the ratios of the intensities a1 andK«2 lines and their 5, that there is a linear dependence betweEp,Jqer and
energiesEg,; and Ex,,, all of which are available in the (z—1)2, and from the slope we obtain an experimental

literature? and value for the Rydberg constant,R=(1.19+0.01)
X 10’ m™%, in fair agreement with the literature vafle
4 @E 10973 731.53d.3) m™* for an infinitely heavy nucleus.
Kal® K, Ka2 Moseley’s law indicates that as one goes from the lighter
Eke= K., . (6) elements to the heavier elements, the energy of the charac-
(1+ z ) teristic x rays emitted from a sample increases in a regular
Kar manner and is approximately proportional ®-1)?, from

From Table | it is clear that thE,, values obtained from the which the atomic numbeZ of a sample can be identified.
present experiment are in fair agreement with those calculnat is how Moseley was able to identify, from his investi-

lated using standard values for the energies oftad. and gations, the place of Co and Ni, whose atomic weights are in

Ka2 lines. The small deviations of about 5% or less thatoc! €€ order in the periodic chart.

cur between the twéy, values for Ta, Au, and Pb may be ACKNOWLEDGMENT
attributed mainly to the deviations of about 3% of the mea-

sured values oEy,; from the values computed using stan-
dard literature values. These deviations are due to the po
resolution of the N4&Ir'l) detector and also to uncertainties AElectronic mail: nagappal23@yahoo.co.n
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ing Egs.(2) and(3), although small deviations, especially at _Am. J. Phys36 (10), 882—-885(1968. _

higherZ values, are clearly present. These deviations may beArthur M. Les_k, “Relnterpre_tatlon of Moseley’s experiments relatiag
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of Z to (Z—1) is only an approximate way of treating 276-277(1982.
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A simple vibrating sample magnetometer for use in a materials
physics course

Wesley Burgei,® Michael J. Pechan, and Herbert Jaeger
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(Received 24 June 2002; accepted 14 March 2003

An inexpensive vibrating sample magnetomeé¥8M) has been developed for use in a materials
physics course. An exercise using the VSM allows students to measure the magnetic properties of
various materials and thus gain experience applicable to contemporary research on magnetic
materials. This paper describes specific aspects of the construction of a VSM and presents
measurements for two 5-mm-long Ni wires of different diameters and for floppy disk media. A
178-um-diam Ni wire served as a calibration sample for the system; the results fronue&diam

Ni wire set the limit of precision for this system at approximately B0 2 emu. © 2003 American
Association of Physics Teachers.

[DOI: 10.1119/1.1572149

[. INTRODUCTION ing properties of magnetic materials. Due to its straightfor-
ward design and continued use among condensed matter

The vibrating sample magnetomet®SM), pioneered by physicists and materials scientists, the VSM provides an
S. Fonett is a simple yet effective technique for characteriz-ideal laboratory exercise for students in an advanced materi-
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Fig. 1. Schematic diagram of the VSM apparatus showitig:coil mea-
surement signal path from the lock-in tabview via GPIB, (2) signal from
the detection coils(3) driving signal from the lock-in to the mechanical
vibrator, (4) the power supply connection to the magn) the power
supply control signal fromabview, (6) the Hall-probe input taabview via
the DAC, (7) mechanical vibrator(8) electromagnet(9) magnet pole
pieces,(10) detection coil(11) drinking straw shaft, and12) Hall probe.

Fig. 2. Photograph of the VSM showin@t) sense coils(2) acetal sample
als physics course. This setup allows exploration of a commount covered in parafilnﬁS)_ banana plug conn.ectcin_}) soda straw sample_ _
mon experimental technique for measuring magnetic I,na,[er_od, and(5) magnet pole pieces. The solenoid axis of each sense coil is

. . . . . %J'iented parallel to the sample rod.
rial properties such as hystere3|s, saturation, coercivity, an
anisotropy. The VSM is one of a number of techniques illus-

trated in our materials physics laboratory codrtet em- Il. APPARATUS
phasizes measurement and characterization of various mate-
rials. The layout of our VSM is depicted schematically in Fig. 1,

Based on Faraday’s law of induction, the VSM relies onand a photograph of the sample rod and pickup coil area is
the detection of the emf induced in a coil of wire given by shown in Fig. 2.

A. Oscillating sample mount

e=—N i(BA cosd), (1) Sample oscillation is provided by a Pasco Scientific Model
dt SF-9324 mechanical drive that is mounted to »ary—z
translatot so that the sample can be centered easily between
whereN is the number of wire turns in the coi\ is the coil ~ the magnet poles. The shaft of the sample mount is a long
turn area, andd is the angle between thB field and the clear drinking straw, which is tightly fitted to the bottom of
direction normal to the coil surface. In practice, knowledgethe mechanical vibrator by a banana plug. We have found
of coil parameters such &as and A is unnecessary if the that for the intended purposes, the drinking straw provides
system can be calibrated with a known sample. enough strength and rigidity; however, one could also use a
The operation of the VSM is fairly simple. A magnetic mechanical guide to prevent excess nonaxial motion. An ac-
sample is placed on a long rod and then driven by a mechanetal cylinder was machined and fitted inside the bottom of
cal vibrator. The rod is positioned between the pole pieces athe drinking straw to provide a sample mount. The sample
an electromagnet, to which detection coils have beemran be fastened with either vacuum grease or a small piece of
mounted. The oscillatory motion of the magnetized sampleParafilnt®, the latter being used in our case since the small
will induce a voltage in the detection coils. The inducedpole pieces and wide gap produced significant field gradients
voltage is proportional to the sample’s magnetization, whichending to dislodge the sample. To correct for small varia-
can be varied by changing the dc magnetic field produced byions in vibration amplitude and frequency with time, a ref-
the electromagnet. erence coil and magnet are often used in research-grade in-
This article focuses on the construction and operation of gestigations, but they are not employed in the present
relatively inexpensive VSM for a materials physics course apparatus.
The construction could also serve as a student project. Other
than a commercial lock-in amplifier, a variable dc powerg Experimental magnetic field
supply, and a small electromagnet, only inexpensive ang
readily available components are required for implementa- An air-cooledGMW® Model 3470 electromagnet with 45-
tion in a teaching laboratory. mm-diam pole pieces provides the external applied field. The
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500 T T ; C. Signal detection

The most important component that determines the sys-
tem’s resolution is the pick-up coil assembly. While commer-
cial pick-up coils would, of course, provide the highest sen-
sitivity, satisfactory results can be obtained using coils
extracted from electro-mechanical relays. In our case, two
32k coils were removed from electromechanical refays;
each coil had an axial length of 18 mm and outer radius of
approximately 12 mm. The iron cores of the coils were left in
place to increase sensitivity. Each coil was attached with
mounting wax to a printed circuit board that was etched with
pads for the coil leads and for the coaxial cable running to
the lock-in amplifier. The printed circuit board was then at-
tached to the magnet pole pieces so that the cylindrical axis
of each pick-up coil was collinear to and coplanar with the
axis of sample vibration. The coils are wired so that their
induced emfs sum.

Since we are measuring an ac signal and desire to opti-

field (Oe) mize signal-to-noise, we use synchronous detection. We use
a Stanford Research SysteMsdel SR830 lock-in amplifier,
Fig. 3. Hysteresis loop for a Ni wire sample of 5-mm length and 4#8-  which is set to lock-on to a signal oscillating at the driving
diamgter. This sample is used for magnetization calibrafibm.convert to frequency. We use the lock-in amplifier to provide a signal
Sl units, use 1 oersted (Oe)10°/4m)(A/m)]. that drives the mechanical vibrator and also serves as the
reference signal for the lock-in; however, one could just as
easily use a separate function generator for the driving signal
magnet is powered by a voltage-controlliédpcd® 36V/6A  and provide it to the lock-in amplifier as a reference signal. It
bipolar power supply. The magnetic field is measured by ashould be noted that if a commercial lock-in amplifier is not
F.W. Belf Model 5080 Gauss-meter with analog output ca-available, a less flexible substitute may be constructed using
pabilities; its Hall probe is mounted between the magnet polen Analog Devices AD630 balanced mod/demod IC and
pieces close to the sample position. The electromagnet Burr-Brown’s 4423 quadrature oscillator.
attached to a rotating base, which consists of a lazy-susan-
type ball bearing rotator and a circular wooden base. Thi
feature allows measurements to be made as a function o
angle. As mentioned above, the combination of the small A Labview™ program provides experimental control and
pole-piece diameter and the wide gap necessary to accordata acquisition. The program produces a calibrated analog
modate the detection coils yields a significant magnetic fieldignal, through a National Instruments Model 6024A data
gradient in the sample region. The field gradient adds noisacquisition cardDAQ), which sets the current of the power
to the system by introducing a force on the sample that cresupply so as to provide the desired magnetic field. The pro-
ates nonaxial motion of the straw shaft. gram then sweeps the field from high to low, and then back
to high, in steps determined by the user. At each field setting,
the induced signal read by the lock-in amplifier is transferred
10 . . . to the computer through the GPIB bus, and the output of the

r 1 Hall probe is measured through the DAQ. Once the program
completes a field cycle, the data are plotted and saved to a
J text file. All measurements could just as well be made using
i the DAQ card and analog outputs from the instruments.

induced voltage (uV)
=
T
1

500 1 1 1
-800 -400 0 400 800

. Automated data collection

Ill. RESULTS

-3

magnetization (10 "emu)

In our materials physics course, three samples are used to
illustrate the VSM technique. Figure 3 shows data from a
5-mm length of 178m-diam Ni wiré® used for signal cali-
bration. An external field, applied parallel to the sample
length, is swept through a complete cycle in order to record
a hysteresis loop. Then, using the known Ni magnetization,
500 emu/cm, and the known wire volume, we can convert
the high field voltage signalwhere the magnetization is
saturateyl into emu units. (To convert to Sl units, use

5

800 400 0 400 200 1 emu/cmi=10* A/m.) Figure 4 shows data from a 5-mm
length of 51um-diam Ni wire (also with its length parallel
field (Oe) to the applied fielithat demonstrates the lower limit of reso-

Fig. 4. Hysteresis loop for a Ni wire sample of 5-mm length andubi- lution of this system Is about’®10"~ emu with a S|gnal-t0-

diameter. This measurement demonstrates the lower level of precision fJA0IS€ r?-tio of 3:1. DeSPite the |0W Sign?-"to'nOi_Sﬁ' ratio, the
this system. magnetic moment of this sample is consistent with that of the
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100 T . : The third sample examined is floppy disk material cut us-

I ] ing a hole-punch to make circular pieces with a diameter of 5
mm. Five pieces were stacked together and measurements
] made with the magnetic field parallel to the planes of the
- disks. This stack provides a large signal with a good signal-
1 to-noise ratio, as seen in Fig. 5. The resulting hysteresis loop
is wide with a relatively high coercivity that is typical of
] magnetic storage materials. The oscillatory noise at higher
4 fields is due to transverse motion of the sample rod induced
1 by the field gradient.

One could easily investigate the magnetic properties of
] other readily available samples such as small pieces of paper
] clip or iron filings.

50

-3

magnetization (10~ emu)

_100 I3 i 1
4 2 o 5 . V. SUMMARY

field (kOe) The construction and operation of an inexpensive VSM for
. ) . . . . a materials physics course has been described in detail. Ni
Fig. 5. Hysteresis loop for 5-mm-diameter circular pieces of floppy disk . f ] .
material. Five pieces were stacked together. wire anpl flpppy disk lsamples were examined, .anql, with a
magnetization resolution of about<5L0™ 2 emu, this simple
VSM provided results that illustrated basic properties of
178-um Ni wire if the difference in volume of the two wires magnetic materials and were suitable for quantitative analy-
is taken into account. Both Ni wire samples exhibit approxi-S'S:
mately the same coercive field, which is defined as the ﬁelda)Electronic mail: burgeiwa@muohio.edu
producmg_ Z€ro magnetlzapon_ UDQn rever§al. Howeyer’ .thelS. Foner, “Versatile £:md Sensitive Vibrating-Sample Magnetometer,” Rev.
remnant field—the magnetization in zero f_|eld—|s quite dif- <. instrum 30 (7). 548-557(1959.
ferent for the two. The 5km-diam Ni wire is characterized 24 jaeger, M. J. Pechan, and D. K. Lottis, “Materials physics: A new
by a square loop with high remnance, implying it has a very contemporary undergraduate laboratory,” Am. J. Pt§6.(8), 724-730
abrupt magnetization reversal, whereas the Af#8sample (1998.
has lower remnance, consistent with a more gradual reversa3l°fiA”;;OZS%O8(’115”;7 1185, Sherline Products, Inc., 3235 Executive Ridge, Vista,
process. These results are consistent with shape anisotro art #RTB-14736 Schrack Energietechnik GmbH, Seybelgasse 13, 1235
arising from demagngtlzanon effects in a rod—hkg saniple. Wien, Austria. g » eYbelg '
Since the length-to-diameter aspect ratio is 3.5 times greatedy 3. pechan, J. Xu, and L. D. Johnson, “Automatic frequency control for
for the 51.um wire, the shape anisotropy is much greater and solid-state sources in electron spin resonance,” Rev. Sci. InsB6rti),
therefore more effective in keeping the magnetization along 3666(1992.
the long axis of the wire. This anisotropy is competing with SCalifornia Fine Wire Company, 338 So. Fourth Street, Grover Beach,
the randomly oriented crystalline anisotropies associatedCA 93433-0199. _ . o
with the polycrystalline nature of the wire. In the thin wire, fgggeztﬁgﬁl'gtfggcnon o Solid State Physioshiley, New York,
the shape anisotropy dominates, whereas in the thick wiresg b’ cuity, Introduction to Magnetic Materials(Addison—Wesley,
the effect of the randomly oriented crystallites is more evi- Rreading, MA, 1972 p. 7.
dent. Reference 8, p. 240.
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