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Magnetic structure of HoBe13 in an applied magnetic field
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The magnetic structure of HoBe13 and its evolution under an applied magnetic field have been examined
using neutron diffraction and bulk magnetization measurements on a single crystal. In the absence of an
external field this cubic compound orders atTN55.7(1) K into a regular helical magnetic structure with

propagation vectork5@001
3 #. Third-order harmonics appear at 4.4~1! K and are attributed to a deformation of

the helical structure below this temperature. When a magnetic field is applied along a@001# axis two magnetic
transitions occur. First the magnetic domain with propagation vector parallel to the field is favored and, with
the addition of the induced ferromagnetic component, by about 4 kG we have a single-domain conical struc-
ture. The surprising observation was that at higher fields~15 kG at 1.4 K! the other two domains reappear and
become the preferred ones. This reentrant behavior is due to the change of the magnetic structure to a canted
arrangement, involving a ferromagnetic component along the applied field and a transverse collinear antifer-
romagnetic component. When the magnetic field is applied along a@110# axis only one transition is observed
from the helical to the conical structure. The magnetic phase diagram of HoBe13 has been constructed.
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I. INTRODUCTION

The family of beryllidesMBe13, where M can be an
alkali-earth element, a rare earth including Sc and Y, an
tinide, as well as some of the 4d and 5d transition elements
has been the subject of interest for many years.1 These com-
pounds crystallize in the cubic NaZn13-type structure~space

group Fm3̄c) and the separation betweenM atoms is always
greater than 5 Å. As a result, whenM is a rare earth, the
direct exchange interaction is very small and the domin
role is played by indirect exchange interactions of t
Ruderman-Kittel-Kasuya-Yosida type mediated by the c
duction electrons which are coming primarily from the b
ryllium atoms. The rare-earth compoundsRBe13 with R
5Gd, Tb, Dy, Ho, and Er order antiferromagnetically wi
transition temperaturesTN that obey de Gennes’ law, as re
vealed by magnetic measurements.1,2 Vigneron et al. inves-
tigated the magnetic structures of the above-mentioned c
pounds using neutron-diffraction techniques on pow
samples.3–6 It was found that the magnetic structures
ErBe13 and DyBe13 are helical ones with propagation vect

@001
3 #. GdBe13 exhibits a similar structure with a propag

tion vector @0 0 0.285# which apparently is independent o
temperature. On the other hand, TbBe13 and HoBe13 order
PRB 610163-1829/2000/61~1!/405~8!/$15.00
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also into a helical structure, which is incommensurate atTN ,
and gradually shifts into a commensurate one at a lower t
peratureTN1

. The variation of the ordering wave vector wit

temperature for these two compounds can be described
1
3 c* @12e(T)#. A mean-field approximation model whic
includes isotropic exchange interactions between locali
4 f moments and magnetocrystalline anisotropy has b
proposed6,7 in order to account for the magnetic structures
the RBe13 family.

For HoBe13 which is our main interest here, the wav
vector was reported6 to start at the incommensurate value@0
0 0.328# at TN56 K and become commensurate atTN1

54.5 K. Below this temperature third-order harmonics a
observed corresponding to a deformation of the helical str
ture.

Recently the magnetic structure of the isostructural
tinide compound NpBe13 has been determined.8 It was found

that the magnetic wave vector has also the value@0 0 1
3 #,

although the arrangement of the magnetic moments is dif
ent from that found in theRBe13 compounds. We should
note that UBe13 is the only uranium-based heavy fermio
superconductor in which no magnetic correlations have b
reported despite efforts with muons9 and neutrons.10,11

Single crystals of HoBe13 have been produced at the Un
405 ©2000 The American Physical Society
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406 PRB 61P. DERVENAGASet al.
versity of Florida using an Al flux growth procedure in a
outgassed BeO crucible with lid sealed in Ta. This allow
us to reexamine the magnetic structure of this material,
to study what happens when an external magnetic fiel
applied.

II. MAGNETIZATION

Magnetic susceptibility and magnetization measureme
were performed on a 8.7 mg single crystal of HoBe13 using a
Quantum Design superconducting quantum interference
vice magnetometer. Measurements were performed in
temperature range 1.9<T<300 K, with the magnetic field
applied along the@001#, @110#, and@111# high-symmetry di-
rections. The low-field magnetic susceptibility is almost is
tropic, as we can see in Fig. 1~a! where we present measur
ments in an applied field of 100 G for two orientations. T
antiferromagnetic transition temperature is found to beTN
55.7(1) K in good agreement with the previously publish
results. The inverse of the susceptibility 1/x(T) versusT is
plotted in Fig. 1~b!. It is evident that the data follow a Curie
Weiss behavior,

x5
C

T2u
5

Nmeff
2

3kB~T2u!
, ~1!

FIG. 1. ~a! Temperature dependence of the magnetic susce
bility of HoBe13 in a 100 G applied field. For clarity we show onl
the data up to 50 K. The solid line is the calculation using the C
model described in the text. The data were fitted in the param
netic region, down to 10 K.~b! The inverse of the susceptibility
The fit to the Curie-Weiss law was performed on the data above
K.
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whereC is the Curie constant,u is the Weiss temperature,N
is the number of Ho13 ions, andmeff is the effective mag-
netic moment per ion. From the slope of 1/x(T) for the
high-temperature region 150<T<300 K, meff for the Ho13

ion is found to be 10.5(1)mB , in good agreement with the
theoretical value of 10.63mB predicted from the Hund’s rule
ground state of the free Ho13 ion. The Weiss temperature i
found to beu522.161.0 K.

Isothermal magnetization curves as a function of appl
field were also determined for a number of temperatures
tween 1.9 and 6 K. In Fig. 2 we plot the curves correspo
ing to the three field directions at 2 K~belowTN). At 40 kG
the magnetization is about 8.1mB per Ho13 ion along the
@001# and @110# axis, while it reaches 9.6mB per Ho13 ion
along the@111# axis. We can, therefore, say that the@111#
axis is the spontaneous easy axis of magnetization. At
fields, the exchange interactions associated with the m
netic order lead to a quite complex metamagnetic behav
as we can see clearly in the lower panel of Fig. 2. We
serve two distinct magnetic transitions when the field is
plied along the@001# axis, but only one with a field applied
along the@110# or @111# directions. The results of the mag
netization measurements will be discussed in the light of
neutron-diffraction study that follows.

A crystal electric field~CEF! model has been used to fi
the temperature dependence of the low-field magnetic

ti-

F
g-

0

FIG. 2. In the upper panel we present the magnetization cu
of HoBe13 versus applied magnetic field along the high-symme
directions at 2 K. The CEF model calculations~solid lines! account
well for the anisotropy at high magnetic fields. In the lower pan
the low-field data are presented in more detail. We observe tha
presence of the antiferromagnetic structure leads to a complic
metamagnetic behavior.
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PRB 61 407MAGNETIC STRUCTURE OF HoBe13 IN AN APPLIED . . .
ceptibility in the paramagnetic state~down to 10 K!. We
have also included in the fit the high-field magnetization d
at 2 K, in order to account for the observed anisotropy.
high fields the antiferromagnetic structure is broken, and
are justified in doing so. The Hamiltonian describing t
magnetic properties of a 4f shell in the paramagnetic phas
and for cubic symmetry is written as12

H5HCEF1HZ1HB . ~2!

HCEF is the CEF term which is written using the operat
equivalent method as

HCEF5bJV4~O4
015O4

4!1gJV6~O6
0221O6

4!, ~3!

where bJ ,gJ are Stevens coefficients,Ol
m is the Stevens

equivalent operators, andVl
m is the CEF parameters:13

HZ52gJmBH•J ~4!

represents the Zeeman coupling between the 4f magnetic
moment and the internal magnetic field~external field cor-
rected for demagnetization effects!. Finally,

HB52gJmBHex•J ~5!

is the Heisenberg-type isotropic bilinear interaction Ham
tonian written in the mean-field approximation, with the e
change fieldHex given by

Hex5nM5ngJmB^J&, ~6!

where n is the isotropic bilinear exchange parameter. T
anisotropic bilinear couplings, as well as higher-order c
plings are neglected here.

The CEF model accounts very well for the temperat
dependence of the susceptibility, as is evident from Fig. 1~a!.
We find V45210.77 K, V653.06 K, andn51.33 kG/mB
for the fitted parameters. In the upper panel of Fig. 2 we p
the calculated magnetization curves using our model. We
that at high fields the agreement is reasonable, so the an
ropy may be attributed to CEF effects. At low fields, whe
the antiferromagnetic structure is present, the CEF mo
alone cannot provide good agreement with the obser
magnetization curves. The calculated paramagnetic C
level scheme of HoBe13 is presented in Fig. 3. We find tha

FIG. 3. Paramagnetic CEF energy-level scheme of HoBe13. The
ground state is a mixture of a nonmagneticG3

(1) and a magneticG4
(1)

level. The three levels around 32 K are also quasidegenerate.
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the degeneracy of theJ58 multiplet is not completely
raised, so that the ground state is a mixture of a nonmagn
G3

(1) and a magneticG4
(1) level. Efforts to investigate the CEF

level scheme of HoBe13 by means of neutron inelastic sca
tering measurements on powder samples wh
unsuccesful.14 They were successful, however, in the case
ErBe13 where an overall CEF splitting of 38 K, comparab
with our calculation here was measured.15

III. NEUTRON DIFFRACTION

Neutron-diffraction measurements on a 20 mg sin
crystal of HoBe13 were performed using the D15 diffracto
meter at the ILL reactor. The crystal was from the sa
batch as the one used for the magnetization measurem
and it was placed in a cryomagnet which could provide
vertical magnetic field of up to 50 kG and temperatur
down to 1.4 K. The diffractometer was operated in the n
mal beam mode with a wavelength of 1.174 Å and its det
tor, in the presence of the magnet, could move from27°
below to 17° above the horizontal plane.

A. Crystal structure

HoBe13 crystallizes in the face-centered-cubic NaZn13

structure ~space groupFm3̄c), which has eight formula
units in the cubic unit cell. The Ho atoms occupy eig

equivalent positions at (1
4

1
4

1
4 ), ( 3

4
3
4

3
4 ), while Be has

two inequivalent positions, 8 BeI at ~0 0 0!, ( 1
2

1
2

1
2 ), and

96 BeII at (0 y z). Each Ho atom is surrounded by a pol
hedron of 24 BeII atoms and by a cube of 8 BeI atoms. What
is important for the study of the magnetic structure that f
lows, is to notice that the Ho atoms form a simple cub
lattice with lattice parametera/2, and that there are two lay
ers of Ho atoms in the cubic cell of HoBe13. In our experi-
ment, the lattice parameter was determined to bea
510.205 Å at 8 K and changes very little with temperatur

In order to verify the crystal structure of our sample, t
integrated intensities of 60 nuclear Bragg reflections w
measured in the paramagnetic state at 8 K. Intensities w
measured by rotating the crystal around the vertical a
through the reflections. The data were corrected for abs
tion, although these corrections are small. A least-squa
refinement of the intensities gave structural parametersy
50.1147(4) andz50.1787(3) in agreement with previousl
determined values.6 The agreement between observed a
calculated intensities, given by the factorR5(uA(I /L)obs

2A(I /L)calu/(A(I /L)obs, was found to be 2.5%. HereL is
the geometrical Lorentz factor. We also obtained the sc
factor between the observed and calculated intensities,
temperature parameters for the Debye-Waller factor, and
extinction parameters.

The extinction corrections are small, being less than
for most reflections except for the strongest ones. The s
group of nuclear integrated intensities was measured at 5
~just belowTN) and at 1.4 K and no changes were observ

B. Zero-field magnetic structure

When the sample is cooled below the transition tempe
ture TN55.7(1) K, magnetic peaks appear at positions
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408 PRB 61P. DERVENAGASet al.
reciprocal space of the typeQ5G6k, where G is the
reciprocal-lattice vector of any allowed nuclear Bragg pe
andk is one of the equivalent magnetic ordering wave v

tors @ 1
3 0 0#,@0 1

3 0#, and@0 0 1
3 #. The allowed nuclear

reflections (h k l) which contain contributions from the H
atoms have all indices even. On further cooling, additio
peaks appear below 4.4~1! K at positionsQ5G63k, as
shown in Fig. 4 which presents the intensities of t

( 5
3 2 0) magnetic peak and the corresponding third-or

harmonic~1 2 0! as a function of temperature. As we me
tioned in the Introduction, in the previous examination
HoBe13 using a powder sample, it was found that the ma
netic wave vector is initially incommensurate. At 4.9 K th
wave vector was found to be@0 0 0.328#.6 In our experiment
we have not observed any such departure from the comm

surate value@0 0 1
3 #. However, our best resolution in th

present experiment was about 0.005 rlu, so one has to re
to higher resolution measurements to be certain.

We use the helical model proposed by Vigneronet al.6 to
analyze the intensities of the magnetic peaks. In this mo
the Ho atoms in each layer perpendicular to the magn
wave vector are ferromagnetically aligned and the direct
of the moments rotates as we move from one layer to
next, so that the magnetic unit cell is tripled in the directi
of the propagation vector, as shown in Fig. 5. Using t
model and the standard formalism of magnetic diffractio16

we obtain the following expressions for the integrated int
sities of the first and third-order harmonics:

I k5KL~Q!p2f 2~Q!
1

54
@~11cosf!2

13 sin2f#H 11
Quu

2

Q2J m2, ~7!

FIG. 4. Temperature dependence of the intensities of

( 5
3 2 0) magnetic peak and the corresponding third-order h

monic ~1 2 0! at zero field. The values are peak intensities fro
scans along the@100# direction.
,
-

l

r

f
-

n-

ort

l,
ic
n
e

s

-

I 3k5KL~Q!p2f 2~Q!
1

54
~122 cosf!2H 11

Quu
2

Q2J m2, ~8!

whereK is the scale factor determined from the analysis
the nuclear intensities andL(Q)51/sin 2u cosm is the geo-
metrical Lorentz factor (2u is the projection of the scatterin
angle in the horizontal plane andm is the angle out of this
plane!. p50.2696310212 cm, and f (Q) is the magnetic
form factor of the Ho31 ion. Quu is the component of the
scattering vectorQ parallel to the direction of the propaga

tion vector. For example, fork5@0 1
3 0#,Quu5Qy . Finally,

f is the angle in Fig. 5 andm is the value of the ordered
magnetic moments, which are the parameters to be de
mined by the measurements. In the above expressions
have taken into account that the crystal is divided into d
mains with propagation vectors along thex, y, andz direc-
tions, and we have assumed equipartition between doma
For each domain we have taken the average between eq
lent configurations. Absorption and extinction corrections
of the order of 1% for the more intense magnetic peaks
we can ignore them. The Debye-Waller factor for the H
atoms at the temperatures of interest is also negligible~cor-
rections less than 0.3%) and has been omitted in the for
las. We also note that the intensities do not depend on
initial phase. In Fig. 5 we have plotted the moments as be
close to the@110# axes, a choice consistent with both th

e

r-

FIG. 5. Zero-field magnetic structure of HoBe13 for a propaga-

tion vector @0 0 1
3 # along thez direction. Each atom represents

layer of Ho atoms perpendicular to thez axis. At the transition
temperatureTN we have a regular helix which becomes deform
below 4.4~1! K. As explained in the text, we have chosen the init
phase so that the moments are close to the@110# directions. The
deformation of the helix at low temperatures is necessary in orde
explain the appearance of third-order harmonics. The value off at
1.4 K is very close to 90° so that the moments are effectively alo
the @110# axes.
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magnetization measurements~Fig. 2! and the diffraction ex-
periments under magnetic field which we discuss later in
paper.

From Eq.~8! we see that whenf560°, which is when
the helical magnetic structure is regular, the intensity of
third-order harmonics is zero. In order to account for th
existence at low temperatures we have to letf take different
values, creating a deformed helical structure. The integra
intensities of magnetic peaks were collected at 5.2 K wh
only first harmonics exist, and at 1.4 K the lowest tempe
ture that we could reach.

To analyze the magnetic intensities at 5.2 K we use
~7! with f560°. By adjusting the value of the ordered m
ment so that the calculated intensities best agree with
measured ones, we findm54.0(2)mB per Ho atom. The
agreement between the observed and the calculated int
ties, given now by the factor R5(u(I /L)obs
2(I /L)calu/((I /L)obs, is 6.5%. For convenience, in this pa
per we work with integrated intensities normalized by t
Lorentz factorL.

At 1.4 K we have two parametersf and m. Again we
calculate the values of these parameters that provide the
agreement between observed and calculated intensities
find that f586.8(1.0)° andm57.7(3)mB (R factor of
6.0%). These values are in agreement with the previ
results.6 The value off is so close to 90° that effectively a
the moments are along the@110# directions.

We should note that the zero-field magnetic structure
be described also as a transverse sinusoidal modulatio
the moments, which would become squared at low temp
tures to account for the third-order harmonics. This mo
can fit the magnetic intensities equally well but it is incom
patible with the evolution of the magnetic structure under
applied magnetic field which we discuss below.

C. Magnetic structure in an applied magnetic field

As is evident from the magnetization measurements~Fig.
2! it is interesting to examine the magnetic structure unde
magnetic field applied along the@001# and@110# axes. For a
field along @001# we found that, as the field increases, in
tially the intensities of the magnetic reflections with prop
gation vectors parallel to the field increase while the oth
decrease rapidly. This means that the domains propaga
along thec axis, which have their magnetic moments
planes normal to the magnetic field, are energetically favo
as expected. By about 4 kG a single domain magnetic st
ture is created as we can see in Fig. 6, where we plot
intensities of some selected magnetic reflections as a f
tion of the applied magnetic field. At the same time an
duced ferromagnetic moment develops~increase of the inten
sity of the nuclear peaks!, so the magnetic structure becom
conical. At high temperatures, in the regular helical struct
range, this conical structure gradually evolves towards
saturated paramagnetic state as the field increases.

In the low-temperature region where third-order harmo
ics exist, however, we made the surprising observation
at higher fields the magnetic peaks that correspond to pr
gation vectors perpendicular to the field reappear and
come dominant. Of course, the induced ferromagnetic c
ponent increases monotonically and at about 32 kG
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antiferromagnetic structure is completely destroyed~Fig. 6!
in good agreement with the magnetization measurem
~Fig. 2!. Integrated intensities of magnetic peaks were c
lected at 1.4 K in applied fields of 10, 15, 20, and 25 kG.
calculate the ferromagnetic component, the intensities of
nuclear Bragg reflections were also collected at the ab
field values. For the measurements of integrated intens
we always cooled the sample under magnetic field, star
from the paramagnetic state.

At 10 kG we have a single domain helical compone
propagating along the@001# direction and a induced ferro
magnetic component, so the total arrangement is con
The intensity ratios between first- and third-order harmon
is within statistical errors the same as at zero field, so
anglef in our helical model does not change, and we g
mh56.0(3)mB for the magnetic moment of the helical com
ponent. From the nuclear intensities, which contain now
ferromagnetic contribution, we calculate a ferromagne

FIG. 6. Applied magnetic-field dependence of representa
magnetic peaks at 1.4 K, with the field along the@001# direction.

Shown are the (2 21
3 ) and (2 5

3 0) reflections which propagate
along and perpendicular to the field, respectively. We also show
~2 2 0! nuclear peak which increases as a result of the ferromagn
contribution. Significant hysteresis effects are observed between
curves obtained with increasing or decreasing field.
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410 PRB 61P. DERVENAGASet al.
component ofmf54.9(3)mB . Combiningmf ~alongc axis!
and mh ~perpendicular toc) we get a total momentmt
57.7(3)mB , in perfect agreement with our result at ze
field.

The reason we preferred to describe the zero field st
ture with a helical rather than a transverse sinusoidal st
ture now becomes clear. If the structure at zero field w
sinusoidal~squared at low temperatures!, then for the reflec-
tions with propagation vectors perpendicular to the field
would expect a continuous decrease in intensity with incre
ing field. There would be no reason for their disappearanc
intermediate field values and their reappearance at hig
fields.

To understand the magnetic structure at higher fields
make the following observations from Table I, where w
give the integrated intensities of some selected magn
peaks at various field values. The intensities of the magn

peaks withk5@0 0 1
3 # have always the same ratios b

tween them, although they become smaller as the field
creases. So this part is always due to the helical compo
we have already described. As the field increases, howev
progressively smaller volume fraction of the crystal is occ
pied by this structure. We also observe that while

( 5
3 0 0) peak reappears quite intense, the (1

3 2 0) is now
very weak. This means that the magnetic peaks with w
vectors alongx andy are no longer due to a helical structur
Recalling that with neutrons we measure the componen
the magnetic moment perpendicular to the scattering vec
it is easy to see that the magnetic structure responsible
the reappearance of those peaks is such that as we prop
along thex axis the moments are aligned in they direction
and vice versa.

We can consider two possibilities for this high-field ma
netic structure. The first is to combine a single-k collinear
component~with two domains! and the ferromagnetic com
ponent. This is a canted antiferromagnetic structure with
tal moments close to the@110# axes. The other choice in
volves a double-k noncollinear component with resultin

TABLE I. Observed integrated intensities of selected magn
peaks of HoBe13 at 1.4 K in various magnetic fields applied alon
the @001# direction. For each of the equivalent magnetic order

wavevectors@ 1
3 0 0#, @0 1

3 0#, and @0 0 1
3 # the evolution of

two first-order and one third-order reflection is presented. In
cases the sample was cooled under field starting from the para
netic state.

h k l 0 kG 10 kG 15 kG 20 kG 25 kG

5
3 0 0 2386~74! 29~7! 1002~32! 1035~33! 976~31!
1
3 2 0 1197~39! 0 39~8! 37~7! 34~7!

1 0 0 464~16! 0 188~8! 163~6! 98~6!

0 5
3 0 2057~64! 17~4! 960~31! 1034~33! 1057~34!

2 1
3 0 1090~39! 0 30~7! 27~7! 32~8!

0 1 0 418~15! 0 179~8! 173~6! 133~14!

2 2 7
3

1012~36! 1915~63! 840~29! 505~20! 129~10!

2 2 1
3

1160~39! 2075~67! 926~31! 557~21! 157~9!

2 2 1 212~12! 385~18! 170~9! 103~5! 24~7!
c-
c-
s

e
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moments close to the@111# axes. The two structures giv
equal neutron intensities and the same value for the t
moment 7.7mB which is in agreement with the magnetizatio
measurements along the@110# axis. Therefore, on the follow-
ing analysis we assume the single-k collinear component
structure.

The simplest fixed moment collinear structure whi
would give rise to the observed magnetic peaks is a squ
wave arrangement. Three layers of ferromagnetically alig
Ho atoms are followed by three layers aligned in the op
site direction. In general, in the Fourier expansion of
square wave all the odd harmonics are included. In the p

ticular case ofk5@ 1
3 0 0#, however, we can group th

terms and we are left with a superposition of a sinusoi
wave with its third-order harmonic only,

my5
4

3
m sinS 2p

1

3
xD1

1

3
m sin~2px!, ~9!

where the simplest choice for the phase has been made
our calculation of magnetic intensities we use this decom
sition with the coefficients replaced bym1 ,m3, the ampli-
tudes of the first- and third-order harmonics, respective
This is because in practice their ratio may not be exactly 4
due either to experimental accuracy or to the fact that
structure is not perfectly squared.

In the analysis, we assume that at each field value a f
tion of the volume of the crystal orders in the conical stru
ture propagating along the field as before. The rest order
the new canted structure propagating in one of the two
rections perpendicular to the field. By making the reasona
assumption that the total magnetic moment has to be
same throughout the volume of the crystal, we can estim
the volume fraction that is ordered in each of the states
put our results on an absolute scale. The agreement betw
calculated and observed intensities is always good and
results are summarized in Table II. The values obtained
the total magnetic moment are in good agreement with
magnetization measurements and our calculation for
zero-field magnetic structure. The ratio between first- a
third-order amplitudes is very close to four at 15 kG but
becomes somewhat larger at higher fields. Contaminatio
the third-order harmonics by ferromagnetic contributi

c

ll
ag-

TABLE II. A summary of our results for the high magnetic-fiel
magnetic structure of HoBe13 at 1.4 K. The value of the ferromag
netic component, the ratio between the amplitudes of the first-
third-order harmonic of the canted structure, the fraction of
crystal volume ordered in this structure, the antiferromagnetic co
ponent of the moment, the angle between the total moment and
z axis, and the total magnetic moment are presented. The antife
magnetic component is the same in both the canted and the co
structures, since this was our assumption in order to estimate
volume fractions.

H
~kG!

mferro

(mB) m1 /m3 Vcanted

mantiferro

(mB)
u

(m,z)
mtotal

(mB)

15 5.3~4! 4.3~4! 52~5!% 5.8~2! 48(3)° 7.8~4!

20 5.7~4! 4.9~4! 67~5!% 5.4~2! 44(3)° 7.8~4!

25 6.1~4! 5.7~6! 89~5!% 4.6~2! 37(3)° 7.6~4!
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through thel/2 would give the opposite effect. So we ca
say that the square wave magnetic structure becomes s
what distorted as the system approaches the saturated
magnetic state. In Fig. 7 we illustrate the high field can
magnetic structure of HoBe13. In Fig. 8 we plot the field
dependence of the volume fraction that orders in the can
magnetic structure, and the ratio of the antiferromagn
component of the moment to the total moment.

We have also performed measurements with a magn
field applied along the@11̄0# direction. As shown in Fig. 9,
and in agreement with the magnetization measurements,
one transition is observed. From 4 to 5 kG a strong fer
magnetic contribution develops abruptly and further
creases more slowly with increasing field. The behavior
the antiferromagnetic intensities depends on the relative
entation of the field with respect to the propagation vec

The helical domain withkz5@0 0 1
3 #, which has no field

component perpendicular to the moments, vanishes abru
between 4 and 5 kG. The intensities of the other two
mains, which are favored by a field component perpendic
to the moments, fall sharply at the transition to a lower va
and then decrease continuously.

At 27 kG the ferromagnetic component along the fie
direction@11̄0# is 7.1(2)mB and the antiferromagnetic one

FIG. 7. The high-field canted magnetic structure of HoBe13.
The field is applied along thez axis giving a ferromagnetic compo
nent. As we move along thex direction, the antiferromagnetic com
ponent forms a transverse square wave (1 1 1 2 2 2) struc-
ture.
e-
ra-

d

d
ic

tic

ly
-
-
f

ri-
r.

tly
-

ar
e

2.9(2)mB . Thus the total moment is 7.7(3)mB per Ho ion, a
value in agreement with a moment orientation along a@110#
direction.

IV. CONCLUSION

A detailed study of the magnetic structure of HoBe13 and
its dependence on a magnetic field applied along the@001#
and @110# directions has been carried out using neutro
diffraction techniques. For a fieldH applied along a cubic
axis two metamagnetic transitions from a zero-field helica
a conical and then a canted structure have been eviden
All these structures have the same magnetic ordering w
vector which is determined by the generalized susceptib
x(q) of the conduction electrons, and the same result
moments of 7.7(3)mB along the@110# axes due to single ion
anisotropy and the presence of exchange.

The magnetic phase diagram of HoBe13 for a field along
the @001# axis is presented in Fig. 10. The phase bounda
are drawn here for increasing magnetic field. It is evide

FIG. 8. Magnetic-field dependence of the volume fraction t
orders in the canted magnetic structure and the ratio of the ant
romagnetic component~helical or collinear! to the total moment of
HoBe13 at 1.4 K.

FIG. 9. Applied magnetic-field dependence of representa

magnetic peaks at 1.4 K, with the field along the@11̄0# direction.

Shown are the (2 21
3 ) and (2 7

3 0) reflections which propagate
perpendicular and at 45° to the field, respectively, and the~2 2 0!
nuclear peak which includes a ferromagnetic contribution.
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from the hysteresis effects observed in Fig. 6, that the boun
aries would be displaced if the field decreases. The dash
line in the phase diagram marks the squaring up of the stru
ture and the appearance of third-order harmonics. Accordi
to the previous powder study6 it should also mark the
commensurate-to-incommensurate transition. As we d

FIG. 10. Magnetic phase diagram of HoBe13 at 1.4 K. The
points mark the appearance~or disappearance! of magnetic reflec-
tions, and they were taken with increasing magnetic field or d
creasing temperature. The full and open circles correspond to fi
and third order reflections respectively. Third-order harmonics ex
to the left of the dashed line. Hysteresis effects will move th
boundaries if the changes are made in the opposite sense, espec
the boundary between phaseII and III . In phaseIII the collinear
structure coexists with the helical one. However, as the field i
creases the collinear structure becomes more and more domina
e

s

J

-

d-
ed
c-
g

s-

cussed earlier, however, our resolution was not good eno
to establish the small change of the magnetic ordering w
vector. It would be of interest to perform a similar study o
TbBe13 if single crystals become available. In this compou
(TN516.5 K) the departure of the wave vector from th
commensurate value is much greater~@0 0 0.312# at TN)3

and it should be easy to establish unambiguously.
For H along the@110# axis the phase diagram is simple

since only one metamagnetic transition leads from the hel
magnetic structure to the saturated paramagnetic state.
have not undertaken a neutron experiment withH along the
@111# direction, since it is obvious from the magnetizatio
measurements that the helical state transforms in this
directly to the saturated paramagnetic one with mome
along the field direction, which are now nearly equal to t
maximum value allowed for Ho ions.

At low fields the behavior of HoBe13 is dominated by the
exchange interactions which lock the propagation vectok
5@ 1

3 0 0#. The crystal symmetry then implies a mome
direction either perpendicular or parallel tok, while the
single-ion anisotropy~CEF! would prefer a@111# moment
orientation incompatible with the propagation vector. Th
provides a natural explanation for the appearance of
canted magnetic structure at high fields along the@001# axis.
The canted structure has a total magnetic moment very c
to a @101# axis which the system prefers in order to satis
exchange and CEF effects.
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