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We present NMR analysis of the magnetic structure of the itinerant antiferromagnet UNiGa5. We measured
69,71Ga NMR spectra in the paramagnetic and antiferromagnetic phases and determined the quadrupole param-
eters and the internal fields at the Ga sites. Using a symmetry analysis of the internal fields based on magnetic
groups and a representation analysis of magnetic structure, we have determined a collinear structure with the
ordered moment along thec axis.
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I. INTRODUCTION

Nuclear magnetic resonancesNMRd is a powerful probe
in studies of magnetic,1 charge,2 and orbital ordering, and it
is complementary to neutron and x-ray diffraction. For mag-
netic ordering, NMR for magnetic nuclear sites provides rich
information about the magnitude and the direction of the
ordered moment and the symmetry of magnetic orbitals such
as 3d and 4f; such information is obtained from the magni-
tude and the direction of internal fields at the nuclear sites.
And as for nonmagnetic nuclear sites, the breaking of time
reversal and crystal symmetry at the magnetic transition can
create internal fields at those sites or can split those sites into
several groups of nonequivalent sites or both in the ordered
phase. Thus, NMR for such nonmagnetic sites is sensitive to
the symmetry of the sites or the arrangement of the ordered
moment on neighboring magnetic ions. Particularly in com-
mensurate antiferromagnets, in contrast to incommensurate
ordering that leads to spatially modulated internal fields, the
symmetry-breaking can induce only a few additional non-
equivalent sites, so that those sites can be, in principle, re-
solved in NMR spectra. In that case NMR provides impor-
tant information for determining the magnetic structure.

To examine internal fields at nuclear sites, one usually
measures a zero-field NMR spectrum or examines angular
dependence of an NMR spectrum in external fields. In those
analyses of magnetic structure carried out to date, assuming
structure models and hyperfine coupling tensors in appropri-
ate forms, one used an internal field calculation and a sym-
metry analysis together to find the structure that agrees with
the NMR measurements. That heuristic approach is, how-
ever, inefficient for searching for the magnetic structure be-
fore it is known. In this paper, we present a systematic NMR
analysis of magnetic structure: we find possible magnetic
structures with a general analysis based on space group
representations3–5 and sort out the structures compatible with
the NMR spectrum with a symmetry analysis of the internal
field based on magnetic groups. This analysis is independent
of the intensity analysis of neutron magnetic reflections, and
thus it should be useful as a complementary tool for mag-
netic structure studies. We applied it to our69,71Ga NMR
measurements in the itinerant antiferromagnet UNiGa5 and
have determined the magnetic structure of this compound.

As shown in Fig. 1, UNiGa5 has the tetragonal HoCoGa5
structuresspace groupP4/mmmd,6 containing two inequiva-
lent Ga sites: Gas1d with point symmetry of 4/mmm and
Gas2d with mm2. Room temperature lattice parameters and
atomic coordinates7 are given in Table I. The magnetic sus-
ceptibility and the specific heat measurements suggest mag-
netic ordering at the Néel temperatureTN=86K.8,9 Neutron
diffraction measurements revealed a type-II antiferromag-
netic ordering with the propagation vectork=f 1

2
1
2

1
2
g.10 They

also found that the observed intensities of magnetic reflec-
tions are reproduced by the magnetic structure with the mag-
netic moment on the U ions along thec axis better than by
the structure with the moment along thea axis. Our NMR
analysis, which is independent of this reflection intensity
analysis, gives the same structure as described below.

II. EXPERIMENTAL PROCEDURES

The powder sample used in the present study was pre-
pared by arc-melting of the constituent elements in an argon
atmosphere, followed by annealing at 870 °C for one week.
The ingot was then finely powdered for the NMR measure-
ments. A home-built pulsed spectrometer was used for the
measurements; the NMR spectra in the paramagnetic phase
were taken by integrating a spin-echo signal with sweeping
the external magnetic field, and in the antiferromagnetic
phase the frequency spectra were taken in zero external field.

III. EXPERIMENTAL RESULTS

A. NMR spectrum in the paramagnetic phase

Figure 2 shows the69,71Ga sI =3/2d NMR spectrum at
110 K in the paramagnetic phase. The observed spectrum
consists of typical powder patterns of quadrupolar splitting
by symmetric field gradient for the Gas1d sites and by asym-
metric one for the Gas2d sites in agreement with the site
symmetry of these Ga sites. We determined the principal
values of the NMR shift tensorKX, KY, KZ, and the quadru-
pole parameters, the quadrupole frequency71nQ and the
asymmetry parameterh for 71Ga nuclei, by the second-order
perturbation analysis11 as given in Table II. TheX, Y, andZ
axes are taken as the principal axes of the field gradient
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tensor Vab so that uVZZuù uVYYuù uVXXu.1 The quadrupole
frequency69nQ for 69Ga nuclei is deduced from the ratio of
the quadrupole moments of69Ga and71Ga nuclei69Q/ 71Q
=1.5869,12 also shown in Table II. The deduced quadrupole
parameters agree with a single-crystal NMR measurement.13

We examine the orientation of theX, Y, andZ axes rela-
tive to the crystalline axes by considering the site symmetry.
The Gas1d sites with symmetric field gradient have a fourfold
axis along the crystallinec axis, and thus thec axis should
correspond to the maximal principal-axisZ. We can take the
X andY axes parallel to thea andb axes, respectively. For
the Gas2d sites with asymmetric field gradient, each of the
principal axes should be perpendicular to one of the two
mirror planes or parallel to the twofold axis, hence it is par-
allel to one of the crystalline axes. We cannot, however, de-
termine to which crystalline axis each of the principal axes
corresponds only from the site symmetry. We will discuss it
later.

B. Zero-field NMR spectrum in the antiferromagnetic phase

In the paramagnetic phase, four resonance lines are ex-
pected in zero-field spectra: for each of69Ga and71Ga nuclei
sboth I =3/2d, one line for the Gas1d sites and another for the
Gas2d sites. In the antiferromagnetic phase, the breaking of
time reversal and crystal symmetry at the phase transition
can lead to additional lines in the spectrum; those lines are
ascribed to a change in the site symmetry or the appearance
of an internal field at the Ga sites or the appearance of non-
equivalent Ga sites.

Figure 3 shows the69,71Ga NMR spectrum in zero exter-
nal field at 1.5 K in the antiferromagnetic phase. Twelve

sharp resonance lines are observed in the frequency range
between 7 and 50 MHz; a typical full width at half-maxima
D is about 0.1 MHz. The resonance frequenciesnobs and D
are listed in Table III.

To deduce the quadrupole parameters and the internal
field Bint from this spectrum, we assign these resonance lines
to the crystalline Ga sites. Consider first the lines 1 and 2.
The frequencies of these lines are close to71nQ and 69nQ at
the Gas1d sites in the paramagnetic phase, respectively, and
the ratio of the frequencies 1.5862 is also very close to
69Q/ 71Q=1.5869. Thus these lines are assigned to the Gas1d
sites withBint=0.

To obtain the quadrupole parameters and the internal field
that reproduce the frequencies of the remaining ten lines, we
numerically diagonalized the hyperfine Hamiltonian; in this
calculation we take69nQ as a fitting parameter and calculate
71nQ from 69nQ with the ratio69Q/ 71Q. We find that all the
lines are assigned to only one type of Gas2d sites as shown in
Table III; this indicates that any nonequivalent Ga sites do
not appear in the antiferromagnetic phase. The calculated
resonance frequenciesncal are shown in Fig. 3swith calcu-
lated intensitiesd and Table III. Thencal accurately agrees
with nobs; the deviations are less than 0.01 MHz. For each of
69Ga and 71Ga nuclei, six resonance lines should be ob-
served, but only five lines were in our measurement; this is
reasonable because the calculated frequencies of the remain-

TABLE I. Lattice parameters and atomic coordinates of UNiGa5

at 300 K sRef. 7d.

P4/mmm: a=4.2380 Å,c=6.7864 Å

Site x y z

U 1a 0 0 0

Ni 1b 0 0 1/2

Gas1d 1c 1/2 1/2 0

Gas2d 4i 0 1/2 0.3074

TABLE II. Quadrupole parameters for71Ga nuclei and principal
values of NMR shift tensor at 110 K.69nQ is deduced from71nQ
with the ratio69Q/ 71Q=1.5869.

Gas1d Gas2d

KX s%d 0.93 0.74

KY s%d 0.93 0.75

KZ s%d 0.82 0.72
71nQ sMHzd 11.38 16.30
69nQ sMHzd 18.07 25.88

h 0 0.145

FIG. 1. Crystal structure of UNiGa5.

FIG. 2. 69,71Ga NMR spectrum at 110 K in the paramagnetic
phase. Satellite singularities are shown with arrows.
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ing lines are about 0.44 MHz, out of range of our measure-
ment.

The deduced quadrupole parameters and internal fields
are listed in Table IV. The internal field at the Gas2d sites lies
along theY axis, one of the principal axes of the field gradi-
ent. It is also found that for the Gas2d sites,nQ and h are
almost unchanged from those in the paramagnetic phase.

IV. MAGNETIC STRUCTURE ANALYSIS

In this section, we search for the magnetic structure using
the findings of our NMR measurements in the antiferromag-
netic phase:sid no additional nonequivalent Ga sites appear,
sii d for the Gas1d sitesBint=0, siii d for the Gas2d sitesBintiY.
The analysis is done in two steps. First, we determine the
possible magnetic structures using the representation analy-
sis from the propagation vector determined with the neutron
diffraction. A considerable advantage of this method is that it
systematically provides all the possible magnetic structures
including multi-k, noncollinear, and incommensurate ones.
Next, for each of the possible structures, we examine the
magnetic site symmetry at the Ga sites and how the symme-
try constrains the direction of the internal field. Then we
determine the structures compatible with the findings of the
NMR measurements.

In the tetragonal HoCoGa5 structure, the propagation vec-
tor k=f 1

2
1
2

1
2
g belongs to a single-arm star, and a unit cell

contains only one U ion, then the magnetic-moment density
is written as

mstnd = mk cosk · tn, s1d

wheremk=sma,mb,mcd is a real polarization vector andtn is
the position vector of thenth unit cell. According to group
representation theory, the moment density is expanded in
terms of the basis functions of the small representations of
the space groupP4/mmmin the paramagnetic phase. Since
this space group is symmorphic, the polarization vector is
expanded in terms of the basis functions of the irreducible
representations of the point group 4/mmmsD4hd. Then the

representation induced bymk decomposes into irreducible
representations as

Gmk
= G2

+ + G5
+, s2d

whereG2
+ is a one-dimensional representation with the basis

function s0,0,1d and G5
+ is a two-dimensional one with the

basis functionss1,0,0d and s0,1,0d. If we assume a second-
order transition, the expansion of the moment density in-
cludes only a single irreducible representation; the assump-
tion is justified by the smooth growth of the magnetic
reflection intensity belowTN.10 Then we find two types of
possible structures: theG2

+ structure withmk ic and theG5
+

structure withmk lying on theab plane.
Next, consider constraints on the internal field direction at

the Ga sites induced by the symmetry of these structures.
Because internal fields are transformed as an axial vector by
symmetry operations, inversion operations leave internal
fields invariant and never induce such constraints on them.
Since the magnetic structure described by the moment den-
sity, Eq. s1d, is collinear, the magnetic symmetry can be de-
scribed with magnetic space groups.14 Based on them, we
determine the magnetic site symmetry at the Ga sites and the
constraints on the internal field below.

TABLE III. Observed resonance lines in the zero-field spectrum
and site assignment:nobs is the observed frequency,D is fullwidth at
half-maxima, andncal is the calculated frequency.

Site Line nobs sMHzd D sMHzd ncal sMHzd

71Gas1d 1 11.308 0.13 11.303
69Gas1d 2 17.937 0.10 ¯

69Gas2d ¯ ¯ ¯ 0.436

3 10.821 0.13 10.823

4 21.975 0.08 21.974

5 22.417 0.08 22.411

6 32.791 0.09 32.797

7 33.233 0.09 33.233

71Gas2d ¯ ¯ ¯ 0.443

8 12.753 0.14 12.754

9 13.614 0.06 13.615

10 14.051 0.06 14.059

11 26.373 0.09 26.369

12 26.82 ,0.1 26.812

TABLE IV. Internal fields and quadrupole parameters at 1.5 K
in the antiferromagnetic phase.

Gas1d Gas2d

71nQ sMHzd 11.303 16.443
69nQ sMHzd 17.937 26.094

h 0 0.1467

Bint skGd 0 5.082 siYd

FIG. 3. Zero-field NMR spectrum at 1.5 K in the antiferromag-
netic phase. Solid lines show the calculated frequency and intensity.
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The G2
+ structure has magnetic space groupI4/mmm, and

magnetic point group is4/mmmat the Gas1d sites and2mm
at the Gas2d sites. For the Gas1d sites, sinceC2 operation
leaves the magnetic structure unchanged, it should also leave
the internal field unchanged. But the operation actually trans-
forms the internal fieldBint=sBa,Bb,Bcd into s−Ba,−Bb,Bcd;
this indicates thatBa=Bb=0. We also findBc=0 from C2a
operation. As a result, the internal field must disappear at the
Gas1d sites in theG2

+ structure. For the Gas2d site ats 1
2 ,0 ,zd,

sa operation leads toBb=Bc=0 and the other magnetic sym-
metry operations do not induce any other constraints. Thus
we concludeBintia at this Gas2d site. In the same way, we
find Bintib at the Gas2d site ats0, 1

2 ,zd.
For the G5

+ structure, we consider three cases of the
magnetic-moment direction separately,

Case I mk = sm,m,0d,

Case II mk = sm,0,0d,

Case III mk = sma,mb,0d sma Þ mbd.

For Case I, the magnetic structure is orthorhombicAmmm.
For Case II, the structure is also orthorhombicAmmm; the
Gas2d sites are separated into two groups of nonequivalent
sites with the same magnetic point group. For Case III, the
structure is monoclinicA2/m, and the Gas2d sites are also
separated into two groups of nonequivalent sites with the
same magnetic point group. For these three cases, we derive
the constraints on the internal field in the same way as for the
G2

+. The results and the magnetic point group at the Ga sites
are listed in Table V.

Our analysis shows that theG5
+ structure never fit the ex-

perimental finding thatBint=0 at the Gas1d sites. We there-
fore conclude that the magnetic structure isG2

+ with mk ic.
The G2

+ structure also agrees with the finding that no addi-
tional nonequivalent Ga sites appear in the antiferromagnetic
phase. The orientations of the ordered moments and the in-
ternal field at the Gas2d sites are shown in Fig. 4. This struc-
ture also agrees with the intensity analysis of the magnetic
reflections.10 For the Gas2d sites, we have already found that
BintiY from the analysis of the zero-field spectrum, hence the

Y axis of the field gradient at the Gas2d s 1
2 ,0 ,zd is along the

a axis.
Although the present NMR analysis determined the mag-

netic structure of UNiGa5, it is not always possible for other
magnetic structures. For example, unless nuclear sites have a
symmetry operation that constrains the direction of internal
fields, we cannot gain any information on the internal field
from the present analysis. Nevertheless, this systematic
analysis will be advantageous for reasons: one only needs the
propagation vector to find possible magnetic structures, and
as a result the analysis is independent of the intensity analy-
sis of neutron magnetic reflections; and one need not know
the details of hyperfine coupling.

Although we used magnetic groups to describe the mag-
netic symmetry for the collinear structure, one needs multi-
color groups for noncollinear structures.

V. SUMMARY

We measured the69,71Ga NMR spectra in the paramag-
netic and antiferromagnetic phases in the itinerant antiferro-
magnet UNiGa5 and deduced the quadrupole parameters and
the internal fields at the Gas1d and Gas2d sites. In the anti-
ferromagnetic phase, we have found that no additional non-
equivalent Ga sites appear and that the internal field at the
Gas1d sites disappears. We found possible structures with the
representation analysis of magnetic structure from the propa-
gation vector determined with the neutron diffraction. Each
of the structures was examined if it fits to the findings of the
NMR measurements, based on magnetic space groups, then
we have determined a collinear magnetic structure with the
magnetic moment along thec axis.
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TABLE V. Magnetic space groupḠ, magnetic point group, and
the direction ofBint at the Gas1d site and the Gas2d site ats 1

2 ,0 ,zd,
for G2

+ andG5
+ structures.

G2
+

mk Ḡ Gas1d Gas2d

s0,0,md I4/mmm
4/mmm
s0, 0, 0d

2mm
sB,0 ,0d

Case I sm,m,0d Ammm mmm 2

sB,B,0d s0,0,Bd
G5

+ Case II sm,0 ,0d Ammm mmm 2mm

s0,B,0d s0,0,Bd
Case III sma,mb,0d A2/m 2/m 2

smaÞmbd sBa,Bb,0d s0,0,Bd FIG. 4. TheG2
+ magnetic structure of UNiGa5. Arrows show the

directions of the ordered moment and the internal field at the Gas2d
sites.
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