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Finite-Size Effect on Magnetic Ordering Temperatures in Long-Period Antiferromagnets:
Holmium Thin Films
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The thickness dependence of the helical antiferromagnetic ordering temperature Ty was studied for
thin Ho metal films by resonant magnetic soft x-ray and neutron diffraction. In contrast with the Curie
temperature of ferromagnets, Ty was found to decrease with film thickness d according to [Ty(c0) —
Tn(d)]/Tn(d) = (d — dy)~*, where A’ is a phenomenological exponent and d,, is of the order of the bulk
magnetic period L,. These observations are reproduced by mean-field calculations that suggest a linear
relationship between dy and L, in long-period antiferromagnets.
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Reduced magnetic ordering temperatures are a well-
known phenomenon of thin films [1-5]. This finite-size
effect is caused by the reduced number of atoms in the
direction perpendicular to the film plane that leads to a
decrease of the total magnetic exchange energy. Reduced
ordering temperatures have been observed for thin-film
ferromagnetic (FM) systems, like Fe [1,6], Co [7], Ni
[5,8], and Gd [9], and for antiferromagnetic (AFM) thin
films of Cr in Cr/Fe multilayers [10,11] and CoO [12]. For
the FM thin films, the thickness dependence of the Curie
temperature T can be described by a power law of the
form [2,4]

[Tc(0) = Te(d)]/T(o0) = Cod™*; (D

d is the film thickness, Cy a constant, and A = 1/v is the
so-called shift exponent, with v the critical exponent of
the magnetic correlation length. Although Eq. (1) is
strictly valid only if d is much larger than a few mono-
layers (ML), it provides a reasonable description of ex-
perimental data down to rather small values of d [13]. For
ultrathin films, deviations from Eq. (1) were observed and
interpreted in terms of a spin-spin correlation length [13]
or a transition to two-dimensional magnetism [8].

Most thin-film studies focus on FM materials, while
little is known about AFM systems. The thickness depen-
dence of short-period AFM CoO was found to be in
accordance with Eq. (1) [12]. For Cr in Cr/Fe multilayers,
on the other hand, T was found to decrease with d
according to the empirical relation [10]

[Ty(0) = Ty(d)]/Ty(d) = Ch(d — dp)™*,  (2)

with a nonuniversal parameter A’ [13] and an offset
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thickness d = 42 A [10]. This behavior of Cr was related
to a long-period incommensurate spin-density wave in
combination with spin-frustration effects due to the ex-
change coupling with FM iron at the rough interfaces
[10,11]. While d, = 42 A suggests a close relation to the
bulk period of the spin-density wave of 60 to 78 A [14],
the separation of the finite-size effect in these multilayers
is impeded by the strong influence of the interfaces.

In order to elucidate the thickness dependence of Ty in
long-period AFM thin films, we have studied thin hol-
mium metal films with nonmagnetic interfaces, where the
influence of spin frustration should be negligible. In the
present Letter, we report on the results of resonant mag-
netic soft x-ray and neutron diffraction studies, which
show that Ty (d) follows Eq. (2), with the offset thickness
dy being very close to L,. On the basis of mean-field
model calculations for free-standing thin films, we addi-
tionally give an explanation for the offset thickness d
and establish a linear relationship between d, and L, for
long-period AFM local-moment systems.

Diffraction techniques are particularly useful for the
study of AFM structures, but their application to ultrathin
films is rendered difficult by the tiny amount of magnetic
material as well as substantial broadening of the diffrac-
tion features. Despite this, we have recently demonstrated
that films of only a few ML can be studied by magnetic
neutron [15] and resonant magnetic x-ray scattering at the
Ho-My, edge [16]. Particularly, the latter method provides
the unprecedented sensitivity required for the thinnest
films in the present study. Unpolarized neutron diffrac-
tion experiments were performed with the ADAM reflec-
tometer at the Institut Laue-Langevin, Grenoble [17],
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while resonant soft x-ray scattering experiments were
carried out with linearly polarized light at the U-49/1
beam line of the Berliner Elektronenspeicherring fiir
Synchrotronstrahlung (BESSY), using an ultrahigh-vac-
uum-compatible ®/20 diffractometer [16].

The experiments were carried out on two types of
single-crystalline thin Ho films: One type was prepared
by standard molecular-beam epitaxy (MBE) on an a-
plane sapphire substrate with a Nb/Y buffer to ensure
epitaxial growth and a Y/Nb cap to avoid oxidation [18].
X-ray reflectivity measurements confirmed high sample
quality with a rms-roughness of the Ho/Y interfaces
between two and 3 ML. The other type was grown
in situ in ultrahigh vacuum on a W(110) substrate [16],
resulting in a mean roughness of = 1 ML.

Ho metal, like several of the heavy lanthanide metals
[19], orders magnetically by indirect exchange between
the localized 4f moments (RKKY interaction). Below
Ty = 131.2 K and T, = 20 K, bulk Ho metal has a hel-
ical AFM structure, with a period L, that changes as a
function of the temperature from = 7 to 12 ML [20]. The
magnetic structure of bulk Ho is characterized by FM
order in the basal plane of the hexagonal close-packed
crystal structure. The moments of neighboring basal
planes are rotated by a temperature-dependent angle ¢,
resulting in a helix along the ¢ axis. In magnetic scatter-
ing, this gives rise to a peak at (007) with 7= c¢/L,
[15,20]. Figure 1(a) displays raw data for an 11 ML-thick
MBE Ho film, recorded at hv = 1353.2 eV, which corre-
sponds to the maximum of the My resonance of Ho. The
square root of the integrated intensity of the (007) peak,
which is proportional to the order parameter in the helical
phase below Ty [21], is plotted as a function of T in
Fig. 1(b) (solid squares). Because of pronounced short-
range magnetic correlations above Ty, it is not straight-
forward to determine the ordering temperature from
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FIG. 1.  (a) Magnetic structure peak (007) of an 11 ML-thick
Ho film at various temperatures, recorded at hy = 1353.2 eV.
(b) Square root of the integrated intensity of the (007) peak as a
function of temperature (solid squares). The open squares give
the half width W/2 of the rocking curve at (007) (transverse
width, half width at half maximum) as a function of tempera-
ture. The solid lines represent the result of a simultaneous fit
analysis.
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these data alone. Therefore, we include in Fig. 1(b), shown
by open squares, W/2 (half width at half maximum) of
the corresponding rocking curves taken at (007) (data not
shown here). In the paramagnetic phase, the (007) peak
reflects short-range magnetic order, and 1/W represents
the magnetic correlation length [21]. From a simultaneous
power-law fit of the two data sets in Fig. 1(b), we obtain
Ty = (76 = 2) K for the 11 ML MBE film. A detailed
discussion of critical scattering, however, is beyond the
scope of the present Letter. Data obtained from films of
various thicknesses are shown in Fig. 2, with Ty decreas-
ing with d.

Ty as a function of d for various Ho films is shown in
Fig. 3 (main panel), revealing a rather abrupt decrease
around 10 ML, a behavior that had not been observed for
thin films of FM Gd metal (see inset of Fig. 3).
Interestingly, both types of Ho samples studied here
exhibit the same thickness dependence, although they
involve different interfaces. The MBE-grown Ho films
are sandwiched between two Y layers with similar lattice
parameters and valence-electronic structure as Ho metal.
The in situ-grown films, on the other hand, have sharp
interfaces with W(110) and vacuum, respectively, and
hence should have quite different electronic structures
at the interfaces. The observations therefore strongly sug-
gest that the decrease of Ty around 10 ML is an intrinsic
property of the Ho film rather than a consequence of
interfaces. The best fit of Eq. (1) to the Ho data with
bulk Ty = 131.2 K and A = 1/0.63 [9] deviates signifi-
cantly from the data (dashed line in Fig. 3). On the other
hand, a very good description is obtained by fitting
Eg. (2) to the data (solid line), yielding A’ = 0.7 = 0.07
and dy = (10.8 = 0.5) ML. Thus, the magnetic behavior
of thin Ho films closely resembles that of Cr [10], with a
particularly interesting difference: In the Ho metal case,
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FIG. 2. Temperature dependence of the square root of the

intensity of the Ho(007) magnetic peak for various film thick-
nesses d. Data were obtained from MBE films (solid squares)
and from an in situ-grown film (open squares). Solid lines
represent the results of power-law fits.
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FIG. 4. Critical temperatures as a function of d, calculated

FIG. 3. Ty as a function of Ho film thickness d, including
data from MBE films (solid circles) and films grown in situ on
W(110) (open circles). The MBE films with d = 16 ML were
also studied by neutron diffraction, with identical results for Ty
within the error bars. For Ty of the 11 ML in situ -grown film,
see [24]. Inset: Comparison to thin-film data for Gd (solid
triangles; from Ref. [9]).

dy is much closer to the period of the bulk AFM super-
structure than in the Cr/Fe case.

In order to understand the mechanism underlying the
characteristic decrease of T in Ho films, we carried out
mean-field calculations using a Heisenberg Hamiltonian
[22]. The simplest version of this model, which reprodu-
ces the Ho magnetic structure, considers three exchange
parameters Jy, J;, and J,. Jy > 0 accounts for FM cou-
pling of the 4f spins within the basal plane, while J; and
J, describe the coupling between nearest-neighbor and
next-nearest-neighbor planes. For an infinite system at
0K, J; >0andJ, <0yield a homogeneous helical AFM
structure with a constant angle ¢ between the moments of
adjacent FM planes [22]:

cos(¢p) = —J,/4J,, 3)

provided that |J; /4J,| < 1. In order to explore the char-
acteristics of films of finite thickness at finite tempera-
tures T, the individual ¢(T) were varied in order to
minimize the free energy. Figure 4 shows the resulting
magnetic ordering temperature as a function of d ob-
tained with J, = 330 weV, J; =100 peV, and J, =
—29 peV. For d — oo, this set of parameters leads to
Ty = 132 K and a helix with ¢ = 30.5°, thus essentially
reproducing the properties of bulk Ho. At finite d, how-
ever, two characteristic temperatures are found. At the
higher magnetic ordering temperature (solid circles in
Fig. 4), films with d > 8 ML order in a complex spin-
block structure, which is not discussed in detail here. For
d = 8 ML, this structure is FM; therefore, the higher
ordering temperature is denoted by 7. Below a second
temperature Ty (Ty < T, open circles in Fig. 4), the
films undergo a continuous transition to an essentially
helical AFM structure, which is characterized by finite
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within a mean-field model using various sets of exchange
parameters. The dashed lines and solid lines represent fits
according to Egs. (1) and (2), respectively. For details see text.

angles ¢(T). It is this latter phase that is monitored in the
present scattering experiments. For d — oo, Ty can be
identified with Ty, i.e., a direct transition from the para-
magnetic to the helical AFM phase with no intermediate
spin-block phase. Only for d <8 ML, T, and Ty are
distinctly different. The thickness dependence of T is
readily fitted by Eq. (1) (dashed line through solid
circles), while Ty evidently behaves according to
Eq. (2) (solid line through open circles). Fitting the
theoretical data yields A = 1.85, which is consistent
with the mean-field value of » = 0.5 and A’ = 1.84,
respectively.

This behavior is not limited to the Jy—/, model, but is
readily reproduced by other approaches. The open dia-
monds in Fig. 4 are obtained with a more realistic set of
seven exchange parameters J, to Jg as given in Ref. [23],
in particular, the suppression of the helical phase for dy =
6 ML results. Including the six-fold in-plane crystalline
anisotropy yields d, = 7 ML (open triangles), approach-
ing the experimental dy, = 10.8 ML.

One can further rationalize the existence of the offset
thickness d,, within the Jy—J, model. A more detailed
inspection of the helical structure reveals a tendency of
neighboring basal planes in the surface region of the film
towards FM alignment, which is due to the reduced
weight of the AFM next-nearest-neighbor interlayer cou-
pling J,, with respect to the FM interlayer coupling J;.
This is shown in Fig. 5(a), which displays the angles ¢
between the moments of adjacent FM planes at 7 = 0 K
in the surface region. With decreasing film thickness, the
surface regions become increasingly important and even-
tually the FM phase is favored below a film thickness
equal to that of the distorted surface region (5 ML in the
present calculation). The calculations further establish a
close relationship between L, and d,. To this end, ex-
change parameters were varied to yield various L, ac-
cording to Eq. (3), then d, was determined numerically
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FIG. 5. Results of mean-field model calculations using Jy—J,

model: (a) Angle ¢ between magnetic moments of nearest
neigbor planes for films with d = 6, 10,and 20 ML at T = 0 K
for fixed Jy—J,. (b) Offset thickness d, as a function of bulk
helix period L, (see text).

using the respective J; and J,. An essentially linear
relationship is obtained as shown in Fig. 5(b); the par-
ticular value of the slope is a feature of the model.

Since the present calculations were carried out for ideal
freestanding films, one might question their relevance for
real films. The influence of the interfaces, however, can be
taken into account by allowing for layer-dependent ex-
change parameters in the vicinity of the interfaces. It
turns out that this extension of the model towards a
more realistic description of the experimental conditions
does not alter the general picture, but yields just slightly
changed numbers for d,,.

In summary, the thickness dependence of the helical
ordering temperature 7 of the local-moment antiferro-
magnet Ho metal is found to follow a modified power law
with an offset thickness dj,, similar to the case of the band
AFM metal Cr. Mean-field model calculations for Ho
show that d, depends linearly on the bulk magnetic
period and is of the same order of magnitude; it represents
a minimum thickness for stabilizing the long-period
AFM structure. While d,, is experimentally found to
agree closely with the bulk AFM period L, in Ho metal,
it deviates considerably from L, in the Cr/Fe case. This is
interpreted as an influence of spin-frustration effects at
the rough interfaces in the latter case, while the Ho metal
case is dominated by the finite-size effects. The present
results are expected to be of general relevance for long-
period AFM structures.
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