University of Nebraska - Lincoln

Digital Commons@University of Nebraska - Lincoln

David Sellmyer Publications Research Papers in Physics and Astronomy

6-1-2004

Magnetic nanotubes produced by hydrogen

reduction

Yucheng Sui

University of Nebraska - Lincoln, ysui@unlserve.unl.edu

Ralph Skomski
University of Nebraska-Lincoln, rskomski2@unl.edu

Kory D. Sorge
University of Nebraska-Lincoln, ksorge2@unl.edu

David J. Sellmyer
University of Nebraska-Lincoln, dsellmyer@unl.edu

Follow this and additional works at: http://digitalcommons.unl.edu/physicssellmyer
& Part of the Physics Commons

Sui, Yucheng; Skomski, Ralph; Sorge, Kory D.; and Sellmyer, David J., "Magnetic nanotubes produced by hydrogen reduction” (2004).
David Sellmyer Publications. Paper 25.
http://digitalcommons.unl.edu/physicssellmyer/25

This Article is brought to you for free and open access by the Research Papers in Physics and Astronomy at Digital Commons@University of Nebraska -
Lincoln. It has been accepted for inclusion in David Sellmyer Publications by an authorized administrator of Digital Commons@University of Nebraska
- Lincoln.


http://digitalcommons.unl.edu?utm_source=digitalcommons.unl.edu%2Fphysicssellmyer%2F25&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/physicssellmyer?utm_source=digitalcommons.unl.edu%2Fphysicssellmyer%2F25&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/physicsresearch?utm_source=digitalcommons.unl.edu%2Fphysicssellmyer%2F25&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/physicssellmyer?utm_source=digitalcommons.unl.edu%2Fphysicssellmyer%2F25&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=digitalcommons.unl.edu%2Fphysicssellmyer%2F25&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/physicssellmyer/25?utm_source=digitalcommons.unl.edu%2Fphysicssellmyer%2F25&utm_medium=PDF&utm_campaign=PDFCoverPages

HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS VOLUME 95, NUMBER 11 1 JUNE 2004

Perpendicular Anisotropy Jon Mallett, Chairman

Magnetic nanotubes produced by hydrogen reduction

Y. C. Sui,? R. Skomski, K. D. Sorge, and D. J. Sellmyer
Department of Physics and Astronomy and Center for Materials Research and Analysis,
University of Nebraska, Lincoln, Nebraska 68588

(Presented on 8 January 2004

FePt and F¢gO, nanotubes are produced by hydrogen reduction in nanochannels of porous alumina
templates and investigated by electron microscopy, x-ray diffraction, and superconducting quantum
interference device magnetometry. Loading the templates with an Fe chloride and Pt chloride
mixture, followed by hydrogen reduction at 560 °C, leads to the formation of ferromagnetic FePt
nanotubes in the alumina pores. An Fe nitrate solution, thermally decomposed at 250 °C and reduced
in hydrogen for 2.5 h at the same temperature, yieldfOFé¢ubes. The versatility of the method
indicates that materials with a wide range of parameters can be produced00® American
Institute of Physics.[DOI: 10.1063/1.1688651

I. INTRODUCTION mounted on a sample holder, and placed in the oven with

The search for new geometries is an important aspect Ozéres horizontal. They were first heated in air at a rate of

magnetic nanotechnology, and past research has lead
structures such as nanodots, nanowires, and anfidosn
emerging area is the synthesis of tubular nanostructure
which was pioneered in inorganic chemistry. The methods

used up to now, such as chemical syntheaisd template- : .

directecFi) growt 1% make it difficult tg tune the ma%netic prepared and loaded W'th a mixture O.EFHC%'_GHZO and

properties of the structures. This refers, in particular, to mag'-:eck' 6H,0 having an _Fe.Pt atomic ratio of 1:1. The Iqade_d

netic quantities such as anisotropy and coercivity, which aréemplates were th_en fixed on a sampl_e holder, again with

important for many present and future applications in perma_p ores mounted horizontally, anij placed in an oven with flow-

nent magnetism, magnetic recording, and spin electronics. ing hydrogen for 1.5 h at 560 C After the nanotubes were
Here, we create nanotubes in porous alumina templatefgrm?d’ samples were etcheq In a 0':.)’ M NaOH aqueous

by chemical deposition and hydrogen reduction. To demonr—SOIUtlon and the precipitates dispersed in acetone.

strate that template-directed chemical synthesis of thesm_ STRUCTURAL CHARACTERIZATION

magnetic nanotubes is a highly efficient and versatile ap-

proach, we focus on orderd_dlo FePt and F@4 We de- The FePt tubes were characterized by transmission elec-

scribe the hydrogen processing technique, investigate th&n microscopy(TEM) and scanning electron microscopy

produced magnetic nanotubes, and briefly discuss some po-

°C/min to 250°C for decomposition of the iron nitrate.
ey were then reduced at the same temperature for 2.5 h in
%Iowing hydrogen and subsequently cooled to room tempera-

To create FePt nanotubes, the templates were similarly

tential applications. R, |
II. NANOTUBE FABRICATION : A
B

To form the nanotubes, alumina templates are used to
provide an array of pores with a nominal diameter of 200
nm. To remove water and fully transform the aluminum, the
substrates are preannealed in air at 600 °C for 10 min before
usel!

To form the ferrimagnetic R®, nanotubes, the sub-
strates were wetted with alcohol and loaded with a 65 wt %
Fe(NG;)3- 9H,0 in alcohol solution at 25 °C. This solution g
was then forced into the template pores at the same tempera- 3#) _ \ ;
ture using a pressure cell. The loaded films were cleaned, A % B ) N, ) LIy WA

FIG. 1. End view scanning-electron micrograph of an FePt sample etched in
dAuthor to whom correspondence should be addressed; electronic mail.3 M NaOH aqueous solution for 30 min. It shows a closely packed FePt
ysui@unlserve.unl.edu nanotube array grown in the pores of the template.
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FIG. 2. Transmission-electron micrographs of the magnetic nanot(des:
an isolated composite nanotube of FePt surrounded by aluminébpiglo
adjacent FgO, nanotubes released from the matrix.

FIG. 3. TEM micrograph of FePt nanoparticles that form when the system is
reduced at 900 °C for 30 min in hydrogen.
(SEM). To prepare the sample for morphological character-

ization, a drop of the suspension of etched precipitates was

placed on a TEM copper grid. Figure 1 is a SEM showingnate from the breaking of the film formed on the inner wall
the FePt tubes after etching the samples in a NaOH solutioaf pores at lower temperature and it is therefore reasonable
for 30 min. The white deformed donut shapes are FePt, inthat some of them should exhibit an elongated shape.
dicating that close-packed nanotubes were formed inside the Figure 4 shows x-ray diffractiotXRD) patterns of FePt
pores. A likely explanation for the somewhat asymmetricaland FgO, after hydrogen reduction. The XRD data reveal
cross section of the tube ends is that the templates wetéat the crystal structure of E®, is cubic, whereas the FePt
mounted on a sample holder with pores horizontal. As a conerystallizes in the tetragonall, structure. Both structures
sequence, the liquid Fe and Pt chloride mixture near the poragree with what one expects from the corresponding bulk
openings may tend to flow out of the tubes and accumulateompounds. For the E®, nanotubes, we see that composi-
during heating in hydrogen before reduction. A rough calcu+ion is also dependent upon the reduction time. By allowing
lation based on fractional Fe and Pt contents in the initiathe system to remain at 250 °Crfd h rather than 2.5 h, a
solution gives a nominal FePt wall thickness of about 10 nmpeak related too Fe begins to form. With respect to the
The apparent wall thickness in this figure is larger than thidinewidths, the patterns are reminiscent of those of typical
because of surface tension and/or other end effects. nanowires deposited in alumifidndicating that the tubes are

Figure Za) shows a TEM image of the FePt sample polycrystalline with crystallite sizes of a few nanometers.
taken after etching for 50 min and dispersing in acetone. The
image is a composite tube, an FePt tube encased by aluming: M AGNETIC PROPERTIES
Regarding the driving force for the formation of the FePt
tubes, and considering the laminar growth of Co on ayO4l Figure 5 shows hysteresis loops of F¢Btand FgO,
substraté? it is reasonable to assume a chemical bond betb), measured by superconducting quantum interference de-
tween the interface of the FePt alloy and the inner walls otvice (SQUID) magnetometry along the tube axes. One strik-
the nanochannels. Figurgl®? shows two adjacent §©,  ing difference in these data is that the FePt nanotubes have a
nanotubes released from the template. In this image, the algonsiderably higher coercivity; about 26.5 kOe at 5 K. As
mina matrix is removed completely and only the magnetic
nanotubes are left.

The thermal stability of the template is crucial to the
morphology and magnetic properties of the nanotubes L1g FePt
formed by this template-directed chemical reduction tech-
nigue. The porous alumina templates remain amorphous as
long as the heating temperature is 600 °C or below. When
increasing the temperature, the substrates partially
crystallize—intoy alumina at 700 °C and subsequently into
é alumina at even higher temperatures. A volume contraction
is expected because of the improved atomic packing in this
transition. Secondary pores with an average diameter of
around 4 nm will be created in the walls of the initial pot&s.

At temperatures above 600 °C a morphology change is '
observed in the FePt due to structural evolution of the tem-
plate. This is demonstrated in Fig. 3 which shows a TEM
image of broken pieces of a nanotube after a heat treatment
at 900 °C for 30 min in hydrogen. FePt nanoparticles ranging 26 (Deg.)

in size from 5 to 50 nm were found on the inner walls of theFIG. 4. X-ray diffraction patterns of FePt reduced at 560 °C angDfe

template. It is interesting to note that some of the_ particleSeduced at 250 °C for 2.5 and 4 h, respectively. Note dHee peak that
have an elongated shape along the pore. The particles origippears with longer reducing time in the;Bg system.
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tubes could be used as nonvolatile memory units if the tubes
are created in templates with an ordered pore struéfure.
addition, magnetic nanotubes also may have possible appli-
cations in high-density magnetic recordihdjiomagnetic
sensors, nanomedicine, and cataly&ts.

In conclusion, hydrogen reduction has been used to pro-
duce ferromagnetic FePt and;8& nanotubes. The structure
and magnetism of these tubes has been investigated by SEM,
TEM, XRD, and SQUID magnetometry. We have found that
nanotubes of FePt with anl, crystal structure are synthe-
sized by reducing an appropriate Fe chloride and Pt chloride
mixture inside the pores of alumina templates;Genano-
e N e tubes are formed in these same templates by thermal pyroly-

60-40-20 0 204060 4 2 0 2 4 sis of iron nitrate before hydrogen reduction. An analysis of

; . the microstructure reveals both that the tubes are polycrys-

Applied Field (kOe) talline and that composition of the tubes is strongly depen-

FIG. 5. Hysteresis loops for Feld) and FgO, (b). The external field is dent upon the reducing time and temperature. Magnetic
parallel to the tubes in each case (&) data at 5 K(solid curve and 300 K analysis confirms the compositional details as well as the

(das_hed curveare shown. In(b), data for FgO, tubes reduced for 2.5 h ordering of the crystal structure in the FePt tubes.
(solid curve and 4 h(dashed curveare shown.
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