PHYSICAL REVIEW B VOLUME 56, NUMBER 18 1 NOVEMBER 1997-1I

Neutron-scattering study of incommensurate magnetic order
in the heavy-fermion superconductor UNpAI 5

J. G. Lussier, M. Mad, A. Schrader! J. D. Garrett, and B. D. Gaulin
Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, Canada L8S 4M1

S. M. Shapiro
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973

W. J. L. Buyers
National Research Council, Neutron Program for Materials Research, Chalk River Laboratories, Chalk River, Ontario, Canada K0J 1J0
(Received 9 April 1997; revised manuscript received 17 June)1997

Elastic neutron scattering from a single-crystal sample of the heavy-fermion superconduciét ;Uiéis
revealed the onset of long-range magnetic order bélqw 4.6 K. This order is characterized by an incom-
mensurate(IC) ordering wave vector given bys(- 7, 0,3) with 7=0.11+0.003. The intensity of several
magnetic satellite Bragg peaks within thie,@J) plane is well described by a model in which the spins lie
within the basal plane and are modulated in amplitude from site to site. By applying a magnetic field to select
from all the possible domains, we find that the moment is polarized along theection, with a maximum
amplitude of 0.21-0.1ug per uranium atom. The order-parameter exponeassociated with this transition is
0.34+.03, which is typical of three-dimensional ordering transitions. Measurements dow®.80K show that
the magnetic order coexists with superconductivity belbw~1.2 K, and that these states are coupled as
shown by anomalous behavior of the magnetic order parameter afQunifleasurements were also made in
magnetic fields of upa 8 T applied perpendicular to théh,0]) plane, along(—1,1,0, a near-neighbor
direction within the hexagonal basal plane. While the field does not infliEg¢é does increase the intensity
of the magnetic Bragg peaks by a factor-e1.5, as well as increase the IC part of the ordering wave vector
at low temperature$S0163-182@07)01441-Q

INTRODUCTION ture and orders antiferromagnetically belows K. It then
undergoes two superconducting transitions rigar 0.5 K3
Heavy-fermion materials have been at the forefront ofThe multiple nature of the superconducting transition is be-
condensed matter research due to the exotic behavior dieved to result from symmetry breaking within the hexago-
played by their thermodynamic and transport properties abhal basal plane due to the magnetic long-range order dis-
moderate temperatures, as well as the usual coexistinglayed by UP{ Pressure causes the two superconducting
ground states which a subset of these metals display at lowansitions to merge, and the ordered magnetic moment de-
temperatured.At high temperatures they are usually poor creases to zero, so as to produce a tetracritical point in its
metals, the temperature dependence of whose resistivity jsressure-temperature phase diagfamBody-centered-
often characteristic of semiconductors. They can be charagetragonal URsSi, (Ref. 5 undergoes antiferromagnetic and
terized by up to three temperature scales. A relatively highsuperconducting phase transitions at 17 arid2 K, respec-
temperature coherence temperature is usually present, beldively. The long-range magnetic order displayed by both
which the resistivity decreases on cooling, while at low tem-these materials is highly unusual in that it is characterized by
peratures some of these materials enter one or more orderedtremely small ordered momenjs,~0.02ug for UPg
phases. Most of the interest in these materials has focused ¢Ref. 2 and uoq~0.04up for URW,Si,.>’ Although these
the few compounds which display microscopic coexistenc&nomalously small ordered moments have led to specufation
of antiferromagnetism and superconductivity at low temperathat the order which they display is nontrivial and involves
tures. Within the conventional BCS theory of superconducmultispin rather than dipole ordering, this hest been borne

tivity, electrons of opposite momentum at the Fermi surface®ut by recent measu_rt_emeﬁts. _
and of opposite spin form composite Cooper pairs which Recently, two additional heavy-fermion metals have been

participate in the supercurrent. Magnetism is usually thoughgiscovered in which superconductivi_ty and antiferromggnetic
of as being incompatible with this scenario as it can provide’rder also coexist. These are the simple hexagonal interme-
spin-flip electron scattering which breaks up the Coopef@!lics UPdAI; (Ref. 10 and UNbAI; (Ref. 11 which re-
pairs. spectively undergo transitions to anuferrqmagneusmT,at
There are four known uranium-based heavy-fermion met=~14.5 and~4.6 K, and to superconductivity dic~2 and

als which exhibit the apparent microscopic coexistence ofi-2 K. Extensive neutron-scattering measurerrténtson
antiferromagnetism and superconductivity at low temperalUPdAl; show that it orders in a simpl@=(0,03) antifer-
tures. UP§ (Ref. 2 forms a hexagonal-closed-packed struc-romagnetic structure in which the moments lie in the basal
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plane, in ferromagnetic sheets that are antiparallel to those in
adjacent basal planes. There is also good evidence for a
phase transition involving a moment direction reorientation
within the basal plane at temperatures near but balgu#*
However, all measurements are consistent with a sizable or-
dered momenfy,q~0.85ug .

For UNibAl; we report elastic neutron-scattering mea-
surements on a single crystal which show that it undergoes a
transition atTy~4.6 K to a state with long-range, incom-
mensurate magnetic order characterized by the wave vector a
Q=(3=*7,03) with 7=0.11+0.003. Preliminary accounts of
this work have appeared elsewhét&his magnetic order is U ONi»
associated with moments at the uranium site. There is no
evidence for any magnetism associated with the nickel site. FIG. 1. The simple hexagonal crystal structure exhibited by
In earlier neutron-diffraction measurements performed orPNi2Alz is shown.
powder samples of UNAI; no evidence of magnetic order
was obtained and an upper limit of Qg (Ref. 12 was sition was less than Qu/U site on average We will see
placed on the size of any possible ordered moment. Muokhat our single-crystal measurements bear this out.
spin rotation (uSR) experiment®® on polycrystalline Neutron measurements on the single crystal revealed that
UNiAl3 showed evidence for antiferromagnetism with anjt was comprised of three closely aligned grains, having a
ordered moment of the order of &ug. Uemuraetal,’ in  total mosaic spread of 2°. The crystal structure, shown in
subsequentuSR work, noted that theuSR signal from Fig. 1, belongs to th€6/mmm hexagonal space group, in
UNizAl; was similar to that from the organic spin density which the U atoms lie on a simple hexagonal lattice. The
wave system (TMTSEPFR;, and suggested the possibility |attice constants at 4.2 K weee=5.204 A andc=4.018 A.
that the magnetic order in UpAl; might be incommensu- The relative measured integrated intensities of six nuclear
rate. These measurements were performed on a crystal cBtagg peakgchosen to be weak ones to avoid problems with

from the same boule as the crystal we have studied. extinction) were found to agree very well with the intensities
calculated for the structure shown in Fig. 1.
EXPERIMENTAL DETAILS Elastic neutron-scattering measurements were carried out

) _ o _on this high-quality single crystal at the NRU reactor of the

In comparison with the rather extensive literature whichaAgc|’s Chalk River Laboratorie$CRL) as well as at the
currently exists for its sister compound Ud, there is  HFBR at Brookhaven National LaboratofNL). Three dif-
little information available on UNAl;, for which single  ferent spectrometer configurations were employed with the
crystals are harder to grow. Our crystal of YNi; was  sample mounted in four different cryostats, two of which
grown at McMaster University using the Czochralski tri-arc yere equipped with vertical field, split coil magnets. The
technique. No initial seeds were usgkcept for the tung- gjfferent cryostats were required to access both temperatures
sten tip. The starting materials were stoichiometric amountsyelow the superconductinife, and relatively high tempera-

of each of the elements in high purity form. The Al used wasres above the “hump” in the uniform susceptibility-a80
99.9999% pure, the Ni was 99.999% pure, while the depleteg 11

U was from the same high-purity source from which other
U-based heavy-fermion superconductors were gro®nch
high-purity starting materials are necessary because the mag- ZERO-FIELD MEASUREMENTS

netic and particularly the superconducting properties of this  \jeasurements were carried out at the E3 triple axis spec-

class of .matene}ls are sensitive to impurities. trometer at CRL with a $1,1,) monochromator and a py-
The final cylindrical crystal, roughly 1 cirin volume, - yjitic graphite, PG0,0,2, analyzer set for zero energy trans-
was subsequently wrapped in tantalum and annealed in 8@, pata were collected at neutron energies of 14.7 and 34.1
evacuated quartz cell at 900 °C for one week. Small pieceg e\ with a PG filter in the scattered beam to remove higher
cut from the boule were used to characterize the crystalyger contamination, as well as at 17.05 meV, without the
Uniform susc_:eptibility measurements s_howed results c_:c.)nsismter' The (,hl), (h,0)), and (,k,0) high-symmetry
tent with earlier measuremerttsa hump in the susceptibility planes were investigated by means of two-dimensional grid
near 80 K, with pronounced anomalies néar=4.6 K s scans as well as with finer line scans along special directions.
well as a Meissner signal alc~1.2 K. A neutron-  The scans were made at a temperature of 1.8 K, well below

diffraction pattern was taken of one such piece after it hadr — 4 6 K and also at a temperature of 20 K, well above
been crushed to form a powder. Measurements made at 10K ' in order to search for temperature-dependent scattering

(aboveTy) and 3 K(below Ty) were consistent with single  gjgnifying magnetic order. Figure 2 shows the results of two
phase material to at least the 5% level. The large nuclear . .
incoherent background from the Ni made it difficult to be such scans along thé,0,7) direction, which clearly show a
more precise than this. In addition, the measurement gave ril@agg peak feature at both (0.3$p,and (0.61,3).
indication of any temperature-dependent scattering over this A survey of the (,0]) scattering plane revealed the ap-
temperature range, consistent with earlier estinfatbat the  pearance of Bragg peaks of the form/Z=+ 7,0,0/2) with n
size of the ordered moment associated with this phase tramdd and7=0.110+0.003 at temperatures below5 K. As
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FIG. 2. Sections of a scan along,o,%) are shown at tempera-
tures of 20 K(well aboveTy~4.6 K) and 1.8 K(well below Ty). T (K)
These scans identify the incommensurate magnetic ordering wave
vector as §+7,0,3) with 7=0.110+0.003. The asymmetric line

FIG. 3. Magnetic order parameter as measured at the (0%61,0,
shape is due to the sample mosaic.

position is shown. The solid line corresponds to the best fit of the
data to intensity~[(Ty—T)/Tn]?4, with Ty=4.58+0.02 K and
will be described, the temperature, field, and wave vecto=0.34+0.03. The inset shows the dependence of b@tmnd the
dependence of these superlattice Bragg peaks identify thedbrresponding goodness-of-fit parametéron Ty, .
as being magnetic in origin. No other temperature-dependent
scattering was found during the course of the investigation oflata as a function of, shown in the inset to Fig. 3, we find
the three scattering planes. The component of the magnetibat the best goodness-of-fit paramejgr occurs for Ty
ordering wave vector within the hexagonal basal plane is=4.6+0.05 K, andB=0.34+0.03. The value foB is con-
incommensurateq,c= 3+ 7. It can be approximated agc sistent with expectations for the three-dimensional Ising,
=3+3%, but there is no simple relationship between thisXY, and Heisenberg universality classésThe critical be-
magnetic ordering wave vector and any wave vector charadavior is strikingly different from that observed in UFRef.
terizing the chemical lattice. Because n/2, with n odd for ~ 2) and URySi,,®’ for which the peak intensities grow lin-
the (/2= 7,0n/2) ordering wave vector, the magnetic struc- early over an anomalously broad temperature range, consis-
ture along thec direction corresponds to a simple antiferro- tent with a mean field3= 3 onset. However, it is similar to
magnetic stacking of the basal plane structure, as also occutise critical behavior seen in URAl ;.12 No hysteresis is ob-
in UPGLAI 5. 12 served in the order-parameter scan on heating and cooling,
The intensity of the scattering at the magnetic Bragg peakvhich suggests a continuous transition, despite the fact that
positions is very weak. It is reduced by three orders of magthere is no obvious critical scattering present aboye It is
nitude compared with a typical Bragg peak of nuclear origin likely that the intensity of such critical scattering was simply
such as(1,0,0. The width of the magnetic Bragg peaks is too weak to be observed. The absence of the critical scatter-
found to be that determined by the resolution of the instruing means thaps can be rather accurately determined, as the
ment, indicating true long-range magnetic order belby  region neafTy is not complicated by its presence as is typi-
with a correlation length exceeding 400 A. This contrastscal for continuous transitions.
with results reported in the appropriate antiferromagnetic Figure 4 shows typical longitudinal scans through several
phase of both URt(Ref. 2 and URySi,.®’ The asymmetric magnetic Bragg reflections aT=2 K. The magnetic
line shape of some of the magnetic Bragg peaks is due to th@eutron-scattering cross section is proportional to the com-
mosaic of our crystal. ponent of moment perpendicular @=k; —k; (Ref. 19 and
Longitudinal scans of several magnetic Bragg peak posito the square of the magnetic form factiQ) which de-
tions were carried out as a function of temperature betweebdreases with increasin®)|. Figure 4 shows in addition to a
~2 and 10 K. These scans showed Gaussian line shapes wifacrease witfQ|, an angular dependence favoring reflec-
temperature-independent positions and peak widths, until thgons that lie close to the* axis. This may be seen by com-

superlattice scattering disappeared near 5 K. Measuremerg%rmg the data at (0.393), with |Q|=2.41 A, and at
with high-temperature stability were carried out at BNL on . ’

the H8 spectrometer with RG,0,2 as both monochromator (1.39,03),with [Q[=2.09 A. Clearly the scattering at
and analyzer, a PG filter in the scattered beam, and the ne(i1.39,03), close to the basal plane, is greatly suppressed.
tron energy set at 14.7 MeV. The peak intensity data showiThe data shown in Fig. 4 provide strong evidence, therefore,
in Fig. 3 was collected with the temperature stable to at leaghat the magnetic moment direction is aligned within the
+0.002 K, so as to allow a precise determination of bbth  basal plane.

and B, the critical exponent characterizing the rise of the The integrated intensities have been compared with those
staggered magnetization from zeroTa{. From fits to the calculated for several simple models for the magnetic struc-
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FIG. 4. Typical longitudinal scans at various magnetic ordering
wave vectors are shown at 2 K. These areQat(0.39,03), |Q|
=0.95 A1 «=34.8°;Q=(0.39,03), |Q|=2.41 AL, «=13.0°;
Q=(1.39,03), |Q|=2.09 A1, a=68.0°. a refers to the angle be-
tweenQ and thec* axis.

8 Tesla

ture, in which the moments lie within the basal plane, so that

I(e0) (arb. units)

2
1(Q)= F(Q) sir(v)f4(Q), D 2 | Rotary

SIFI(ZH) 1 SDW along a
whereF(Q) is the structure amplitude for the Bragg peak, 0 , , SDW along a*
and v is the angle betwee® and the moment directio(in 0° 30° 60° 90°
the case of a collinear magnetic structure where a unique o
moment direction exists; otherwise an appropriate generali-
zation is employed Both F(Q) and v depend on the model FIG. 5. The intensities of severfdeven in(a) and five in(b)]

for the ordered magnetic structure. The magnetic form factomagnetic Bragg reflections, corrected for Lorentz and form factors,
f(Q)was that measurélfor UO,, which is known to give are shown as a function f, the angle betwee@ and thec* axis.

an adequate account of the properties of several uraniuni?anel(a) shows these data in the absence of an applied magnetic
based magnetic compounds. field, while panel(b) shows data taken inna8 T vertical magnetic

The integrated intensities of seven magnetic Bragg pos|f.|e|d All data shown were taken at 2 K. In zero .magnetif: field
tions, corrected for the Lorentz fact{)sin(ZG)]’l and the [panel ()] twq sets of measurements gorrespondlng to dlﬁgrent
magnetic form factor are shown in Figi@ as a function of neutron energies are shown. Their con5|_stency provides _<:or_1f|dence
a, the angle betwee® and thec* direction. As was evident that the§e results are free from systematic errors. The.solld lines are
from Fig. 4, the Bragg peak intensities fall off with increas- comparisons to_the expgctatlon_s of three relatively S|mple models
ing . This result eliminates all models in which the mag- (S€€ 1€t and Fig.)6for singleq,incommensurate magnetic struc-
netic moment is aligned predominantly aloefy in contrast tures with the mom_ents con_str_alne_d to lie within th(_e b_asa_l plane.

. . . The a dependence is very similar in pané® and (b) indicating
tq a previous Sque_s“dﬁ'TWO sets of data are shown in that no significant change in the magnetic structure occurs on ap-
Fig. 5(_a), both of which come f_rom measurements at CRL'pIication of the vertical magnetic field.
The difference between them is the energies of the neutron
beam used, 17.1 meV with no PG filter and 34.1 meV with amodulation direction, and the noncollinear rotary model, in
PG filter. The relative intensities from these two sets of meawhich the direction of the magnetic moment is rotated within
surements are consistent, which give confidence that the réhe basal plane. In all of these models, the spin arrangement
sults are robust to possible systematic errors, such as extinshown in Fig. 6 represents a single domain structure within
tion, or absorption, or higher-order wavelength harmonicsone basal plane. The calculated intensities assume the crystal
Figure 8b) shows similar data taken with a vertical magneticis composed of three equally populated, equivalgndo-
field of 8 T applied to the sample, and will be discussed latermains, and an additional two spin domains for the second

We examined several simple models of incommensuratenodel. The full three-dimensional structure is made up of a
magnetic structures in which the magnetic moments liesimple antiferromagnetic stacking of the basal plane struc-
within the basal plane, as candidates to describe our resultsires alonge*, corresponding t@.= 3.

The three which seemed most likely are displayed in Fig. 6. The « dependence expected from these three models is
These are the longitudinal spin-density wa® W) model  shown in Figs. &) and 5b) by three solid lines, one for
with moments polarized along the direction, the “nearly each of thea* SDW model, thea SDW model, and the
longitudinal” SDW model with moments polarized along rotary model. As can be seen, the rotary structure, in which
either of the twoa directions which lie at=30° to thea* the direction of the moments is modulated within the basal
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and none was observed, however, we cannot completely rule
out a multipleg structure as the effects may be small.
With the caveat that multiplg-structures may occur, we
—_ & . e observe that all of our data are well describ&dg. 5 by
\ — o~ — . {% . either the longitudinah* SDW model or the “nearly longi-
&( S tudinal” a SDW model. As will be discussed in the next
N~~~/ 1\~ PP R R section, the behavior we observe in the presence of a strong
N~~~/ \ PR magnetic field can be used to distinguish between these two
possibilities.
c) We can estimate the size of the ordered magnetic moment
by comparing the magnetic Bragg peak intensities to those of
oo f e weak nuclear Bragg peaks. Weak nuclear Bragg peaks are
a

a) b)

employed in this comparison, as they are less likely to be
affected by extinction; however, as the role of extinction is
—— e not completely understood in these measurements, the esti-
- e - mated moment size represents an upper limit. The size of the
ordered moment determined from our data depends weakly
FIG. 6. Real space spin configurations corresponding to a singlen the model under consideration. Tée SDW model gives
domain of the incommensurate magnetic structures which werein ordered moment of 0.24 , if all three domains of such a
Compared with measurements of the magnetiC Bragg peak |nten%|ng|e.q structure are equa”y populated The Correspondlng
ties in Fig. 5 are shown. These dg the rotary model in which all  astimate for thea SDW model is 0.24z. In both cases the
spins have the same magnitude and the spin direction is modulat agnitude of the ordered moment is modulated from site to

* i I i i - i . . .
alonga. ' (b).the collinear, long!tUd'n‘f"l spin-density Wa(’.SDW) site and the rms average ordered moment {&lthe maxi-
model in which the moment points either parallel or antiparallel tomum value

* h i f th i I h . . . -
a" and the magnitude of the moment is modulated alahdc) the It is worthwhile commenting on the stability of such

collineara SDW model in which the moments point either parallel .

or antiparallel toa and the magnitude of the moment is modulated modulated spl_n structqre; at low temperatgres. In other §ys-

alonga*. tems where this behavior is observed, e.g., in the longitudinal
SDW phase of Ef the structure eventually “squares up,”
meaning that the moment size becomes equal at all sites, as

plane, has a less-pronouncaddependence than that of ei- the temperature is reduced, giving rise to harmorats3r

ther SDW model, in which the moments are always alignedand 5, for example which are weaker than the fundamental.

along either thea* or a directions, but theimagnitudesare  Behavior of this sort was searched for but was not observed,

modulated from site to site. Models in which the momentsindicating either that the modulated spin structure is stable to

are aligned along different directions within the basal planehe lowest temperatures, or that the harmonics are too weak

which are progressively more transverse to #fiemodula-  to observe.

tion direction, but whose magnitudes are modulated along

a*, so as to give rise to the correct incommensurate compo-

nent of the ordering wave vector, produce weaketepen- MEASUREMENTS IN A MAGNETIC FIELD

def?c'ef than the Iongltudlngf SDW or the "nearly longi- Measurements were also made in a magnet cryostat which
tUd',n&.‘I, a SDW models, with a tran;vgrs;e SDW model _allowed the application of a vertical magnetic field up to 8 T.
gx_h|b|t|ng no« deper)dence at all. Th|§ is due to the SensiThe measurements, performed on the N5 triple axis spec-
tivity of the magnetic neutron-scattering cross section tQyometer at CRL, were carried out in elastic-scattering geom-
those components of the moment which lie in a plane pergyry with Si1,1,7) as monochromator, RG,0,2 as analyzer,
pendicular toQ.** Thus we can exclude a purely transversea neutron energy of 14.5 meV, and a PG filter placed in the
SDW in which the polarization is perpendicular ab. scattered beam to remove higher order contamination. The
A key to understanding all of these dependencies is thagollimation was 0.55° on the incident side and 0.60° on the
measurements at a single ordering wave vector probe onlycattered side. The lowest temperature which could be ac-
one domain when the structure is singjelf all possibleq cessed was 2 K, above the superconduclipg-1.2 K, but
domains are equally populated, it is not possible from data isufficiently far belowTy to study the field dependence of the
zero field and stress to distinguish between a siagiruc-  low-temperature magnetic structure.
ture and a multiplet modulated spin structure, such as is  Scans of the formH,0,}) taken & 2 K as afunction of
known to describe the magnetically ordered state oOfertical field are shown in Fig. 7. As depicted in the lower
neodymiumz.1 Information about such structures may be ob-part of Fig. 7, the field is directed alory equivalent toa
tained indirectly if magnetoelastic effects are present whictand a near-neighbor direction within the basal plane. The
couple the spins to the lattice. Landau theory for UMli  complicated line shapes displayed in these scans, particularly
(Ref. 22 shows that single and triplg-magnetic structures near (0.39,6,) arise from the mosaic of the sample. Two
would be accompanied by supplementary nuclear scatteringares are clear in these data. First the integrated intensities
at (1-27,0,0), while tripleg magnetic structures alone have f the magnetic Bragg peaks increase markedly above fields
(3-7,0,0) Bragg peaks associated with them. Scans of thef ~3 T. Second, the superlattice peak positions move fur-
form (h,0,1) were carried out to search for such reflectionsher away fromh= 3 alongh and therefore from each other,
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FIG. 7. Elastic neutron scattering scans of the fohro(%) in the presence of various values of the vertical magnetic field strength, at
2 K are shown. The asymmetric line shapes are due to the sample mosaic. The diagram at the bottom of the figure shows that the field
direction lies in the basal plane aloibg a near-neighbor direction equivalentado

as the field strength is increased, indicating that the incomwe show that the onset of long-range magnetic order in ver-
mensurate part of the Ordering wave vectom ( :_ZLi 7-’0,%), tical fields up © 8 T occurs with no measurable ShlftTﬁQ
is field dependent at these low temperatures. This behavior fsigure 3b) shows thea dependence of the corrected inten-
summarized in Fig. 8. It can be seen that both the integratesities of several superlattice Bragg peaks in the presence of
intensity of the superlattice peaks as well as their reciprocakn 8 T vertical magnetic field. Once againis the angle
space position appear to move from one relatively stabléetweenQ and thec axis, and the same corrections which
value to another over the field range 4 to 6 T. The integratesvere made for the magnetic form factor and Lorentz factor
intensity increases by a factor of 1:56.07. Also, there is for the data in Fig. &) have again been made. There is no
little or no hysteresis: decreasing the magnitude of the apevidence for a change in the magnetic structure as a function
plied field brings the magnetic superlattice peaks back t®f field.
their original positions and intensities. Taken together, these results strongly suggest that the
Despite the strong field dependencies mentioned abové,55 times growth with field of the magnetic superlattice
there is little or no field dependence to eitfigr or the mag- Bragg peak intensities is related to changes in the domain
netic structure which the material enters belbyy. In Fig. 9  population. A ratio of 1.5 is consistent with the number of

a) 18 T T T T T ) 0615 T T T T T
= | —o—TI in:
% L6l ncreasing i | 0614 | 1
3] ----¢--- Decreasing
b £ 0613 4
g o
2 14t - B
é g 0.612 -
= a U u
=}
E 12 _ i
> & osll | |
E l
3 i 061 |- i
=
)
0.8 . ! 1 1 ) 0.609
-2 0 2 4 6 8 10 -2 10
B (Tesla) B (Tesla)

FIG. 8. (a) The integrated intensity of theh(O,%) scans of Fig. 782 K as afunction of vertical magnetic fieldb) The peak position,
h=3%+ 7, also from fits to the data shown in Fig. 7.
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FIG. 9. Order parameters measuredat (0.61,05) as a func- 2 domains ¢ dormtins

tion of vertical magnetic field strength. It is clear that there is little
or no field dependence by .

T B-field

occupied domains being reduced by the field tof its zero
field value, so that the volume fraction of the crystal contrib-
uting to any one superlattice reflection changes féota 3.
Using a sketch of domain selection by magnetic field in Fig.
10 we can show that these results favorateDW model for
which the field reduces the number of domains from 6 to 4.
The longitudinal SDW of th&* SDW model can be elimi-
nated because the field selects a single domain and should
have caused athreefolq growth in Bragg intensity wit.h field. G 10 The domains associated with each of #ieand a
However, for thea polarized SDW model there are six do- gp\w models are shown. The thre& modulation directions are
mains arising from two spin domains for each of the threeshown as thick arrows. The two spin polarizations for each wave
equivalent wave vector domains. Only two of the six do-yector domain of the-polarized SDW are shown by thin arrows.
mains are unfavorable in the field and all of the others arerhe domains which survive the application of a vertical magnetic
equally favorable. Therefore we expect the field to decreasgeld are indicated with filled circles while those which do not are
the number ofa SDW domains from 6 to 4, resulting in the indicated with open circles. Accordingly, one of thra® SDW
observed 50% increase in intensity. We conclude that outlomains survives the application of(sufficiently strong vertical
full data set is described by anpolarized SDW structure. It field, resulting in an expected threefold increase in the Bragg inten-
should be noted that all of the above arguments depend asity for this model. Four of six survive in theSDW case, resulting
the assumption that the intensity and peak position changes an anticipated increase of a factor of 1.5 in the Bragg intensity, as
have saturated by 8 T, as suggested by Fig. 8. is observedsee Fig. 83)].
An interesting feature of these field effects is that they
display no hysteresis. This is not expected of strictly domairbehavior. A continuous evolution with temperature of the
population effects; while symmetry dictates that equal popuincommensurate wave vector is observed, for example, in the
lations of the equivalent domains will form in the absence of3d SDW magnet chromiurfit but not in the localized #
a symmetry-breaking field, once the domain population haSDW magnet erbiuri® Our results suggest that the magne-
been unbalanced, the new population is expected to be stallism in UNi,Al; becomes itinerant, or more itinerant, in the
even if the symmetry-breaking field is then reduced in intenfresence of vertical magnetic fields in excess-df T.
sity to zero. The lack of hysteresis may be due to the change A further interesting effect in the presence of a vertical
in incommensurate ordering wave vector induced by themagnetic field was observed in the behavior of thelear
field. The associated strain changes may provide the enerd@ragg peaks. This is demonstrated in Fig. 12, paaglof
to re-equilibrate the domain populations. which shows a radial scan of tti#,0,2 nuclear Bragg posi-
The temperature dependence of the incommensurate pdion a 2 K in zero magnetic field and also in a vertical
7 of the ordering wave vector also displays interesting be-applied magnetic field of 8 T. There is clearly more intensity
havior as shown in Fig. 11. There is no temperature deperpresent in the presence of the magnetic field. Pépebf
dence tor in the absence of a magnetic field, but in theFig. 12 shows the relative change of five nuclear Bragg
presence of @8 T vertical field, r relaxes to its zero field peaks as the field is increased at 2 K, while paogkhows
value on heating. This behavior is summarized in pérjedf  the difference between ¢h8 T integrated intensity and the
Fig. 11. This is of interest for several reasons. First, it is cleazero field integrated intensity for the same five nuclear Bragg
from panel(c) that 7 is field independent nedry, and only  peaks at 2 T. Two features are evident. First the excess in-
takes on a field dependence at low temperatures. Second, ttensity grows linearly with increasing field strength, and sec-
temperature dependence of an incommensurate wave vectond the dependence of this excess intensity @his very
is often taken as a signature itiherant spin-density wave unusual. This effect isot related to the long-range magnetic

T B-field

1 domain 4 domains
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FIG. 11. (a) Elastic scattering scans of the forﬂn,(),%) nearh=0.61 for various values of the vertical magnetic field for 2 and 4.

Scans of the form r(,o,é) nearh=0.61 at various temperatures beldwy for a vertical field of 6 K.(c) The results for the field and
temperature dependence of the incommensuraterpar%ﬂr 7~0.61, of the magnetic ordering wave vector. This plot summarizes the data

in (&) and(b). It demonstrates that is temperature independent in zero field, but acquires significant temperature dependence for vertical
applied magnetic fields in excess o# T.

order in the system, as this field dependence has been oblescribed by a simple parabola, with large effects at both
served at temperatures as high as 25 K. It may be that targe and small values df)|. This effect can also not be
correlates with the coherence temperatwr80 K as indi- explained by the induced moments canting along another
cated by the “hump” in the uniform susceptibilify}, but  direction not parallel to the field, as the change between
measurements to date have not been made above 25 K. (1,0,1) and(2,0,2 as well as the change betwegn0,0 and
One might expect there to be some magnetic contributiori2,0,0, which are two pairs of parallel wave vectors, go in
to the nuclear Bragg peaks induced by the presence of aepposite direction to each other. Such an effect therefore
strong field. Were this the cause of the extra scatteringthe cannot be due to the sensitivity of the magnetic neutron-
dependence of the scattering would simply reflect the magscattering cross section to components of moment which lie
netic form factor of the system, which decreases monotoniin a plane perpendicular ©Q.° While we do not understand
cally with |Q|. This is clearly not the case, as is illustrated in this behavior, we believe that it cannot be explained on the
panel(c) of Fig. 12. The|Q| dependence is remarkably well basis of magnetic scattering alone, and may arise from a
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FIG. 12. (a) Longitudinal elastic scattering of the (1,0,2) nuclear Bragg positichkain zero magnetic field and in a vertical magnetic
field of 8 T. Excess scattering in the presence ef 8T field is evident(b) The field dependence of the relatitte zero field strength of
five different nuclear Bragg peak®) The difference between the nuclear Bragg peak intensities for five nuclear reflections in zero field and
in an 8 T vertical magnetic field as a function|@|. This plot demonstrates that the field dependence of the intensity at the nuclear positions
cannot be understood by any simple model involving the magnetism alone. The dataind (c) originate from longitudinal scans of the
appropriate nuclear Bragg peaks, e(@.0,2 shown in(a).

coupling between the magnetistalthough not the long- field He,~ 1.4 T, as measured on polycrystalline materfals.
range ordered compongriénd the lattice. The measurements were performed with(®G,2 as both
monochromator and analyzer and 14.5 meV neutrons.
Graphite filters were placed in both the incident and scattered
LOW-TEMPERATURE MEASUREMENTS WITHIN THE beams to reduced higher order contamination, and the colli-
SUPERCONDUCTING PHASE mation was 40-20'-20'-80'.

Elastic-scattering measurements were performed on the Figure 13 shows the order parameter as measured at
H8 triple axis spectrometer at BNL using®&le refrigerator  (0.39,03) down to ~0.45 K, both in zero field and in an
equipped with a 6.5 T vertical magnetic field. This allowedapplied vertical field of 5 T. The elastic scattering is about
us access to temperatures well beldw~1.2 K, and to  30% stronger in the presence o&th T field, consistent with
magnetic fields considerably larger than the upper criticabur earlier measurements. A comparison betweeihcime of
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tures of 1.6 K[aboveT:(H=0)] and 0.45 K[below T<(H
12000 ——— . ‘ \ . =0)]. These scans have an advantage over the data pre-
1 @Q@g@% o HosT sented in Fig. 13 in that the effect of the magnetic field on
L0000k OoO e H-ot| | the dor_na|r_1 po_pulat|on is ;he same at each temperature, thus
oy, % normalization is not required in the comparison. This com-
I parison is both qualitatively and quantitatively consistent
8000 ®. . with that shown in Fig. 13. The antiferromagnetic order pa-
° rameter is about 3% highéthe elastic scattering is propor-
tional to the square of the order paramgiarthe supercon-
ducting phase at 0.45 K than in the low temperature, normal
. phase at 1.6 K, and this difference is maintained until the
o _ field strength exceeds a value of4 T. Measurements of
Seo o Hc, on single crystals of UNAIz;have not yet been per-
formed. Our results sugges$i,~4 T for fields applied
4 s 6 along thea direction.
These results indicate a strong coupling between the su-
perconducting and antiferromagnetic order parameters. Such
FIG. 13. The magnetic order parameter as measured at teoupling has also been observed in B but with the
(0.39,03) position, for temperatures as low as 0.45 K, well below opposite effect; 'Fhe antlferromagnetlc_order paramt_atdms
the superconductingc~1.2 K. The inset displays differences in Pressedon entering the superconducting phase. Similar be-
the form of the order parametésee text between that measured in havior has not been observed in either Y&y (Ref. 28 or
zero field and that measured & 5 T vertical field, greater than in UszA|3-13’l4

(~23 min.))

6000 -

4000 -

Intensity (counts/ Mon.

2000
0

Hc,, which can be seen abovie~1.2 K. This indicates a sub- That the behavior we observe in Ui bears similari-
stantial coupling between the antiferromagnetic and superconducties to that observed in UPtoes not surprise us. In both
ing order parameters. materials, the moments lie within the basal plane, and the

antiferromagnetic structure alongis a simple stacking of

the order parameters at low temperatures is shown in inset ofie basal plane magnetic structure. Further, studies of the
Fig. 13 and is intriguing. This plodabeled N.I. for normal- inelastic scattering from UNAI; (Ref. 29 show the spec-
ized intensity shows the elastic scattering, with backgroundtrum of dynamic spin fluctuations also has similarities with
subtracted, normalized to agree at the lowest temperatures. that in UP§.
break in the temperature dependence between the supercon-Finally, it is worthwhile noting that to within our resolu-
ducting sample in zero field and the nonsuperconductingion, the magnetic Bragg peaks are resolution limited at all
sample, in a vertical field of 5 T, occurs nebg~1.2 K. temperatures measured. We therefore conclude that the co-

A comparison between the field dependence of the antiexistence between the superconductivity and antiferromag-
ferromagnetic Bragg intensity below and above the supernetism in UNpAI; is microscopic.
conducting transition is shown in Fig. 14. Here we show the

magnetic Bragg intensity, again at (0.39)9, for tempera- CONCLUSIONS

Elastic neutron-scattering measurements have been car-

E14000; : : : : : : ried out at temperatures near to and beldy~4.6 K in
‘E UNi,Al;. These measurements were made both in the ab-
- O T=045K 8 sence and presence of a magnetic field directed vertically,
8 ® T=16K o and hence along amdirection for scans of the formh(0,1),
v.”ooo_ o and also at temperatures well below the superconducting
H oo Tc~1.2 K.
= S These measurements have produced three principal re-
5 °g sults: a detailed magnetic structure including domain selec-
*510000 i 5Ce | tiqn by a vertical magnetic_: field; precise informqtion on _t_he
3 Lo,0° © o critical phenomena associated with the magnetic transition;
=~ ° and direct evidence for coupling between the superconduct-
z g ing and antiferromagnetic order parameters at low tempera-
g ture.
£ 8000 : ' : ; : : Specifically, we observe the appearance of superlattice
= 0 1 2 3 4 5 6 7 R . K

H (T) magnetic Bragg peaks characterized by ordering wave vec-

tors of the form &=+ 7,0,3), with 7=0.110+0.003, indicat-
FIG. 14. The vertical field dependence of the magnetic ordeing an incommensurate magnetic structure within the basal
parameter as measured at (0.39)0and 0.45 K, well below the ~Plane, which is simply stacked antiferromagnetically aleng
superconductind-~1.2 K as well as at 1.6 K, which is well above to form the full three-dimensional magnetic structure. The
Tc. These data, consistent with that shown in Fig. 16, indicate thatelative intensities of the magnetic Bragg peaks can be de-
the antiferromagnetic order parameter is enhanced by as much &sribed by a spin-density wave structure within the basal
3% on entering the superconducting phase. plane, where the moment direction is within the basal plane,
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but the magnitude of the ordered moment is modulated fronglisplayed by both URt(Ref. 2 and URQSiZ.‘” We find that
site to site alonga®. It is clear that most of the ordered the antiferromagnetic order parameter is enhanced by about
moment lies within the basal plane. By application of a ver-304 on entering the superconducting state, which demon-
tical magnetic field to select domains, we find the spin direcsrates strong coupling between the superconducting and an-
tion lies alonga at 30° to thea® modulation direction. We  tiferromagnetic order parameters.
also find a shift inr, the incommensurate part of the ordering
wave vector, with increasing field, suggesting itinerant be-
havior. The maximum amplitude of the ordered moment is
estimated to be 0.243+0.10, which, while small compared
to the magnitude of ordered moments in most magnets, is This work has benefitted from conversations with B.
comparable to those observed in other heavy-fermion supe6ternlieb, G. Luke, Y. J. Uemura, E. Lorenzo-Diaz, and R. S.
conductors. Fishman. We are grateful to J. S. Gardner for help in pro-
The long-range order magnetic structure of UNi bears  ducing the figures. Four of u€).G.L., M.M., A.S., and
little resemblance to that of its sister hexagonal heavyB.D.G.) gratefully acknowledge the hospitality of both the
fermion superconductor URAI;, which exhibits a simple Chalk River Laboratories and Brookhaven National Labora-
antiferromagnetic stacking of ferromagnetic basal plangory. This work was supported in part by the Natural Sci-
sheets and a large ordered moment-d.85¢5.12**How-  ences and Engineering Research Council of Canada, the On-
ever, the form of the magnetic order parameter, at least dario Centre for Materials Research, and FCAR du Quebec.
temperatures abov&y/2, is similar in the two materials, Work at Brookhaven National Laboratory was supported by
with approximately conventional three-dimensional criticalthe DMS of the U.S. DOE under Contract No.
behavior displayed in each, in contrast to the anomalous lInBEACO276CHO00016. One of U8.D.G.) acknowledges the
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