnetic state is that the 1
(T, Y) probes the character of the dynamical JT distortion
aboveTy in a relaxation process due to EFG fluctuations
(quadrupole relaxatigrrather than magnetic hyperfine fluc-
tuations(magnetic relaxation Quadrupole relaxation at the
170 sites, however, is usually not expected below the Debye
temperature,~200 K, because of the smafi’O nuclear
quadrupole moment of 2:610 2 barns.

We also report interesting’O NMR results for the AFM
state. Spin-echo spectra broaden drastically belgwand
depend strongly on the pulse conditions for echo formation,

Spin-Echo Intensity (arb. units)

Po
oo

F (€) 28K, 11.1 T, 4.2us/8.4ps

Spin-Echo Intensity (arb. units)

“first pulse—r—second pulse,” where is the separation be- , Magic Angle
tween excitation rf pulses. In Fig. 5, spin-echo spectra under . I . I
the conditions 1.4us—r—2.8 us are shown for several time 0.001 0 2000 4000

intervals 7 at 28 K. As seen in Fig. 6, the anomaloas
dependence of the spin-echo spectra is attributable to a T (us)

modulation in the spin-echo decay, for which the period de- F|G. 6. 170 spin-echo decay curve&) at an edge on the lower
pends surprisingly on the resonance field. Thus, we cannafeld side in the spectrum of Fig.(&, (b) at the resonance field
measure an intrinsic spin-echo spectrum by sweeping the =,/ , and(c) at the peak in Fig. ®). The arrows in@) and
magnetic field unless is long enough so that the modulation (b) represent minima of spin-echo oscillations corresponding to the
effect is negligible. In fact, the spectrum at1000us is  quadrupole splitting. Second-harmonic terms with half of that pre-
similar to a typical powder pattern spectrum in the AFMriod are also observed, even on the pulse condition of
state for the sites for which the internal fighl,, is smaller 14 us—7—28 us or 18us—r—36 us. The asymmetric feature of
than the applied external field.,. In the powder pattern the modulation strongly depends on the pulse condition, but the
spectrum, spin-echo signals at the extrema arise from sitdriod is not affected.

with internal fields antiparallel and parallel to the external

field, respectively. As a result, the linewidth corresponds taat the oxygen sites is roughly estimated to be about 0.65 T.
2H;,; and in the case oHq>H;, the spectrum will be Furthermore, an unexpected spectrum is also obtained with
nearly symmetric with respect to a resonance figft},  the same pulse condition, 4/2s—7—8.4 us, as was used for
=wvy/yn. From the linewidth in Fig. &), the internal field the paramagnetic staf€ig. 7(b)]. Two resonance peaks, al-
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N ' ' T ' ] not affected. In fact, we confirm the constancy of the period
@Ldps-r-42ps U0y, by measuring the spin-echo decay with different pulse con-
28K, =80 us ditions as seen in Figs(® and &b). Furthermore, no spin-
echo modulation is observed for the two resonance peaks at
Hma [Fig. 6(c)]. This indicates that signals &t,., are ob-
served at the “magic angle” condition with @
- =cos Y(1/y/3)=a in which the first-order quadrupole split-
ting vanishes. This magic angle condition is also supported
by the result that separation betwegp, andH is just 143
times half width of the spectrum in Fig(&). The reason why
the characteristic spectrum with two peaks is observed only
near a pulse condition of 4,2s—r—8.4 us can be also ex-
plained by the presence of the quadrupole splitting. The ef-
fective rf field for the central transition (142 — 1/2) split by
the nuclear electric quadrupole interaction is 3 times as large
as that for the NMR line in the absence of a quadrupole
splitting?* Since therr/2 pulse width tipping the magnetiza-
FIG. 7. Y0 spin-echo spectra with different pulse conditions. tion is inversely proportional to the amplitude of rf field, the
The Spectrun'(b) is measured with the same pu|se condition as’7T/2 pulse W|dth for the Centl’al transition alone iS 1/3 Of that
4.2 us—r—8.4 us used in the paramagnetic state. for the NMR line in the absence of a quadrupole splitting.
Such a characteristic spectrum is therefore obtained only
most symmetrically split with respect té,, are observed at near the same pulse condition, 428—7—8.4 us, as used in
Hio. the paramagnetic state without a quadrupole splitting.
These somewhat surprising NMR results can be under- To study the NMR shift and the internal field beldi,
stood in terms of an axially symmetric EFG at the® sites ~ We can expressi,,, as follows:
in the AFM state as follows. The first-order quadrupole split-
ting a(#) can cause spin-echo modulation with a period,

(b) 4.2 s -

Spin-Echo Intensity (arb. units)

10.0 10.5 11.0 115
External Field (T)

2m/a. In general, we can express the spin-echo amplitude Ho+ Hicosa HoiﬁHim

E(27) for | =5/2 a2 Hoom ok = 13Kk (10
E(27)=cotcic0qa(f) 7+ 6;]+coc082a(0) 7+ 5] where K,=[Ho* (1/y3)H;y— Hra/Hm, is defined as the

+C4c04 3a(0) 7+ 53]+ C4c0$ 4a( 0) T+ 54, NMR shift at the anglex. This can also be rewritten as

(8) K,=Ho/[(H+H /211, (11

where which represents the shift of the central field frétg. Using
H,.a» We have determined thi€, over a range of tempera-
32(797) =1(3e?qQ)(3 cog—1)/[4h1(21 —1)]| turesT<Ty. TheT dependence df, is shown in the inset

of Fig. 8. TheK, evidently represents a background chemi-
cal shift which appears when the transferred hyperfine cou-
2(3 co2h— 1)‘ ' (9) plings frorrl the uranium sites are removed. From thg value of
2 K, andH;,,, we obtain theT dependence of the internal
field from Eq.(10) (Fig. 8).
On the assumption of an axially symmetric EFG tensor
andH,.J|Z axis at the'’O sites, the anglé can be written by

The coefficientsc; and §; are quite sensitive to excitation
pulse conditionsd is the angle betweeH,,; and the princi-
pal axis of the EFG tensoiZ(axis). vq is the electric quad-
rupple frequency parameter. _As seen in Fig. 6, m_odulat|0n cos6=(Ho—H,ed/Hint, (12)
periods at the edges of the spin-echo spectrum are just half of

that atH,; that is, the splittingsa(6) at the edges are just where H,. is the external field at which the resonance is
twice as large as that &t,. This means that the angteis 0  observed. The solid curve in Fig. 9 represents the result cal-
and /2 at the edges and &, respectively. Sincéd;, is  culated by substitutingl;,;=0.659 T andvo=7.6 kHz at 28
parallel and perpendicular td,,; at the edges and &, K into Egs.(9) and(12). The presence of an axially symmet-
respectively, we conclude that the internal field at the oxygenic EFG at the oxygen sites is confirmed by the good agree-
sites is parallel to th& axis. In Figs. €a) and @b), higher-  ment with the measured frequencies in Fig. 9. Hexg,is
harmonic terms with perioe/a are also observed, attributed evaluated as twice the modulation frequencyHat—=H,.

to an excitation condition where the rf pulses excite multipleWe also measured tHe dependence ofg, which shows a
quadrupolar satellites as well as the central fihén this  dramatic onset just beloWy (Fig. 8). In Sec. IV B, we will
case, the oscillatory behavior of the spin-echo decay curvdiscuss the magnetic structure and the Jahn-Teller distortion
depends strongly on the pulse conditions, but the period isf UO, on the basis of these results.
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T T T m T IV. DISCUSSION
12r U(0),, 62.1MHz : ;Q i 112 A. Hyperfine interaction on U** ions
int | . . .
| In 5f2 with LS coupling one hag=L—S with L=5, S
1o : ! 110 =1 for *H, ground term. Within this manifold, the magnetic
biyy, | hyperfine interaction can be written As(J- 1) with??
0.8 b by 48
LI ' 2 h
) Py 2% s t | ‘fi AJ:ﬂKrfst'J)+<r;3>(S'J)
” i $h ] = J(J+1)
IE 0.6 o §: 6 E
. LA DL L | -’ _
| : H(r ) EL(L+1)(S-9)=3(L-J)(L-S)}], (13)
04f & ! | {4 . ) . .
fem— o ! and then using Landéactor g; we can write the orbital
02)3 000000°° ITN_ ! (HS™), spin HSP™) and HS®) contributions to the hyper-
02r L I fine fields as follows?
® TiAmperatﬁe (K) = : / :
00} . . Sa— H9™®=2ug(r; %) (2—9y), (14)
15 20 25 30 35 HSPIn_ o 3y g1 15
Temperature (K) J MB<rs >(gJ ), (15

FIG. 8. Temperature dependence of the internal field and the
nuclear quadrupole frequency at tH® sites in the AFM state. The
inset shows the temperature dependenck of

H§C=2us<r;é>§{L<L+1><gJ—1>—3<2—gJ><L-s>}(. "
1

Here, (r; %), (r;3), and(r_3) are spatial averages for the
In the AFM state,*’(1/T,) has been measured for the orbital, spin, and spin-dipole hyperfine interactions, respec-
peaks atH . in Fig. 7(b). In this case, we can fit nuclear tively, and¢, a factor determined by thé.(S) term, is 1/135
magnetization recovery curves to a single-exponential funcfor @ U** ion. Assuming(r;*)=(rs¢)=(r %) and(r~)
tion [Eq. (2)] because of the absence of quadrupole splittings= 0 in the nonrelativistic theory, the hyperfine coupling con-
at the magic angle condition. THedependence of (1/T;)  StantA; is given by Zugyi(r )(J[NJJ) where(J|NI|J)
is shown in Fig. 3. It drops rapidly belo,, showing a IS 2 factor which is independent of the magnetic quantum

T’-like behavior at low temperatures similar to the result fornumb_er within theJ manifold. . .
the 233U NMR P Using the measured hyperfine field, 258@5 T, and the

ordered magnetic moment, 1%8.02u5,° we obtain
Ani/g;=145+2 T/ug whereJ=4 andg;=4/5. For actinide
series, a relativistic correction 6f ~3) is calculated by using

a relativistic equivalent of the Slater-modified Hartree-Fock
method?® We thus calculated the hyperfine coupling con-
stantsA, /g, for a free U™ ion on the basis of the nonrela-
tivistic and relativistic theories. These results are summa-
rized in Table I. We find that the nonrelativistic calculation
gives comparable results with the values(of ) including
relativistic corrections but somewhat causes an overestima-
tion of the hyperfine coupling constant. For the core-
polarization field, no theoretical calculation has been per-
formed for actinide ions. Dunlap and Kalvius, however, have
evaluated core-polarization fields from "Bkbauer experi-
ments for some actinide ions, and concluded that this is more
substantial for actinides than rare earth sefie¢§ Assuming

that the total density of unpairesispins induced by & spin
polarization is constant perffelectron for the entire actinide

Modulation Frequency (kHz)

[ series as in the case of transition metals, we can roughly
10.0 10.4 10.8 112 116 estimate a value dfl ., for uranium ions as shown in Table
External Field (T) I. An important point is that core-polarization fields for ac-

tinide ions are positive unlike in thed3or 4d transition

FIG. 9. Field dependence of the modulation frequency in theMetals. Itis therefore possible that the difference between the
spin-echo decaysolid circleg. The solid curve is calculated with €Xperimental value and the calculategl/g; term is attrib-
Hin=0.659 T andvo="7.6 kHz on the assumption that the modu- uted to core-polarization fields.
lation is caused by the quadrupole splitting due to the axially sym- On the other hand, the nuclear quadrupole interaction pro-
metric EFG. duced by surrounding electrons depends strongly on the elec-
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TABLE I. Hyperfine coupling constants of a free

PHYSICAL REVIEW B 63 104404

uranium ion. In the nonrelativistREL) estimation,

we use(r %)=7.82 a.u. for a free t/ ion.?* In the relativistic(REL) estimation, each contribution of the
hyperfine field is calculated from Eq13) by using (r; ®)=6.164 a.u.,(r;3)=7.105 a.u., or{rg>3)
=—0.431 a.u. The values dfi.,, are estimated from the experimental results of, FL?™, Am°, and
Am?* Mossbauer measuremerBefs. 25 and 26 assuming that the total density of unpairedpins
induced by 3 spin polarization is constant peff ®lectron for the entire actinide series.

ngb Hjc Hj HJ AJ/gJ Hcore Ahf/gJ

(M (T (M (T (T/ pe) (T) (T/ pe)
NREL calculation
U4t 472 44 - 516 161 ~48 ~176
REL calculation
U4t 370.4 41.2 4 415.6 1299 ~48 ~145
Experiment (U*) - - - - - - 1452 (UO,)

tronic state in the crystalline field. In general, the principaland taking the threefold axis of the cube as the quantization
component of the EFG is a sum of several contributions. Foaxis

UO,, we can write

eqg==e0s1(1— Rsf) + € Qaricd 1 — ¥-) + €0". (17)

The first term on the right-hand side of Ed.7) represents
the contribution to the EFG produced by ®lectrons and

~ 1
|1>_ ﬁq‘]z_

Using the numerical valuér;3>=6.249 a.u. with the rela-

~2)+5[3,=1)-2\7|3,=4)). (2D

Rs¢ is the Sternheimer facttrwhich describes the modifi- tivistic correction€®2the EFG under the crystalline field is
cation of the EFG by the inner electrons. The second termgvaluated to be 8.28910°2 V/m? by taking the threefold

represents the contribution from charged sites ands the

axis of the cube as the axis of quantization, because magnetic

corresponding Sternheimer factor. The last term gives amoments should be parallel td11) in the % structure as

EFG from bonding orbitals if the electrons participate in

discussed in Sec. IV B. Then, assuming the Sternheimer fac-

bonding. The small transferred hyperfine field at the oxygenor as 0.35 0.1, estimated for a 8 state?® we obtain the

sites indicates that participation in bonding by thie édec-

nuclear electric quadrupole interaction in the state in-

trons is minor. Thus, in the discussion below, we neglect thejuced by magnetic ordering:

last term in Eq(17).
The principal EFG componeetgs; produced by % elec-
trons for a free ion is given

e0sr= —eay(ry NYl332-I(I+1)|4), (18)

where «; is a reduced matrix element tabulated by Elliott
and Steven&® (rq %) is an effective radial parameter for the
nuclear electric quadrupole interaction, apdV|) repre-
sents the diagonal matrix element of operatdor the Hund
state| ). Equation(18) means that we can get the expecta-
tion value of the  quadrupole tenso®=3J2—J(J+1)

by measuring thé3*U nuclear quadrupole splitting. Also for
the EFG produced by f5electrons under a crystalline field,
we can obtain a formula similar to EGL8). In the case of the
I'5 triplet for J=4, eqgs; is given by the following formula

with fictious spinS=1:??
eq=—eay(ry ) (1138 -S(5+1)[1)

x(1|332-3(3+1)|1), (19

e%qsQ
h

(1—Rgg) =534+ 82 MHz, (22)

which is of the same order as the observed nuclear electric

quadrupole interaction of 192 MHz fa@r=0 or 396 MHz for

0= /2 in Eq. (4). Here, 6=0 is more likely because the
symmetry axis should be determined by the direction of
magnetic moments, considering the EFG induced by mag-
netic ordering. As a result, the EFG produced by tife 5
electrons should be one of the major contributions at the
2y sites. In addition, we should note that the second term
in Eq. (17) can be also comparable with the first term by a
large antishielding factory.,~—100 for heavy ion® al-
though theeqauice IS two orders of magnitude lower than
e0s;. Using y.=-150 for Am?® the second term
€%0niccQ(1— v..)/h is estimated to be a negative value,
—250 MHz, from a point charge approximation for thi& 3
distortions. Thus, the total EFG is evaluated~a830 MHz,
which agrees reasonably with the observed value. In sum-
mary, the observed EFG at tié®U sites can be explained

where taking the crystalline axis of the cube as the quantizly @ sum of the contributions from an axially symmetric 5

tion axis|1) is expressed by

1

J8

T)=—=(713,=3)—|3,= - 1)), (20)

wave function and from the JT distortion which gives rise to
an axially symmetric EFG. In the next section, we discuss
the JT distortions in more detail on the basis of tfi® NMR
results because the EFG at tH® sites is dominated by only

a contribution from the second term in E4.7).
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B. Magnetic ordering and Jahn-Teller distortion (a) Z-structure (b) 3k-structure
According to the neutron scattering experiments, the mag- \q
netic structure of U@is a multik (2k or 3k) structure with yf ‘2( ;23' ’C, /D'
a displacement of the oxygen atoms from their equilibrium Q/ \Q
position®19-12|n this study, the JT distortion is clearly ob-
served just belowl  through the appearance of the EFG at ‘6\1 \QA '{\)\ ‘Q )’
the 17O sites, which should be mainly due to the lattice dis-
tortion term in Eq.(17). In this section, we discuss the mag- @ @ /Cj’ Q
netic structure and the JT distortion of Y@®om the point of
view of the 'O NMR experiments. Our results are as fol- /@' & g & ‘*x ol
lows:
(1) Hin= 0.74+=0.02 T below 16 K, O :oxygenatz=1/4 Q :uraniumatz=0 O :uranium at z=1/2
(2) v9=9.3=0.2 kHz below 16 K, o .
_ . 10. The projections of the fluorite structure for the
(3 H t//VZZ FIG. 10. The(001) 1 f the fl te struct for th
(4) EIIQG tenslor at thé’O sites is axial 4=0), 2k and the X structures. The dipolar fields at the oxygen atoms

point along the(101) directions for the R structure and along the
where n=(Vyy—Vxx)/Vzz and (X,Y,Z) are the principal (111 directions for the R structure.
axes of the EFG tensdr at the 'O sites. In Fig. 1, the I8
structure has a threefold rotation axis at each oxygen sitizing the calculated one. When the principal component of
while the distortion in the R structure is orthorhombic. Con- the EFG tensor is defined 4%;7/=|Vyy|=|Vxxl, we get
sidering the symmetry of the lattice distortion, the observedor the (1/4,1/4,1/4 oxygen site with a displacement of
axially symmetric EFG tensor indicates that tHe@ructure  0.014 A in the X structure,
is realized. In order to verify thel3structure in more detail,

we calculated the classical dipolar field and the EFG tensor Vyx=—0.03x 10" V/m?,
due to lattice charges. . )
First, the classical dipolar field at the oxygen atoms is Vyy=—2.75% 10" V/m?, (25
given by
Vz7=2.78x 10" VIm?,
(L = 2 3<”J> i () (23  where X=(0,1,0), Y=(142)(1,0-1), and Z=(1/2)
P r r (—1,0,~1). In the & structure, we get
where(u;) is the time average of the electronic spin moment Vyx=—1.61x 10'° V/m?,
at thejth atom at distancg; from theith atom. The dipolar
field is calculated by summation over 20 unit cells for each Vyy=—1.61x 10" V/m?, (26)
case of the R and 3 structure in Fig. 1. Here, we neglect
the lattice distortion, because the small displacement of the Vzz=3.21x 10" V/m?,

oxygen atoms by 0.014 A does not affect the magnitude and
direction of the internal field. Using the ordered momentWhere X=(16)(-2,1,1), Y=(1/_\/§)(0,1,—1), and Z
1.74u, dipolar fields at the oxygen sites are estimated to be= (1/V3)(1,1,1). In these calculations we neglect the EFG
about 0.42 T for both structures, which is comparable to theproduced by neighboring oxygen ions because it is
experimental value. The direction @fl}y,) is represented in 1 °V/m?. As seen in Fig. 11, th& axes at the(1/4,
Figs. 1Ga) and 1Gb). For the X structure,(H'dip> points 1/4,1/4 oxygen sites for the R and X structures are the
along the(101) directions of the cubic unit cell, whereas for
the 3k structure it points along th€l11) directions.

Next, we have calculated the EFG tensor at the oxygen z
sites for the & and the X structures in a point charge ap-
proximation. For the oxygen ions with closed electron shells,
the EFG should be mainly due to surrounding lattice charges
Since the oxygen sites have cubic local symmetry in the
paramagnetic state, the observed EFG in the AFM state in-
dicates the appearance of a lattice distortion. The EFG tensc
Vs produced by an ion of chargée atr can be written

(a) X-structure (b) X-structure

X

Ze(3rmrn_r25mn) '
V= 5 ) (24 .
r O : (1/4,1/4, 1/4) oxygen site

where we taken andn to represent the cubic axes. The EFG  FIG. 11. The principal axis of the EFG tenstie XY Z frame
tensor is calculated from a summation over 20 unit cells. Weat a(1/4, 1/4, 1/4 oxygen site. TheX,y,z) frame is taken for the
determine the principal axis of the EFG tensor by diagonaleubic crystalline axis.
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(101) and (111 directions, respectively. In the same way, We notice that a quasiphonon branch observed by Cowley
we can calculate the EFG tensors for all eight oxygen sitegnd Dolling has no gap in the dispersidg;-|k|. In general,
equivalent to(1/4,1/4,1/4 and (1/4,1/4-1/4). TheZ axes relaxation processes due to phonon excitations are dominant
for these oxygen sites occupy all fo(t01) directions for only for quadrupole relaxation which arises from the inter-
the 2 structure and all eigh{111) directions for the & action between the nuclear quadrupole moments and fluctua-
structure. For the correct evaluation of the EFG tensor, onéons in the EFG. In the case of lyOthe quadrupole relax-
needs to consider the Sternheimer antishielding fagtoin ~ ation due to pure phonon excitations is unlikely, because
Eq. (17).27 The EFG tensor components can therefore bgecovery curves at th&*U sites can be fit by a multiexpo-
written V,,(1— 7.). In this analysis, however, we ignore nential function characteristic of magnetic relaxation pro-
the antishielding effect, because it does not affect the detef€ssesEq. (3)]. It is known that coupling between spin-
mination of the principal axis of the EFG tensor. Then, theWave and phonon modes mixes spin-wave character into the
quadrupole frequency and the asymmetry parameter for thehonons and thereby allows the phonons to induce magnetic

2k structure are evaluated to be processes directly. This quasiphonon branch might be par-
ticularly important for the magnetic relaxation processrat
vo=2.6 kHz (Z|Hgp), <Tae. The relaxation rate due to Raman processes of the
(27 mixed magnon-phonon modes is theoretically giveﬁl’@é
=1, «T7 for T<Tae,3? which agrees with the experimental re-

sult. This would be closely related with the strong spin-
lattice interaction which causes the first-order phase transi-
vo=3.0 kHz (Z|Hgp), tion of UG,.

(28)
7=0, V. CONCLUSION

and for the X structure,

where we use—2.6x10 %°m? as the nuclear quadrupole  In order to investigate the exotic properties of quadrupolar
moment of the’’O nucleus. In both cases of mukistruc- ~ ordering, we need experimental techniques to probea-
tures, the amplitude of the calculated EFG is comparable t@rupoles(or f wave functiong directly as well as lattice dis-
the experimental valufresult(2)], and the experimental re- tortions. Direct observation o™ NMR is a powerful tech-
sult (3) is also fulfilled. From the asymmetry parameter in hique to determine the local symmetry of &ave functions.
result (4), however, the R structure is excluded and thé&3 In the long history of NMR studies, however®U NMR had
structure is the more likely of the proposed mudtstruc- never been observed in solids. As a first step, we succeeded
tures. in observing?**U NMR in UO,. Important factors for this
observation were the presence of a large hyperfine field and a
long relaxation time in the AFM state, and use of a 93%
23%-enriched sample. This means that we can obsétig
Interacting with nuclear spins as a result of hyperfine coun R by selecting an appropriate material and using samples
pling, spin wavegor magnonscan be scattered by nuclear enriched with23%U, although the nuclear magnetic moment
spins, as well as absorbed and emitted by them; finally, Spif very small and the relaxation time will in many instances
waves can be converted into lattice vibratiofhonon. be too short.
Thus the relaxation process caused by fluctuating local fields \ye have measured the magnetic hyperfine interaction and
at the nucleus gives us important knowledge on spin-wavehe npyclear electric quadrupole interaction produced by 5
excitations. Direct processes, in which the nuclear spin igjectrons, and confirmed that these can be successfully esti-
fl|p_ped and a spin wave is absorbed or em|tted, are usuallysted from the numerical value C’f73> for a free U+ ion.
unimportant because of energy conservation. However, Rg-jxe for 4f series, the main contribution to the magnetic
man processes, in which the nuclear spin flip arises from thgy serfine field arises from the orbital magnetic moment.
absorption of a spin wave of energyw, and the simulta-  o\ever, since the calculated orbital hyperfine field for a
neous emission of another spin wave of enefgy., as  free U** jon is comparable with that for a free® ion, it
|hw—hoy is equal to the nuclear Zeeman energy, can bgyij pe difficult to distinguish the valence of a uranium ion
a major contlr|but|on in the relaxation process. Theéepen-  from magnetic hyperfine measurements. Alternatively, the
dence ofT, ~ due to two-magnon Raman processes is eXnyclear electric quadrupole interaction is expected to be very
pressed in the smak- approximation by T;'=T® and  sensitive to the interaction of orbitals with the crystalline
T?exp(~Tae/T) for T>Tae and T<Tue, respectively’  field. In the magnetic ordered state of W@e observed an
wherekgT se is the initial gap in the spin-wave spectrum. For axially symmetric EFG, which indicates the presence of the
T<Txe, the gap has a pronounced effect. This character ajniaxial 5f wave function induced by magnetic ordering as
T<Txe is also expected for processes with the participationwell as the lattice distortions.
of three or more magnons. In YOhowever, theT depen- Below the transition temperature of YOwe observed
dence ofT;* between 4.2 and 25 K showsTd behavior  oscillatory 1’0 spin-echo modulation owing to the presence
over six orders of the magnitude as seen in Fig. 3. Since thef an axially symmetric EFG at the oxygen sites and an
energy gap is estimated as about 28 K from the spin-wavénternal field parallel to the symmetry axis. By analyzing the
spectrun, this T” behavior is in the region oF<T,z. Here,  symmetry of possible lattice distortions, we have concluded

C. Low-energy excitations
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that the & structure is the most likely of the magnetic struc- NMR experiments we have obtained spatial information

tures proposed by the neutron scattering experiments. Thabout the magnetic structure and the JT distortion through

application of spin-echo modulation effect can be useful forthe internal field and the EFG produced by surroundiig U

NMR studies of a JT distortion in magnetic ordered statesand G~ ions.

The appearance of lattice distortion just below the AFM tran-

sition temperature is also clearly observed by this method. In
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