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The magnetic structure of HoBgand 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 B{=5.7(1) K into a regular helical magnetic structure with
propagation vectdx=[00%]. Third-order harmonics appear at @YK and are attributed to a deformation of
the helical structure below this temperature. When a magnetic field is applied alo66d]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 fi€ldiskG 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 aldid @ axis only one transition is observed
from the helical to the conical structure. The magnetic phase diagram of 5lbBg been constructed.

[. INTRODUCTION also into a helical structure, which is incommensuratéat
and gradually shifts into a commensurate one at a lower tem-
The family of beryllidesMBe;3, where M can be an peratureTy . The variation of the ordering wave vector with
alkali-earth element, a rare earth including Sc and Y, an acemperature for these two compounds can be described by
tinide, as well as some of thaddand X transition elements, 1c*[1-€(T)]. A mean-field approximation model which
has been the subject of interest for many yéafese com-  includes isotropic exchange interactions between localized
pounds crystallize in the cubic Nagrtype structurespace  4f moments and magnetocrystalline anisotropy has been
group Fm&) and the separation betwedhatoms is always proposeé’ in order to account for the magnetic structures of
greater than 5 A. As a result, whev is a rare earth, the the RBej; family.
direct exchange interaction is very small and the dominant For HoBgg which is our main interest here, the wave
role is played by indirect exchange interactions of thevector was reportédo start at the incommensurate valge
Ruderman-Kittel-Kasuya-Yosida type mediated by the con0 0.328 at Ty=6 K and become commensurate &,
duction electrons which are coming primarily from the be-=4.5 K. Below this temperature third-order harmonics are
ryllium atoms. The rare-earth compoun®Be;; with R observed corresponding to a deformation of the helical struc-
=Gd, Th, Dy, Ho, and Er order antiferromagnetically with ture.
transition temperaturegy that obey de Gennes'’ law, as re-  Recently the magnetic structure of the isostructural ac-
vealed by magnetic measuremehtsVigneronet al. inves-  tinide compound NpBg has been determinédt was found
tigated the magnetic structures _of the abo.ve—mentloned COMhat the magnetic wave vector has also the vélie0 1],
pounds using neutron-diffraction  techniques on powderihoygh the arrangement of the magnetic moments is differ-
samples® It was found _that the magnetlc strL_Jctures of ent from that found in theRBe,s compounds. We should
ErBe,; and DyBegs are helical ones with propagation Vector nste that UBeg; is the only uranium-based heavy fermion
[003]. GdBajs exhibits a similar structure with a propaga- superconductor in which no magnetic correlations have been
tion vector[0 0 0.283 which apparently is independent of reported despite efforts with muchand neutrond®!?
temperature. On the other hand, ThBand HoBe; order Single crystals of HoBg have been produced at the Uni-
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FIG. 1. (a) Temperature dependence of the magnetic suscepti-
bility of HoBe,3in a 100 G applied field. For clarity we show only ~ FIG. 2. In the upper panel we present the magnetization curves
the data up to 50 K. The solid line is the calculation using the CEFOf HoBey; versus applied magnetic field along the high-symmetry
model described in the text. The data were fitted in the paramagfirections at 2 K. The CEF model calculatiofselid lines account
netic region, down to 10 K(b) The inverse of the susceptibility. Well for the anisotropy at high magnetic fields. In the lower panel

The fit to the Curie-Weiss law was performed on the data above 15the low-field data are presented in more detail. We observe that the
K. presence of the antiferromagnetic structure leads to a complicated

metamagnetic behavior.

versity of Florida using an Al flux growth procedure in an whereC is the Curie constang] is the Weiss temperatur,
outgassed BeO crucible with lid sealed in Ta. This alloweds the number of H6® ions, andu. is the effective mag-
us to reexamine the magnetic structure of this material, anfletic moment per ion. From the slope ofy{T) for the
to study what happens when an external magnetic field igigh-temperature region 150T<300 K, w4 for the Ho™3
applied. ion is found to be 10.5(1)g, in good agreement with the
theoretical value of 10.63; predicted from the Hund’s rule
ground state of the free H3 ion. The Weiss temperature is
found to bef=—-2.1+1.0 K.

Magnetic susceptibility and magnetization measurements Isothermal magnetization curves as a function of applied
were performed on a 8.7 mg single crystal of HpResing a  field were also determined for a number of temperatures be-
Quantum Design superconducting quantum interference déween 1.9 and 6 K. In Fig. 2 we plot the curves correspond-
vice magnetometer. Measurements were performed in thiag to the three field directions at 2 below Ty). At 40 kG
temperature range 1s9T<300 K, with the magnetic field the magnetization is about & per Ho™3 ion along the
applied along th¢001], [110], and[111] high-symmetry di- [001] and[110] axis, while it reaches 965 per Ho"* ion
rections. The low-field magnetic susceptibility is almost iso-along the[111] axis. We can, therefore, say that tffel 1]
tropic, as we can see in Fig(al where we present measure- axis is the spontaneous easy axis of magnetization. At low
ments in an applied field of 100 G for two orientations. Thefields, the exchange interactions associated with the mag-
antiferromagnetic transition temperature is found toThe  netic order lead to a quite complex metamagnetic behavior,
=5.7(1) K in good agreement with the previously publishedas we can see clearly in the lower panel of Fig. 2. We ob-
results. The inverse of the susceptibilityy{T) versusT is  Sserve two distinct magnetic transitions when the field is ap-

plotted in Fig. 1b). It is evident that the data follow a Curie- plied along thg001] axis, but only one with a field applied
Weiss behavior, along the[110] or [111] directions. The results of the mag-

netization measurements will be discussed in the light of the
5 neutron-diffraction study that follows.
_ c _ N e 1) A crystal electric field(CEF) model has been used to fit
XTT 9 3kg(T—0)’ the temperature dependence of the low-field magnetic sus-

IIl. MAGNETIZATION
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@ the degeneracy of thd=8 multiplet is not completely
raised, so that the ground state is a mixture of a nonmagnetic
I'{Y and a magneti€' (Y level. Efforts to investigate the CEF
— T 5(2), T,4(2), Ty level scheme of HoBg by means of neutron inelastic scat-
tering measurements on powder samples where
unsuccesfut? They were successful, however, in the case of
ErBe;; where an overall CEF splitting of 38 K, comparable
40K with our calculation here was measured.

A

III. NEUTRON DIFFRACTION

=M

3 Neutron-diffraction measurements on a 20 mg single

crystal of HoBg; were performed using the D15 diffracto-

meter at the ILL reactor. The crystal was from the same
FIG. 3. Paramagnetic CEF energy-level scheme of HgBEhe batch as the one u;ed for the magneti;ation measur(_aments

ground state is a mixture of a nonmagndt?) and a magnetic(’? ~ @nd it was placed in a cryomagnet which could provide a

level. The three levels around 32 K are also quasidegenerate. ~ Vertical magnetic field of up to 50 kG and temperatures
down to 1.4 K. The diffractometer was operated in the nor-

ceptibility in the paramagnetic statelown to 10 K. We  mal beam mode with a wavelength of 1.174 A and its detec-
have also included in the fit the high-field magnetization datdor, in the presence of the magnet, could move frer°

at 2 K, in order to account for the observed anisotropy. Atbelow to 17° above the horizontal plane.

high fields the antiferromagnetic structure is broken, and we

are justified in doing so. The Hamiltonian describing the A. Crystal structure

magnetic properties of af4dshell in the paramagnetic phase
and for cubic symmetry is written s

————— F4(1), F3(1)

HoBe; crystallizes in the face-centered-cubic Nagn

structure (space groume?c), which has eight formula
H=Hceet Hz+Hpg. (2) units in the cubic unit cell. The Ho atoms occupy eight

Hcee is the CEF term which is written using the operator equivalent positions ats( 3 3), (i i 7). while Be has
equivalent method as two inequivalent positions, 8 Bat(0 0 0, (; 3 3), and
96 Bg, at (0 y 2z). Each Ho atom is surrounded by a poly-
Heer= B3Va(0§+50%) +v,Ve(0g—2103),  (3)  hedron of 24 Bg atoms and by a cube of 8 Batoms. What
is important for the study of the magnetic structure that fol-
lows, is to notice that the Ho atoms form a simple cubic
lattice with lattice parametea/2, and that there are two lay-

where B;,y; are Stevens coefficient]" is the Stevens
equivalent operators, and" is the CEF parameters:

Hy=—gyugH-J (4) ers of Ho atom_s in the cubic cell of HoBg In'our experi-
ment, the lattice parameter was determined to de
represents the Zeeman coupling between themdgnetic  =10.205 A & 8 K and changes very little with temperature.
moment and the internal magnetic figleiternal field cor- In order to verify the crystal structure of our sample, the
rected for demagnetization effert&inally, integrated intensities of 60 nuclear Bragg reflections were
measured in the paramagnetic state at 8 K. Intensities were
Hg=—0yupHex J (5 measured by rotating the crystal around the vertical axis

is the Heisenberg-type isotropic bilinear interaction Hamil-through the reflections. The data were corrected for absorp-
tonian written in the mean-field approximation, with the ex-tion, although these corrections are small. A least-squares

change fieldH,, given by refinement of the intensities gave structural parametess of
& =0.1147(4) and=0.1787(3) in agreement with previously
Hex=NM=ng;ug(J), (6) determined value®.The agreement between observed and

, ) o calculated intensities, given by the factBr=23|/(I1/L)ps
wheren is the isotropic bilinear exchange parameter. The_ VL) ol /2 (T ) e Was found to be 2.5%. Here is
anisotropic bilinear couplings, as well as higher-order couyne geometrical Lorentz factor. We also obtained the scale
plings are neglected here. factor between the observed and calculated intensities, the

The CEF model accounts very well for the temperaturgemnerature parameters for the Debye-Waller factor, and the
dependence of the susceptibility, as is evident from Fi@.1 o tinction parameters.
We find V,=—10.77 K, V=3.06 K, andn=1.33 kG/ug The extinction corrections are small, being less than 5%
for the fitted parameters. In the upper panel of Fig. 2 we plog, mqst reflections except for the strongest ones. The same
the calculated magnetization curves using our model. We se&.q 5 of nuclear integrated intensities was measured at 5.2 K

that at high fields the agreement is reasonable,'so the anisQfr ot belowT,) and at 1.4 K and no changes were observed.
ropy may be attributed to CEF effects. At low fields, where

the antiferromagnetic structure is present, the CEF model
alone cannot provide good agreement with the observed
magnetization curves. The calculated paramagnetic CEF When the sample is cooled below the transition tempera-
level scheme of HoBg is presented in Fig. 3. We find that ture Ty=5.7(1) K, magnetic peaks appear at positions in

B. Zero-field magnetic structure
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(% 2 0) magnetic peak and the corresponding third-order har-
monic (1 2 0 at zero field. The values are peak intensities from

FIG. 5. Zero-field magnetic structure of HoBdor a propaga-
scans along thgl100] direction. d oB propag

tion vector[0 O %] along thez direction. Each atom represents a
. i layer of Ho atoms perpendicular to tteaxis. At the transition
rec!procal spface of the typ@=G=k, where G is the temperaturely we have a regular helix which becomes deformed
reciprocal-lattice vector of any allowed nuclear Bragg peakye|ow 4.41) K. As explained in the text, we have chosen the initial
andk is one of the equivalent magnetic ordering wave veCphase so that the moments are close to[t] directions. The

tors[3 0 0],[0 % 0], and[0 O %]. The allowed nuclear deformation of the helix at low temperatures is necessary in order to

reflections b k 1) which contain contributions from the Ho explain the appearance of third-order harmonics. The valug aff
atoms have all indices even. On further cooling, additionaft-4 K is very close to 90° so that the moments are effectively along
peaks appear below 41 K at positionsQ=G+3k, as the[110] axes.
shown in Fig. 4 which presents the intensities of the

2

|

(3 2 0) magnetic peak and the corresponding third-order 2e2 1 ) Qf )
harmonic(1 2 0) as a function of temperature. As we men- 3= KL(Q)P“H(Q)z7(1—2 cos¢)) 1+ ? m*, (8)
tioned in the Introduction, in the previous examination of

HoBe 5 using a powder sample, it was found that the mag
netic wave vector is initially incommensurate. At 4.9 K the

5 :
wave vector was found to j© 0 0.328.% In our experiment metrical Lorentz factor (2 is the projection of the scattering
we have not observed any such departure from the commer&-ngle in the horizontal plane and is the angle out of this
surate valug0 0 3]. However, our best resolution in the plane. p=0.2696<10 *2cm, and f(Q) is the magnetic
present experiment was about 0.005 rlu, so one has to resGgrm factor of the H8" ion. Q) is the component of the
to higher resolution measurements to be certain. scattering vectof) parallel to the direction of the propaga-
We use the helical model proposed by Vignesaral® to ion vector. For example, fdt=[0 % 0],Q,=Q,. Finall

analyze the intensities of the magnetic peaks. In this model©" L R TR L 3 Pl T ey Y
the Ho atoms in each layer perpendicular to the magnetiéﬁ is the angle in Fig. 5 aneh is the value of the ordered

wave vector are ferromagnetically aligned and the directior{nffjlgne“C moments, which are the parameters to be deter-

of the moments rotates as we move from one layer to th ined by th_e measurements. In the abqve _e>_<pres_sions we
next, so that the magnetic unit cell is tripled in the directionmi/iﬁst%\ll(i?r? u:(’;o ;Cgﬁgr?tvg](igrtgeaggsﬂ IS 2::?;%:22 do-
of the propagation vector, as shown in Fig. 5. Using this propag g key,

model and the standard formalism of magnetic diffraction E%?Z’ai?]d d\évriz:iﬁvv?/eaﬁ:\\ljg]teﬁk:r?E[J;\F()aaz;t\l/ttleorg t;ett)v(\a/ ?vsgeioénili?/z-
we obtain the following expressions for the integrated inten- ) . : /erag N €4
sities of the first and third-order harmonics: lent configurations. Absorption ar_1d extinction corrections are
of the order of 1% for the more intense magnetic peaks and
1 we can ignore them. The Debye-Waller factor for the Ho

|k=KL(Q)DZfZ(Q)Q[(lJFCOSf/’)Z atoms at the temperatures of interest is also negligitde-

rections less than 0.3%) and has been omitted in the formu-

‘whereK is the scale factor determined from the analysis of
the nuclear intensities and(Q) = 1/sin 2dcosu is the geo-

Q2 las. We also note that the intensities do not depend on the
+3sifp]{ 1+ =2 (7)  initial phase. In Fig. 5 we have plotted the moments as being
Q? close to the[110] axes, a choice consistent with both the
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magnetization measuremenrifsg. 2) and the diffraction ex-

periments under magnetic field which we discuss later in the 1200 |- e HoBe,, T=14K |
paper. 100012 i
From Eq.(8) we see that wherh=60°, which is when

the helical magnetic structure is regular, the intensity of the 800 2, 2, 153
third-order harmonics is zero. In order to account for their 600 ° ggwn i
existence at low temperatures we have toflebke different )

values, creating a deformed helical structure. The integrated 400 1
intensities of magnetic peaks were collected at 5.2 K where 200 i
only first harmonics exist, and at 1.4 K the lowest tempera-

ture that we could reach. 0

To analyze the magnetic intensities at 5.2 K we use Eq. — T T T 1 T - T

(7) with ¢=60°. By adjusting the value of the ordered mo- 1000 ¢ ]
ment so that the calculated intensities best agree with the 8005 @2, 513, 0)
measured ones, we finth=4.0(2)ug per Ho atom. The f ° gl;wn
agreement between the observed and the calculated intensi- 600 | |

ties, given now by the factor R=3|(I1/L)gps
— (/L) cal/=(1/L) gps, is 6.5%. For convenience, in this pa-
per we work with integrated intensities normalized by the
Lorentz factorL.

At 1.4 K we have two parametefé and m. Again we
calculate the values of these parameters that provide the best 0
agreement between observed and calculated intensities. We

400

200

Intensity (arbitrary units)

T T T T T T T T T T T

find that ¢=86.8(1.0)° andm=7.7(3)us (R factor of 6000 g
6.0%). These values are in agreement with the previous 5000 L & ]
results® The value of¢ is so close to 90° that effectively all o
the moments are along th&10] directions. 4000 - o 1

We should note that the zero-field magnetic structure can 3000 | a_,zy“" |
be described also as a transverse sinusoidal modulation of 0% 22,0
the moments, which would become squared at low tempera- 2000} ¢ up -
tures to account for the third-order harmonics. This model ° down
can fit the magnetic intensities equally well but it is incom- 1000 - 1
patible with the evolution of the magnetic structure under an oY , L
applied magnetic field which we discuss below. 0 1 2 3

H (10* Gauss) Il [001]

C. Magnetic structure in an applied magnetic field FIG. 6. Applied magnetic-field dependence of representative
magnetic peaks at 1.4 K, with the field along {l@®1] direction.

Shown are the (2 2%) and (2 % 0) reflections which propagate

2)itis Ir_1tefl_’elsdtlng t:_) edxalmlne theeorlnagr(ljeticlgtructurelzunder %Iong and perpendicular to the field, respectively. We also show the
magnetic field applied along t601] and[110] axes. For a (2 2 0 nuclear peak which increases as a result of the ferromagnetic

f!eld along [001], yve found that, as. the fie"?‘ increases, ini- contribution. Significant hysteresis effects are observed between the
tially the intensities of the magnetic reflections with propa- . res obtained with increasing or decreasing field.

gation vectors parallel to the field increase while the others
decrease rapidly. This means that the domains propagatirantiferromagnetic structure is completely destroyem). 6)
along thec axis, which have their magnetic moments inin good agreement with the magnetization measurements
planes normal to the magnetic field, are energetically favoredFig. 2). Integrated intensities of magnetic peaks were col-
as expected. By about 4 kG a single domain magnetic strudected at 1.4 K in applied fields of 10, 15, 20, and 25 kG. To
ture is created as we can see in Fig. 6, where we plot thealculate the ferromagnetic component, the intensities of the
intensities of some selected magnetic reflections as a funawclear Bragg reflections were also collected at the above
tion of the applied magnetic field. At the same time an in-field values. For the measurements of integrated intensities
duced ferromagnetic moment develdperease of the inten- we always cooled the sample under magnetic field, starting
sity of the nuclear peaksso the magnetic structure becomesfrom the paramagnetic state.
conical. At high temperatures, in the regular helical structure At 10 kG we have a single domain helical component
range, this conical structure gradually evolves towards th@ropagating along th€001] direction and a induced ferro-
saturated paramagnetic state as the field increases. magnetic component, so the total arrangement is conical.
In the low-temperature region where third-order harmon-The intensity ratios between first- and third-order harmonics
ics exist, however, we made the surprising observation thas within statistical errors the same as at zero field, so the
at higher fields the magnetic peaks that correspond to propangle ¢ in our helical model does not change, and we get
gation vectors perpendicular to the field reappear and bean,=6.0(3)ug for the magnetic moment of the helical com-
come dominant. Of course, the induced ferromagnetic component. From the nuclear intensities, which contain now a
ponent increases monotonically and at about 32 kG théerromagnetic contribution, we calculate a ferromagnetic

As is evident from the magnetization measureméhig.
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TABLE |. Observed integrated intensities of selected magnetic TABLE Il. A summary of our results for the high magnetic-field
peaks of HoBg; at 1.4 K in various magnetic fields applied along magnetic structure of HoBgat 1.4 K. The value of the ferromag-
the [001] direction. For each of the equivalent magnetic orderingnetic component, the ratio between the amplitudes of the first- and
wavevectors[% 0 0], [0 % 0], and[0 O %] the evolution of  third-order harmonic of the canted structure, the fraction of the
cases the sample was cooled under field starting from the paramagonent of the moment, the angle between the total moment and the

netic state. z axis, and the total magnetic moment are presented. The antiferro-
magnetic component is the same in both the canted and the conical
h kI 0 kG 10 kG 15 kG 20 kG 25 kG structures, since this was our assumption in order to estimate the

volume fractions.

200 238474 29(7) 100232 103533 97631
% 20 1197(39) 0 39(8) 37(7) 34(7) H Meerro Mantiferro 0 Miotal
100 46416 0 1848)  1636) 98(6) (KG)  (me) mMi/M3 Veanea  (#8) (mz)  (us)
5 o 205764 17(4) 960(31) 103433) 105734) 15 534) 434 525% 582 48(3)° 7.84)
, 1o 109039 0 307) 27(7) 32(8) 20 574 494 675% 542 44(3)° 7.84)
3 2 A4 7 % 4.62 7(3)° 7.64
010 41815 0 1798) 1736) 133(14) 5 619 576 8I9% 62 371 &)
7 101236) 191563) 84029 505200 12910
s moments close to thgl11] axes. The two structures give
2 § 116039 207467) 92681) S5721) 1579 equal neutron intensities and the same value for the total
221 21212) 38518 1709 1035 24(7) moment 7.7z which is in agreement with the magnetization

measurements along the10] axis. Therefore, on the follow-

. ) ing analysis we assume the singdeeollinear component
component oin;=4.9(3)ug. Combiningm; (alongc axis g y u P

structure.
and m, (perpendicular toc) we get a total momentn The simplest fixed moment collinear structure which
=7.7(3)up, in perfect agreement with our result at zerowould give rise to the observed magnetic peaks is a square
field. wave arrangement. Three layers of ferromagnetically aligned

The reason we preferred to describe the zero field Struq=|o atoms are followed by three |ayers a"gned in the oppo-
ture with a helical rather than a transverse sinusoidal Stru(}site direction. In generaL in the Fourier expansion of a
ture now becomes clear. If the structure at zero field wagquare wave all the odd harmonics are included. In the par-
3musmdal(squared at low temperatubeshen for the reflec- ticular case ofk=[% 0 0], however, we can group the
tions with propagation vectors perpendicular to the field wi erms and we are left with a superpositi f . idal
would expect a continuous decrease in intensity with increas- N . Perposition of a sinusoida
ing field. There would be no reason for their disappearance ayave with its third-order harmonic only,
intermediate field values and their reappearance at higher 4
fields. m.=—

To understand the magnetic structure at higher fields we 73
make the following observations from Table I, where we
give the integrated intensities of some selected magneti
peaks at various field values. The intensities of the magneti

1
+§msin(27-rx), 9

: ( 1
msin 2 3x
Where the simplest choice for the phase has been made. For
qQur calculation of magnetic intensities we use this decompo-

. 1 . sition with the coefficients replaced bm,,m3, the ampli-
peaks withk=[0 0 3] have always the same ratios be- y,qes of the first- and third-order harmonics, respectively.
tween them, although they become smaller as the field inThs js because in practice their ratio may not be exactly 4:1,
creases. So this part is always due to the helical componegie either to experimental accuracy or to the fact that the
we have _already described. As the'fleld increases, hpwevervs@ructure is not perfectly squared.

progressively smaller volume fraction of the crystal is occu- | the analysis, we assume that at each field value a frac-
pied by this structure. We also observe that while thejon of the volume of the crystal orders in the conical struc-
(3 0 0) peak reappears quite intense, theZ 0) is now ture propagating along the field as before. The rest orders in
very weak. This means that the magnetic peaks with wavéhe new canted structure propagating in one of the two di-
vectors along andy are no longer due to a helical structure. rections perpendicular to the field. By making the reasonable
Recalling that with neutrons we measure the component cissumption that the total magnetic moment has to be the
the magnetic moment perpendicular to the scattering vectosame throughout the volume of the crystal, we can estimate
it is easy to see that the magnetic structure responsible fdhe volume fraction that is ordered in each of the states and
the reappearance of those peaks is such that as we propagpté our results on an absolute scale. The agreement between
along thex axis the moments are aligned in tigadirection  calculated and observed intensities is always good and our
and vice versa. results are summarized in Table Il. The values obtained for

We can consider two possibilities for this high-field mag- the total magnetic moment are in good agreement with the
netic structure. The first is to combine a singleollinear  magnetization measurements and our calculation for the
component(with two domaing and the ferromagnetic com- zero-field magnetic structure. The ratio between first- and
ponent. This is a canted antiferromagnetic structure with tothird-order amplitudes is very close to four at 15 kG but it
tal moments close to thgl10] axes. The other choice in- becomes somewhat larger at higher fields. Contamination of
volves a doublde noncollinear component with resulting the third-order harmonics by ferromagnetic contribution
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FIG. 7. The high-field canted magnetic structure of HgBe
The field is applied along theaxis giving a ferromagnetic compo-
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FIG. 8. Magnetic-field dependence of the volume fraction that
orders in the canted magnetic structure and the ratio of the antifer-
romagnetic componerhelical or collineay to the total moment of
HoBej; at 1.4 K.

2.9(2)ug . Thus the total momentis 7.7(a) per Ho ion, a
value in agreement with a moment orientation alorid E0|
direction.

IV. CONCLUSION

A detailed study of the magnetic structure of HgBand
its dependence on a magnetic field applied along[ €]
and [110] directions has been carried out using neutron-
diffraction techniques. For a fieldl applied along a cubic
axis two metamagnetic transitions from a zero-field helical to
a conical and then a canted structure have been evidenced.
All these structures have the same magnetic ordering wave
vector which is determined by the generalized susceptibility

nent. As we move along thedirection, the antiferromagnetic com-
ponent forms a transverse square wave  + — — —) struc-
ture.

anisotropy and the presence of exchange.

x(q) of the conduction electrons, and the same resulting
moments of 7.7(3)g along the[110] axes due to single ion

The magnetic phase diagram of HgBéor a field along

through theh/2 would give the opposite effect. So we can the [001] axis is presented in Fig. 10. The phase boundaries
say that the square wave magnetic structure becomes somgre drawn here for increasing magnetic field. It is evident,

what distorted as the system approaches the saturated para-

magnetic state. In Fig. 7 we illustrate the high field canted
magnetic structure of HoBe. In Fig. 8 we plot the field
dependence of the volume fraction that orders in the canted
magnetic structure, and the ratio of the antiferromagnetic
component of the moment to the total moment.

We have also performed measurements with a magnetic

field applied along th¢110] direction. As shown in Fig. 9,
and in agreement with the magnetization measurements, only
one transition is observed. From 4 to 5 kG a strong ferro-
magnetic contribution develops abruptly and further in-
creases more slowly with increasing field. The behavior of
the antiferromagnetic intensities depends on the relative ori-
entation of the field with respect to the propagation vector.

The helical domain wittk,=[0 0 3], which has no field

component perpendicular to the moments, vanishes abruptly
between 4 and 5 kG. The intensities of the other two do-
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mains, which are favored by a field component perpendicular FIG. 9. Applied magnetic-field dependence of representative
to the moments, fall sharply at the transition to a lower valuemagnetic peaks at 1.4 K, with the field along ftiel 0] direction.

and then decrease continuously.

Shown are the (2 2%) and (2 % 0) reflections which propagate

At 27 kG the ferromagnetic component along the fieldperpendicular and at 45° to the field, respectively, and(he 0)
direction[ 110] is 7.1(2)ug and the antiferromagnetic one is nuclear peak which includes a ferromagnetic contribution.
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4 , : : . : cussed earlier, however, our resolution was not good enough
to establish the small change of the magnetic ordering wave
_ vector. It would be of interest to perform a similar study on
H Il [001] TbBey;if single crystals become available. In this compound
Increasing | (Ty=16.5 K) the departure of the wave vector from the
commensurate value is much greatg® 0 0.313 at Ty)3

and it should be easy to establish unambiguously.

For H along the[110] axis the phase diagram is simpler
since only one metamagnetic transition leads from the helical
magnetic structure to the saturated paramagnetic state. We
have not undertaken a neutron experiment vdtlalong the
[111] direction, since it is obvious from the magnetization
measurements that the helical state transforms in this case
directly to the saturated paramagnetic one with moments
along the field direction, which are now nearly equal to the
maximum value allowed for Ho ions.

At low fields the behavior of HoBg is dominated by the
exchange interactions which lock the propagation vektor

=[3 0 0]. The crystal symmetry then implies a moment
direction either perpendicular or parallel g while the

FIG. 10. Magnetic phase diagram of HoBeat 1.4 K. The  Single-ion anisotropy(CEF) would prefer a[111] moment
points mark the appearanéer disappearangeof magnetic reflec- ~ Orientation incompatible with the propagation vector. This
tions, and they were taken with increasing magnetic field or defrovides a natural explanation for the appearance of the
creasing temperature. The full and open circles correspond to firgianted magnetic structure at high fields along[0@l] axis.
and third order reflections respectively. Third-order harmonics exisif he canted structure has a total magnetic moment very close
to the left of the dashed line. Hysteresis effects will move theto a[101] axis which the system prefers in order to satisfy
boundaries if the changes are made in the opposite sense, especialychange and CEF effects.
the boundary between phadeandlll . In phaselll the collinear
structure coexists with the helical one. However, as the field in- ACKNOWLEDGMENTS
creases the collinear structure becomes more and more dominant.
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