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Influence of thickness and magnetic field on magnetic ordering temper-
atures is reported. The X-ray diffraction of Ho films confirmed their prefer-
ential crystal orientation and revealed diffraction peaks originating from the
hep structure of Ho and those from inessential holmium dihydride content.
Secondary ion mass spectroscopy showed a very homogeneous distribution
of holmium in thin films. Electrical resistance measurements on Ho films in
the thickness range from 98 nm to 215 nm showed a “knee-like” resistance
anomaly near the Tn. The T value of these films decreased with decreasing
film thickness. Magnetic field applied parallel to the thin film plane caused
an increasing suppression of the Tn value up to 5 K with increasing flux
density value up to 5 T.

PACS numbers: 73.61.At, 75.70.Ak, 68.55.Nq

1. Introduction

Thin rare-earth (RE) films attracted attention because of their magnetic
properties (see e.g. [1]). Observations of new magnetic phenomena such as the
giant magnetoresistance, attractive also for technical applications, revived the in-
terest in thin magnetic films. Size effects may produce relevant modifications in the
known magnetic phases of RE elements because of nonuniform magnetic structure

(191)



192 J. Duddas et al.

induced by the lower coordination near the surfaces. Thickness effects on the mag-
netic ordering temperatures, magnetoelastic stresses and electric charge anomalies
in Ho thin films were studied [2-5].

Holmium, like several other heavy lanthanide metals [6], orders magneti-
cally by indirect exchange between the localized 4f moments (Ruderman—Kittel—
Kasuya—Yosida (RKKY) interaction). Below Tx = 130 K Ho orders antiferro-
magnetically in simple helical spin structure with magnetic moments in the basal
plane. Below T = 19 K the spins tilt out of the basal plane to form a conical
structure.

The influence of film thickness and magnetic field on the magnetic ordering
temperature Ty in Ho films is presented in this paper.

2. Experimental

Thin films of Ho with thickness of 98, 116, 147, 196, and 215 nm were evap-
orated onto the glass substrates in ultrahigh vacuum (=~ 10~7 Pa). Electrical
resistance of bulk and thin film samples was measured in helium cryostat by the
conventional four-point dc arrangement using Keithley digital instruments. The
temperature of the bulk and thin film samples was measured using calibrated Ge
(from 4.2 K to 80 K) and Pt (from 80 K up to 300 K) thermometers. Film thickness
was measured using the optical interference Tolansky method. The crystal struc-
ture of Ho films was determined using X-ray diffraction with the Bragg—Brentano
focusing geometry. The purity and composition of the samples was studied using
secondary ion mass spectroscopy (SIMS).

3. Results and discussion

The electrical resistance of the reference Ho bulk sample was measured prior
to the Ho thin film study. The “knee-like” resistance anomaly was clearly seen near
~ 130 K. The numerical analysis of the resistance data yielded the dR?/dT? vs.
T dependence with the deep minimum corresponding to the Néel temperature
Txn = 128.90 K. Other minimum corresponding to the transition from spiral spin
structure to cone one was found at T = 19 K.

The influence of thickness and temperature on the electrical resistance of Ho
thin films was investigated in the temperature range from 4.2 K up to the room
temperature in zero magnetic field and in the field with flux density from 1 T
up to 5 T. The result of this investigations is illustrated in Fig. 1 for film with
thickness of 196 nm. The R vs. T dependence of this Ho film exhibits a change
of the resistance anomaly from a small “hump-backed” anomaly near Ty in zero
magnetic field to a “knee-like” anomaly in magnetic field of 5 T. It is illustrated
in narrower temperature range near Ty in fields 0, 1, 2, 3, 4, and 5 T in Fig. 2.

The R vs. T curves of other Ho films exhibit similar resistance anomalies in
the low temperature region. The observed R vs. T dependence of Ho films under
influence of magnetic field is the result of superposition of two temperature depen-
dent conduction electron scattering mechanisms. According to Bloch—Griineisen
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Fig. 1. The R vs. T dependence of the 196 nm thin Ho film in the temperature range
from 4.2 K up to 300 K in zero and in magnetic field of 5 T below 150 K.

Fig. 2. Influence of magnetic field on the R vs. T anomaly in 196 nm thin Ho film
near T and in fields with increasing flux density value from 1 T up to 5 T.
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Fig. 3. The X-ray diffraction pattern for 196 nm thin Ho film.
Fig. 4. The SIMS depth profile of 196 nm thin Ho film with spectral lines of Ho,
H03047 HOQOg7 HOH27 C3H37 and Si.

equation the electron—phonon interaction leads to resistance decrease with the
change from T' dependence at higher temperatures to T° one at low tempera-
tures. The spin scattering is influenced by the decrease in the spin turn angle
below Tx . The majority of the hcp crystallites of Ho is oriented with their basal
plane parallel to the substrate (see Fig. 3). In lower fields oriented in the basal
plane the helix is slightly distorted. Helifan phase appears, spins are more oriented
in the direction of the applied field and spin scattering of the conduction electrons
is lower. Upon further increase in the applied field the fan phase covers the whole
film [1], thus the spin contribution to resistance decreases with increasing magnetic
field.
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We have observed the decrease in the Tx value with decreasing film thickness,
e.g. from Ty = 126.90 K (196 nm) to Ty = 121.70 K (98 nm). Reduced magnetic
ordering temperatures have been observed in other RE metal thin films like Dy,
Sm, Tm (see e.g. [7]) as well as in ferromagnetic films (see e.g. citations in [8]).
This reduction is due to relative increase in internal stresses and impurities with
decreasing film thickness and as the result of the intrinsic property of films.

Applied magnetic field caused a suppression of the Ty value — e.g. it de-
creased from 126.90 K (0 T) to 122.50 K (5 T) in 196 nm film and from 121.70 K
(0 T) to 118.00 K (5 T) in 98 nm film. We assume that the decrease in the Ty
value in de magnetic field is connected with nonuniform distortion of helix [1]
which could lead to the decrease in the total magnetic exchange energy.

The crystal structure was investigated in all Ho films. Diffraction pattern
of film with thickness 196 nm is shown in Fig. 3. The analysis revealed the (002)
preffered orientation of the Ho films as well as the presence of the second but
minority phase of holmium dihydride for all investigated samples. It is known that
RE metal thin films readily react with hydrogen to form dihydrides with the fcc
structure (see e.g. [7]) and/or the solid solution with the RE metals. Comparing
the R vs. T curves of Ho films with those of bulk Ho we assume, the amount of
HoH2 did not influence the R vs. T curve qualitatively.

The depth profiles SIMS spectra taken from the 196 nm Ho film are displayed
in Fig. 4. These results show that the film has a homogeneous surface. The depth
profile signals from HoHs, HooO3 , Ho3O,4 were present together with signals from
other impurities. Nevertheless, the content of these contaminants was very low
and they did not influence the transport properties of the films.

4. Conclusions

The following conclusions could be made from this study. (a) The X-ray
diffraction studies of thin films revealed the (002) textured hcp Ho phase as well
as the presence of the second but minority phase of fcc HoHs. (b) The SIMS
depth profile showed the presence of H, HoHy, Hoo O3, Ho304, organic components
related to C,H, ions, and other contaminants. However, their influence on the
transport properties of thin films appeared to be negligible. (c) The R vs. T
dependences of Ho films exhibit anomalies caused by magnetic structure similar
to those observed in the Ho bulk sample. (d) The Ty values decreased with
decreasing film thickness (e) Increasing magnetic field up to 5 T caused increasing
suppression of the Ty value by about 5 K.
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