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We report on the results of grain-size and temperature-dependent magnetization, specific-heat, and neutron-
scattering experiments on the heavy rare-earth metals terbium and holmium, with particular emphasis on the
temperature regions where the helical antiferromagnetic phases exist. In contrast to Ho, we find that the helical
structure in Tb is relative strongly affected by microstructural disorder, specifically, it can no longer be detected
for the smallest studied grain size of D = 18 nm. Moreover, in coarse-grained Tb a helical structure persists
even in the ferromagnetic regime, down to about 7' = 215 K, in agreement with angle-resolved photoelectron
spectroscopy (ARPES) data, which reveal a nesting feature of the bulk Fermi surface at the L point of the
Brillouin zone at 7 = 210 K. As samples for the ARPES measurements, we used 10-nm-thick single-crystalline
Tb films that show a bulk electronic valance-band structure. Thus our ARPES measurements are used to discuss
temperature-induced effects observed in the coarse-grained samples.
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I. INTRODUCTION

Magnetism of the heavy Lanthanide (Ln) metals is still a
fascinating field of basic condensed-matter research despite the
fact that most of these elements have already been discovered
in the 19th century and that a great deal of mature knowledge
regarding their magnetic ground states has been accumulated
during the second half of the past century.'™ Present research
and open problems address, e.g., the temperature dependence
of the exchange splitting of Gd> and Tb® surface states, the
critical behavior,” the origin of magnetic anisotropy'? and
the electronic band structure!'"'? of Gd, the influence of film
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thickness on the critical behavior of Gd and Ho films,'*1¢ the
issue of field-induced chirality in the helix structure of Dy/Y
multilayers,!” or the field-dependent magnetic ordering in Eu
films. '8

The magnetism of the Ln metals originates from the
electrons in the partially filled 4f shell, which give rise
to localized magnetic moments that couple via the long-
range Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction
involving conduction electrons.' The knowledge of the
topology of the Fermi surface (FS) is crucial for an under-
standing of the low-energy excitation properties of metallic
materials. This is particularly so for the heavy Ln metals,
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where the electrons at the Fermi energy Er play a decisive
role in establishing long-range magnetic order (see, e.g.,
Refs. 19-25, and references therein). Indeed, only minor
differences in the shape of the FS result in a variety of complex
spin structures, including paramagnetic (PM), ferromagnetic
(FM), helical antiferromagnetic (AFM), ferrimagnetic con-
ical, oscillatory spin-wave-like, and antiphase-domain-like
phases.”¢

The PM-AFM phase transition at the Néel temperature Ty
for some of the heavy Ln metals is widely believed to be
driven by FS nesting—i.e., parallel sheets of the respective
FS in the PM phase that are connected with the reciprocal
vector qy—which has recently been observed for Tb.>> The
connection between FS nesting and helical AFM, where qq
corresponds to the wave vector of the AFM helix qg,% is
commonly referred to as the nesting hypothesis.

From an experimental point of view, manipulation of the
topology of the FS is feasible through the application of
external forces or fields (e.g., Refs. 19,21,27-29). In this paper,
we adopt a different approach and investigate the influence
of nanocrystallinity on the stability of the helix structures
in Tb and Ho. The downscaling of the average crystallite
size D in a polycrystalline bulk material to the nm scale has
mainly two consequences for the magnetic properties: (i) the
reduction of D results in an increase of the interface-to-volume
ratio and in concomitant interface-induced spin disorder;*°
(ii) crossing length scales may appear in the system, i.e.,
the “correlation” length of the microstructure—the grain size
D—may become comparable to or even smaller than an
intrinsic magnetic length scale, here, the wavelength Ay of
the helical AFM spin structure. For Tb single crystals, Ay is
weakly dependent on temperature and takes on values of Ay =
50-55 A for T, < T < Ty,’! whereas for Ho single crystals,
Ay changes from =20 A at Ty =133 K to =35A at
42 K.*?

II. EXPERIMENT

Nanocrystalline Tb and Ho samples, with as-prepared
average crystallite sizes D in the 10-20-nm range, were syn-
thesized by means of the inert-gas condensation technique;*
the purity of both starting materials (as specified by the
supplier) was 99.9 at. % with respect to metallic impurities.
The distribution of grain sizes resulting from this synthesis
route was found to be of the log-normal type.**-** Coarsening
of the grain microstructure (grain growth)®>3 was achieved
by heat treatments under vacuum (p < 10~ mbar) at typical
annealing temperatures of 100—400°C (annealing time: 1 h).
The mass density of the samples was measured by the
Archimedes method and found to be 98-99% of the bulk
value, indicating low porosity. Average crystallite sizes and
microstrain were determined by wide-angle x-ray diffraction
according to the Williamson-Hall method.>” The values for
the root-mean-square (rms) microstrain of as-prepared Tb
and Ho samples are of the order of several 0.1%. rms
microstrain is generic of any polycrystalline material but
becomes particularly pronounced in nanocrystalline metals;
it scales as 1/D and thus becomes negligibly small for
D > 100 nm.*® In the following, the notation “D > 100 nm”
refers to coarse-grained samples with diffractograms that can
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no longer be distinguished from the resolution function of
the diffractometer. For further details on sample preparation
and microstructural characterization, we refer to Refs. 39
and 40. ac and dc magnetization data were recorded with a
PPMS model 6000 extraction magnetometer. Measurements
of the specific-heat capacity were performed by temperature
modulated differential scanning calorimetry (TMDSC) using
a DSC821e setup (from Mettler Toledo, Switzerland).

The neutron-scattering experiments were carried out at
the NeRo reflectometer at the Geesthacht Neutron Facility
(GeNF), Geesthacht, Germany, and at the Swiss spallation
neutron source (SINQ, Paul Scherrer Institut, Switzerland),
using the SANS-II beamline.*! At GeNF, we used incident neu-
trons with a mean wavelength of A = 4.335 A (AA/A < 2%),
whereas at PSI, A =4.7 A (AA/A =10%) and A =9.1 A
(AX/A = 10%). In both neutron experiments, the scattering
along the forward direction was measured. The uncertainty in
the temperature value is about £1 K.

The angle-resolved photoelectron spectroscopy (ARPES)
measurements were performed at beamline 7.0.1 of the
Advanced Light Source, Lawrence Berkeley National Lab-
oratory, USA. In contrast to the magnetization and neutron
experiments, where polycrystalline bulk samples were studied,
we used single-crystalline 10-nm-thick Tb metal films in the
ARPES measurements, prepared in situ on a W(110) single
crystal. It has been shown in previous ARPES experiments>®
that films of this thickness show a bulk electronic valence-band
structure. Note that at film thicknesses >5 nm, the electronic
structure as seen with ARPES does not depend on the film
thickness; because of the surface sensitivity of this technique
only the first few top layers contribute to the measured signal.
Our ARPES results thus have to be compared to the results
of coarse-grained samples in our complementary experiments
on polycrystalline Tb. The single crystallinity of the samples
was checked with low-energy electron diffraction. In our
photoelectron spectra (base pressure in analysis chamber:
10~ mbar), we observed well-ordered, clean surfaces, as
can be seen, e.g., from the surface-core-level shift of the
8S7/2 component of the 4f states of 0.26 & 0.01 eV (not
shown), in very good agreement with Ref. 42. We used
linearly polarized photons in the energy range from 85 to
135 eV to measure a series of photoelectron spectra (energy
distribution curves) with a total-system energy resolution of
about 50 meV (full width at half maximum). The samples
were mounted on a low-temperature goniometer, providing all
three angular degrees of freedom. We rotated the sample with
0.25° steps at various photon energies to get access to the
electronic structure covering a full Brillouin zone (BZ). The
data were subsequently transformed to k space using simple
spherical transformations. Here, we show data representing
the photoemission intensity at E = E at various data points,
revealing the shape of the FS within a full BZ. Further
details on experimental procedures and data analysis are given
elsewhere. 2

III. RESULTS AND DISCUSSION

Figure 1 displays the temperature- and grain-size-
dependent ac susceptibility x of Ho and Tb metal. The
susceptibility of Ho is only rather weakly influenced by
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FIG. 1. (Color online) Temperature and grain-size dependence of the ac susceptibility x of (a) Ho (log-linear scale) and (b) Tb (ac field
amplitude: 10 Oe; ac field frequency: 100 Hz). The approximate peak positions in the x(7) curves for the coarse-grained samples are given
in (a) and (b). (c) Temperature and grain-size dependence of the specific-heat capacity c,(T) of Tb metal (TMDSC modulation period: 120 s;

temperature amplitude: 0.5 K; heating rate: 0.5 K/min).

the small grain size [Fig. 1(a)]. Here, the reduction of D
to the nm scale mainly has an impact on the position of
Ty, whereas T, remains almost constant. Furthermore, for
T. < T < Ty, x(T) of Ho increases with decreasing D. This
observation is explained by an increasingly large fraction
of uncompensated magnetic moments arising from interface
regions, which develops with decreasing grain size.

By contrast, the susceptibility of Tb is strongly affected
by the downscaling of D to the nm range [Fig. 1(b)]: while
coarse-grained Tb exhibits two peaks in x at the characteristic
transition temperatures of the single crystal, Ty = 229.5 K
and T, = 220 K,? Tb with D = 16 nm reveals only a single
peak in x at about 224 K. Furthermore, x(7) of Tb is

(a)Ho, T=76K,D=20nm

g, (om")

g, (nm™)

consistent with the temperature variation of the specific-heat
capacity c,(T) [Fig. 1(c)], which for the coarse-grained
material exhibits a pronounced A anomaly at about 228 K. Note
that the first-order transition at 7, is only weakly resolved in the
¢,(T) data of coarse-grained Tb, in agreement with literature
data for polycrystalline Tb.*3#4

For coarse-grained (well-annealed) Ho and Tb, we find the
transition temperatures [Figs. 1(a) and 1(b)] as well as the
value of the effective magnetic moment in the paramagnetic
regime (Fig. 2 in Ref. 29) of high-purity bulk single crystals.
These results suggest that impurities have a negligible influ-
ence on the bulk magnetic properties of the inert-gas condensed
samples of the present study.?-3%40

0.0 0.5 .o 1.5

g, (nm’)

FIG. 2. (Color online) Color-coded maps of the neutron-intensity distribution on a two-dimensional (2D) position-sensitive detector:
(@) Howith D =20 nmat 7 =76 K; (b) Tb with D > 100 nmat 7T = 224 K; (c) Tb with D > 100 nmat 7 = 215 K. The outermost rings
in (a)—(c) can be assigned to magnetic scattering due to helical AFM structures. Within the small-angle approximation, the scattering vector is
given by q = (g, gy, 0), where the wave vector of the incident neutron beam is taken along the z direction.
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The observation of a single peak in x(7) of Tb at
T =224 K for D =16 nm was interpreted in Ref. 29 by
the absence of a helical AFM phase. Possible origins were
attributed to internal magnetostatic fields due to interface-
induced spin disorder*’ and to the crossing-length scales
scenario. Note that the ratio of the smallest experimental grain
size and the wavelength of the helix, D /Ay, is about 3—4 in
the case of Tb and D /Ay = 8-10 for Ho.

A direct method for studying the grain-size dependence
of the helical AFM structure is given by Bragg diffraction,
since the magnetic scattering cross section doy, /dS2 o« §[q —
(G £ qp)], where q denotes the scattering vector, G is a
reciprocal-lattice vector, and qg is the wave vector of the
helix.*® Figures 2 and 3 display typical small-angle neutron-
scattering data [around G = (0,0,0)],* and Fig. 4 gives
the results for the variation of the interlayer turn angle ¢
in Ho and Tb as a function of 7 and D. The turn angle
was calculated according to ¢ = %cqm, where c is the hcp
lattice constant and ¢, denotes the position of the Bragg
peak due to coherent magnetic scattering of neutrons on
the helix; ¢, was determined by fitting the azimuthally
averaged neutron data to the following phenomenological
expression for I(q) o< doy/d2 (compare solid lines in
Fig. 3):

]00’2

o2 +(q — qn)* M

a
I(Q)z—n-l-
q

The quantities a,n,ly,0, and g, in Eq. (1) are adjustable
parameters.

Magnetic Bragg peaks were observed for all Ho samples
with D 220 nm and for temperatures between 70 K <
T < Ty. The effect of grain size on the turn angle ¢ in
Ho is relatively weak within the studied temperature range
[Fig. 4(a)], and our results for ¢(T, D) essentially reproduce
the single-crystal data.??

In accordance with the magnetic suceptibility data, we did
not find a helical structure in Tb for the smallest grain size of

D = 18 nm. An indication for the existence of a residual spin
helix was found for a Tb specimen with an average grain size
of 30 nm (data not shown here); the relatively poor statistics of
the data did not allow a reliable determination of ¢. In contrast
to Ho, the turn angle in Tb (and its temperature variation)
appears to be significantly different from the literature data
for bulk single crystals’' [Fig. 4(b)]. However, one should
take into account that the reported value of the Néel point of
the Tb single crystal used in the neutron study of Ref. 31 was
Ty = 226K, i.e.,4 Kbelow the accepted literature value, a fact
that hints on the presence of a significant amount of impurities
in the studied sample.”® Different from the literature data,
we do not observe an increase of ¢ in Tb at the smallest 7,
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FIG. 4. (Color online) Temperature and grain-size dependence of
the helix turn angle ¢: (a) Ho; (b) Tb; in both cases with comparisons
to literature data. Lines are guides to the eyes. We also compare
data for ¢ obtained on different neutron instruments (at GeNF and
PSI).
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but a smooth decrease for temperatures below 7, = 220 K.
A magnetic Debye-Scherrer ring is clearly observed for
coarse-grained Tb at 7 = 215 K [Figs. 2(c) and 3(b)]. This
suggests that the phase transition to the ferromagnetically
ordered state is smeared out over a relatively large temperature
range.

Our observation of a residual spin helix in coarse-grained
Tb metal below T, at 215 K is in line with measurements
of the bulk FS topology that is obtained with ARPES.
For the development of an AFM helix—according to the
nesting hypothesis—the shape of the FS has to include
sections that allow for nesting. The Tb FS slightly below
T. at 210 K (Fig. 5) shows such sections close to the L
point of the hexagonal Brillouin zone. The nesting vector
qo=0.240.1 A~! is comparable with the one found for
the PM phase® within experimental error bars (induced
by the momentum broadening in ARPES perpendicular to
the surface?®), corresponding to ¢ = 30 & 15°, in reasonable
agreement with our neutron-scattering data. At 7 = 210 K,
the topology of the FS resembles that in the PM phase [see
Fig. 1(b) in Ref. 25], broadened by the increased magnetic
exchange splitting AE,, = 0.3 eV,”' indicating the onset of
the separation of majority and minority FS sheets. Further
cooling down of the sample increases AE,, that—at slightly
lower temperatures—fully lifts the spin degeneracy of the
FS sheets and then forces nesting to disappear completely
[Figs. 3 and 4 in Ref. 25]. This mechanism acts as
a major driving force behind the AFM-to-FM phase
transition.

The results presented in Fig. 5 in conjunction with the data
in Ref. 25, however, show that the transitions of the shape of
the FS do not occur abruptly at Ty and T, respectively. The
transition of the FS topology occurs in a rather soft manner,
with a slowly increasing AE,, with decreasing temperature
that gradually modifies the shape of the FS. In this way,
the FS-nesting-induced driving force toward an AFM helix
gets slowly weaker, to the point at 7., where other energetic

FIG. 5. (Color online) Regions of high PE intensity at £ = Ep
for Tb metal, reflecting the FS at 7 = 210 & 5 K in the ferromagnetic
phase, slightly below T... FS sheets that allow for nesting are observed
around the L point of the Brillouin zone, i.e., horizontal sections of the
dotted line that marks the region of highest photoemission intensities
and serves as a guide to the eyes. Note that high (low) PE intensity
corresponds to light-gray (dark-gray) tones.
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contributions in favor of a FM ordering become stronger
(e.g., the magnetocrystalline anisotropy that favors certain
orientations of the magnetization along discrete easy axes).
Despite an overall FM ordering at temperatures slightly below
T, there is a residual FS nesting and therefore a residual spin
helix in Tb metal, both observed by means of ARPES and
neutron scattering, respectively.

IV. SUMMARY AND CONCLUSIONS

In summary, we have studied the grain-size and temperature
dependence of the helical antiferromagnetic (AFM) phases
of the heavy lanthanide metals terbium and holmium by
employing a wide range of complementary techniques such
as ac susceptibility, specific heat, and neutron scattering. To
investigate the origin of the helical ordering, we also performed
measurements of the bulk electronic structure of Tb by means
of angle-resolved photoelectron spectroscopy. We have found
strong evidence that the AFM helix in nanocrystalline Tb
(with a distribution of crystallite sizes) is suppressed if the
average grain size D is of the order of the helix wavelength
A g, specifically for aratio D /Ay = 3—4. At similar crystallite
sizes, the helix in Ho does not disappear for the smallest
studied grain sizes of D/Ay = 8—10 (due to a smaller Ag).
Furthermore, we show that for Tb with larger crystallite sizes,
a residual AFM helix and, correspondingly, a nesting-type
Fermi surface can be found even at temperatures slightly
below T, despite an overall FM ordering. The turn angle per
monolayer ¢ decreases continuously with temperature from
Tn to below T, in contrast to previously reported bulk data,
where an increase in ¢ had been observed for temperatures
below 7. Our results provide further evidence for the view
that the magnetic phase transitions in heavy Ln metals are
governed by a delicate interplay between various energy
contributions. Changes of the ordering parameters, e.g., ¢,
as well as a transition of the shape of the Fermi surface do
not occur sharply, at Ty and T, respectively. The PM-AFM
and the AFM-FM phase transitions are rather stretched over
a broad temperature region and occur in a relatively soft
manner.
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