- -~

MASTER

oMY 77)450-

URANIUM NITIRIDE: A CUBIC ANTIFERROMAGNET

WITH ANISOTROPIC CRITICAL BEHAVIOR

W.J.L. Buyers, T.M. Holden, E.C. Svensson and G.H. Lander

Prepared for

NOTICE
mmnmmwﬁummdm

P . sponsored b the Unlted States Government. Neither the
International Symposium on g Suates or the United Ststes Deparument of

Neutron Inelastic Scattering Enery, pox any of thek employees, mor 22y of S50

. mw_uw.mw.w;m-yiﬂ
o Vienna, Austria Yabiity of rsponsbiity for the '",;'m.,.
_ fulness of eny *pp
ctober 17-21, 1977 o oeem Qo on represats hat Hs om would wot
infringe privately owned nights.

ARGONNE NATIONAL LABORATORY, ARGONNE, ILLINOIS

Uof C-AUR-USDOE

Operated under Contract W-31-108-Eng-38 for the
U. S. DEPARTMENT OF ENERGY h

DISTRIBUTION Ut THIS DUCINENT IS UNLIMITED



The facilities of Argonne Nationa! Laboratory are owned by the United States Govern-
ment, Under the terms of a contract (W-31-109-Eng-38) between the U. S. Department of En-
ergy, Argonne Universities Association and The University of Chicago, the University employs
the staff and operates the Laboratory in accordance with policies and programs formulated, ap-
proved and reviewed by the Association.

MEMBERS OF ARGONNE UNIVERSITIES ASSOCIATION

The University of Arizona hansas State University The Ohio State University
Carnegie-Mellon University The University of Kansas Ohio University

Case Western Reserve University Loyola University The Pennsylvania State University
The University of Chicago Margquette University Purdue University

University of Cincinnati Michigan State University Saint Louis University

Illincis Institute of Technology The University of Michigan Scuthern lllinois Unjversity
University of Illinois University of Minnesota The University of Texas 1t Austin
Indiana University University of Missouri Washington University

Iowa State University Northwestern University Wayne State University

The University of Iowa University of Notre Dame The University of Wisconsin

NOTICE

This report was prepared as an account of work sponsored
by the United States Government. Neither the United States
nor the United States Department of Energy, nor any of their
employees, nor any of their contractors, subconiractors, or
their employees, makes any warranty, express or implied,
or assumes any legal liability or responsibility for the ac-
curacy, completeness or usefulness of any information, ap-
paratus, product or process disclosed, or represents that its
use would not infringe privately-owned rights. Mention of
commercial products, their manufacturers, or their suppli-
ers inthis publication does not imply or connote approvalor
disapproval of the product by Argonne National Lzboratory
or the U. S. Department of Energy.




URANTUM NITRIDE: A CUBIC ANTIFERROMAGNET
WITH ANISOTROPIC CRITICAL BEHAVIOUR*

W.J.L. Buyers+, T.M. Holden+, E.C. Svensson+ and G.H. LanderT+

TAtomic Energy of Canada, Ltd., Chalk River, Ontario, Canada, KOJ 1JO
*Argonne National Laboratory, Argonne, IL, U.S.A.

NOVEMBER 1977

DISTRIBUTION

1.-3. E. N. Pettitt
4, B. R. T. Frost
5. F. A. Nichols
6. M. H. Mueller
7. M. F. Adams
8. Publication File (GH)

*

Presented at the International Symposium on Neutron Inelastic Scattering,
17-21 October 1977, Vienna, Austria.

*Work supported by the U, S. Department of Energy.



IAEA-SM-219/120

INTERNATIONAL SYMPOSIUM ON NEUTRON INELASTIC SCATTERING
17 to 21 OCTOBER, 1977
VIENNA, AUSTRIA

URANIUM NITRIDE: A CUBIC ANTIFERROMAGNET
WITH ANISOTROPIC CRITICAL BEHAVIOUR

W.J.L. Buyers®, T.M. Holden*, E.C. Svensson®* and G6.H. Lander?

*Atomic Energy of Canada Limited,.Chalk River, Ontario, Canada, K0J 1J0.
*Argonne National Laboratory, Argonne, Illinois, U.S.A.

ABSTRACT

Highly anisotropic critical scattering associated with the transition
at Ty = 49.5 K to the type-I antiferromagnetic structure has been observed
in vuranium nitride. The transverse susceptibility is found to be unobserv-
ably small. The longitudinal susceptibility diverges at Ty and its aniso-
tropy shows that the spins within the (001) ferromagnetic sheets of the
[001] domain are much wmore highly correlated than they are with the spins
lying in adjacent (001) sheets. The correlation range within the
sheets is much greater than that expected for a Heisenberg system with the
same Ty. The rod-like scattering extended along the spin and domain direc-
tion is reminiscent of two~dimensional behaviour. The results are inconsis-
tent with a simple localized model and may reflect the itinerant nature of
the 5f electrons.

INTRODUCTION

Uranium nitiide [1], a Type-I antiferromagnet below its Néel tempera-
ture {(49.5 % 0.5 K for our specimen) is a metal with an electronic specific
heat coefficient [2] 25 times that of copper. The ordered moment [3] of
0.75 ug (along {001}, the domain direction) is the lowest of the uranium
pnictides correlating with the fact that UN has the smallest U-U distance of
3.45 2. The paramagnetic susceptibility [4-8] has been interpreted as the
sum of a constant Pauli part plus 2 Curie-Weiss part with a much larger
moment of about 2.5 pg. This apparent paramagnetic moment need not be direct-
ly related to any real wmoment since the electronic ground state is unknown.
A localized singlet~ground-state model (3H4) could account for the low
moment, since the I'j~I4 crystal-field splittiry is expected to be of order
S00 K, but cannct predict sufficient temperature dependence for the para-
pagnetic susceptibility. Neither can it explsin the large electronic
specific heat. The latter likely arises bccause the 5f electrons of this
actinide are itinerant in nature, unlike the decp-~lying 4f£ electrons of the



lanthanide series. This is borne out by the band structure calculations of
Adachi and Imoto [9]. They find, in the presence of spin-orbit and crystal-
field interactions, that the extremely high density of states arises from a
narrow (0.05 eV) 5f sub-band which intersects the Fermi level, contains two
states per atom, and has a maximum density of states of 37 cv=l, While we
question the accuracy of their numerical estimates, support for an appreciable
f-bandwidth and a configuration close to £2 comes from the comparison of the
small U-U distance of 3.45 X with the Zachariasen radii [10]) for uranium in
the £2(1.77 &) and £1(1.63 &) stote, as used by Hill [11] in his discussion
of 5f localization.

The neutron measurements reported here were undertaken in the hope that
the observation of sharp features in the spin-excitation spectrum would aid
In the assignment of an approximate electronic ground state. The measure-
ments showing that such sharp features are, if present, below the limits of
detection, are discussed first. In the following section we describe
-measurements of the unusual spin correlations above Ty.

The specimen consisted of two single crystals of uranium nitride of
total volume 0.8 cm3. The neutron scattering was measured with a triple-
axis spectrometer at the NRU reactor, Chalk River, operated at fixed scat-
tered-neutron energy, Ej, and with either constant-Q or constant—-V scans.

SEARCH FOR SHARP MAGNETIC EXCITATIONS

At 4.3 K no difficulty was experienced in measuring a complete set of
phonon dispersion curves [12] in the (110) plane. The neutron flux and
crystal size were sufficient to yield intense well-resolved peaks for the LO
and TO modes in the region of 12 THz. No evidence was obtained for well-
defined magnetic excitations in these or separate experiments with more ex-—
tended counting times. The search for magnetic excitations was carried out
with different resolutlon (E; ranged from 3 THz to 10 THz) over a large wave-
vector (1.3-~7.7 A™ ) and frequency (0 - 20 THz) range. To search for steeply
rising branches, constant~v scans were carried out through magnetic-—zoue
centres for a series of v values in the range 1 to 15 THz. Measurements
were also made near Ty where spin-wave renormalization might lower the fre-
quencies of any spin excitation and also well above Ty where crystal-field
transitions might be expected to appear. An examination was also made of
the smooth background for scattering that depended on the form factor. At
all temperatures and wave vectrors null results were obtained.

Possible conclusions are that the spin~wave response is (a) sharp but
anomalously weak, (b) distributed over such a wide frequency range as tc be
essentially unobservable, or (c) mixed in with the phonon response.

CRITICAL MAGNETIC SCATTERING

In the light of these null results it was with a sense of relief that
the first observations were mdde of critical magnetic scattering in UN. The
critical scattering is the only evidence from neutron scattering to date
of the occurrence of spin fluctuations in wuranium nitride,

The measurements were made with incident-neutron energy 7.25 THz,

with 0.4° collimation before and after the specimen, and with a Ge(113)
monochromator, In the (110) scattering plane measurements

were made around (110) and (001) with no analyser and, in the (001) scatter-
ing plane, around (110), (010) and (120) with a Ge(113) analyser.



In order to help understand the results that follow we first recall that
for fcc antiferromagnets the ordering occurs at inequivalent wave vectors.
Thus in UN no two of the domain wave vectors, TD = (100), (010) or (001) are
related by a vector, TN, of the fcc reciprocal lattice. Consequently the
critical scattering associated with the formation of each dcmain may separ-~
ately be studled and for each the susceptibility parallel and perpendicular
to 1 D> x,L(qw) and x (qw), may be obtained. The most commonly studied cubic
crystals elong to the perovskite system which has a unique ordering wave
vector (%,%,%) so that the wave-vector dependence of the separate
polarization components cannot be derived from the data. Thus,more infor-
mation can be obtained from critical scattering in Type-I systems.

In uranium nitride critical scatter1ng was observed at (110) and (120).
Near (001), where Xl(qw) is measured, the scattering was independent of
temperature and wave vector and comparable to the scattering at (003). Thus
the transverse susceptibility is unobservably small and llkely non-critical.
It follows that at (110) and (120), where both Xll(qw) and X, (qw) may con-
tribute, the scattering has only longitudinal character;l

With the Ge(113) analyser the frequency width of the scattering well
above Ty was observed to be equal to the vanadium resolution width of
0.28 THz. Ve estimate that the lifetime of the longitudinal spin fluctua-
tions exceeds 14 ps. The narrow frequency width ensures that what is
measured both with and without an analyser is :

s@ = @ f 5 mxy G = 2@ kT Re x) @0).

The growth of X g(a(n (we drop the Re prefix in what follows) is
iliustrated in Fig. The scattering was weak, as expected from the low
ordering moment, so that measurements at this resolution above 8C K were
impractical. The inverse correlation range narrows very rapidly as Ty is
approached so that widths could only be extracted for T > 54 K.

At all temperatures the width in 3 of the scattering parallel to the
[001] domain direction was much greater thar the width along [110] as illus-
trated for 57 K in Fig. 1. To confirm that the {001} domain direction was
the unique axis of the anisotropy (rather than, for example, the direction
perpendicular to T) the scattering was nmeasured out from (110) in the
(110), (110), (100) and (010) directions by orienting the specimen in the
(001) scattering plane. This placed the long axis of the criticai scattering
out of the plane, and, as expected, the dis trlbutipn of scattering in the
plane was approximately circular with a widch in q comparable to the (110)
width in the (1I0) plane. The results around (110) therefore indicate that
the critical scattering has the form of an ellipsoid of revolution with major
axis along the domain direction (i.e. an {C01] cigar). A simple verification
of this picture was provided by the results around (120), a wave vector
associated with the (100) domain, where the cigar was oriented ~long the
[100] direction.

To analyse the critigal scattering Ty wmust first be known. Measurements
were made of the {110) magnetic Bragg peak intensity for 40 £ T < 50 K. It
was found to follow the power law (Ty- T) with 8 = 0.31 0 03 and

T = 49,5 £ 0.5 K.
The critical scattering above Ty was dencribed by an anisotropic

Lorentzian . X" (3 0)
X|| (q0) =

eafy e /K



which was folded with the three-dimensicnal resolution function [13]. At
each temperature we extracted tho best-fit static staggered susceptibility,
xy 050), and inverse correlation lengths of the longitudinal scattering
parallel, K|| , and perpendicular, EL » to Tp. The results in standard form
[14) are shown in Fig. 2 and Fis. 3.

The inverse correlaiion length (Fig. 2) is as much as an order of
magnitude smaller than the typical correlations of 3-~d localized Heisenberg
egystems [14]. Because the cigar-shaped critical-scattering contours are
reminiscent of the rods of critical scattering seen in 2-d systems [15],
Fig. 2 shows also the theory for the 2-d Ising model, but the correlations
in UN are of even longer range for the same reduced temperature.

The anisotropy in K is seen to be approximately independent of tempera-
ture with a mean value K l/ KL = 2.8 ¥ 0.3 . Thus the spins are much more
highly correlated within an ~(001) sheet (ferromagnetic sheet below Ty)

than they are between adjacent sheets (antiferromagnetically cligned below

Tnde .

In Fig. 3 the resolution-~corrected neutron scattering at (110), propor-
tional to T X{| (00), is seen to be a much more rapid function of tempera-
ture than the susceptibility of a typical pure localized-spin system.

SUMMARY AND DISCUSSION

The principal findings are as follows:

-~

1. No spin excitations have been observed in the antiferromagnetic phase
nor cryscal-field excitations in the paramagretic phase.

2. No transverse critical scattering is observed above Ty.

3. The longitudinal critical scattering corresponds to spin fluctuatiens
that (a) are long-lived, (i) have an extremely large correlation range,
(c) are more highly correlated within (00l) planes than they are
between planes, and (d) preserve the spin direction parallel teo Tp for
all q and T.

4, The temperature dependences of the invers. correlation range and
staggered susceptibility are much more rapid than these occurring in
systems of localized spins. It is not clear what significance can be
attached to the large exponents obtained for a metallic system such as
UN, but we note in passing that ¥ = 2v is approximately satisfied.
Although the results do not lie within the critical region,

(T~-Ty) /Ty ~1/12, the inverse correlation ranges have already fallen
to " the values expected for localized spin systems at temperatures that
are ten times closer to Ty.

Few measurements have been made of the critical scattering of low - Ty
itinerant antiferromagnets or of Tvpe-I antiferromagnets. It is not known
therefore whether either or both of *hese characteristics is associated with
the vnusual results obtained for UN. Long correlation ranges have been
observed [16] in the singlet-ground-state ferromagnet Pr3T¢, where the criti-
cal scattering scales with the’weakly-temperature-dependent reduced van Vleck
susceptibility [Xg(T.)/Xo(T) - 1] rather than with the reduced Curie single-
ion susceptibility (v1/T). We have seen, however, that the singlet-ground-
state nodel for UN is unpromising. It is possible, of course, that the
unenhanced susceptibility of the itinerant electrons in UN is dependent only
weakly on temperature, and so Klland Sl might remain small well above TN'



The absence of transverse critical scattering above Ty 1s consistent,
in a negative sense, with the absence of spin-wave scattering below Ty,
since both are tramsverse in character. Since no gap opens up in the bands
of an antiferromagnet there are always single particle transitions avallable,
in principle at least, to-damp out the transverse response.

The existence of an ordered moment below a continuous phase transition
does demand the existence of critical scattering of longitudinal symmetry,
and this is observed. Although the crystal is cubic there is no need for
the longitudinal and transverse components of staggered susceptibility to
be equal as is required for the uniform susceptitility of a ferromagnet.

Anisotropic extension of the critical scattering along the domain direc~
tion and lack of renormalization of the transverse respcase are characteris-
tics that have been observed previously only in two-dimensional systems {[15]
and in three-dimensional non-cubic antiferromagnets such as CoF2 [17]. As
UN is cubic znd three~dimensional we must search for an explanation that can
introduce these characteristics into the system.

Anisotropy can occur within a localized picture for a Type-1 antiferro-

magnet because of the competition between the exchange interactions gl and
2« Within the meau-field approximation it is, however, impossible to ob-

tain the correct sense for the anisotropy, Kf / k2 §'2/ (gf, ), which must
lie between 0 and 1 because of the constraints J‘imposed by the statility of
the Type-I structure (42 /gl < 0). Of course, longer~range exchange conuld
be introduced to describe the anisotropy, but to do so immediately suggests
that an itinerant description is more appropriate.

Edwards [18] has suggested that, in certain itinerant fcc 3-d magnets,
the electron distribution and the spin-excitation spectrum can be partially
two-dims .. ional in character. From the same point of view the 5f band of
Adachi &i. Imoto [9] would appear to be highly anisotropic for wave vectors
measured from the X point (the ordering wave vector of UN), being cccupied
along [001] (XI') while along [110] (XU) the band rises above the Fermi
surface. One might expect that the overlap integral that gives the suscep-
tibility falls slowly along [001] but rapidly along [110] mirroring the
observed anisotropy in the susceptibility.

It is clear that the results for UN are highly unusual. It is unlikely
that they can be explained by a localized spin medel., Instead, the long-
range correlations and their marked anisotropy and the apparent absence of
spin waves indicates that it will be essential to allow explicitly for the
Jtinerant nature of th: 5f electrons in any description of the magnetilec
properties of uranium nitride.
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FIGURE CAPTIONS

Fig. 1. Longitudinal critical scattering in uranium nitride. The
resolution width (similar for both directions) is shown by

the horizontal bar.

Fig. 2. Inverse correlation length of uranium nitride times the nearest
neighbour U-U distance ap, = 3.54 L.

Fig. 3. The parallel susceptibility of UN at (110) times the temperature.
The line shows the susceptibility of RbMnFg [14], a typical
localized~spin antiferromagnet, T . .
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Fig. 3. The parallel susceptibility of UN at (110) times the
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