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Abstract

Many high critical temperature (Tc) superconductors consist of copper-oxide layers in
two-dimensional planes. The copper ions order antiferromagnetically with long-range
interactions. It is suspected that this long range ordered antiferromagnetism plays an
important role in high temperature superconductivity. MnCl3-phen is a one-dimensional
chain that appeared to become a long range canted antiferromagnet below 22 K.
However, experiments performed on MnCl3-phen to verify this were inconsistent with
long range antiferromagnetic ordering. One hypothesis is that a structural transition
causes this behavior at 22 K. The dielectric constant (ÿ) was monitored in order to view a
structural transition in the MnCl3-phen. The sample was used as the dielectric of a
capacitor, which was placed in a leg of a capacitance bridge. A lock-in amplifier made a
null reading from the capacitance bridge, and any deviations from null resulting from a
change in the dielectric constant were measured. The low-temperature measurements
were attained by placing the sample in an inner vacuum can (IVC) that was in a bath
containing liquid helium (LHe). The sample was warmed and cooled between 4.2 K and
30 K using a resistive heater. A change inÿ was observed twice at 22 K, but it could not
be reproduced in subsequent runs. The repetitive warming and cooling cycles may have
permanently altered the sample. The sample may have also been affected in another way,
such as water condensing on it. Further data are needed to determine if the observed
change inÿ was a structural transition or an aberration and to examine the parameters at
which this transition ceases to occur.

I. Introduction

The sample under investigation, (1,10 phenanthroline) trichloromanganese(III)

(MnCl3-phen), was recently discovered to have an increase in its magnetic moment, M, at

22 K as seen in Fig. 1 [1]. This increase was hypothesized to be a magnetic phase

transition into a long-range ordered canted antiferromagnetic state. Figure 2 shows that

in the canted antiferromagnetic state the magnetization in the z direction cancels while
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there is a net magnetization in the y direction. This net magnetization in the y direction

was thought to cause the increase in magnetization of the sample. MnCl3-phen is

important to study because of the hypothesized antiferromagnetic phase transition that

may lead to a better understanding of high critical temperature (Tc) superconductors [2].
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Fig. 1: Magnetization vs. Temperature. This graph shows a definite change in the magnetization
of MnCl3-phen at approximately 22 K.
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Fig. 2: Canted antiferromagnetism

The Tc of a superconductor is the temperature at which the resistivity goes to zero

and the conductivity goes to infinity [3]. The first high Tc superconductor was

discovered in 1986 by Bednorz and Muller with a Tc of 38 K. This superconductor is a

copper oxide, and since then many other copper oxide high Tc superconductors have been

found. The copper ions in these order antiferromagnetically. The Tc’s of the copper

oxide superconductors have surpassed the limit of Tc = 30 K predicted by the BCS theory

(Bardeen, Cooper, Schrieffer 1957) [4]. BCS theory was developed in 1957 and offered

an explanation for superconductors at the time. High Tc superconductors were not

accounted for in BCS theory. In fact, there is no adequate theory for high Tc

superconductors, but one hypothesis is that the antiferromagnetic spin fluctuations from

the copper ions contribute to the superconducting transition [5].

High Tc superconductors are very useful because they allow current to flow

continuously without power dissipation. Therefore, in an effort to understand more about

high Tc superconductors and their characteristics, the MnCl3-phen was studied because it

was thought to share a similar antiferromagnetic phase transition. Long-range ordered

antiferromagnetic phase transitions coincide with a cusp in the heat capacity (Cv) at the

same temperature. This characteristic allowed simple verification of the hypothesis that

MnCl3-phen became a long-range ordered antiferromagnet. Figure 3 shows that there

was no cusp in Cv at 22 K for MnCl3-phen. It was then thought that MnCl3-phen might

be a short-range spin glass. The ac susceptibility (χac) of spin glasses is frequency
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dependant [2].χac for MnCl3-phen showed no such variation, as seen in Fig. 4. The next

hypothesis was a possible structural transition in the MnCl3-phen that caused the increase

in the magnetization of the sample [6].
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Fig. 3: Cv vs. Temperature. If MnCl3-phen had been long-range canted antiferromagnet, then a cusp should
have appeared at approximately 22 K.
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Fig. 4:χac vs. Temperature. If MnCl3-phen was a spin glass,
this plot would have varied with frequency

The goal of this experiment was to determine if the magnetic phase transition in

MnCl3-phen is due to a structural transition. In order to observe a structural transition,

we monitored the dielectric constant (ε) of a sample of MnCl3-phen by using it as a

dielectric between a parallel plate capacitor. Any change in the capacitance, which is

caused by a change inε, will be seen using a four-wire measurement, a capacitance

bridge, and a lock-in amplifier.

II. Methods

A. Equipment

One of the simplest, yet, most important aspects of the experiment is the four-wire

measurement, seen in Fig. 4a, which is superior to the two-wire measurement seen in Fig.

4b. Because a wire carries an impedance of its own, the two-wire set up measures not
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only the voltage drop one wants, but also the drop across the current carrying lead wires.

The four-wire measurement uses separate, non-current carrying wires to measure the

voltage drop. This measurement reduces a significant amount of noise in the experiment.

Fig. 4a: A two-wire measurement where the
current carrying wires measure the voltage drop.

Fig. 4b: A four-wire measurement where wires
not carrying current measure the voltage drop.
*Images from James Maloney and James Stock

Another important tool used in the experiment is the capacitance bridge. The

bridge allows a null measurement to be made of the capacitance. A null measurement is

valuable because it allows small changes in capacitance to be measured from a zero

value, thus minimizing the error. Measuring small deviations from a large number gives

a much larger error than the null measurement. A simplified model of the capacitance

bridge creates a null measurement in the following manner. An ac voltage is supplied to

the bridge (VGEN), which contains two resistors and two capacitors as shown in Fig. 5.

The two resistors have equal fixed resistances (R); one capacitor is variable (CN); and the

second is unknown (CX). In our experiment, the capacitance of the sample cell is CX.

When the voltage across the bridge (VDET) is zero, CN = CX [7]. If ε of MnCl3 changes,

the CX changes and VDET moves from the null. The increase in the potential difference

can be seen with a lock-in amplifier.
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Fig. 5: A simple depiction of a capacitance bridge with two known resistors, a variable capacitor and an
unknown capacitor.

The lock-in amplifier is an instrument used for phase-sensitive detection, an

efficient method for reducing noise from the electronics. An ac oscillation voltage

(VGEN) is established by the lock-in at a reference frequency and phase. Once the signal

is read from the voltage across the bridge (VDET) to the lock-in, the two frequencies and

phases are compared. Only those signals with a frequency and phase close to those of the

reference signal frequency are measured using a bandpass filter [8].

B. Low Temperature Measurements

An important part of the experiment was making accurate measurements at low

temperatures. Specifically this meant making voltage measurements as the cryostat

warmed and cooled between nominally 4.2 K and 30 K numerous times. These

measurements were achieved by using a liquid helium cryostat. The sample cell was

located within an Inner Vacuum Can (IVC). The IVC was isolated from the bath with an

Indium O-ring seal. Liquid helium (LHe) was added to the bath in order to cool to 4.2 K.

An exchange gas in the IVC was used to cool the sample to 4.2 K. A vacuum was drawn



8

in the IVC so the heater could warm the sample to appropriate temperatures. The heater,

placed next to the sample cell in the IVC operates most efficiently in a vacuum. The

presence of an exchange gas within the IVC may overpower the heater depending on the

exchange gas pressure. Because the pressure of the exchange gas was difficult to control,

a more consistent means of temperature regulation was desired.

Initially, this was to be accomplished with the pot. The pot was thermally linked

to the sample space by a thin strip of copper metal. Once the bath has been filled with

LHe, a needle valve is opened on the outside of the IVC. This valve allows LHe to flow

into the pot. The copper strip between the pot and the sample space was designed to have

an optimal thermal conductivity. This was to ensure that the rate of cooling was

sufficient, and a minimal amount of heat is transferred to the bath while warming the

sample. Using this system, theoretically the sample could be warmed to 30 K by the

heater and cooled to 4.2 K by the thermal link to the pot numerous times before the LHe

boiled off.

The LHe in the pot did not perform as planned, however. Taconis oscillations

arose from evaporation and condensation of He in a continuous cycle. There are two

detrimental effects of Taconis oscillations. First, the oscillations add noise to experiment.

Second, heat is given off by this cycle, wasting LHe. A simple way to fix this problem is

to use a vacuum to pump on the pot, which will draw out the evaporated helium and

prevent it from condensing. Placing a vacuum pump on the 1 K pot also allows the

sample to reach temperatures below 4.2 K through evaporative cooling. Decreasing the

pressure in the pot causes the LHe to evaporate more quickly, and as it evaporates, the

latent heat of transformation is carried away with the gas molecules. The pumping also



9

caused a problem though. The power of the pump used approximately 5 L of LHe in 30

min, which is a large waste of LHe.

To solve this problem, another copper strip was connected from the pot to the top

of the IVC. The sample is now thermally connected to the bath through one copper strip

connected from the sample cell to the pot and another connected from the pot to the can.

This connection cooled faster than the properly functioning 1-K pot. This is most likely

because the cold reservoir in the original setup consisted of only the LHe in the 1-K pot,

which is a small volume and easier to warm while heating the sample. The new setup

used the bath as its cold reservoir, which is a significantly larger volume and more

difficult to raise the temperature of the bath.

C. Procedure

The first step of the procedure is to mount the sample MnCl3-phen between the

two capacitance plates in the sample cell. The sample cell is then mounted on the probe.

The can is then placed over the sample area. An indium O-ring is used to help create a

vacuum seal inside the can. The probe is lowered into the bath space of the cryostat and

the bath is sealed. The temperature of the cryostat is cooled slowly, first precooling with

liquid nitrogen (LN) to 77 K, then removing all nitrogen, and finally adding the

appropriate amount of LHe, depending on how long we wish to stay at 4.2 K.

A resistance bridge and PID temperature controller are used to monitor and

control the temperature of the sample. The thermometer is a temperature sensitive

resistor, and the resistance bridge uses the null method to accurately determine its

resistance. Once the unknown resistance is found, a LabView program performs an
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algorithm to determine the temperature. A PID temperature controller is connected to the

resistance bridge. The heater for the temperature controller consists of two 100 kΩ

resistors in parallel that are located near the sample cell. A LabView program contains

the settings for the temperature controller. The temperature controller reads its settings

and the resistance corresponding to the desired temperature (Rwant) from the program. It

reads the resistance from the resistance bridge and compares Rwant to the current

resistance. The temperature controller determines the error and through a series of

calculations and depending on the controls, increases or decreases the power in the

heater.

The capacitance plates in the sample cell act as the unknown capacitor (Cx) in the

capacitance bridge. The lock-in amplifier establishes the VGEN in the capacitance bridge.

Once the temperature of the sample has decreased to nominally 4.2 K, the capacitance

bridge is balanced so VDET on the lock-in amplifier reads approximately a null

measurement. In the experiment, variations in VDET as small as 0.1 nV were able to be

read by the lock-in. The lock-in amplifier has two channels, which read VDET. The X

channel measures the real voltage (IR), and the Y channel measures the imaginary

voltage (I/Cω). The LabView program concurrently reads the real and imaginary

components of VDET. Once the data have been collected, the X voltage and Y voltage are

combined to find the magnitude of the voltage and the phase of the signal during the run.

III. Results

We saw only two possible transitions during our runs with the same sample

between 4.2 K and 30 K. These changes in VDET occurred during the 4th warming and 4th
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cooling of the sample from 30 K to 4 K. Figure 6 shows a significant rise in the

magnitude of the voltage at approximately 22.5 K while the sample is cooling. In this

example magnitude rises from approximately 7 nV to 14.5 nV. During our other runs,

there were no apparent phase transitions viewed. Figure 7 shows a typical run from about

5 K to 30 K. Here as in most of the other runs, there was no significant change that

would be expected to show a phase transition had occurred.
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Fig. 6: Graph of VDET magnitude versus the temperature. According to the graph, a possible phase
transition is taking place at approximately 22.5 K.
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Fig. 7: Graph of VDET versus temperature. There is no significant change in the magnitude of the voltage,
which would indicate a phase change.

The phase of the X and Y components of VDET was also analyzed. The only

phase change observed was a shift of�/2, as seen in Fig. 8. A phase shift of�/2 means

that there was no significant change in the real component of the signal, but it does not

exclude a change in the imaginary component. This result is expected because we were

looking for a change inε of the sample, which only affects the capacitance.
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Fig. 8: Graph shows the phase of VDET versus temperature. There is a shift of�/2, but this only means a
small change in the X component and does not eliminate the possibility for a change in the Y component.

IV. Conclusions

The data we collected were not conclusive. We did see two possible transitions at

22 K, but were unable to reproduce the transition during subsequent runs. It is possible

that we observed a transition that became permanent after repetitive warming and

cooling. Also, the probe was pulled out of the cryostat several times and exposed to the

atmosphere, so water may have formed on the sample. We find this unlikely though

because a wet sample would have been conducting, and we never found the sample to

conduct. However, when the sample was removed from the probe, its color had changed

from brick red to green. The color change possibly indicates that the sample degraded,

perhaps due to oxidation. We did not remove the sample cell and view the MnCl3-phen

between the runs, so the precise time the color change occurred is unknown. This might
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also be the reason there was never another observed transition in the MnCl3-phen.

Furthermore it is possible that the observed change at 22 K was an anomaly.

In further studies of MnCl3-phen, use of several different samples may provide

reproducible data. If a structural transition is verified, the conditions under which the

transition possibly fails to occur should be examined. Further noise reduction could be

achieved by using an analog lock-in amplifier. In order to facilitate warming the sample,

the thermal conductivity of the copper strip linking the sample to the pot could be

reduced by narrowing it.

While our data was unable to provide insight into the reason for the change in

magnetization of MnCl3-phen at 22 K, further examination could. This insight will

hopefully help us understand antiferromagnetism better, which in turn will help with the

study of high Tc superconductivity.

V. Acknowledgements

We would both like to thank the National Science Foundation, the National High

Magnetic Field Laboratory, and the University of Florida for funding our research this

summer. We would also like to thank Dr. Kevin Ingersent, Dr. Alan Dorsey, and Dr. Pat

Dixon for coordinating these excellent summer programs. We would especially like to

thank Dr. M. W. Meisel for allowing us to collaborate with him over the summer. We

would like to thank Ju-Hyun Park for his invaluable help on our experiment, and Sarah

Gamble for showing us the ropes in the beginning. And we also want to thank Drew

Steinberg for his companionship and helpfulness in the lab these past ten weeks. All

these people made the summer both educational and enjoyable.



15

VI. References

[1] Brian Howard Ward,Electronic and Magnetic Phenomena of Inorganic and
Organic Low-Dimensional Solids, Ph.D. thesis, University of Florida, 1997.

[2] Akira Isihara,Condensed Matter Physics, (Oxford University Press, New York
and Oxford, 1991), pp. 218, 182.

[3] Paul A. Tipler and Ralph A. Llewellyn,Modern Physics, 3rd ed. (W.H. Freeman
and Company, New York, 1999), pp. 483, 491.

[4] Kevin Brake,High Tc Cuprate Superconductors, (http://www.physics.uq.edu.au/
people/brake/hsc.html).

[5] J. R. Hook and H. E. Hall,Solid State Physics, 2nd ed. (John Wiley and Sons,
Chichester, 1991), pp. 311-313.

[6] Mark W. Meisel (private communication).

[7] Robert E. Simpson,Introductory Electronics for Scientists and Engineers, (Allyn
and Bacon, Inc., Boston, 1974), p. 504.

[8] R. A. Dunlap,Experimental Physics, (Oxford University Press, New York, 1988),
pp. 102-106.


