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We have determined unusual magnetic ordering of the hexagonal intermetallic uranium compound

UN,,B via neutron diffraction.
with antiferromagnetic interactions.

In the easy basal plane the U moments have triangular symmetry
Along the hard ¢ axis ferromagnetic coupling occurs.

Below

Ty = 20 K only two out of every three U moments of 1.2up order in vortexlike arrangements

around the third paramagnetic spin.
a crystallographic superstructure.

This novel magnetic structure is related to the occurrence of
Previously observed anomalies in bulk properties below Ty are

attributed to unconventional spin-wave excitations associated with this type of ordering.

PACS numbers: 75.20.Hr, 75.25.+z, 75.30.Gw

Hexagonal intermetallic compounds with CaCus-type
crystal structures compose a variety of interesting ground
states, among which are the newly discovered antiferro-
magnetic (AF) heavy-fermion superconductors UNizAlj;
[1,2] and UPd,Al; [3-5] and permanent magnet materi-
als like SmCo4B [6]. Furthermore, and seemingly unre-
lated, there has been much recent interest in (insulating)
magnetic materials with antiferromagnetic coupling, often
on triangular lattices, where ordering at temperatures cor-
responding to the exchange energies is prevented by geo-
metric frustration [7,8]. In such cases, unusual magnetic
order and critical phenomena are found.

These two subjects coalesce with the metallic triangu-
lar, uranium compound UNi B [9,10]. Here basal-plane
AF interactions between U moments (Ni is nonmagnetic)
lead to a unique type of magnetic ordering, with Néel tem-
perature Ty = 20 K. The zero-field magnetic structure of
UNi4B can be described by a magnetic unit cell of nine
U atoms. However, only six of these atoms order below
Ty in an AF hexagonal pattern in the basal plane, with
ferromagnetic (FM) coupling along c; the other three U
atoms remain paramagnetic. The paramagnetic nature of
the U moments on every third lattice site causes highly
anomalous magnetic and transport behavior in the ordered
state. In this Letter we introduce the basic properties of
UNi 4B, describe our single-crystal neutron-diffraction re-
sults, and illustrate the magnetic structure. We discuss its
implications for bulk properties and evaluate the nature of
the low-energy magnetic excitations.

The structure of UNiuB is related to the hexago-
nal CeCo,B-type crystal structure, space-group P6/mmm,
with lattice parameters a = 4.953 A and ¢ = 6.964 A
[9]. The experiments presented here are performed on
Czochralski-grown single crystals of high quality as eval-
uated by electron probe microanalysis and neutron diffrac-
tion. We used the ''B isotope for the crystal investigated
by neutron diffraction. The crystals were not given addi-
tional heat treatment. Sample-dependent properties were
not observed in our series of polycrystalline and single-
crystalline specimens, some of which were annealed at

0031-9007/94/73(7)/1031(4)$06.00

700 °C for one week [11]. In contrast to earlier conclu-
sions drawn from powder x-ray diffraction, the more accu-
rate single-crystal neutron-diffraction experiments reveal
the occurrence of a crystallographic superstructure, which
is quite common in RNi4B (R = rare earth) materials [12].
We have not found any indications of a structural transi-
tion below 365 K. As shown below, the superstructure is
important for understanding the bulk magnetic properties
of UNi4B, which are displayed in Fig. 1.

The susceptibility (defined by the magnetization di-
vided by the applied field), measured in a superconducting
quantum interference device magnetometer in 0.3 mT and
0.5 T, is strongly anisotropic, with an easy (hexagonal) a-
b plane; see Fig. 1(a). Above 100 K, the effective U mo-
ment equals 2.90up/f.u. with f.u. representing formula
units, with Curie-Weiss parameter Ocw = —65 K. The
ordering temperature Ty = 20 K is defined by the maxi-
mum in d(xT)/dT. Below Ty, xa» increases, which is
not expected for a normal antiferromagnet, before a satu-
ration takes place below around 10 K. At larger fields a
maximum occurs, without signs of field-history effects.
Figure 1(b) shows the low-temperature part of the electri-
cal resistivity, p(T), measured by a standard dc four-lead
technique down to 380 mK. The resistivity parallel to the
basal plane, pj,, is 3 times larger than along the c¢ axis,
plc- This large anisotropy is even more pronounced in
the ordered state, where the initial increase in pj, indi-
cates the formation of new superzone boundaries due to
the AF ordering. In contrast, pj. exhibits an immediate
drop at Ty, indicative of FM ordering along the ¢ direc-
tion. For both directions, a reduction of the scattering
is observed below T = 5 K. Below Ty, pj. is accurately
described by

ple = AT*!! + BT? 1)
with coefficients A = 57.995(1) ©Q cm/K%!! and B =
3.79977(6) X 1072 w€ cm/K?2. Finally, the specific heat,
¢(T), of UNi4B also displays unusual behavior in the or-

dered state. Figure 1(c) depicts ¢(T)/T downto 1.8 K. A
sharp anomaly signals the long-range AF order below
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FIG. 1. Magnetic properties of single-crystalline UNi B be-
low 30 K. (a) Susceptibility, y = M/H, with the magnetic
field parallel to the easy a-b plane: (o) uoH = 0.3 mT, (+)
moH = 0.5 T; and the hard ¢ axis: (e)uoH = 0.5 T. (b) Zero-
field resistivity with current along to the a-b plane (—) and
the ¢ axis (——-). Note the different absolute scales and the
unconventional temperature dependences in the ordered state.
(c) Zero-field specific heat divided by temperature, showing
an increase below 7 K. The dashed line represents the calcu-
lated specific heat for a 1D Heisenberg ferromagnetic chain
with § = 1/2 and Jc = 35 K, according to Ref. 13.

20 K. However, after an initial drop, c¢/T starts in-
creasing again upon lowering the temperature below
7 K. Magnetic fields up to 6 T do not significantly in-
fluence the low-temperature specific heat [9]. After sub-
traction of the phonon-derived specific heat of nonmag-
netic UCo,Ni,B, the magnetic entropy recovered at 25 K
amounts to 0.72R In2 [10,11]. Analogous to p(T), the
magnetic specific heat in the ordered state is best de-
scribed by a weak power-law dependence:

c/T = aT %% + BT? )
with coefficients o = 0.2796(7) J/mole K!'’! and B8 =
0.3913(9) X 107* J/mole K*.  The dashed line in
Fig. 1(c) indicates the calculated specific heat divided
by T for the 1D Heisenberg ferromagnetic chain with
S =1/2 and Jc/kg = 35 K according to Bonner and
Fisher [13].

Neutron-diffraction measurements were performed be-
tween 2.4 K and 365 K on a UNi,''B single crystal at
the triple-axis spectrometer HB3 of the high-flux reac-
tor in Petten, using a wavelength A = 1.4269 A and a
pyrolytic graphite filter to suppress higher-order wave-
lengths in the beam. We studied both the nuclear and
magnetic reflections in the (a*»"0) and (a"0c”) scattering
planes. All strong nuclear reflections can be indexed on
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the basis of a hexagonal subcell with ay,, = 4.953 A and
Coub = 6.964 A at 293 K [11,14]. However, additional re-
flections occur with Miller indices (h% >
the existence of a superstructure. Their intensities are 2
or 3 orders of magnitude weaker than the main reflections.
In real space the hexagonal unit cell of the superstruc-
ture is related to the subcell by a rotation over 30° in the
basal plane with an elongation of a by a factor /3, giv-
ing supercell lattice parameters a’ = v/3a and ¢/ = ¢. We
also observed (g % I) reflections, leading to an even larger
nuclear supercell. These reflections are again 1 or more
orders of magnitude weaker than the (h—f h—tﬁ 0) reflec-
tions, and are not surrounded by magnetic satelhtes
Below Ty = 21(1) K we observe magnetic intensity
at distances +Q = ( 33 O)Super from the reciprocal lattlce
points of the superstructure, as shown in Fig. 2. This 0
vector describes the magnetic order, leading to a hexag-
onal magnetic unit cell with axes parallel to those of
the subcell, and apmagn = 3agp. The absence of magnetic
(hk 1) and the presence of magnetic (h k 2) reflections give
Cmagn = %Csub- From the observed intensities we derived
the ordered magnetic pattern, displayed in Fig. 3. The
measured and calculated intensities, giving a reliability
factor R = 11.2%, are listed in Table I. We find that
six U moments are ordered in two triangular sublattices
of next-nearest neighbors, with moments perpendicular to
the ¢ axis and 120° apart, while the directions for the re-
maining three moments are not defined. The symmetry of
the surrounding moments suggests a paramagnetic behav-
ior for these three moments. This also follows directly
from the diffraction data. An ordering of the three mo-
ments, uncorrelated with the other six moments, would
give a scaled contribution of 7 to I, for the (% %0) re-
flection, in contradiction to the very weak intensity ob-
served. In addition, an orden'ng of the three moments,
correlated with the other 51x moments would yleld large
differences between the (3 00), (0 0), and ( 3~ O) in-
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FIG. 2. Temperature dependence of the (§ 00) maximum
intensity; the solid line is a fit by Eq. (3) for 5 data points
below Ty = 21(1) K, indicating a critical exponent 8 = 0.38(2).
The ordered magnetic moment amounts to 1.2u5/U. No
additional anomalies are observed below Ty. The inset shows
the weak supercell reflections (o) and magnetic reflections (H)
in the reciprocal | lattlce of the substructure (O). The magnetic
ordering vector Q = ( O)S.Jper corresponds to (0 — O)M
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(a)

FIG. 3. (a) Crystallographic CeCoB-type subcell of UNi,B.
(b) Magnetic structure of hexagonal UNi B, projected onto the
basal plane. The magnetic layers are stacked ferromagnetically
along the c¢ direction. The thin solid lines represent the
magnetic unit cell. Note the presence of the frustrated U
spins, indicated by (1) and (2), with two inequivalent magnetic
environments, located in the center of the magnetic vortices
(thick lines). The nearest and next-nearest neighbor magnetic
coupling constants are indicated by J; and J,.

tensities, which are not observed. We can distinguish
two paramagnetic sites: the (000) site, (1) in Fig. 3(b),
which is surrounded by a tangential vortex formed by
six 60° spin rotations, and the (% %0) and (% %O) sites,
(2) in Fig. 3(b), surrounded by three AF pairs. Note that
the magnetic structure factors Fagn depend on the mo-
ment direction in the proposed magnetic structure. For
example, a rotation of all six ordered moments over 30°
would result in Fr,g, = 0 for the ( % 00) reflection. We
have computer generated a few hundred magnetic struc-
tures within the same magnetic unit cell. None of these
simulated structures were in agreement with the experi-
mental results of the neutron diffraction. There were al-
ways some of the magnetic reflections incorrectly absent
or present.
A rough analysis of the critical behavior of the ( % 00)
reflection intensity / by
I=Aef +B e=n_T &)
Ty
shows that the magnetic order in UNi B follows the
prediction for the three-dimensional XY model with a
critical exponent B8 = 0.38(2) (solid line in Fig. 2). From
the saturation value at 4 K of the integrated magnetic
intensities of the (%00) and (%02) reflections and the
reported U form factor [15] we estimate the ordered
moment g = 1.2(2)up/(U atom). This value agrees
with the local fields, as measured in our recent muon
spin rotation experiments [16]. Between 4 K and 2.4 K

TABLE 1. Scaled integrated magnetic intensities of single-
crystal UNi,''B at 4 K compared with the calculated inten-
sity Lcatc = |Frmagn/pI?/sin 26 with p = 0.2696 X 10 ~'* m. The
Miller indices are chosen with respect to the subcell. The reli-
ability factor R = 100 X | (Iops — Zearc) |/ 2. Iops€quals 11.2%.

hkl Lops Late hkl Los Laic
(;000 0 0 (501 0 0
(%00) 75.3 79.4 (% 01) 0 0
200 37.3 36.4 (502 20.5 21.8
(%%O) 0 0 (%02) 12.7 18.1
10 1.0 1.0 (£02) 16.0 10.5
(g 00) 17.6 15.5 (g 02) 9.7 7.7
(% 00) 9.7 10.7

the intensities of the strongest magnetic reflections did
not change. A more detailed account of the neutron-
diffraction experiments will be published elsewhere [14].

Figure 3 displays both the CeCo4B-type subcell and the
magnetic structure, projected onto the basal plane. Every
U layer exhibits similar moment directions, for the inter-
actions along the ¢ axis are FM. The derived vortexlike
magnetic structure of UNi B is to our knowledge unique
in hexagonal systems. Since the magnetic interactions in
the basal plane are AF, the triangular symmetry implies
topological frustration, counteracting long-range magnetic
order [8]. This should result in strong frustration of the
magentic ordering and modified critical behavior. How-
ever, we propose that the formation of the crystallographic
superstructure partially lifts this frustration by a change in
the site symmetry of the U ions. We assume that the U
atoms nearly ideally occupy their (subcell) 1(a) and 1(b)
positions and that the nickel and boron atoms are slightly
displaced out of their ideal subcell equilibrium positions.
The relatively strong (20 1) and weak (g 02) structural
reflections [11,14] indicate that atoms in planes separated
by a distance c¢/2 are displaced in antiphase with each
other. Electronically, this superstructure provides a small
periodic change in the crystal-field potential at the U site,
which modifies the triangular symmetry. Determination
of the exact nature of the superstructure is a subject for
future study [14].

The occurrence of paramagnetic moments in an ordered
matrix is very rare. We have found no additional order-
ing phenomena down to 0.38 K in these single crystals,
and down to 40 mK by resistivity measurements on a
polycrystalline sample. We can now analyze the con-
sequences of this unique combination of magnetic or-
der and paramagnetism for the low-temperature anom-
alies presented in Fig. 1. The peak in the susceptibil-
ity and specific heat at 20 K reflects the ordering of
the six U spins. Both the in-field and zero-field exper-
iments indicate that the remaining three U atoms carry
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entropy, and thus are also magnetic, with moment di-
rection in the a-b plane. Because of the small U inter-
atomic distance along the ¢ axis, the direct U-5f elec-
tron hybridization is rather strong [10]. In combination
with the FM coupling along c¢, this results in the forma-
tion of short-range correlated paramagnetic chains in the
¢ direction. These paramagnetic moments within the or-
dered system form a unique realization of 1D ferromag-
netic chain in a metal. Upon lowering the temperature,
the specific heat of these chains indeed follows the “nor-
mal” behavior of a 1D ferromagnet, e.g., CsNiF,, [17]
as calculated by Bonner and Fisher [13]; see dashed line
in Fig. 1(c). A similar comparison for the magnetic sus-
ceptibility is more difficult to make due to the diverg-
ing susceptibility expected for a ferromagnetic chain [17].
However, we do not wish to stress the analogy between
the above insulator and our metallic and partially or-
dered UNi B. Note that spins a priori cannot order in one
dimension. Since the molecular fields arising from the
ordered spins cancel at every site of a free spin, as con-
firmed in our recent muon spin rotation experiments [16],
these spins do not undergo a cooperative phase transition.
With decreasing T, the increasing correlation length along
the chains causes the saturation of the susceptibility and
subsequent decrease for larger fields [13]. Also, the ex-
tra magnetic scattering evident in the low-temperature re-
sistivity can now be understood. The excitations in the
chains of short-range correlated moments are effective
scatterers of conductions electrons moving perpendicular
to the chains. Only when these excitations freeze out,
p(T) drops rapidly. Also rather large negative magne-
toresistances are found [11]. The upturn in ¢/7, which
corresponds to a broad maximum in the specific heat,
indicates a slow removal of entropy. The unusual tem-
perature dependence fitted by Eq. (2) involves a T2 term
due to regular AF spin waves, arising from the ordered
spins, and a term x7~%?° which stems from the mag-
netic excitations of the ferromagnetically coupled chains.
In our high-field magnetization experiments several spin-
flop transitions have been observed, depending on the in-
plane field direction [9]. Even in 50 T the magnetization
still does not saturate. This implies AF in-plane nearest
and next-nearest neighbor couplings, indicated by J; and
J> in Fig. 3. The role of the paramagnetic spins in the
high-field magnetization process is still unknown and may
only be determined experimentally by neutron diffraction.
Note that all J,-energy terms cancel, and the sum of J,
terms equals -3|J,| (but cancel at the paramagnetic sites).
This is the lowest energy possible, and all next-nearest
spins indeed align at 120° angles in each sublattice of
three moments.

Because the paramagnetic moments, making up 1/3
of the spins, are coupled by a J, interaction among
themselves, it is remarkable that these moments do not
develop long-range magnetic order. Such could be either
correlated or uncorrelated with the other 2/3 of the spins
which order at 20 K. This should be contrasted with
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the Ising and triangular system CsCoBrj;, where 2/3 of
the spins order at 28 K and the remaining 1/3 order
at 12 K [18]. Hence, we must conjecture that different
site symmetries of the U ions in the observed crystalline
superstructure alter the interaction J, in such a way as
to inhibit magnetic order for the surviving 1/3 moments.
Certainly this point warrants further investigation.

In conclusion, we have discovered a novel magnetic
ordering pattern in the hexagonal metallic compound
UNi,B, whose magnetic unit cell of nine spins contains
three paramagnetic spins. This separation into two mag-
netic subsystems gives rise to anomalous behavior in the
ordered state. The simple metallurgy and (subcell) crys-
tal structure of UNi4B presents the unique opportunity to
experimentally and theoretically study magnetic interac-
tions, excitations, and critical behavior of a material which
adopts an unprecedented ordered magnetic structure, in-
corporating chains of paramagnetic spins, on a hexagonal
lattice in a metal.
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FIG. 3. (a) Crystallographic CeCoB-type subcell of UNi4B.
(b) Magnetic structure of hexagonal UNi4B, projected onto the
basal plane. The magnetic layers are stacked ferromagnetically
along the c¢ direction. The thin solid lines represent the
magnetic unit cell. Note the presence of the frustrated U
spins, indicated by (1) and (2), with two inequivalent magnetic
environments, located in the center of the magnetic vortices
(thick lines). The nearest and next-nearest neighbor magnetic
coupling constants are indicated by J, and J,.



